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Foreword

Metallic.glasses.with.amorphous.structures,.first.discovered.in.1960,.have.both.
scientific.and.technological.interest..The.successful.synthesis.of.bulk.metal-
lic.glasses.during.the.late.1980s.has.stimulated.great.enthusiasm.in.the.study.
of.this.class.of.metallic.materials..Substantial.progress.has.been.made.in.the.
understanding.of.physical,.chemical,.and.mechanical.properties.of.bulk.metal-
lic.glasses.since.the.beginning.of.the.1990s..Characterization.on.the.atomic.scale.
indicates.the.formation.of.tightly.bonded.atomic.clusters.and.loosely.bonded.
free-volume.zones.in.the.amorphous.state..Various.polyhedral.packings.have.
been.observed.in.these.clusters,.which.are.also.confirmed.by.atomic.simula-
tions.. Contrary. to. crystalline. materials. with. periodic. lattice. structures,. the.
plastic.deformation.of.bulk.metallic.glasses.proceeds.via.localized.shear.bands,.
resulting.in.inhomogeneous.deformation.at.ambient.temperatures..Bulk.metal-
lic.glasses.show.extremely.high.strength,.close.to.the.theoretical.strength.of.sol-
ids.in.the.glassy.state,.and.superplastic.behavior.in.the.supercooled.liquid.state..
Both.experimental.studies.and.theoretical.analyses.reveal.shear.transformation.
zones,.instead.of.dislocations,.as.the.basic.unit.for.plastic.deformation.in.bulk.
metallic.glasses..Furthermore,.recent.studies.indicate.that.bulk.metallic.glasses.
possess.attractive.physical.and.mechanical.properties.for.high-tech.applications.
in.micro/.nanosystems..All.these.interesting.results,.as.well.as.all.fundamen-
tal.and.applied.topics,.are system.atically.described.in.11.chapters.in.this.book.
authored.by.Professor.Suryanarayana.from.the.University.of.Central.Florida.in.
Orlando,.Florida.and.Professor.Inoue.from.Tohoku.University, Sendai,.Japan.

Professor. Inoue. has. conducted. pioneering. work. on. the. synthesis. and.
development.of.bulk.metallic.glasses.during.the.past.20.years..He.is.familiar.
with.all.aspects.of.properties.and.behaviors.of.these.materials..There.is.no.
doubt.that.Professor.Inoue.is.the.right.person.to.lead.the.effort.in.writing.this.
book..In.contrast.to.the.edited.book.published.previously,.this.book.covers.
all.topics.in.a.coherent.manner..At.present,.bulk.metallic.glasses.are.emerg-
ing.as.a.new.class.of.metallic.materials.with.unique.physical.and.mechanical.
properties.for.structural.and.functional.use..This.book.is.suitable.for.young.
researchers. in. materials. science. and. applied. physics,. who. are. interested.
in.learning.about.bulk.metallic.glasses.and.are.looking.for.a.guidebook.to.
launch. research. into. this. exciting. materials. field.. Also,. this. book. can. be.
perfectly.used.as.a.textbook.for.students.in.graduate.schools.

C.	T.	Liu
Hong Kong Polytechnic University

Hong Kong
Auburn University

Auburn, Alabama



xvi	 Foreword

On.September.3,.1960,.there.appeared.in.print.a.short.article,.barely.over.one.col-
umn.long,.that.shifted.a.paradigm:.Klement,.Willens,.and.Duwez.reported.that.
the.alloy.Au75Si25.(composition.in.atomic.%).could.be.obtained.in.glassy.form.
by.rapid.solidification.of.the.liquid.[Nature.187,.869.(1960)]..It.was.already.known.
that.metallic.alloys.could.be.obtained.in.unstable.noncrystalline.form.by.vapor.
deposition.onto.cold.substrates,.but.the.realization.of.a.metallic.glass. (formed.
when.a.liquid.solidifies.without.crystallization).was.a.surprise..At.first,.the.very.
possibility.of.a.metallic.glassy.state.was.disputed,.but.the.active.research.stimu-
lated.by.that.1960.paper.has.gone.on.to.show.not.only.that.metallic.alloys.can.
form.true.glasses,.but.also.that.such.glasses.can.be.formed.in.bulk.without.the.
need.for.rapid.solidification,.that.they.have.distinctive.sometimes.record-break-
ing.properties,.and.that.they.have.and.will.find.a.wide.range.of.applications.

It.is.time.for.a.golden.jubilee.celebration!—and.we.find.one.well.executed.
in. the. form. of. this. book. that. comprehensively. covers. the. modern. field. of.
bulk. metallic. glasses.. Still. better,. that. the. book’s. authors. have. prominent.
and.complementary.profiles.in.the.field..With.publication.records.spanning.
some.80.man-years,.the.authors.can.put.metallic.glasses.into.context.in.the.
broad.fields.of.advanced.metallic.materials.and.nonequilibrium.processing.
in.which.they.have.both.been.so.active.

Over.the.last.50.years,. interest.has.waxed.and.waned,.but.surveying.the.
field.at.this.point,.we.can.see.not.only.that.metallic.glasses.are.an.important.
new.class.of.material,.but.also.that.their.appearance.has.transformed.funda-
mental.understanding.in.a.wide.range.of.areas..For.example,.studies.of.the.
structure.of.metallic.glasses.have.stimulated.much.work.on.equilibrium.and.
supercooled.metallic.liquids..The.structure.of.such.liquids.was.first.described.
by.Bernal.as.dense.random.packing..While.a.high.packing.density.is.a.char-
acteristic.of.metallic.liquids.and.glasses,.it.is.now.better.appreciated.that.high.
densities.are.not.associated.with.randomness,.but.rather.with.high.degrees.of.
order,.albeit.noncrystalline..The.kinetics.of.crystallization.of.liquids.is.often.
discussed.in.terms.of.time–temperature–transformation.diagrams..Whereas.
such.diagrams.were.once.purely.schematic,.glass-forming.metallic.systems.
allow.them.to.be.determined.experimentally..Transmission.electron.micros-
copy.of.metallic.glasses.has.permitted.atomic-level.investigations.of.crystal.
nucleation,.relevant.for.standard.solidification.yet.difficult.or.impossible.to.
conduct.on.the.liquids.themselves..Comparison.of.metallic.glasses.with.other.
longer-established. members. of. the. broad. family. of. glasses. has. improved.
understanding.of.the.glass.transition,.and.has.revealed.remarkable.correla-
tions.of.thermal,.elastic,.and.mechanical.properties.that.hint.at.fundamentals.
of.the.glassy.state.spanning.different.bonding.types.

Metallic.glasses.are.of.interest.in.establishing.the.fundamental.basis.of.phys-
ical,. mechanical,. and. chemical. properties.. In. their. early. days,. for. example,.
they.were. important. in.showing.something.not.universally.expected.at. the.
time—that.crystallinity.is.not.a.prerequisite.for.ferromagnetism..And.at.the.
present.time,.the.distinctive.shear-band.deformation.mode.of.metallic.glasses.
is.stimulating.the.development.of.theory.on.the.ultimate.strength.of.materials.
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Such. contributions. to. the. broader. understanding. of. condensed. matter.
can.only.support.interest.in.the.metallic.glasses.themselves.as.new.materi-
als..This.book.covers.their.remarkable.development.since.1960:.production.
methods,. understanding. of. structure. and. glass-forming. ability,. composi-
tion.ranges.available,.and.properties..Above.all,.it.is.the.availability.of.many.
metallic.glasses. in.bulk. form. (with.minimum.dimension.exceeding.1.mm.
to.1.cm).that.has.stimulated.the.current.intense.research.on.these.materials.

Among.the.reasons.for.study.of. the.crystallization.of.metallic.glasses. is.
that.thereby.attractive.microstructures.can.be.obtained..The.metallic.glasses.
can.act.as.precursors,.rather.as.oxide.glasses.do. in. the.production.of.con-
ventional.glass.ceramics..There.are,.indeed,.several.ways.in.which.compos-
ites.based.on.metallic.glasses.are.of.interest..Among.those.covered.in.this.
book. are. dispersions. of. a. primary. ductile. crystalline. phase. in. a. metallic-
glass.matrix,.composites.that.show.remarkable.combinations.of.strength.and.
toughness..Also.covered.is.the.emerging.topic.of.metallic-glass.foams.

Very.early.in.studies.of.metallic.glasses,.it.was.recognized.that.they.would.
have. properties. attractive. for. applications.. Their. excellent. soft-magnetic.
properties.were.the.first.to.be.exploited.on.a.large.commercial.scale..As.made.
clear.in.this.book,.their.physical.and.mechanical.properties,.and.their.cor-
rosion.resistance,.can.also.be.highly.attractive..So.much.of.our.technology.
is.limited.by.materials.performance..The.present.time.of.challenges.in.clean.
power.generation.and.other.aspects.of.sustainability.may.yet.be.materials.
science’s.finest.hour,.when.solutions.emerge. in. the. form.of.new.materials.
and.new.processing.routes:.bulk.metallic.glasses.will.surely.have.a.promi-
nent.role..They.may.not.be.used.on.the.largest.scales.associated.with.struc-
tural.steels,.but.on.the.scales.associated.with.personal.items.such.as.sports.
equipment.down.to.micro-.and.nano-devices.they.have.much.to.offer.

In. this. important. reference.work. for. the.field,. the.authors.provide.com-
prehensive.yet.critical.coverage.of.all.major.aspects.of.bulk.metallic.glasses..
They.recognize.that.it.is.important.to.understand.the.drawbacks.as.well.as.
the.advantages.of.these.materials..They.also.show.that.while.there.have.been.
great. advances. in. understanding,. many. challenges. remain.. Bulk. metallic.
glasses.are.at.the.heart.of.an.exciting.field.with.much.still.to.deliver.

A.	Lindsay	Greer
Cambridge

The.future.of.metallurgy.lies.in.mastering.disorder..In.fact,.one.can.argue.that.
the.trajectory.of.our.field.has.followed.a.path.of.increasing.topological.disorder.
ever.since.the.realization.that.pure.metals.are.crystalline..Although.crystallin-
ity.provides.symmetry.and.order,.it.is.the.regions.where.ideal.crystalline.pack-
ing. is.disrupted. that.capture.our.attention..Metallurgists. focus.on.“defects,”.
including.dislocations.and.grain.boundaries,.recognizing.that.these.positions.
of. broken. periodicity,. even. when. present. in. vanishingly. small. volume. frac-
tions,.utterly.dominate.the.most.important.properties..Recently,.the.interest.in.
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so-called.nanocrystalline.or.nanostructured.metals.has.driven.attention.to.a.
regime.where.more.atoms.than.not.lie.in.disordered.regions,.evoking.a.variety.
of.new.mechanisms.and.properties.of.immediate.technological.interest.

In. this. landscape,. amorphous. metals. are. a. limit—they. are. completely.
noncrystalline,. with. a. negligible. fraction. of. atoms. sitting. in. a. symmetric,.
crystalline.environment..They.are.a.mystery—their.structure.is.often.more.
definable.in.terms.of.what.it.is.not,.than.what.it.is..When.first.discovered.in.
the.1950s,.they.were.rare.and.unusual;.today.they.are.pervasive,.and.can.be.
produced.by.a.wide.array.of.synthesis.routes..Their.properties.are.not.limited.
by.the.presence.of.lattice.defects;.they.promise.a.suite.of.genuinely.excep-
tional.properties..Extreme.values.of.strength,.fracture.toughness,.magnetic.
properties,.corrosion.resistance,.and.other.properties.have.been.recorded.in.
amorphous.metals..In.some.cases,.these.come.not.individually,.but.in.combi-
nations.unparalleled.by.any.other.material.known.to.humankind.

If.our.future.is.to.master.disorder,.then.amorphous.metals.will.certainly.point.
the.way..In.particular,.metallic.glasses.(i.e.,.amorphous.metals.produced.from.
the.melt).are.formed.by.intentionally.stabilizing.the.disordered.liquid.structure,.
and.the.rules.for.doing.so.become.better.understood.with.each.passing.year..
And,.although.we.may.glibly.describe.them.as.“disordered,”.metallic.glasses.
are.structured.in.rich.and.complex.ways.that.are.just.beginning.to.be.unraveled..
Their.properties.emerge.in.enigmatic.ways.from.their.disordered.structure,.and.
the.means.of.optimizing.those.properties.remain.tantalizingly.out.of.reach.

Metallic.glasses.have.been.actively.studied.for.decades,.and.with.particular.
fervor.in.the.one.just.past..With.many.thousands.of.scholarly.articles.on.the.
subject,.and.as.many.more.expected.in.the.coming.years,.a.research.text.that.
overviews. the.entire.field. is.overdue..Although. there.have.been.conference.
proceedings,.edited.collections,.and.review.articles.on.metallic.glasses,. this.
book.is.unique.in.that.its.authors.have.designed.a.text.that.systematically.cov-
ers.each.of.the.important.aspects.of.the.field,.from.processing,.to.structure,.to.
properties..The.authors.have.been.at.the.center.of.this.field.through.its.most.
crucial.period,.have.extensive.experience.in.writing.reviews,.and.bring.com-
plementary.views.to.bear.in.the.book..Each.of.the.chapters.presents.a.balance.
of.breadth.and.depth:.the.coverage.of.the.field.is.extensive.with.copious.cita-
tion.to.the.research.literature.and.extensive.compilation.of.data.on.glass.prop-
erties..Attention. is.paid. to. critical.nuances. that.highlight. the. complexity.of.
glasses,.such.as.the.difference.between.“bulk”.glass-forming.alloys.formed.by.
casting.(which.is.the.principal.focus.of.the.book),.and.similar.alloys.with.sub-
tly.different.structures.produced.by.rapid.solidification.or.solid-state.routes.

With. all. of. these. qualities,. this. book. is. sure. to. be. a. welcome. source. of.
reflection.for.those.already.immersed.in.the.field,.and.an.inspiration.to.those.
entering.it..I.expect.that.this.book.will.be.an.important.milestone.on.the.path.
to.mastering.disorder.

Christopher	A.	Schuh
MIT, Cambridge, Massachusetts
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1
Introduction

1.1	 Motivation

The. search. for. new. and. advanced. materials. has. been. the. major. preoc-
cupation. of. materials. scientists. during. the. past. several. years.. Recent.
investigations. have. focused. on. the. improvement. of. the. properties. and.
performance. of. existing. materials. and/or. synthesizing. and. developing.
completely. new. materials.. Significant. improvements. have. been. achieved.
in. the. mechanical,. chemical,. and. physical. properties. of. materials. by. the.
addition. of. alloying. elements,. microstructural. modification,. and. by. sub-
jecting. the. materials. to. thermal,. mechanical,. or. thermo-mechanical. pro-
cessing.methods..Completely.new.materials,.unheard.of.earlier,.have.also.
been.synthesized..These.include.metallic.glasses.[1–3],.quasicrystals.[4,5],.
nanocrystalline. materials. [6–10],. and. high-temperature. superconductors.
[11],. to.name.a. few..The.high-tech. industries.have.provided. the.opportu-
nity.and.fillip. to.develop. these.novel.materials..An.added.side.benefit.of.
the.synthesis.of.these.materials.is.the.development.of.newer.and.improved.
techniques.to.characterize.these.materials.with.better.resolution.capabili-
ties.to.determine.the.crystal.structure.and.microstructure.at.different.levels.
(nanometer,.micrometer,.and.gross.level),.phase.identification,.and.compo-
sition.of.phases.of.ever-decreasing.dimensions.and.with.higher.and.higher.
resolutions,.down.to.the.atomic.level.

The.rapid.progress.of.technology.during.the.last.50–60.years.and.the.future.
demands.in.the.twenty-first.century.have.been.putting.tremendous.pressure.
on.materials.scientists.to.develop.newer.and.further.improved.materials.that.
have.higher.strength.or.improved.stiffness,.and.those.materials.that.could.
be.used.at.much.higher.temperatures.and.in.more.aggressive.environments.
than. is.possible.with. the. traditional.and.commercially.available.materials..
These.efforts.resulted.in.the.design.and.development.of.advanced.materials.
that.are.“stronger,.stiffer,.and.lighter”.and.also.those.that.could.be.used.at.
much.higher.temperatures.(“hotter”).than.the.existing.materials..The.synthe-
sis.and.development.of.such.materials.have.been.facilitated.by.exploring.the.
interrelationship.among.processing,.structure,.properties,.and.performance.
of.materials,.the.basic.underlying.theme.of.materials.science.and.engineering.
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1.2	 Advanced	Materials

Advanced materials.have.been.defined.as. those.where.first. consideration. is.
given.to.the.systematic.synthesis.and.control.of.crystal.structure.and.micro-
structure.of.materials.in.order.to.provide.a.precisely.tailored.set.of.properties.
for.demanding.applications.[12]..Thus,.the.attraction.of.advanced.materials.
is. that. they. could. be. designed. and. synthesized. with. improved. and. well-
defined.properties.for.specific.applications.

Naturally. available. materials. have. excellent. property. combinations. in.
some.cases..They.are.even.being.imitated.to.develop.newer.materials,.and.a.
new.area.of.the.biomimetic.synthesis.of.materials.has.emerged..But,.in.order.
to.achieve.a.combination.of.properties.and.performance.better.than.that.of.
the.existing.materials,. it. is.well.recognized.that.materials.need.to.be.pro-
cessed.under.far.from.equilibrium.or.nonequilibrium.conditions.[13]..This.
realization.has.led.to.the.development.of.a.number.of.nonequilibrium.pro-
cessing.techniques.during.the.second.half.of.the.twentieth.century..Amongst.
these,.special.mention.may.be.made.of.rapid.solidification.processing.(RSP).
[1–3,14–17],.mechanical.alloying.[18–21],.plasma.processing.[22],.vapor.depo-
sition.[23],.and.spray.deposition.[24]..Considerable.research.is.being.done.in.
these.different.areas.to.develop.materials.for.a.variety.of.applications,.and.
this. is. clearly.evident. in. the. large.number.of.publications.every.year.and.
also.the.number.of.conferences.devoted.to.these.topics.

The. basis. of. nonequilibrium. processing. is. to. “energize. and. quench”.
a. material,. as. proposed. by. Turnbull. [25].. Processes. such. as. solid-state.
quenching,. rapid. solidification. from. the. melt,. irradiation,. and. condensa-
tion.from.the.vapor.phase.were.considered.to.evaluate.the.departures.from.
equilibrium..However,.there.are.several.other.methods.of.nonequilibrium.
processing.that.do.not.involve.quenching..These.include,.among.others,.the.
static.undercooling.of.liquid.droplets,.electrodeposition.of.alloys,.mechani-
cal. alloying,. application. of. high. pressures,. and. absorption. of. hydrogen..
Therefore,.instead.of.calculating.the.quench.rate,.it.may.be.useful.to.evalu-
ate.the.maximum.departure.from.equilibrium.in.each.of.these.processing.
methods.

The. process. of. “energize. and. quench”. to. synthesize. metastable. phases.
has.been.described.earlier.[26]..In.brief,.the.process.of.energization.involves.
bringing.the.equilibrium.crystalline.material.into.a.highly.energetic.condi-
tion.by.some.external.dynamic.forcing,.e.g.,.through.increase.of.temperature.
(melting. or. evaporation),. irradiation,. application. of. pressure,. or. storing. of.
mechanical.energy.by.plastic.deformation..Such.energized.materials.were.
referred.to.as.“driven.materials”.by.Martin.and.Bellon.[27]..The.process.of.
energization.may.also.involve.a.possible.change.of.state.from.solid.to.liquid.
(melting). or. gas. (evaporation).. For. example,. during. RSP. the. starting. solid.
material.is.melted,.and.during.vapor.deposition.the.material.is.vaporized..
The.energized.material. is. then.“quenched”.into.a.configurationally.frozen.
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state.by.methods.such.as.rapid.solidification.processing.so.that.the.resulting.
material. is. in.a.highly.metastable.condition..This.“quenched”.phase.could.
then. be. used. as. a. precursor. to. obtain. the. desired. chemical. constitution.
(other.less.metastable.phases).and/or.microstructures.(e.g.,.nanocrystalline.
material).by.subsequent.heat.treatment/processing..It.has.been.shown.that.
materials.processed.in.this.way.possess. improved.physical,.chemical,.and.
mechanical.characteristics.in.comparison.to.their.conventional.ingot.(solidi-
fication).processed.materials..These.metastable.phases.can.be.used.either.as.
they.are.or.subsequently.transformed.to.other.less.metastable.or.equilibrium.
crystalline.phases.to.achieve.the.desired.microstructural.features.and.prop-
erties.by.annealing.methods.

It.has.been.long.known.that.the.properties.of.materials.can.be.changed.by.
altering.the.crystal.structure.(through.polymorphic.changes).or,.more.signifi-
cantly,.through.microstructural.modifications.(by.introducing.crystal.defects.
such.as.dislocations.and.grain.boundaries),.or.a.combination.of.both..Gleiter.
[10]. has. recently. suggested. that,. apart. from. nanocrystalline. materials,. one.
could.also.consider.nanoglasses.to.improve.the.properties.of.materials.further..
Nanoglasses.are.similar.to.nanocrystalline.materials,.except.that.the.“grains,”.
instead.of.being.crystalline.as.in.nanocrystalline.materials,.are.glassy.

The.ability.of.the.different.processing.methods.to.synthesize.nonequilib-
rium. structures. may. be. conveniently. evaluated. by. measuring. or. estimat-
ing. the. achieved. departure. from. equilibrium,. i.e.,. the. maximum. energy.
that.could.be.stored.in.excess.of.the.equilibrium/stable.value..This.has.been.
done. by. different. groups. of. researchers. for. different. nonequilibrium. pro-
cessing.methods.[25,28–31]..While.the.excess.energy.is.expressed.in.kJ mol−1.
in. Refs.. [28–30],. Turnbull. [25]. expressed. this. as. an. “effective. quenching.
rate.”.The.way.the.departure. is.calculated. is.also.different. in. these.differ-
ent.approaches.(the.reader.should.refer.to.the.original.papers.for.details.of.
calculations),.and.therefore.the.results.do.not.correspond.exactly.in.all.the.
cases..But,. they.at. least.provide.a.means.to.compare.the.efficiencies.of.the.
different.techniques.to.achieve.the.metastable.effects..Table.1.1.summarizes.

Table 1.1

Departure.from.Equilibrium.Achieved.in.Different.Nonequilibrium.
Processing.Methods

Technique
Effective	Quench	Rate	

(K	s−1),	Ref.	[25]

Maximum	Departure	from	
Equilibrium	(kJ	mol−1)

Ref.	[28] Refs.	[29,30]

Solid-state.quench 103 — 16
Rapid.solidification.processing 105–108 2–3 24
Mechanical.alloying — 30 30
Mechanical.cold.work — — 1
Irradiation/ion.implantation 1012 — 30
Condensation.from.vapor 1012 — 160
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the.departures.calculated.for.some.of.the.different.nonequilibrium.process-
ing.methods.mentioned.above..It.is.clear.from.Table.1.1.that.RSP.introduces.
large.departure.from.equilibrium,.even.though.higher.departures.have.been.
noted.when.the.material.is.processed.either.by.mechanical.alloying,.vapor.
deposition,.or.by.ion.implantation.

A.large.variety.of.techniques.is.available.to.process.materials.under.far-
from. equilibrium. conditions.. But,. we. will. briefly. describe. the. technique.
of. RSP,. since. it. is. the. variation. of. this. technique. that. led. to. the. synthesis.
and.development.of.bulk.metallic.glasses,. the.subject.matter.of. this.book..
Mechanical.alloying.is.another.technique.that.has.also.been.found.very.use-
ful. to.synthesize.the.nonequilibrium.materials,. including.metallic.glasses..
Therefore,.a.brief.description.of.this.process.is.also.presented.

1.3	 Rapid	Solidification	Processing

The.RSP.of.metallic.melts.was.first.conducted.by.Pol.Duwez.and.his.col-
leagues.at. the.California. Institute.of.Technology. (CalTech). in.Pasadena,.
California,.during.the.1959–1960.time.period.[1]..A.historical.description.
of.the.discovery.of.metallic.glasses.has.been.provided.by.Duwez.himself.
[32].. In.this.method,.a.molten.metal.or.alloy. is.solidified.very.rapidly.at.
rates.of.about.106.K.s−1,.but.at.least.at.about.104.K.s−1..Such.high.solidifica-
tion.rates.have.been.achieved.traditionally.by.any.of.the.following.three.
variants:

. 1..Droplet methods:.In.this.group.of.methods,.a.molten.metal.is.atom-
ized.into.small.droplets,.and.these.are.allowed.to.solidify.either.in.
the. form. of. splats. (on. good. thermally. conducting. substrates,. e.g.,.
as.in.“gun”.quenching).or.by.impinging.a.cold.stream.of.air.or.an.
inert.gas.against.the.molten.droplets.(as,.for.example,.in.atomization.
solidification).

. 2.. Jet methods:. In. these.methods,.a.flowing.molten.stream.of.metal. is.
stabilized. so. that. it. solidifies. as. a. continuous. filament,. ribbon,. or.
sheet. in. contact. with. a. moving. chill. surface. (e.g.,. chill. block. melt.
spinning.and.its.variants).

. 3..Surface melting technologies:. These. methods. involve. rapid. melting.
at. the.surface.of.a.bulk.metal. followed.by.high.rates.of. solidifica-
tion.achieved.through.rapid.heat.extraction.into.the.unmelted.block.
(laser.surface.treatments).

A. number. of. techniques. based. on. these. three. basic. categories. have. been.
developed.over.the.years,.and.these.have.been.summarized.earlier.in.some.
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reviews.[33,34]..Therefore,.we.will.not.describe.any.of.these.techniques.here..
The.interested.reader.could.refer.to.the.reviews.or.original.publications.for.
the.details.

The.technique.of.RSP.has.revolutionized.many.traditional.concepts.of.met-
allurgy.and.materials.science..The.most.dramatic.of.these,.for.example,.is.that.
metallic.materials.can.exist,.in.addition.to.their.normal.crystalline.state,.either.
in.a.glassy.(noncrystalline.or.amorphous).state.[1–3].or.in.a.quasicrystalline.
state.(in.which.the.traditionally.forbidden.translational.crystal.symmetries.
could. be. observed). [4,5].. Furthermore,. it. has. been. possible. to. synthesize. a.
variety. of. other. metastable. phases. such. as. supersaturated. solid. solutions.
and.nonequilibrium.intermediate.phases..Rapidly.solidified.alloys.have.been.
finding.a.multitude.of.applications,.including.a.range.of.soft.(for.transformer.
core. laminations). and. hard. magnetic. materials,. wear-resistant. light. alloys,.
materials.with.enhanced.catalytic.performance.and.for.fuel-cell.applications,.
powder.metallurgy.tool.steels.and.superalloys,.and.new.alloys.for.medical.
implants.and.dental.amalgams.[35].

One.of. the. requirements. to.achieve.high.solidification.rates.during.RSP.
and,.consequently,.the.metastable.effects.in.materials,. is.that.heat.must.be.
extracted.very.rapidly.from.the.melt..The.achievement.of.solidification.rates.
of.the.order.of.106.K.s−1.is.possible.only.when.one.of.the.dimensions.of.the.
specimen. is. thin,. usually. of. the. order. of. about. 20–50.μm.. As. a. result,. the.
products. of. RSP. are. ribbons,. wires,. or. powders.. Finding. applications. for.
such.thin.materials.is.not.easy.unless.these.powders,.ribbons.(after.pulveri-
zation),.and.other.forms.are.consolidated.to.full.density.as.bulk.materials..
On. the. other. hand,. if. a. glassy. alloy. could. be. obtained. at. slow. solidifica-
tion.rates,.e.g.,.by.water.quenching.where.the.solidification.rate.is.only.about.
102–103.K.s−1,.the.section.thickness.of.the.glassy.phase.can.be.expected.to.be.
much.larger..Thus,.materials.scientists.have.been.on.the.lookout.for.materi-
als.and/or.processes.to.produce.metallic.glasses.in.thicker.sections.at.slower.
solidification.rates,.much.similar. to.what. is.commonly.done.for.silicate.or.
oxide.glasses..These.attempts.were.successful.in.the.late.1980s.mostly.due.
to. the. efforts. of. Professors. Akihisa. Inoue. and. Tsuyoshi. Masumoto. at. the.
Tohoku.University.in.Sendai,.Japan..They.produced.1.2.mm.diameter.rods.of.
La55Al25Ni20.alloy.in.a.fully.glassy.condition.by.water.quenching.[36]..Even.
though.millimeter-sized.glassy.alloys.were.produced.earlier.[37,38],.this.was.
the.first.time.that.glass.formation.was.demonstrated.in.such.sizes.in.alloys.
without.the.presence.of.a.noble.metal..This.glassy.alloy.had.a.wide.super-
cooled. liquid. region. ΔTx. (=.Tx. –. Tg,. where. Tx. and. Tg. represent. the. crystal-
lization.and.glass-transition.temperatures,.respectively)..Such.glasses.with.
large.section.thicknesses.are.now.referred.to.as.bulk.metallic.glasses..Later,.
Professor. Bill. Johnson. from. CalTech. and. his. group. have. also. produced. a.
number.of.Zr-based.bulk.metallic.glasses.with.thicknesses.in.the.centimeter.
range. [39].. Currently,. activity. in. this. research. area. of. materials. science. is.
global,.and. it. is.estimated.that.more. than.a. thousand.research.papers.are.
published.annually.
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1.4	 Mechanical	Alloying

Mechanical alloying.(MA).is.a.powder.processing.method.that.was.developed.
in. the. mid-1960s. by. John. Benjamin. at. INCO. International. [40]. to. produce.
nickel-based.oxide-dispersion.strengthened.(ODS).superalloys. for.gas. tur-
bine.applications.[20,21]..In.this.process,.described.as.repeated.cold.welding,.
fracturing,.and.rewelding.of.powder.particles.in.a.high-energy.ball.mill,.the.
blended.elemental.powder.particles.and.grinding.medium.(usually.stainless.
steel.or.tungsten.carbide.balls).are.loaded.inside.a.vial.and.agitated.at.a.high.
speed.for.the.desired.length.of.time..The.soft.powder.particles.of.each.metal.
or.constituent.get.crushed.and.become.flat. like.pancakes..These.flat.parti-
cles.of.different.metals.form.layered.structures..This.process.gets.repeated.
a.few.hundreds.to.thousands.of.times,.resulting.in.the.convolution.of.pow-
ders..After.milling.the.powders.for.some.time,.very.thin.layered.structures.
consisting.of.the.individual.components.are.formed.and.the.layer.thickness.
is.very.small..Because.of.the.heavy.plastic.deformation.experienced.by.the.
powders,.crystal.defects.such.as.dislocations,.grain.boundaries,.vacancies,.
and.others.are.introduced.into.the.powder.particles..Simultaneously,.there.is.
also.a.small.rise.in.the.temperature.of.the.powder.particles..Due.to.the.com-
bined. effects. of. thin. lamellae. (and. therefore. reduced. diffusion. distances),.
increased.diffusivity.(due.to.the.presence.of.a.high.concentration.of.crystal.
defects),.and.the.slight. increase.in.powder.temperature,.diffusion.is.easily.
facilitated,.and.this.allows.the.blended.elemental.particles.to.alloy.with.each.
other.at.room.or.near-room.temperature.

Mechanically.alloyed.powders.also.have.been.shown.to.display.a.variety.
of.constitutional.and.microstructural.changes..Using.this.technique,.it.has.
been.possible.to.produce.equilibrium.alloys.starting.from.blended.elemental.
powders.at.temperatures.significantly.lower.than.by.conventional.methods..
It.has.also.been.shown.that.it.is.possible.to.synthesize.a.variety.of.nonequi-
librium.phases.such.as.supersaturated.solid.solutions,.metastable.intermedi-
ate. phases,. quasicrystalline. alloys,. nanostructured.materials,. and. metallic.
glasses. [20,21].. In. fact,. all. the. nonequilibrium. effects. achieved. by. RSP. of.
metallic.melts.have.also.been.achieved.in.mechanically.alloyed.powders.

The.mechanically.alloyed.powders.can.be.consolidated.to.full.density.by.
conventional.or.advanced.methods.such.as.vacuum.hot.pressing,.hot.extru-
sion,.hot.isostatic.pressing,.or.shock.consolidation,.or.combinations.of.these.
and.obtain.bulk.samples..In.fact,.this.technique.of.MA.is.a.very.viable.alter-
native. to.produce.bulk.glassy.alloys.of.any.size,.even. if. there. is.a. limit. to.
the. section. thickness. obtained. by. solidification. methods.. This. is. because.
the.amorphous.powders.obtained.by.MA.can.be.consolidated.in.the.super-
cooled.liquid.region.(the.temperature.interval.between.the.glass.transition.
and.crystallization.temperatures).to.any.size,.without.the.amorphous.phase.
crystallizing..Such.examples.are.available.in.the.literature.(see,.for.example,.
Ref..[41]).
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1.5	 Outline	of	the	Book

In.Chapter.2,.we.will. introduce.the.basic.concepts.of.metallic.glasses.and.
differentiate.between.crystalline.and.glassy.materials,.with.special.empha-
sis.on.the.differences.between.nanocrystalline,.glassy,.and.amorphous.sol-
ids.. We. will. then. describe. the. general. background. to. glass. formation. by.
different. processing. methods. and. then. lead. the. reader. to. the. concepts. of.
bulk.metallic.glass.formation..The.chapter.will.end.with.the.various.litera-
ture.resources.that.are.available.to.researchers.(both.new.and.experienced),.
including.details.of.the.dedicated.conferences.on.the.subject.of.bulk.metallic.
glasses.

Glass.formation.requires.that.certain.criteria.are.satisfied.in.the.alloy.sys-
tem..Furthermore,.a.number.of.different.criteria.have.been.developed.during.
the. last. few. years. to. understand. which. alloy. systems. show. a. high. glass-
forming.ability..These.different.criteria.will.be.reviewed.and.critically.dis-
cussed.and.compared.in.Chapter.3.

Chapter.4.will.then.describe.the.different.experimental.methods.available.
to.synthesize.bulk.metallic.glasses.in.different.sizes.and.shapes..Emphasis.
here.will.be.on.the.production.of.bulk.metallic.glasses.starting.from.the.liq-
uid.state..But,.other.methods,.e.g.,.MA,.to.achieve.similar.results,.will.also.be.
briefly.described..The.relative.advantages.and.disadvantages.of.the.different.
methods.will.be.discussed.

Metallic.glasses,.including.bulk.metallic.glasses,.are.metastable.in.nature..
Therefore,. on. annealing. them. at. increasingly. higher. temperatures,. the.
metallic.glass.will.go.through.structural.relaxation.to.annihilate.the.excess.
quenched-in.free.volume,.then.transform.into.the.supercooled.liquid.region,.
and. eventually. crystallization. occurs.. That. is,. given. sufficient. time,. they.
will.transform.into.the.equilibrium.crystalline.phases..The.kinetics.of.these.
transformations.(frequently.referred.to.as.crystallization.or.devitrification).
and.the.mechanisms.of.transformations.will.be.described.in.Chapter.5.

The.next.few.chapters.will.discuss.the.different.properties.of.bulk.metal-
lic.glasses,.including.physical,.chemical,.mechanical,.and.magnetic.proper-
ties..Chapter.6.will.discuss.the.physical.properties.of.bulk.metallic.glasses.
and.cover.density,.diffusivity,.thermal.expansion,.electrical.resistivity,.spe-
cific.heat,.and.viscosity..It.will.be.shown.how.an.evaluation.of.these.proper-
ties.will.aid.in.understanding.the.structural.relaxation.and.crystallization.
behavior.of.bulk.metallic.glasses.

Chapter.7.will.then.focus.on.the.corrosion.behavior.of.bulk.metallic.glasses..
Extensive.literature.has.been.generated.on.this.aspect,.especially.on.Cu-,.Fe-,.
and.Zr-based.bulk.metallic.glasses..The.available.results.will.be.reviewed.and.
the.methodology.to.improve.the.corrosion.resistance.of.bulk.metallic.glasses,.
a.very.important.aspect.for.industrial.applications,.will.be.highlighted.

There.is.plenty.of.literature.on.the.mechanical.properties.of.bulk.metallic.
glasses,.since.it.is.expected.that.the.bulk.metallic.glasses.could.be.potential.
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structural.materials..Chapter.8.will.therefore.discuss.the.vast.amount.of.lit-
erature.on.the.mechanical.behavior.of.metallic.glasses..The.inhomogeneous.
and. homogeneous. deformation. behaviors. of. bulk. metallic. glasses,. their.
general.mechanical.properties,.and.reasons.for.their.high.strength.will.be.
described..The.chapter.will. then.proceed.to.describe. the. fatigue.and.frac-
ture.behavior.and.then.discuss.the.different.ways.in.which.plasticity.of.bulk.
metallic.glasses.can.be.enhanced.

Chapter.9.will.review.the.different.magnetic.properties.of.bulk.metallic.
glasses.and.what.potential.applications.these.glasses.may.have.on.the.basis.
of.their.magnetic.properties.

Even. though. bulk. metallic. glasses. are. relatively. new. (they. have. just.
turned.20!),.they.have.an.interesting.combination.of.properties,.as.described.
in.the.different.chapters..A.number.of.applications.have.already.been.pro-
posed..The.existing.and.potential.applications.of.bulk.metallic.glasses.are.
described.in.Chapter.10.

The. last. chapter. (Chapter. 11). presents. concluding. remarks. and. future.
expectations.and.prospects.for.these.novel.materials.in.the.future.
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2
Metallic	Glasses

2.1	 Introduction

Metallic.materials.are.traditionally.considered.crystalline.in.nature,.possess-
ing.translational.symmetry,.that.is,.their.constituent.atoms.are.arranged.in.
a.regular.and.periodic.manner.in.three.dimensions..However,.a.revolution.
in.the.concept.of.metals.was.brought.about.in.1960.when.Pol.Duwez,.at.the.
California.Institute.of.Technology.in.Pasadena,.California,.had.synthesized.
an.Au–25.at.%.Si.alloy. in. the.glassy.state.by.rapidly.solidifying.the. liquid.
at.rates.approaching.a.million.degrees.per.second.[1]..These.high.solidifica-
tion. rates. were. achieved. by. propelling. a. small. droplet. of. the. liquid. alloy.
tangentially.onto.a.highly.conducting.substrate.such.as.copper.to.enable.the.
liquid. to.be. spread.out. in. the. form.of.a. thin. foil.on. the. substrate. surface..
The.good.thermal.contact.with.the.substrate.ensured.that.heat.was.extracted.
rapidly.by.the.large.substrate.through.the.small.thickness.of.the.foil..In.this.
technique,.known.as.the.“gun”.technique.of.liquid.quenching,.the.solidifica-
tion.rates.were.estimated.to.vary.from.as.low.as.104.to.as.high.as.1010.K.s−1,.
depending.on.the.thickness.of.the.foil,.the.nature.of.the.substrate,.and.the.
type.of.material.solidified,.and.how.good.the.thermal.contact.was.between.
the. foil. and. the. substrate.. A. typical. solidification. rate. for. a. foil. of. 50. μm.
thickness.is.about.106.K.s−1.

The. Au–Si. alloy. rapidly. solidified. by. Duwez. did. not. show. any. crystal-
line.peaks.in.its.x-ray.diffraction.(XRD).pattern..Instead,.the.microphotom-
eter.trace.of.the.Debye–Scherrer.diffraction.pattern.from.this.alloy.showed.
a.couple.of.somewhat.broad.and.diffuse.peaks.and.Professor.Duwez.was.
not. convinced. (but,. the. two. graduate. students. were!). that. this. was. really.
amorphous..The.authors.had,.however,.interpreted.this.as.indicative.of.the.
presence.of.a.noncrystalline.structure.in.the.material..This.ambiguity.in.the.
interpretation.was.probably.due. to. the. low. thermal. stability.of. this.alloy,.
since.the.rapidly.solidified.Au–25.at.%.Si.alloy.had.completely.transformed.
into. a. nonequilibrium. crystalline. state. after. 24.h. at. room. temperature..
A detailed.account.of.this.important.observation.and.the.historical.develop-
ment.leading.to.this.discovery.has.been.narrated.by.Professor.Pol.Duwez.[2].
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Investigations. on. other. alloys. rapidly. solidified. from. the. liquid. state. at.
rates.of.about.105–106.K.s−1.have.unambiguously.confirmed.that.these.alloys.
are.truly.amorphous.and.lack.crystallinity,.which.is.typical.of.metallic.mate-
rials.. The. amorphous. nature. of. the. quenched. material. was. confirmed. by.
transmission. electron. microscopy. and. electron. diffraction. techniques,. in.
addition.to.the.XRD.method..The.presence.of.a.broad.diffuse.halo.in.the.elec-
tron.diffraction.pattern.and. the.absence.of.diffraction.contrast. in.electron.
micrographs. have. proven,. beyond. doubt,. that. the. material. is. truly. amor-
phous..Several.other.advanced.techniques.have.also.been.brought.to.bear.on.
this.aspect.later..Since.these.amorphous.materials.are.based.on.metals,.these.
were.referred.to.as.glassy.metals.or.metallic glasses..Since.the.first.discovery.
of. a. metallic. glass. in. 1960,. hundreds. and. thousands. of. alloys. of. different.
compositions. have. been. prepared. as. metallic. glasses. so. far.. A. somewhat.
detailed.compilation.of.the.available. literature.on.metallic.glass.formation.
by.rapid.solidification.processing.methods.is.available.in.Refs..[3,4].

A. large. variety. of. metallic. glasses. have. been. developed. during. the. last.
nearly. 50. years.. These. could. be. broadly. classified. into. metal–metalloid.
or  metal–metal. type,. even. though. other. classifications. also. exist.. In. a. typi-
cal.metal–metalloid-type.glass,.the.metal.atoms.constitute.about.80%.and.the.
metalloid. atoms. (typically. B,. C,. P,. and. Si). about. 20%.. The. metal. atoms. may.
be.of.one. type.or.a.combination.of.different.metals,.but. the. total.amount.of.
the metal.atoms. is.about.80%..Similarly,. the.metalloid.atoms.may.be.of.one.
type.or.a.combination.of.different.metalloid.atoms,.and.again.the.total.amount.
of. the. metalloid. atoms. is. about. 20%.. Some. well-investigated. compositions.
in. this. category. include. Pd80Si20,. Pd77Cu6Si17,. Fe80B20,. Fe40Ni40B20,. Ni75Si8B17,.
Fe40Ni40P14B6,.Fe70Cr10P13C7,.Ni49Fe29B6P14Si2,.and.some.exotic.compositions.such.
as. W35Mo20Cr15Fe5Ni5P6B6C5Si3.. (The. subscripts. represent. the. atomic. percent-
ages.of.the.elements.in.the.alloy.)

In.the.metal–metal-type.metallic.glasses,.only.metal-type,.and.no.metalloid-
type,.atoms.are.involved..Some.of.the.alloys.that.have.been.well.investigated.in.
this.category.include.Ni60Nb40,.Cu57Zr43,.Mg70Zn30,.La80Au20,.and.Fe90Zr10..One.
can. immediately.notice.an. important.difference.between. the.compositions.
of.the.metal–metalloid-type.and.metal–metal-type.metallic.glasses..Whereas.
the.metalloid.content.is.usually.around.20.at.%.in.the.metal–metalloid-type.
glasses.and.the.rest.metallic,.there.is.no.such.compositional.restriction.in.the.
case.of.metal–metal-type.metallic.glasses..The.second.metal.component.can.
be.as.small.as.9–10.at.%.or.as.large.as.nearly.50.at.%.

2.2	 Distinction	between	Crystals	and	Glasses

Metals.and.alloys.are.traditionally.considered.crystalline.in.nature..That.is,.
their.constituent.atoms.are.arranged.in.a.periodic.manner.in.three.dimen-
sions,.with.the.caveat.that.it.is.not.necessary.that.the.periodicity.is.the.same.
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in. the. three.directions.. In.other.words,. if.we.know.the.coordinates.of.one.
atom.in.the.crystal,.and.the.size.and.shape.of.the.unit.cell.(i.e.,.periodicity.in.
the.three.directions),.then.it.is.possible.to.predict.the.position.of.other.atoms..
Further,. the.concept.of.space. lattice.requires.that.every.atom.in.the.crystal.
has.identical.surroundings..That. is,. the.nearest.neighbor.distances.and.the.
coordination.number.(CN).(the.number.of.nearest.neighbors). for.any.atom.
is.the.same.irrespective.of.where.the.atom.position.is.considered..Thus,.for.
a. face-centered. cubic. (FCC). structure,. for. example,. the. first. nearest. neigh-
bor.distance.is.a√2/2,.where.a.is.the.lattice.parameter.of.the.crystal..Further,.
every.atom.has.12.nearest.neighbors.in.the.crystal,.that.is,.the.CN.for.the.FCC.
structure. is. 12.. These. nearest. neighbor. distances. and. CN. are. different. for.
different.structures.and.details.about.these.and.how.they.can.be.calculated.
can.be.found.in.standard.textbooks.on.crystallography.[5–7]..Because.of.the.
constraints.of.symmetry.on.the.different.ways.in.which.the.constituent.atoms.
can.be.arranged,.only.a.limited.number.of.arrangements.are.possible.in.the.
three-dimensional.space..Thus,.we.have.only.7.crystal.systems,.14.Bravais.lat-
tices,.230.space.groups,.etc..Different.metals.with.the.same.Bravais.lattice.can.
have.different. lattice.parameters.and. inter-axial. angles,. and. therefore.new.
structures.could.be.generated..Additionally,.by.placing.different.number.of.
atoms.at. each. lattice.point. in.a.given.Bravais. lattice,. it. is. again.possible. to.
generate.a.new.crystal. structure..Thus,. the.actual.number.of.crystal. struc-
tures.is,.of.course,.unlimited..But,.all.of.these.theoretically.infinite.numbers.
of.arrangements.can.be.described.in.terms.of.one.of.the.14.Bravais.lattices.

In.the.above.description,.we.have.assumed.that.the.crystal.is.perfect.and.
that.there.are.no.crystal.defects.like.vacancies,.dislocations,.or.grain.bound-
aries.in.it..The.presence.of.such.defects.introduces.“imperfection”.into.the.
lattice,. and. the. atomic. positions. are. displaced. with. respect. to. their. ideal.
positions,. that. is,. the.crystal.regions.are.distorted..Depending.on.whether.
the.severely.distorted.region.extends.many.inter-atomic.distances. in.zero,.
one,.or.two.dimensions,.crystal.defects.are.classified.into.point.(vacancies,.
interstitials),.line.(dislocations),.or.planar.(grain.boundaries,.stacking.faults).
types..Real.crystals.can.thus.be.considered.as.perfect.crystals.containing.a.
number.of.“defects.”

Any.solid.in.which.the.regular.arrangement.of.atoms,.that.is,.periodicity,.is.
absent.is.considered.“noncrystalline”.in.character..That.is,.these.materials.do.
not.possess.any.crystallinity..“Amorphous”.and.“glassy”.are.the.other.terms.
normally.used.to.describe.such.an.arrangement.of.atoms..Since.the.atomic.
arrangement.is.random.(i.e.,.there.is.no.periodicity).in.these.noncrystalline.
materials,.it.will.be.difficult.to.define.either.the.nearest.neighbor.distances.
or. the.CN..Each.atom.in. the.noncrystalline.solid.will.have.different.near-
est.neighbors.and.CNs..But,.it.can.be.safely.stated.that.the.nearest.neighbor.
distances.are.longer.and.the.CNs.smaller.in.a.noncrystalline.solid.in.com-
parison.to.its.crystal.counterpart,.assuming.that.a.solid.can.exist.in.both.the.
crystalline.and.noncrystalline.states..This.suggests.that.there.is.no.unique.
description.of.the.“structure”.of.a.noncrystalline.solid.and.that.there.is.no.
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limit.to.the.possible.atomic.arrangements.in.these.materials..That.means.it.is.
possible.to.have.an.infinite.number.of.atomic.arrangements,.and.this.poses.a.
problem.in.describing.the.atomic.structure.of.noncrystalline.materials.

Generally.speaking,.solid.materials.may.be.considered.to.be.either.crys-
talline. (possessing. long-range. translational. periodicity). or. noncrystal-
line.(without.any.long-range.order.present)..However,.Shechtman.et.al.. [8].
reported.in.1984.the.formation.of.a.new.type.of.solid.that.did.not.possess.
either.long-range.translational.symmetry.(so.it.is.not.a.crystal).or.absence.of.
long-range.order.(so.it.is.not.noncrystalline)..These.materials,.now.referred.to.
as.quasicrystals.[9,10],.exhibit.a.structure.in.which.rotational.symmetry,.but.
no.translational.symmetry,.exists.over.large.distances..These.rotational.sym-
metries.are.exemplified.by.the.so-called.forbidden.symmetries.(5-fold,.7-fold,.
10-fold,.etc.)..These.quasicrystals.have.been.designated.with.specific.names,.
depending. on. the. type. of. symmetry. they. exhibit.. For. example,. materials.
possessing. the. 5-fold. symmetry. are. known. as. icosahedral. crystals,. those.
possessing.10-fold.symmetry.decagonal.crystals,.etc..A.new.ordered.phase.
showing.the.apparent.fivefold.symmetry.was.observed.by.Sastry.et.al..[11].
in.1978.in.a.rapidly.solidified.Al–Pd.alloy,.but.was.interpreted.to.arise.from.
a.microstrucutre.consisting.of.a.series.of.fine.twins..This.was.later.shown.
to.be.a.two-dimensional.(or.decagonal).quasicrystal.with.one.periodic.axis.
normal.to.two.nonperiodic.axes.

2.3	 	Differences	between	Amorphous	Alloys	
and	Metallic	Glasses

The.terms—noncrystalline,.amorphous,.or.glassy—refer.to.similar.(random).
atomic.arrangements.in.solid.materials,.and.therefore.these.terms.have.been.
used. interchangeably. (quite. understandably. so). in. the. literature. leading.
to. some. confusion.. Further,. some. researchers. have. been. preferably. using.
the. term. “amorphous,”. while. others. have. been. using. “glassy,”. and. a. few.
others. “noncrystalline.”. Added. to. this,. some. researchers. refer. to. the. thin.
ribbon. glassy. materials. as. amorphous. and. the. bulk. glassy. alloys. only. as.
glasses..Like.this,.several.terms.have.been.used.to.describe.these.noncrys-
talline.materials..To.avoid.the.ambiguity.and.confusion,.we.would. like. to.
qualify.each.of.these.terms.for.use.in.this.book..It.has.been.generally.agreed.
upon.that.“noncrystalline”.is.a.generic.term.used.to.describe.any.solid.mate-
rial. that.does.not.possess.crystallinity..Researchers.have.then.tried.to.dis-
tinguish.between.glassy.and.amorphous.materials..A.noncrystalline.solid.
formed.by.continuous.cooling.from.the. liquid.state. is.known.as.a.“glass.”.
(People.were.able.to.produce.glasses.only.from.the.liquid.state.in.early.years.
and.hence.this.usage.).On.the.other.hand,.a.noncrystalline.material,.obtained.
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by.any.other.process,.for.example,.vapor.deposition.or.solid-state.processing.
methods.such.as.mechanical.alloying,.but.not.directly.from.the.liquid.state,.
is.referred.to.as.an.“amorphous”.material..But,.it.should.be.remembered.that.
both.glasses.and.amorphous.solids.are.noncrystalline..Since.we.will.be.deal-
ing.in.this.book.with.noncrystalline.solids.produced.mostly.by.continuous.
cooling.from.the.liquid.state,.we.will.be.using.the.term.“glass”.to.describe.
these.materials..However,.we.will.try.to.continue.to.maintain.the.distinction.
between.“glassy”.and.“amorphous”.solids.to.refer.to.the.different.materials.
throughout.the.book..Thus,.to.recapitulate:

Glass.is.any.noncrystalline.solid.obtained.by.continuous.cooling.from.the.
liquid.state,.and.amorphous solid.is.any.noncrystalline.material.obtained.
by.any.other.method,.except.by.continuous.cooling.from.the.liquid.state.

It.has.been.occasionally.emphasized.that.the.presence.of.a.glass.transition.
temperature,.Tg,.which.we.will.define.in.Section.2.4,.is.the.hallmark.of.a.true.
glass.. In.the.case.of.metallic.glass.ribbons.obtained.by.rapid.solidification.
processing.(RSP).methods,.the.Tg.is.not.commonly.observed..Therefore,.only.
when.Chen.and.Turnbull. [12,13]. reported. the.presence.of.Tg. in. the.differ-
ential.scanning.calorimeter.(DSC).plot.of.a.rapidly.solidified.Au77Ge13.6Si9.4.
alloy.(the.subscripts.represent.the.atomic.percentages.of.the.elements.in.the.
alloy),.researchers.were.convinced.that.the.noncrystalline.alloys.produced.by.
RSP.were.true.glasses..The.glass.transition.was.manifested.thermally.by.an.
abrupt.rise.of.5.5.cal.g-atom−1.K−1.in.specific.heat,.Cp,.as.the.alloy.was.heated.
from.285.to.297.K.. Just.above.297.K,.Cp.started.to.fall.with. increasing.tem-
perature.on.a.reasonable.extrapolation.of.the.high-temperature.Cp–T.relation.
of. the. liquid. alloy.. This. thermal. behavior. could. be. repeated. on. the. same.
sample.after. it.had.been.carried. through. the. transition.and.chilled.again..
Further,.the.viscosity.of.the.glassy.alloy.increased.rapidly.with.decreasing.
temperature.from.0.9.×.108.Pa.s.at.305.K.to.1.4.×.1012.Pa.s.at.285.K..The.Tg.value.
increased.only.by.1–3.K.as.the.heating.rate.was.changed.by.a.factor.of.16..
These.variations.of.Cp.and.viscosity.with. temperature.at. this. temperature.
are.as.expected.for.a.glass.→.liquid.transition,.and.therefore,.this.tempera-
ture.was.designated.as.Tg.for.this.alloy.

Let.us.consider. the.case.when.the.material.continuously.solidified.from.
the. liquid.state. (above.the.critical.rate.required.to.form.the.noncrystalline.
structure). did. not. show. any. diffraction. contrast. in. the. transmission. elec-
tron.micrographs.and.the.x-ray.and.electron.diffraction.patterns.showed.the.
presence. of. only. a. broad. and. diffuse. halo.. Let. us. also. note. that. even. the.
high-resolution.transmission.electron.micrographs.showed.only.a.salt-and-
pepper.contrast..But,.the.differential.scanning.calorimetry.(DSC).curves.did.
not.show.the.clear.presence.of.a.glass.transition.temperature.

According.to. the. listed.attributes,. the.above.material.should.be.referred.
to. as. a. glass,. since. structurally. all. the. requirements. for. it. to. be. called. a.
glass.are.satisfied..But,.some.researchers.question.the.designation.of.such.a.
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material.as.glass,.since.Tg.is.not.observed..There.could.be.different.reasons.
for.the.nonobservance.of.Tg.in.noncrystalline.materials..It.is.possible.that.the.
glass.transition.temperature,.Tg,.and.the.crystallization.temperature,.Tx,.for.
this.material.are.so.close.to.each.other.that.the.presence.of.Tg.is.completely.
masked.by.the.strong.exothermic.peak.representing.Tx..If.these.two.tempera-
tures.are. sufficiently.well. separated,. then. the.presence.of.Tg. can.be.easily.
recognized.. In. the.case.of.bulk.metallic.glasses. (BMGs),. there. is.usually.a.
large.supercooled.liquid.region,.ΔTx.=.Tx.−.Tg,.and.in.such.cases.it.is.relatively.
easy.to.locate.the.Tg..But,.there.are.instances.even.in.the.case.of.BMGs,.which.
exhibit. a. very. large. ΔTx. value,. but. the. presence. of. Tg. could. not. be. clearly.
identified..For.example,.an.Nd70Fe20Al10.ternary.alloy.melt.could.be.cast.into.
a.7.mm.diameter.glassy.rod,.but.the.DSC.curves.did.not.indicate.the.pres-
ence.of.a.Tg.[14]..Further,.it.may.not.be.easy.to.recognize.the.presence.of.Tg.if.
the.glassy.alloy.is.reheated.at.a.slow.rate;.instead.it.may.be.possible.to.locate.
the.Tg.if.the.alloy.is.heated.rapidly,.say.at.a.rate.of.200.K.s−1..Thus,.there.could.
be.many.different.reasons.for.not.detecting.the.Tg.in.an.alloy..Therefore,.if.a.
material.is.structurally.proven.noncrystalline,.and.it.is.obtained.by.continu-
ous.cooling.from.the.liquid.state,.it.should.be.designated.a.glass,.even.if.Tg.
is.not.detected.. In. fact,.Angell. [15].mentions. that. the.presence.of.Tg. is.not.
essential.for.a.material.to.be.called.a.glass!

2.4	 The	Concepts	of	Glass	Formation

As.described.above,.a.glass.is.a.noncrystalline.solid.formed.by.continuous.
cooling. from. the. liquid. state.. The. metallic. glasses. are. basically. no. differ-
ent. from. those.of. silicate.or.oxide.glasses.or.organic.polymers..Figure.2.1.
shows. the. variation. of. specific. volume. (volume. per. unit. mass). as. a. func-
tion.of.temperature..When.the.temperature.of.a.liquid.metal.is.reduced,.its.
volume.decreases.with.decreasing.temperature.up.to.the.freezing/melting.
point,.Tm..At.the.freezing.temperature,.there.is.a.precipitous.drop.in.the.spe-
cific.volume.of.the.metal.until.it.reaches.the.value.characteristic.of.the.solid.
crystalline.metal..Further.decrease.in.temperature.below.Tm.results.in.a.slow.
decrease.of.the.volume.of.the.metal,.depending.on.its.coefficient.of.thermal.
expansion.

Even.though. it.was.mentioned.above. that. the.specific.volume.decreases.
suddenly.at.the.freezing.temperature.to.transform.into.the.crystal,.a.liquid.
normally.undercools.(or.supercools,.i.e.,.the.liquid.state.can.be.maintained.
without. crystallization. occurring. at. temperatures. well. below. the. melting.
temperature).before.crystallization.can.begin..This.is.because.an.activation.
energy.barrier.needs.to.be.overcome.before.solid.nuclei.could.form.in.the.
melt,. and. this. activation. barrier. is. smaller. the. larger. the. value. of. under-
cooling.. The. degree. of. undercooling. achieved. depends. on. several. factors,.



Metallic	Glasses	 17

including. the. initial. viscosity. of. the. liquid,. the. rate. of. increase. of. viscos-
ity. with. decreasing. temperature,. the. interfacial. energy. between. the. melt.
and.the.crystal,. the. temperature.dependence.of. the.free.energy.difference.
between.the.undercooled.melt.and.the.crystal.phases,.the.imposed.cooling.
rate,.and.the.efficiency.of.heterogeneous.nucleating.agents..The.actual.value.
of.undercooling.is.different.for.different.metals,.but.in.general.practice.the.
value.is.at.best.only.a.few.tens.of.degrees..But,.if.special.efforts.are.made.to.
remove.the.heterogeneous.nucleating.sites,.for.example,.by.fluxing.methods,.
then.the.undercooling.achieved.could.be.a.few.hundred.degrees..Another.
way.of. increasing. the.amount.of.undercooling.achieved. is. to. increase. the.
imposed.cooling.rate;.the.higher.the.cooling.rate,.the.larger.is.the.amount.of.
undercooling.

The.situation.in.the.case.of.a.glass-forming.liquid.is.different..The.volume.
of.most.of.the.materials.decreases.with.decreasing.temperature,.on.decreas-
ing.the.temperature.from.the.liquid.state..But,.the.difference.between.a.nor-
mal.metal.and.a.glass-forming.metal.is.that,.in.the.case.of.the.glass-forming.
liquid,.the.liquid.can.be.significantly.undercooled,.either.due.to.the.imposi-
tion.of.a.high.cooling.rate,.or.removal.of.heterogeneous.nucleating.sites,.or.
other.reasons..The.volume.decreases.even.in.the.undercooled.region.and.its.
viscosity.continues.to.increase..At.some.temperature,.normally.well.below.
Tm,.the.viscosity.becomes.so.high.that.the.liquid.gets.“frozen-in,”.and.this.
“frozen-in.liquid”.(it.is.like.a.solid.for.all.practical.purposes).is.referred.to.
as.glass..The.temperature.at.which.the.viscosity.of.the.undercooled.liquid.
reaches.a.value.of.1012.Pa.s.is.traditionally.designated.as.the.glass.transition.
temperature,.Tg..But,. in. reality,. there. is.no.sharply.defined. temperature.at.
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which.this.occurs..Rather,.there.is.a.temperature.interval.in.which.the.liquid.
becomes.a.glass,.and.Kauzmann.[16,.p..227].preferred.to.call.this.the.“glass-
transformation.interval.”

Since.viscosity.plays.a.very.important.role.in.glass.formation,.let.us.look.at.
this.in.some.detail..Viscosity.indicates.the.resistance.to.flow.of.a.system.and.
is.a.measure.of.its.internal.friction..The.International.System.unit.of.viscosity.
is.Pa.s.=.kg.m−1.s−1..An.older.unit.is.Poise,.P.with.the.relationship:

. 1 P 1 Pa s= 0. . (2.1)

As.a.reference.point,.water.at.20°C.has.a.viscosity.of.1.centiPoise,.cP.(10−2.Poise)..
The.viscosities.of.some.substances.of.common.use.are:

Water.at.20°C. 1.002.cP.(1.002.×.10−3.Pa.s)
Mercury.at.20°C. 1.554.cP.(1.554.×.10−3.Pa.s)
Pancake.syrup.at.20°C. 2,500.cP.(2.5.Pa.s)
Peanut.butter.at.20°C. 250,000.cP.(250.Pa.s)
Soda.glass.at.575°C. 1.×.1015.cP.(1.×.1012.Pa.s)

As. defined. above,. the. glass. transition. temperature,. Tg,. is. the. temperature.
at.which.the.supercooled. liquid.becomes.solid.glass..To.be.more.accurate,.
this.should.be.called.the.thermal.or.calorimetric.glass.transition..It. is.also.
important.to.realize.that.this.“transition”.is.not.a.true.thermodynamic.phase.
transition,.but.its.origin.is.strictly.kinetic,.since.the.value.of.Tg.depends.on.
the.cooling.rate.and,.more.generally,.on.the.way.the.glass.is.prepared.

The.glassy.state.below.Tg.is.often.referred.to.as.the.“thermodynamic”.state.
of.a.vitrified.(glassy).substance..It.is.true.that.the.properties.of.the.glassy.solid.
do.not.show.any.time.dependence.for.not.too.long.observation.times.and/or.
well. below. Tg.. Therefore,. it. appears. that. the. glassy. solid. is. in. a. properly.
defined.thermodynamic.state..However,.even.in.this.case,.time.will.always.
play.a. fundamental.role. in. the.formation.and.description.of. the.glass,. the.
fundamental.reason.simply.being.that.it.is.not.an.equilibrium.state..Glassy.
substances. that. look. like.a.solid.on.experimental. timescales.of.seconds.or.
even. years. may. look. like. a. liquid. on. geological. timescales.. The. nonstatic.
nature.of.glass.is.seen.the.best.near.the.glass.transition.

The.phenomenon.of.glass.formation,.as.described.above,.is.often.referred.
to.as.vitrification.for.nonmetallic.materials.and.organic.polymers..Similarly,.
the.formation.of.the.crystalline.phase(s).on.subsequent.heating.of.the.glassy.
phase.to.higher.temperatures.is.referred.to.as.crystallization.(in.the.case.of.
metallic.materials).and.devitrification.for.nonmetallic.materials..We.will.use.
the.terms.glass.formation.and.crystallization.in.the.present.book.to.refer.to.
the. formation.of. the.glassy.phase.on.cooling. from.the. liquid.state.and. its.
transformation. to. the.crystalline.phase(s).on. reheating.of. the.glassy.alloy,.
respectively.
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It.may.be.realized.from.the.above.description.that.the.Tg.value.is.depen-
dent.upon.several.factors.such.as.the.imposed.cooling.rate.and.the.magni-
tude.of.undercooling..In.other.words,.there.is.no.unique.Tg.value.for.a.given.
material. (unlike. the. melting. or. freezing. temperature. which. is. thermody-
namically.defined.and.so.it.is.fixed),.but.it.is.a.kinetic.parameter..Thus,.the.Tg.
and.the.structure.of.the.glass.are.cooling.rate.dependent..The.faster.the.alloy.
is.solidified.from.the.liquid.state,.the.higher.is.the.Tg.value.(Figure.2.1)..The.
structure.of.the.glass.also.depends.on.the.extent.to.which.structural.relax-
ation.has.occurred.during.subsequent.heating.to.higher.temperatures,.but.
below. the. crystallization. temperature,. Tx.. The. higher. the. structural. relax-
ation,.the.closer.it.moves.toward.a.“true”.glass.

The. variation. of. specific. heat,. Cp,. and. viscosity,. η,. with. temperature. is.
shown.in.Figure.2.2..The.Cp.of.the.undercooled.liquid.increases.with.decreas-
ing.temperature.and.the.difference.between.the.Cp.of.the.undercooled.liquid.
and.the.glass.continues.to.increase.till.Tg..At.Tg,.there.is.a.sudden.drop.in.the.
Cp.value.of.the.undercooled.liquid,.a.manifestation.of.the.fewer.degrees.of.
freedom.as.a.result.of.freezing.of.the.liquid..Once.the.glass.is.formed,.there.
is.very.little.difference.in.the.Cp.between.the.crystal.and.the.glass.

During. cooling. from. the. liquid. state,. the. viscosity. of. a. metallic. liquid.
increases.slowly.with.a.decrease.in.temperature..But,.at.the.freezing.tempera-
ture,.the.viscosity.of.the.material. increases.suddenly.by.about.15.orders.of.
magnitude..The.variation.of.viscosity.in.a.glass-forming.liquid.is,.however,.
different..The.viscosity.increases.gradually.in.the.liquid.state.with.decreasing.
temperature..But,.this.trend.continues.below.the.freezing.point,.even.though.
the.rate.of.increase.is.more.rapid.with.a.further.decrease.in.temperature.in.
the.supercooled.liquid..But,.at.the.glass.transition.temperature,.Tg,.the.viscos-
ity.is.so.high.that.there.is.no.more.flow.of.the.liquid.and.the.material.is.a.solid,.
for.all.practical.purposes..That.is,.its.viscosity.remains.constant.
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FIGURe 2.2
Variation.of.(a).specific.heat.and.(b).viscosity.with.temperature.for.crystal.and.glass.formation.
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But,.it.is.most.important.to.remember.one.point.about.glasses..There.is.no.
unique.“structure”.for.a.given.glass.like.that.in.a.crystal..The.temperature.
at.which.departure.from.configurational.equilibrium.occurs.determines.the.
structure..And.this.temperature.is.a.function.of.the.cooling.rate..Further,.at.
any.given.temperature,.there.is.a.temporal.variation.in.the.structure.and.the.
relaxation.times.are.different.at.different.temperatures.

Metallic.glasses.often.exhibit.a.reversible.glass.↔.liquid.transition.at.the.
glass.transition.temperature,.Tg,.which.is.manifested.in.significant.changes.
in.the.specific.heat,.Cp,.or.viscosity,.η..During.reheating.of.the.glassy.sam-
ples,.there.is.a.sudden.increase.in.Cp.and.simultaneously.there.is.a.decrease.
in.the.viscosity,.at.Tg..These.observed.reversible.changes.suggest.that.similar.
to.other.types.of.glasses,.metallic.glasses.can.revert.to.the.supercooled.liq-
uid.state.without.crystallization..In.the.scientific.community.working.with.
BMGs,. this. state. is. normally. referred. to. as. the. supercooled. liquid. region..
This. reversibility. also. suggests. that. the. structure. (atomic. arrangement). of.
the.glass.is.closely.related.to.the.atomic.arrangements.present.in.the.liquid.
state..At.a.temperature.Tx,.which.is.higher.than.Tg,. the.supercooled.liquid.
transforms.into.the.crystalline.phase(s)..As.mentioned.earlier,.the.tempera-
ture.interval.between.Tx.and.Tg.is.referred.to.as.the.width.of.the.supercooled.
liquid.region.(SLR),.that.is,.ΔTx.=.Tx.−.Tg..The.value.of.ΔTx.is.different.for.dif-
ferent.glasses,.and.is.usually.taken.as.an.indication.of.the.thermal.stability.of.
the.glass.produced..In.the.case.of.BMGs,.this.temperature.interval.is.usually.
quite.large.and.values.of.over.120.K.have.been.reported;.the.highest.reported.
to. date. is. 131.K. in. a. Pd43Cu27Ni10P20. BMG. alloy. [17].. In. the. case. of. rapidly.
solidified.thin.ribbon.glasses,.and.marginal.glass-formers,.the.value.of.ΔTx.is.
very.small,.if.observed.at.all.

There.is.a.difference.in.the.transformation.behavior.of.ordinary.(crystal-
line).solids.and.glasses..While.a.crystal.transforms.into.the.liquid.state.at.the.
melting.temperature,.Tm,.a.metallic.glass,.on.the.other.hand,.first.transforms.
into.the.supercooled.liquid.state.at.the.glass.transition.temperature,.Tg,.and.
then.into.the.crystalline.state.at.the.crystallization.temperature,.Tx..The.crys-
talline.solid.will.eventually.melt.at.Tm.

2.5	 Thermodynamics	and	Kinetics	of	Glass	Formation

It.is.important.to.realize.that.any.glass.(and.even.more.true.for.metallic.
glasses).is.not.in.a.thermodynamically.stable.(equilibrium).state..From.a.
physics.point.of.view,.glasses.are.in.an.excited.state,.and.at.any.given.tem-
perature,. provided. sufficient. time. (may. be. a. few. minutes. to. thousands.
of.years,.depending.on.the.type.of.glass.and.the.way.it.is.made).is.pro-
vided,.they.will.relax.and.eventually.transform.to.the.crystalline.ground.
state..So,.the.question.now.is.whether.the.principles.of.thermodynamics,.
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in which.the.functions.are.defined.for.equilibrium.states,.are.applicable.
to.systems.which.are.far.from.equilibrium.

Johnson. [18]. and. Leuzzi. and. Nieuwenhuizen. [19]. have. dealt. with. this.
aspect.in.some.detail.based.on.the.concepts.of.undercooling.developed.by.
Turnbull.[20]..It.is.true.that.the.thermodynamic.principles.are,.strictly.speak-
ing,.applicable.only.to.the.system.which.is.in.equilibrium..But,.they.can.also.
be.used.when.the.system.under.consideration.is.an.undercooled.liquid.

It.is.well.known.that.metallic.liquids.can.be.significantly.undercooled.for.
extended.periods.of. time.without.crystallization.from.occurring.[20]..This.
is.because.the.critical.size.of.the.nucleus.to.form.the.solid.crystalline.phase,.
at. the.freezing.temperature,.Tm,. is. infinitely. large..Put.differently,. the.tim-
escale.for.the.nucleation.of.the.crystalline.phase.is.a.function.of.the.degree.
of.undercooling.experienced.by.the.melt..It.is.exceedingly.long.at.the.freez-
ing.temperature.and.decreases.with.the.increasing.amount.of.undercooling..
When.the.timescale.for.nucleation.is.sufficiently.long.so.that.the.liquid.phase.
can.still.explore.the.different.possible.phases.in.which.it.could.exist,.one.can.
still.define. the.entropy.and.other. thermodynamic. functions.of. the. liquid..
That.is,.the.liquid.is.in.a.metastable.state.for.which.entropy,.free.energy,.and.
other.thermodynamic.parameters.can.be.defined..In.this.sense,.one.can.use.
the.thermodynamic.principles.that.are.applicable.to.equilibrium.systems.in.
these.situations.also.

2.5.1 Thermodynamic Stability

The.thermodynamic.stability.of.a.system.at.constant.temperature.and.pres-
sure.is.determined.by.its.Gibbs.free.energy,.G,.defined.as

. G H TS= – . (2.2)

where
H.is.the.enthalpy
T.is.the.absolute.temperature
S.is.the.entropy

Thermodynamically,.a.system.will.be.in.stable.equilibrium,.that.is,.it.will.not.
transform.into.any.other.phase(s).under.the.given.conditions.of.temperature.
and.pressure,. if. it.has.attained.the. lowest.possible.value.of. the.Gibbs. free.
energy..The.above.equation.predicts. that.a.system.at.any.temperature.can.
be.most.stable.either.by.increasing.the.entropy.or.decreasing.the.enthalpy.
or.both..Metallic.crystalline.solids.have. the.strongest.atomic.bonding.and.
therefore.the.lowest.enthalpy,.H..Consequently,.solids.are.most.stable.phases.
at. low. temperatures.. On. the. other. hand,. the. atomic. vibration. frequency.
increases.with. increasing. temperature.and.consequently,. the.entropy,.S. is.
high.at.elevated.temperatures..As.a.result,.the.product.of.temperature.and.
entropy.increases.and.therefore.the.value.of.–TS.term.dominates.at.higher.
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temperatures.. Therefore,. phases. with. more. freedom. of. atomic. movement,.
that.is,.liquids.and.gases,.become.more.stable.at.elevated.temperatures.[21].

Using. the. above. concepts,. it. may. be. stated. that. a. glass. becomes. more.
“stable”.when.the.free.energy.of.the.glassy.phase.is.lower.than.that.of.the.
competing.crystalline.phase(s)..In.other.words,.the.change.in.free.energy,.
ΔG.(=.Gglass.−.Gcrystal).becomes.negative..Mathematically.expressed:

. ∆ ∆ ∆G H T S= f f– . (2.3)

where
the.Δ.symbol.represents.the.change.in.these.quantities.between.the.final.

and.initial.states
Hf. and. Sf. represent. the. enthalpy. of. fusion. and. entropy. of. fusion,.

respectively

The.system.becomes.stable.when.the.value.of.G.is.the.lowest,.or.ΔG.is.nega-
tive..A.negative.value.of.ΔG.can.be.obtained.either.by.decreasing.the.value.of.
ΔHf.or.increasing.the.value.of.ΔSf.or.both..Since.entropy.is.nothing.but.a.mea-
sure.of.the.different.ways.in.which.the.constituent.atoms.can.be.arranged.
(microscopic.states),.this.value.will.increase.with.increasing.number.of.com-
ponents.in.the.alloy.system..Thus,.even.if.ΔHf.were.to.remain.constant,.the.
free.energy.will.be.lower.because.of.the.increased.entropy.when.the.alloy.
system.consists.of.a.large.number.of.components..(That.is.one.reason.why.
even.a.small.amount.of.impurity.lowers.the.free.energy.of.a.metal.and.con-
sequently,.it.is.impossible.to.find.a.100%.pure.metal!.For.the.same.reason,.it.is.
also.true.that.the.thermodynamic.stability.of.multicomponent.alloys.is.much.
higher.than.that.of.an.alloy.with.less.number.of.components.).But,.the.value.
of.ΔHf.will.not.remain.constant.because.of.the.chemical.interaction.amongst.
the.different.constituent.elements.

The.free.energy.of.the.system.can.also.be.decreased,.at.a.constant.tem-
perature,.in.cases.of.low.chemical.potential.due.to.low.enthalpy,.and.large.
interfacial.energy.between.the.liquid.and.solid.phases..Since.it.will.be.dif-
ficult.to.intentionally.control.these.parameters.in.an.alloy.system,.the.easi-
est.way.to.decrease.the.free.energy.would.be.to.increase.ΔSf.by.having.a.
large.number.of.components.in.the.alloy.system..That.is.why.it.has.been.
easier.to.synthesize.glassy.phases.in.ternary.and.higher-order.alloy.sys-
tems.than.in.binary.alloy.systems..Obviously,.it.will.be.much.easier.to.pro-
duce.the.glassy.phases.in.alloys.containing.a.number.of.components,.that.
is,.in.multicomponent.alloy.systems..BMGs,.which.can.be.produced.in.the.
glassy.state.at.very.slow.solidification.rates,.are.typically.multicomponent.
alloy.systems.

Increase.in.ΔSf.also.results.in.an.increase.in.the.degree.of.dense.random.
packing. of. atoms,. which. leads. to. a. decrease. in. ΔHf. and. consequently. an.
increase.in.the.solid/liquid.interfacial.energy.
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2.5.2 Kinetics of Glass Formation

According. to. the. free.volume. model. [22]. or. the.entropy.model. [23]. of. the.
liquid.state,.it.is.expected.that.every.liquid.will.undergo.a.transition.to.the.
glassy. state,. provided. that. crystallization. could. be. bypassed. or. avoided..
Thus,.the.problem.of.glass.formation.turns.out.to.be.purely.kinetic.in.nature..
Therefore,.if.the.liquid.could.be.cooled.sufficiently.rapidly.to.prevent.the.for-
mation.of.detectable.amount.of.a.crystalline.phase,.glass.formation.could.be.
achieved..Hence,.the.fact.whether.a.glass.forms.or.not.is.related.to.the.rapid-
ity.with.which.the.liquid.could.be.cooled.and.also.to.the.kinetic.constants.

The.kinetics.of.crystallization.was.first.treated.by.Turnbull.[24]..The.fol-
lowing.assumptions.were.made:

. 1..The.composition.of.the.crystals.forming.is. the.same.as.that.of.the.
liquid.

. 2..Nucleation.transients.are.unimportant.

. 3..Bulk.free.energy.change.associated.with.the.transformation.of.the.
undercooled.liquid.to.the.crystal.phase,.ΔGv,.is.given.by.the.linear.
approximation,. ΔGv. =. ΔHf.·.ΔTr,. where. Hf. is. the. molar. enthalpy. of.
fusion.and.ΔTr.is.the.reduced.undercooling.(ΔTr.=.(Tl.−.T)/Tl,.where.Tl.
is.the.melting.(liquidus).temperature).

The.homogeneous.nucleation.rate,.I,. for.the.formation.of.crystalline.nuclei.
from.a.supercooled.melt.(in.a.liquid.free.of.nuclei.or.heterogeneous,.i.e.,.pre-
ferred.nucleation.sites).can.be.expressed.[24].as
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where
b.is.a.shape.factor.(=.16π/3.for.a.spherical.nucleus)
kn.is.a.kinetic.constant
η(T).is.the.shear.viscosity.of.the.liquid.at.temperature.T
Tr.is.the.reduced.temperature.(Tr.=.T/Tl)
ΔTr.is.the.reduced.supercooling.(ΔTr.=.1.−.Tr)
α.and.β.are.dimensionless.parameters.related,.respectively,.to.the.liquid/

solid.interfacial.energy.(σ).and.to.the.molar.entropy.of.fusion,.ΔSf

Thus,
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and

.
β = ∆S

R
f

.
(2.6)

where
NA.is.Avogadro’s.number
V
– is.the.molar.volume.of.the.crystal
R.is.the.universal.gas.constant

It.is.clear.from.Equation.2.4.for.I.that.for.a.given.temperature.and.η,.as.α3β.
increases,.the.nucleation.rate.decreases.very.steeply..Increase.in.α.and.β.means.
an.increase.in.σ.and.ΔSf.and/or.a.decrease.in.ΔHf,.all.consistent.with.the.ther-
modynamic.approach.of.increased.glass-forming.ability.explained.above.

It.is.also.interesting.to.note.that.η.is.closely.related.to.the.reduced.glass.
transition.temperature,.Trg.(=.Tg/Tl).and.α3β.determines.the.thermal.stability.
of.the.supercooled.liquid..In.agreement.with.experimental.results,.the.value.
of.αβ1/3. for.metallic.melts.has.been.estimated.to.be.about.0.5..The.impor-
tance. of. α3β. can. be. appreciated. from. the. following. two. examples.. When.
αβ1/3.>.0.9,.unseeded.liquid.will.not.crystallize.at.any.cooling.rate.by.homo-
geneous. nucleation.. In. other. words,. the. glass. will. continue. to. be. stable,.
unless.crystal.nucleation. takes.place.at.heterogeneous.sites..On. the.other.
hand,.when.αβ1/3.≤.0.25,.it.would.be.impossible.to.suppress.crystallization..
Thus,.the.higher.the.αβ1/3.value,.the.easier.it.is.to.suppress.crystallization.and.
achieve.glass.formation.

The.equation.for.the.growth.rate.of.a.crystal.from.an.undercooled.liquid.
can.be.expressed.as
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where.f.represents.the.fraction.of.sites.at.the.crystal.surfaces.where.atomic.
attachment.can.occur. (=.1. for.close-packed.crystals.and.0.2.ΔTr. for. faceted.
crystals)..Here.also.we.can.see.that.U.decreases.as.η.increases,.and.will.thus.
contribute.to.increased.glass.formability.

Since.both.I.and.U.vary,.at.any.given.temperature,.as.1/η,.both.the.glass-
forming. tendency. and. the. stability. of. the. glass. should. increase. with. the.
reduced.glass.transition.temperature,.Trg,.and.increasing.values.of.α.and.β..
Reducing.the.value.of.f.through.atomic.rearrangements.such.as.local.order-
ing.or.segregation.would.also.lower.the.growth.rate..Since.the.value.of.αβ1/3.
is.approximately.0.5.for.metallic.alloys,.it.may.be.easily.shown.that.liquids.
for.which.Trg.>.2/3.may. readily.be.quenched. into.a.glassy. state,.whereas.
if. Trg.=.0.5,. a. cooling. rate. of. about. 106. K. s−1. is. required. for. the. melt. to. be.
quenched.into.the.glassy.state.
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Based. on. the. treatment. of. Uhlmann. [25],. Davies. [26]. combined. the. val-
ues.of.I.and.U.(calculated.using.Equations.2.4.and.2.7,.respectively).with.the.
Johnson–Mehl–Avrami.treatment.of.transformation.kinetics,.and.calculated.
the.fraction.of.transformed.phase.x.in.time.t,.for.small.x,.as

.
x IU t= 1

3
3 4π

.
(2.8)

Substituting.the.values.of.I.and.U.in.Equation.2.8,.the.time.needed.to.achieve.
a.small.fraction.of.crystals.from.the.melt.was.calculated.as
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where
ao.is.the.mean.atomic.diameter
N v.is.the.average.volume.concentration.of.atoms,.and.all.the.other.param-

eters.have.the.same.meaning,.as.described.earlier

A.time–temperature–transformation.(T–T–T).curve.was.then.computed.by.
calculating. the. time,. t,.as.a. function.of.Tr,. to. transform.to.a.barely.detect-
able.fraction.of.crystal,.which.was.arbitrarily.taken.to.be.x.=.10−6..Figure.2.3.
shows.the.T–T–T.curves.calculated.in.the.above.manner.for.pure.metal.Ni,.
reasonably.good.glass.formers.such.as.Au78Ge14Si8.and.Pd82Si18.alloys,.and.a.
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FIGURe 2.3
Time–temperature–transformation.(T–T–T).curves.(solid.lines).and.the.corresponding.contin-
uous.cooling.transformation.curves.(dashed.lines).for.the.formation.of.a.small.volume.fraction.
for.pure.metal.Ni,.and.Au78Ge14Si8,.Pd82Si18,.and.Pd78Cu6Si16.alloys.
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good.glass.former.such.as.Pd78Cu6Si16..The.critical.cooling.rate,.Rc,.to.obtain.
the.glassy.phase.was.then.obtained.as

.
R

T
t

c
n

= ∆

.
(2.10)

where
ΔT.is.the.undercooling
tn.is.the.time.at.the.nose.of.the.T–T–T.curve

The. calculated. critical. cooling. rates. ranged. from. ∼1010. K. s−1. for. nickel. to.
∼106.K.s−1.for.Au78Ge14Si8,.∼3000.K.s−1.for.Pd82Si18,.and.∼35.K.s−1.for.Pd78Cu6Si16.
alloys.. For. the. three. alloy. glasses,. the. Trg. values. were. 1/4,. 1/2,. and. 2/3,.
respectively,. confirming. that. the. glass-forming. ability. increases. with. the.
increasing.value.of.Trg.

2.6	 Methods	to	Synthesize	Metallic	Glasses

Noncrystalline.materials.have.been.prepared.by.a.variety.of.methods,.start-
ing.from.the.vapor,.liquid,.or.solid.states..We.will.now.briefly.describe.the.
different.techniques.available.to.prepare.the.noncrystalline.(or.glassy).mate-
rials..Cahn.[27].and.Johnson.[18].have.succinctly.summarized.the.different.
available.techniques.to.produce.amorphous.and.glassy.alloys,.and.described.
some. of. the. results.. The. full. details. of. the. preparation. of. BMGs. will. be.
described.in.Chapter.4.

2.6.1 Vapor-State Processes

The. earliest. report. of. the. formation. of. an. amorphous. phase. in. a. metal. is.
by.vapor.deposition.methods..The.physicists.produced.amorphous.metals.
by. the. vapor. deposition. route. to. study. their. superconducting. properties..
According.to.the.available.reports,.the.German.physicist.Kramer.[28,29].syn-
thesized.amorphous.Sb.by.first.evaporating.the.Sb.metal.and.allowing.it.to.
condense.on.a.cold.substrate..Subsequently,.Buckel.and.Hilsch.[30,31].synthe-
sized.thin.films.of.Bi,.Ga,.and.Sn–Bi.alloys.by.the.vapor.deposition.process..
Even.though.they.believed.that.their.films.were.ultrafine-grained.from.the.
in.situ.electron.diffraction.experiments,.it.became.clear.later.that.the.films.
were.actually.amorphous..There.is.still.debate.in.the.literature.whether.the.
vapor-deposited.pure.metals.Sb.and.Bi.were.truly.amorphous.or.microcrys-
talline..Irrespective.of.whether.they.were.amorphous.or.not,.this.technique.
is.presently.used.to.synthesize.amorphous.materials.in.small.quantities.
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Several. variants. of. the. vapor. deposition. method. are. used. nowadays. to.
synthesize.amorphous.alloys..These.include,.for.example,.sputtering,.chemi-
cal.vapor.deposition,.and.electron.beam.evaporation..One.of.the.most.popu-
lar.among.these.is.the.sputtering.method,.in.which.atoms.from.the.surface.
of. the.material. are.knocked.off.using.high-energy. ions,. and. the.atoms.so.
removed.from.the.surface.were.subsequently.allowed.to.get.deposited.onto.
a.cold.substrate..Dahlgren.[32].has.used.this.method.extensively..Bickerdike.
et.al..[33,34].used.the.high-rate.thermal.evaporation.methods.to.deposit.the.
Al-alloy. vapor. onto. cold. substrates. to. make. very. large. objects.. But,. these.
techniques.seem.to.produce.mostly.crystalline,.but.not.amorphous,.alloys..
Further,. Dahlgren’s. approach. appears. to. be. expensive.. Therefore,. these.
vapor.deposition.methods.are.used.mainly.to.produce.small.quantities.for.
mostly.scientific.investigations.and.for.electronic.and.magnetic.applications.

Another.technique.that.has.been.extensively.used.to.prepare.amorphous.
alloys,. again. mostly. thin. films,. is. to. implant. high-energy. solute. ions. into.
metallic. surfaces.. This. technique. has. come. to. be. known. as. ion. implanta-
tion..In.a.related.technique,.referred.to.as.ion.mixing,.successively.vapor-
deposited. layers. of. different. elements. are. mixed. together. and. alloyed. by.
means.of. the.thermal.energy.of. injected.rare-gas. ions..Several.amorphous.
and. metastable. crystalline. phases. have. been. produced. by. these. methods..
The.details.of.the.techniques.and.the.results.obtained.using.these.techniques.
may.be.found.in.Refs..[35–37].

2.6.2 liquid-State Processes

Metallic.glasses.were.usually.prepared.by.rapidly.solidifying. their.metal-
lic.melts.at.solidification.rates.of.about.106.K.s−1,.using.techniques.such.as.
melt.spinning.and.its.variants..The.product.of.rapid.solidification.process-
ing.(RSP).is. in.the.form.of.thin.ribbons,.even.though.wires,.powders,.and.
other.shapes.have.also.been.produced..The.formation.of.a.glassy.structure.in.
metallic.melts.requires.that.the.melt.is.cooled.at.very.high.solidification.rates.
to.prevent.crystal.nuclei.from.forming..Consequently,.the.minimum.cooling.
rate.required.to.form.the.glass.(critical.cooling.rate).was.about.105–106.K.s−1,.
since.mostly.binary.and.ternary.alloys.were.used..An.achievement.of.such.
high.solidification.rates.is.possible.only.when.the.heat.is.removed.from.the.
melt.rapidly,.and.as.a.result.the.section.thickness.is.limited.to.a.few.tens.of.
micrometers.

Starting.with.the.Au–Si.alloy.in.1960,.a.number.of.other.binary,.ternary,.
quaternary,. and. higher-order. alloy. systems. have. been. solidified. into. the.
glassy.state.by.RSP.methods..It.may.be.noted.that.no.pure.metal.has.ever.
been.solidified.into.the.glassy.state,.since.the.critical.cooling.rate.required.in.
this.case.is.of.the.order.of.1010–1012.K.s−1..Rapidly.solidified.crystalline.alloys.
have.been.shown.to.exhibit.a.variety.of.constitutional.and.microstructural.
features.that.are.different.from.their.equilibrium.counterparts..The.constitu-
tional.effects.include.formation.of.supersaturated.solid.solutions,.metastable.
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intermediate.phases,.quasicrystalline.phases,.and.metallic.glasses,.while.the.
microstructural. changes. include. refinement.of.grains,. second.phases,.and.
segregation.patterns.

By.a.proper.choice.of.the.alloy.system.and.its.composition,.it. is.possible.
to.reduce.the.critical.cooling.rate.for.glass.formation..Consequently,.the.sec-
tion.thickness. increases.from.a.few.micrometers.(typically. in.the.range.of.
20–50.μm).in.the.RSP.alloys.to.a.few.millimeters.or.even.a.few.centimeters..
Such.glasses.are. referred. to.as.BMGs,. the.subject.matter.of. the.book..The.
preparation.of.BMGs.starting.from.the.liquid.state.has.been.the.most.popu-
lar.method..All.the.different.techniques.available.to.prepare.BMGs.will.be.
described.fully.in.Chapter.4.

Apart.from.the.RSP.methods,.electrodeposition.methods.have.also.been.
used.to.synthesize.amorphous.alloys..It.was.in.1950,.for.the.first.time,.that.
Brenner.et.al..[38].reported.the.formation.of.an.amorphous.phase.in.electro-
deposited.Ni–P.alloys.containing.>10.at.%.P..The.amorphous.nature.of.the.
deposit.was.inferred.from.the.presence.of.only.one.broad.diffuse.peak.in.the.
XRD.pattern..These.alloys.have.a.very.high.hardness.and.consequently.these.
are.used.as.wear-.and.corrosion-resistant.coatings.[39]..It.is.also.possible.to.
deposit. some. amorphous. alloys. by. electroless. deposition,. particularly. for.
magnetic.investigations.[40]..The.limited.size.of.the.product.formed.in.one.
experiment.puts.a.limitation.on.the.usefulness.of.this.technique.to.produce.
large.quantities.of.metallic.glasses.

2.6.3 Solid-State Processes

The. preparation. of. amorphous. phases. starting. from. the. solid. state. has.
been.another.popular. technique,.next.only. to.RSP.methods..A.number.of.
different.methods. in. this.major.category.are.available,.and. the.most.com-
monly.used.method.amongst.these.is.mechanical.alloying/milling..Details.
about.this.method.will.also.be.provided.in.Chapter.4,.since.this.method.has.
been.used.to.produce.large.quantities.of.metallic.glassy.alloys..Mechanical.
alloying. refers. to. the.process.when.one.starts.with.a.mixture.of.elemental.
powders. and. alloying. occurs. due. to. interdiffusion. in. the. constituent. ele-
ments,.resulting.in.the.formation.of.a.variety.of.phases..On.the.other.hand,.
in. mechanical. milling,. one. starts. with. pre-alloyed. homogeneous. powders..
That.is,.while.material.transfer.is.involved.in.mechanical.alloying,.no.such.
transfer. occurs. during. mechanical. milling.. In. brief,. the. method. involves.
putting.the.required.amounts.of.the.elemental.or.prealloyed.powders.in.a.
hardened.steel.container.along.with.hardened.steel.balls.and.agitating.the.
whole.mixture.for.the.required.length.of.time..Alloying.occurs.between.the.
metal.powders.and.can.result.in.the.formation.of.a.supersaturated.solid.solu-
tion,.an.intermetallic.phase,.a.quasicrystalline.phase,.or.an.amorphous.alloy,.
depending.on.the.powder.composition.and.milling.conditions..The.choice.
of.the.phase.formed.depends.on.the.thermodynamic.stability.of.the.differ-
ent.competing.phases..The.milled.powder.particles.experience.heavy.plastic.
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deformation.leading.to.the.generation.of.a.variety.of.crystal.defects.such.as.
dislocations,.grain.boundaries,.and.stacking.faults..These.defects.raise.the.
free.energy.of.the.crystalline.system.to.a.level.higher.than.that.of.a.hypo-
thetical.amorphous.phase,.and.consequently,.the.crystalline.phase.becomes.
destabilized.and.an.amorphous.phase.forms.[41,42].

The.first. report.of. the. formation.of.an.amorphous.phase.by.mechanical.
milling.was. in.a.Y–Co. intermetallic. compound. [43].and. that.by.mechani-
cal.alloying.in.a.Ni–Nb.powder.blend.[44]..Subsequently,.amorphous.phases.
have.been.formed.in.a.number.of.binary,.ternary,.and.higher-order.systems.
by. this. method.. Unlike. in. RSP. methods,. the. conditions. for. the. formation.
of. an. amorphous. phase. by. mechanical. alloying/milling. seem. to. be. quite.
different..For.example,.amorphous.phases.are.formed,.not.necessarily.near.
eutectic.compositions,.and.in.a.much.wider.composition.range..The.nature.
and.transformation.behavior.of.the.amorphous.phases.formed.by.mechani-
cal.alloying/milling.also.appear.to.be.different.from.those.formed.by.RSP.

A.number.of.alloy.compositions.that.have.been.cast.into.BMGs.by.solidifica-
tion.methods.have.also.been.obtained.in.the.amorphous.state.by.mechanical.
alloying/milling.methods..The.details.of.these.alloys.and.other.parameters.
will.be.discussed.at.length.in.Chapter.4.

There.are.several.other.techniques.to.synthesize.amorphous.phases.in.the.
solid.state..All.these.methods.could.be.categorized.under.the.generic.name.
“solid-state.amorphization.reactions.”

2.6.3.1  Hydrogen-Induced Amorphization

Yeh. et. al.. [45]. reported. the. formation. of. an. amorphous. metal. hydride.
Zr3RhH5.5. by. a. reaction. of. hydrogen. with. a. metastable. crystalline. Zr3Rh.
compound.at.sufficiently.low.temperatures.(<.about.200°C)..A.similar.amor-
phous.hydride.phase.was.also.reported.to.form.when.the.amorphous.Zr3Rh.
alloy.obtained.in.a.glassy.state.was.also.reacted.with.hydrogen..No.differ-
ence.was. found.between. these. two.types.of.amorphous.phases..Based.on.
the.experimental.results,. the.authors.mentioned.that.an.amorphous.phase.
could.form.when.(1).at.least.three.components.are.present,.(2).a.large.asym-
metry.exists.in.the.diffusion.rates.of.the.two.species.of.atoms,.and.(3).a.cor-
responding.crystalline.polymorph.for.the.amorphous.phase.does.not.exist..
Aoki.[46].has.reported.that.hydrogen-induced.amorphization.is.possible.in.
many.binary.metal.compounds.

2.6.3.2  Multilayer Amorphization

An.amorphous.phase.was.found.to.form.when.thin.metal.films.(10–50.nm.in.
thickness).of.La.and.Au.were.allowed.to.interdiffuse.at.relatively.low.tem-
peratures.(50°C–100°C)..Similar.to.the.case.of.hydrogen-induced.amorphiza-
tion,.here.also.the.large.asymmetry.in.the.diffusion.coefficients.of.the.two.
elements.was.found.to.be.responsible. for. the.formation.of. the.amorphous.
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phase.[47]..Since.then,.a.large.number.of.cases.where.multilayer.amorphiza-
tion.occurs.have.been.reported.

In.a.somewhat.related.process,.Atzmon.et.al..[48].reported.that.an.amor-
phous.phase.was.also.produced.by.cold.rolling.of.thin.foils.of.Ni.and.Zr,.and.
then.annealing.them.at.a.low.temperature..Dinda.et.al..[49].extended.this.to.
achieving.amorphization.by.cold-rolling.of.Cu–Zr,.Cu–Ti–Zr,.and.Cu–Ti–Zr–
Ni.multilayers.

2.6.3.3  Pressure-Induced Amorphization

Alloys.in.the.systems.Cd–Sb,.Zn–Sb,.and.Al–Ge.were.subjected.to.high.pres-
sures.when.they.formed.unstable.crystalline.phases.and.then.decayed.in.a.
short.time.to.amorphous.phases.[50]..An.amorphous.phase.was.also.found.
to.form.in.Cu–12–17.at.%.Sn.alloys.when.they.were.heated.to.high.tempera-
tures.in.a.confined.pressure,.and.turning.off.the.power.suddenly..In.a.related.
process,. designated. as. sonochemical. synthesis,. Suslick. et. al.. [51]. reported.
that.by.irradiation.of.the.liquid—iron.pantacarbonyl—they.were.able.to.pro-
duce.amorphous.iron.

2.6.3.4  Amorphization by Irradiation

A.number.of.intermetallics,.for.example,.NiTi,.Zr3Al,.Cu4Ti3,.CuTi2,.FeTi,.etc.,.
have.been.amorphized.by.irradiation.with.high-energy.electrons,.heavy.ions,.
or.fission.fragments.[18]..It.is.only.intermetallics,.and.not.solid.solutions,.that.
have.been.amorphized.this.way..Several.different.criteria.have.been.proposed.
for.this.purpose,.which.include.low.temperature,.high.doses,.high.dose.rates,.
intermetallics.with.an.extremely.narrow.homogeneity.range,.permanently.
ordered.compounds.(i.e.,.intermetallics.which.are.ordered.up.to.the.melting.
temperature.and.do.not.show.an.order–disorder.transformation),.which.also.
have.high-ordering.energies,.destruction.of.long-range.order.by.irradiation,.
etc..Fecht.and.Johnson.[52].have.analyzed.the.fundamental.issues.involved.
in.the.amorphization.of.intermetallics.by.irradiation.methods.

2.6.3.5  Severe Plastic Deformation

Intense. deformation. at. low. temperatures. has. been. known. to. refine. the.
microstructural.features.of.metallic.specimens..With.a.view.to.obtain.such.
ultrafine.microstructures.in.massive.billets,.Segal.has.developed.the.equal.
channel.angular.pressing.(ECAP,.sometimes.also.referred.to.as.equal.chan-
nel.angular.extrusion,.ECAE,.although.the.former.acronym.is.more.popu-
lar).method.in.the.early.1980s.[53]..The.process.is.based.on.the.observation.
that.metal.working.by.simple.shear.provides.close.to.an.ideal.method.for.
the. formation. of. microstructure. and. texture.. In. this. method,. a. solid. die.
containing.a.channel.that.is.bent.into.an.L-shaped.configuration.is.used..
A.sample.that.just.fits.into.the.channel.is.pressed.through.the.die.using.a.
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plunger..The.billets.usually.have.either.a.square.or.circular.cross.section,.
not.exceeding.about.20.mm..Thus,.the.sample.undergoes.shear.deformation.
but. comes. out. without. a. change. in. the. cross-sectional. dimensions,. sug-
gesting.that.repetitive.pressings.can.be.conducted.to.obtain.very.high.total.
strains..The.strain.introduced.into.the.sample.is.primarily.dependent.on.
the.angle.subtended.by.the.two.parts.of.the.channel..This.method.was.sub-
sequently.used.since.the.1990s.to.produce.ultrafine-grained.materials.[54]..
The.development.of.the.high-pressure.torsion.(HPT).method.has.extended.
the.capabilities.of.these.methods.further.with.the.formation.of.amorphous.
phases. in.select.alloy.systems..All. these.methods.involving.heavy.defor-
mation. are. now. grouped. together. under. the. category. of. severe. plastic.
deformation.(SPD).methods.

The.SPD.methods.have.some.advantages.over.other.methods.in.synthesiz-
ing.ultrafine-grained.materials..Firstly,.ultrafine-grained.materials.with.high-
angle.grain.boundaries.could.be.synthesized..Secondly,.the.samples.are.dense.
and.there. is.no.porosity. in.them.since.they.have.not.been.produced.by.the.
consolidation.of.powders..Thirdly,.the.grain.size.is.fairly.uniform.throughout.
the.structure..Lastly,.the.technique.may.be.applied.directly.to.commercial.cast.
metals..However,.the.limitations.of.this.technique.are.that.the.minimum.grain.
size.is.not.very.small.(typically.it.is.about.200–300.nm),.and.that.amorphous.
phases.or.other.metastable.phases.have.not.been.synthesized.frequently..But,.
these.methods.are.very.useful.in.producing.bulk.ultrafine-grained.materials.

In.the.HPT.process,.a.small.disk-like.specimen.(typically.10.mm.in.diam-
eter.and.0.3.mm.in.height).is.deformed.by.torsion.under.high.pressure..The.
extent.of.plastic.deformation. induced. into. the. specimen.can.be.very.high.
by. simply. increasing. the. number. of. rotations.. A. very. large. true. strain. is.
achieved.by.increasing.the.number.of.rotations.to.say.20..Amorphous.phases.
have. been. produced. in. binary. Cu–Zr. [55,56]. and. ternary. Cu–Zr–Al. alloy.
samples.by.this.method.[56].

Figure. 2.4. shows. schematics. of. the. ECAP. and. HPT. processing.. The.
interested. reader. should. refer. to. the. original. papers. for. further. details. of.
processing.

2.6.3.6  Accumulative Roll Bonding

The. methods. of. SPD. described. above. have. two. drawbacks.. Firstly,. form-
ing. machines. with. large. load. capacities. and. expensive. dies. are. required..
Secondly,. the.productivity. is.relatively. low..To.overcome.these.two.limita-
tions,.Saito.et.al..[57].have.developed.the.accumulative.roll-bonding.(ARB).
process,.shown.schematically.in.Figure.2.5..In.this.process,.the.stacking.of.
materials.and.conventional.roll-bonding.are.repeated..First,.a.strip.is.neatly.
placed.on.the.top.of.another.strip..The.surfaces.of.the.strips.are.treated,.if.
necessary,.to.enhance.the.bond.strength..The.two.layers.of.the.material.are.
joined. together.by.rolling.as. in.a.conventional. roll-bonding.process..Then.
the.length.of.the.rolled.material.is.sectioned.into.two.halves..The.sectioned.
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Schematic. diagrams. showing. the. (a). equal. channel. angular. pressing. (ECAP). and. (b). high-
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FIGURe 2.5
Schematic.of.the.accumulative.roll-bonding.(ARB).process.
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strips.are.again.surface.treated,.stacked.to.the. initial.dimensions,.and.roll.
bonded..The.whole.process.is.repeated.several.times.

The. ARB. process. is. conducted. at. elevated. temperatures,. but. below. the.
recrystallization. temperature,. since. recrystallization. annihilates. the. accu-
mulated.strain..Very.low.temperatures.would.result.in.insufficient.ductility.
and.bond.strength..It.has.been.shown.that.if.the.homologous.temperature.of.
roll-bonding.is.<0.5,.a.sound.joining.can.be.achieved.for.reductions.>50%..
Very.high.strength.materials.were.obtained.by.this.process.in.different.alloy.
systems..Tsuji.et.al..[58].have.recently.presented.a.brief.overview.of.the.devel-
opments.in.this.process.

It. has. been. recently. reported. that. amorphization. occurs. in. materials.
processed. by.ARB.at. the. interfacial. regions. of. the. constituent.metals. [59]..
Cu/Zr.multilayered.sheets,.processed.at.room.temperature.by.ARB,.showed.
a.nanolamellar.structure..But,.when.this.specimen.was.annealed.at.400°C,.
most.of.the.specimen.transformed.into.an.amorphous.state.[60]..It.may.be.
useful.to.subject.the.samples.to.an.HPT.treatment.after.processing.the.multi-
stacks.by.ARB..In.such.a.situation,.it.may.be.possible.to.obtain.an.amorphous.
phase.fully.in.the.whole.sample..One.difficulty.that.may.arise.in.such.a.situ-
ation.is.that.the.ARB-processed.material.may.be.highly.brittle.and.so.HPT.
may.not.be.a.feasible.method.to.process.it.further.

From.the.above.description.it.is.clear.that.a.large.number.of.techniques.are.
available. to. synthesize.amorphous.alloys.and.metallic.glasses..Among.all.
the.methods.discussed,.it.is.easy.to.realize.that.the.processing.of.amorphous.
alloys.from.the.vapor.route.is.expensive.and.slow,.and.therefore.it.is.difficult.
and.economically.not.viable.to.obtain.large.quantities..This.technique.has.its.
niche.in.producing.small.quantities.of.amorphous.alloys.for.electronic.and.
magnetic.applications.

Starting.from.the.solid.state.is.another.important.route,.and.it.is.possible.
to.obtain.large.quantities.of.amorphous.alloys..There.are.two.different.ver-
sions. here—single-stage. and. two-stage. processes.. In. the. single-stage. pro-
cess,. the.desired.product. is.obtained.directly. in.one.stage,.whereas. in. the.
two-stage.process,.the.final.product.is.obtained.after.an.intermediate.pro-
cessing.step..For.example,.one.can.obtain.the.final.product.in.a.single.stage.
using.processes. such.as. severe.plastic.deformation..But,.one.may.not.eas-
ily. obtain. amorphous. phases. by. using. these. processing. methods.. On. the.
other.hand,.using.techniques.like.mechanical.alloying.or.milling,.it.is.easy.to.
obtain.the.amorphous.phases..But,.this.powder.needs.to.be.consolidated.into.
bulk.shapes.by.methods.such.as.vacuum.hot.pressing,.hot.isostatic.pressing,.
spark. plasma. sintering,. etc.. Thus,. this. is. a. two-stage. process. wherein. the.
powder.is.produced.first.and.then.it.is.consolidated.into.bulk.shape.to.obtain.
the.final.product.. It. is.possible. to. introduce.contamination.and. impurities.
during. these.different.processing.stages,.and. therefore,.purity.of. the.final.
product.is.of.concern..The.other.solid-state.processing.methods,.for.example,.
irradiation.or.ion.mixing.of.multilayers.also.produces.only.small.quantities.
of.materials,.and.therefore.they.may.also.turn.out.to.be.expensive.
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Liquid.processing.is.the.most.ideal.way.to.obtain.metallic.glasses,.espe-
cially. the. bulk. variety.. Traditionally,. most. of. the. engineering. materials.
for. structural. applications. are. produced. starting. from. the. liquid. state,.
producing.an.ingot.and.then.obtaining.the.final.product.through.second-
ary.processing.stages..Therefore,.an.added.advantage.of.using.the.solidi-
fication-processing.approach.is. that.one.could.use.the.traditional.casting.
equipment. and. others. for. subsequent. thermo-mechanical. processing,. if.
desired.and.necessary..Therefore,.we.will.be.concentrating.on.the.solidi-
fication.processing.of.BMGs,.but.make.oblique. references. to.other.meth-
ods. to. compare. the. properties. of. the. products. obtained. by. the. different.
methods.

2.7	 Bulk	Metallic	Glasses

BMGs.are.those.noncrystalline.solids.obtained.by.continuous.cooling.from.
the.liquid.state,.which.have.a.section.thickness.of.at.least.a.few.millimeters..
More.commonly,.metallic.glasses.with.at.least.a.diameter.or.section.thick-
ness.of.1.mm.are.considered.“bulk.”.(Nowadays.researchers.tend.to.consider.
10.mm. as. the. minimum. diameter. or. section. thickness. at. which. a. glass. is.
designated.bulk.)

2.7.1 Characteristics of bulk Metallic Glasses

As.will.become.clear.in.the.subsequent.chapters,.BMGs.have.the.following.
four.important.characteristics:

•. The. alloy. systems. have. a. minimum. of. three. components;. more.
commonly.the.number.is.much.larger.and.that.is.why.they.are.fre-
quently. referred. to. as. multicomponent. alloy. systems.. There. have.
also.been.reports.of.binary.BMGs..But,. the.maximum.diameter.of.
the.rod.which.could.be.obtained.in.a.fully.glassy.condition.is.usu-
ally.reported.to.be.1.or.2.mm..And.even.in.these.sections,.a.small.
volume.fraction.of.nanocrystalline.precipitates.have.been.frequently.
observed.to.be.dispersed.in.the.glassy.matrix.

•. They.can.be.produced.at.slow.solidification.rates,.typically.103.K.s−1.or.
less..The.lowest.solidification.rate.at.which.BMGs.have.been.obtained.
was.reported.as.0.067.K.s−1,.that.is,.4.K.min−1.[61];.a.really.slow.solidi-
fication.rate.indeed!

•. BMGs.exhibit.large.section.thicknesses.or.diameters,.a.minimum.of.
about.1.mm..The.largest.diameter.of.a.bulk.metallic.glass.rod.pro-
duced.till.date.is.72.mm.in.a.Pd40Cu30Ni10P20.alloy.[62].
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•. They. exhibit. a. large. supercooled. liquid. region.. The. difference.
between. the. glass. transition. temperature,. Tg,. and. the. crystalliza-
tion. temperature,. Tx,. that. is,. ΔTx.=.Tx.−.Tg,. is. large,. usually. a. few.
tens.of.degrees,.and.the.highest.reported.value.so.far.is.131.K.in.a.
Pd43Ni10Cu27P20.alloy.[17].

There.has.been.some.confusion.in.the.literature.regarding.which.noncrystal-
line.alloys.need.to.be.designated.as.BMGs..Ideally,.a.BMG.satisfies.the.above.
four.criteria..But,.some.researchers.have.used.the.term.“bulk”.to.denote.that.
they.are.referring.to.a.multicomponent.system,.even.though.they.had.produced.
the.glassy.phase.by.melt.spinning.in.the.form.of.thin.ribbons,.only.about.50.μm.
in.thickness..Even.though.it.should.be.easy.to.produce.such.an.alloy.composition.
in.bulk.form.at.slower.cooling.rates,.this.designation.acquires.credibility.only.
when.the.same.alloy.composition.has.been.shown.to.be.possible.to.be.produced.
in.large.diameters..Secondly,.the.literature.contains.references.to.results.show-
ing.that.a.melt-spun.metallic.glass.ribbon.has.a.large.ΔTx.value,.and.therefore.
this.alloy.has.been.referred.to.as.a.BMG..This.result.must.again.be.corroborated.
with.a.large.section.thickness..In.other.words,.the.most.important.criterion.for.
a.BMG.is.that.it.should.be.possible.to.be.produced.in.a.large.section.thickness.

Another.important.point.to.be.remembered.is.that.a.metallic.glass,.or.for.
that.matter.any.noncrystalline.alloy,.should.not.contain.any.crystalline.phases,.
for.it.to.be.called.a.noncrystalline.alloy..If.it.contains.a.crystalline.phase.in.
addition.to.the.glassy.phase,.it.should.more.appropriately.be.referred.to.as.
a.composite..Bulk.metallic.glass.composites.also.have.interesting.properties,.
but.they.should.not.be.simply.referred.to.as.BMGs.alone..When.the.as-cast.
alloy.is.characterized.by.XRD.techniques,.the.presence.of.a.broad.and.diffuse.
peak.is.often.taken.to.be.evidence.for.the.presence.of.a.glassy.phase..This.is.
normally.true..But,.it.should.be.realized.that.the.technique.of.XRD.is.not.very.
sensitive. to. the. presence. of. a. small. volume. fraction. of. a. crystalline. phase.
in.a.glassy.phase,. especially.when. the.crystals.are. in.nanocrystalline.con-
dition..Therefore,.even.if.the.XRD.pattern.shows.a.broad.halo,.the.material.
may.contain.a.small.volume.fraction.of.a.crystalline.phase.dispersed.in.the.
glassy.matrix..Further,.a.structure.consisting.of.a.glassy.phase,.or.extremely.
fine. grains,. or. a. nanocrystalline. material. with. a. small. grain. size. of. about.
<10.nm,. will. all. produce. a. broad. and. diffuse. halo.. Therefore,. it. is. always.
desirable. to.confirm.the. lack.of.crystallinity. in. the.material.by.conducting.
(high-.resolution).transmission.electron.microscopy.investigations.

2.7.2 The Origins of bulk Metallic Glasses

The.origins.of.BMGs.go.back.to.1974,.when.Chen.[63].reported.that.by.water.
quenching.ternary.alloys.of.different.compositions.in.the.(Pd1−xMx)0.835Si0.165.
(with.M.=.Fe,.Co,.Ni,.Cu,.Ag,.and.Au),.Pt–Ni–P.and.Pd–Ni–P.systems,.he.was.
able.to.produce.long.glassy.rods,.1–3.mm.in.diameter.and.several.centimeters.
in.length..The.quenching.rate.was.estimated.to.be.less.than.103.K.s−1..Also,.
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2.mm.diameter.rods.of.water-quenched.Pd77.5Cu6Si16.5.glasses.were.produced.
later.[64]..Subsequently,.Drehman.et.al..[65].reported.in.1982.that.by.elimi-
nating.surface.heterogeneities.through.etching,.they.were.able.to.produce.a.
6.mm.glass.in.the.Pd40Ni40P20.alloy.system.by.slowly.cooling.from.the.liquid.
state.at.a.rate.of.1.4.K.s−1..Later,.Kui.et.al..[66].used.the.fluxing.technique.in.
1984,.by.which.through.adding.B2O3.flux.to.the.Pd40Ni40P20.alloy.melt,.they.
were.able.to.completely.eliminate.all.the.heterogeneous.nucleation.sites.and.
consequently.produce.a.10.mm.glass.

Starting.in.the.late.1980s,.the.RSP.group.at.Tohoku.University.in.Sendai,.
Japan,.has.systematically.investigated.the.glass-forming.ability.(GFA).of.dif-
ferent.alloy.systems.and.was.able.to.produce.bulk.glassy.alloys.in.some.of.
the.systems.at.solidification.rates.of.103.K.s−1.or.lower..A.brief.account.of.the.
development.of.BMGs.at.Tohoku.University.is.described.below.

Al–La–Ni.[67].and.Mg–Ni–La.[68].glassy.alloys.were.produced.in.a.wide.
composition. range.of.3–83.at.%.La.and.0–60.at.%.Ni. in. the.La–Al–Ni. sys-
tem. and. 10–40. at.%. Ni. and. 5–30. at.%. La. in. the. Mg–Ni–La. system.. But,.
more. important. than. just. producing. the. glassy. phases. in. these. systems,.
these.glasses.showed.clear.glass.transition.temperatures,.Tg,.and.very.wide.
supercooled. liquid.regions,.ΔTx..The.ΔTx.values.reported.were.69.K.for. the.
La55Al25Ni20.glass.and.58.K.for.the.Mg50Ni30La20.glass..These.ΔTx.values.are.
much.larger.than.those.reported.for.the.noble-metal-based.glasses,.Pd–Ni–P.
and.Pt60Ni15P25.(35–40.K).reported.earlier.

Since.the.large.ΔTx.value.suggests.a.high.thermal.stability.of.the.supercooled.
liquid.against.nucleation.of.a.crystalline.phase,.it.was.argued.that.the.GFA.of.
these.alloys.should.be.high.enough.to.produce.glassy.phases.in.these.alloys.at.
relatively.slow.cooling.rates,.as.obtained.by.water.quenching..Indeed,.a.fully.
glassy.phase.was.reported.to.form.in.water-quenched.La55Al25Ni20.alloy.melt.
[69].. Figure. 2.6. shows. the. XRD. pattern. recorded. from. the. water-quenched.
alloy.rod.with.a.diameter.of.0.8.mm,.which.shows.only.a.broad.diffuse.diffrac-
tion.peak.and.no.other.sharp.peaks.corresponding.to.any.crystalline.phase..
The.XRD.pattern.from.a.20.μm.thick.melt-spun.ribbon.of.the.same.alloy.com-
position.is.also.presented.in.Figure.2.6.for.comparison..It.may.be.clearly.seen.
that.there.is.no.difference.in.the.diffraction.patterns.of.the.two.samples..The.
broad.peak.is.present.at.the.same.diffraction.angle.in.both.the.cases,.suggest-
ing.that.the.glassy.phase.is.similar.in.both.the.cases..The.maximum.diameter.
of.the.rod,.which.could.be.produced.in.a.fully.glassy.state.at.this.composition,.
was.reported.to.be.1.2.mm..A.transverse.cross.section.of.the.etched.glassy.rod.
did.not.show.the.presence.of.any.crystalline.phase.

This.early.publication.has.also.brought.out. some.very. important.points.
regarding.the.thermal.characteristics.of.BMGs.in.comparison.with.the.melt-
spun.ribbons.of.the.same.composition..These.were

•. The.glass.transition.temperature,.Tg,.and.the.crystallization.tempera-
ture,.Tx,.for.both.the.rod.and.ribbon.samples.are.identical.at.Tg.=.476.K.
and.Tx.=.545.K.
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•. The.heat.of.crystallization.was.the.same.for.both.the.melt-spun.rib-
bon.and.slowly.cooled.rod.samples.

•. But,.the.heat.of.irreversible.structural.relaxation.(below.Tg),.ΔHrelax,.
was.found.to.be.significantly.different..While.the.melt-spun.ribbon.
had.a.value.of.ΔHrelax.=.598.J.mol−1,.the.bulk.rod.sample.had.a.value.
which.is.about.half.of.this,.viz.,.ΔHrelax.=.287.J.mol−1..The.lower.value.
for.the.water-quenched.rod.sample.suggests.that.this.slowly.cooled.
sample. has. a. more. relaxed. atomic. configuration. than. the. rapidly.
solidified.melt-spun.ribbon.sample.

These.observations.have.subsequently.been.confirmed.in.a.number.of.other.
alloy.systems.and.by.several.researchers..Subsequent.to.this.initial.discov-
ery,.Peker.and.Johnson.[70].produced.a.14.mm.diameter.fully.glassy.rod.in.
the. composition. Zr41.2Ti13.8Cu12.5Ni10.0Be22.5. (most. commonly. referred. to. as.
Vitreloy.1.or.Vit.1,.and.now.redesignated.as. liquid.metal.or.LM-001),.and.
since.then.there.has.been.an.explosion.in.the.research.activity.in.this.area.all.
over.the.world.

Starting.with.the.initial.discovery.of.the.formation.of.BMGs.in.the.La–Al–
Ni.system,.the.Tohoku.group.has.produced.a.very.large.number.of.BMGs.in.
different.alloy.systems.based.on.Mg,.Zr,.Ti,.Pd,.Fe,.Co,.Ni,.and.Cu..They.have.
been.able.to.produce.several.new.alloys.in.the.BMG.state.and.also.increase.
the.critical. (or.maximum).diameter.of. the.BMG.alloy.rods.during. the. last.
nearly.20.years..The.results.of.these.investigations.will.be.referred.to.in.the.
subsequent.chapters..There.have.been.significant.advances.in.the.synthesis.
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FIGURe 2.6
X-ray.diffraction.patterns.of.La55Al25Ni20.glassy.samples. in.the.water-quenched.rod.(0.8.mm.
diameter).and.melt-spun.ribbon.(20.μm.thick).conditions..Note.that.in.both.the.cases,.the.dif-
fraction.pattern.shows.only.a.broad.peak.and.sharp.peaks.indicative.of.any.crystalline.phase.
are.absent..Furthermore,.the.position.of.the.broad.peak.is.the.same.in.both.the.samples,.sug-
gesting.that.the.glassy.phase.produced.is.the.same.in.both.the.cases..(Reprinted.from.Inoue,.A..
et.al.,.Mater. Trans.,.JIM,.30,.722,.1989..With.permission.)
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of.BMG.alloys.by.other.researchers.also..The.maximum.diameters.obtained.
in.the.different.alloy.systems.and.the.year.in.which.they.were.discovered.are.
presented.in.Figure.2.7.

2.8	 Potential	Resources	of	Literature	on	Metallic	Glasses

A.number.of.excellent.reviews,.emphasizing.the.different.aspects.of.metallic.
glasses,.and.also.books.on.metallic.glasses.have.been.published.periodically..
A.listing.of.such.reviews.and.books,.which.by.no.means.is.exhaustive.(and.
deals.mostly.with.melt-spun.glassy.alloys),.is.provided.in.Refs..[24,27,71–90]..
In.addition.to.these,. triennial. international.conferences.have.been.held.on.
rapidly. quenched. metals. (RQ. series). once. every. 3. years.. The. proceedings.
of. these. conferences. have. been. published. [91–95].. However,. starting. with.
the.sixth.international.conference.(RQ6).held.in.Montréal,.Canada,.the.pro-
ceedings.of.the.conferences.have.been.published.in.the.international.journal.
of Materials Science and Engineering A published.by.Elsevier.[96–102]..These.
conferences.have.been.now.redesignated.as.Rapidly Quenched and Metastable 
Materials.since.RQ-8.in.Sendai,.Japan..Thirteen.RQ.international.conferences.
have. been. held. so. far. and. RQ-13. was. held. in. Dresden,. Germany,. during.
August. 24–29,. 2008;. the. proceedings. of. this. conference. are. yet. to. be. pub-
lished..Additionally,.the Proceedings.of.the.annual International Symposia on 
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FIGURe 2.7
Maximum.diameters.of. the.BMG.rods.achieved. in.different.alloy.systems.and. the.years. in.
which.they.were.discovered.
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Metastable, Mechanically Alloyed, and Nanocrystalline Materials. (ISMANAM),.
now.christened.as.International Symposium on Metastable and Nano-Materials.
(ISMANAM),.also.contain.a.lot.of.papers.on.the.different.aspects.of.metal-
lic.glasses. (including. those.on.BMGs)..These.conference.proceedings.have.
been. published. by. Trans. Tech,. Switzerland,. first. in. their. Materials Science 
Forum.series.up.to.ISMANAM-97.[103–106],.then.simultaneously.in.Materials 
Science Forum.and.the.Journal of Metastable and Nanocrystalline Materials,.up.
to.ISMANAM-2001. [107–110],.and.later.only.in.the.Journal of Metastable and 
Nanocrystalline Materials.[111–113]..The.proceedings.of.ISMANAM-2005.con-
ference. were. published. in. the. Journal of Alloys and Compounds. by. Elsevier.
[114].. The. proceedings. of. ISMANAM-2006. conference. held. in. Warsaw,.
Poland,. were. published. in. Reviews on Advanced Materials Science. by. the.
Russian.Academy.of.Sciences,.St..Petersburg,.Russia.[115]..Sixteen.such.con-
ferences.have.been.held.so.far..The.14th.(ISMANAM-2007).was.held.in.Corfu,.
Greece,. during. August. 26–30,. 2007,. the. 15th. (ISMANAM-2008). in. Buenos.
Aires,.Argentina,.during.July.6–10,.2008,.and.the.16th.(ISMANAM-2009).in.
Beijing,.China,.during.July.5–9,.2009..The.17th.(ISMANAM-2010).conference.
is.scheduled. to.be.held. in.Zurich,.Switzerland,.during. July.4–9,.2010..One.
can.expect.to.see.the.published.proceedings.of.these.conferences.also.soon.

Apart.from.the.above,.several.research.papers.are.published.in.conference.
proceedings. and. archival. journals. in. the. fields. of. solid-state. physics. and.
materials.science.and.engineering.

The. activity. in. the. area. of. BMGs. has. started. since. the. late. 1980s. and.
has. picked. up. great. momentum. during. the. mid-1990s,. and. it. continues.
to.be.an.active.field.of.research.in.materials.science.and.engineering.and.
solid-state.physics..A.very.large.number.of.research.papers.are.published.
annually,.with.one.estimate.putting.the.figure.at.more.than.1000..A.major-
ity.of.the.research.papers.in.this.area.are.published.in.international.jour-
nals.such.as.Journal of Non-Crystalline Solids,.Intermetallics,.Materials Science 
and Engineering A,.Applied Physics Letters,.Journal of Applied Physics,.Journal 
of Materials Research,.Acta Materialia,. and.Scripta Materialia..A. significant.
number. of. papers. are. also. published. in. the. monthly. journal. Materials 
Transactions.published.by.the.Japan.Institute.of.Metals.in.Sendai..Dedicated.
international.conferences.focusing.exclusively.on.bulk.metallic.glasses.are.
also. held. and. their. conference. proceedings. have. been. published.. Six. of.
them. have. been. held. and. their. conference. proceedings. have. been. pub-
lished.[116–121]..The.Seventh International Conference on Bulk Metallic Glasses.
is.scheduled.to.be.held.in.Busan,.South.Korea,.during.November.1–5,.2009..
Several.reviews.[122–132].and.other.conference.proceedings.[133–136].have.
also.been.published.on.BMGs.in.recent.years..An.edited.monograph.cover-
ing.some.aspects.of.BMGs.has.recently.been.published.[137]..Two.excellent.
monographs,.mostly.dealing.with. the.work.done. till.1998.at. the.Tohoku.
University. in. Sendai,. Japan,. and. authored. by. Akihisa. Inoue. were. pub-
lished.by.Trans.Tech.Publications.in.Switzerland.[138,139].
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3
Glass-Forming	Ability	of	Alloys

3.1	 Introduction

We.reviewed.in.Chapter.2.the.principles.of.glass.formation.and.realized.that.
a.metallic.melt.needs.to.be.significantly.undercooled.to.a.temperature.below.
Tg,.the.glass.transition.temperature,.for.it.to.transform.into.the.glassy.state..
It.was.also.briefly.mentioned.that.not.all.metallic.alloys.can.be.transformed.
into. the.glassy.condition.. In. spite.of. this,. a.very. large.number.of.metallic.
glasses. have. been. synthesized. in. binary,. ternary,. quaternary,. and. higher-
order.alloy.systems..Two.dated.compilations.can.be.referred.to.for.the.alloy.
systems.and.compositions.and.other.details.where.the.formation.of.metallic.
glasses.in.the.form.of.thin.ribbons.was.reported.[1,2]..There.were.also.a.few.
reports.of.the.formation.of.glassy.phases.in.pure.metals.rapidly.solidified.
from.their.molten.state.(see,.e.g.,.Ref..[3])..But.later,.careful.analysis.revealed.
that.the.glassy.phase.in.these.pure.metals.was.mainly.stabilized.by.the.pres-
ence.of.impurity.atoms.and.that.a.minimum.concentration.of.solute.atoms.
was. necessary. for. glass. formation.. Pure. metals. Bi. and. Sn. were,. however,.
produced.earlier.in.the.amorphous.state.by.evaporating.very.thin.films.on.
to. a. substrate. maintained. at. a. low. temperature. of. 4.K. [4–6].. Even. though.
some.basic.empirical.rules.and.some.of.the.thermodynamic.conditions.that.
need.to.be.satisfied.to.form.a.glass.were.known,.there.was.no.rigorous.scien-
tific.basis,.at.least.at.the.beginning,.for.choosing.the.alloy.compositions.that.
could.be.formed.as.glasses..Many.glasses.were.produced.more.or.less.by.trial.
and.error..In.fact,.the.very.first.synthesis.of.a.metallic.glass.in.the.Au-25.at.%.Si.
alloy.by.rapid.solidification.processing.(RSP).in.1960.by.Pol.Duwez.and.his.
students.[7].was.by.accident.(in.more.than.one.way!).

To.produce.metallic.glasses.in.a.reasonable.and.reliable.way,.and.also.to.
produce. them.in. large.quantities.and. in.a. reproducible.way,. it. is.essential.
that.we.understand.the.basic.reasons.about.glass.formation.from.the.liquids..
There.has.been.reasonable.success.in.predicting.the.compositions.and.alloy.
systems.in.which.glasses.could.be.synthesized.during.the.1970s.and.1980s..
But,.with.the.discovery.of.bulk.metallic.glasses.(BMGs),.the.activity.in.this.
area.has.been.at.a.high.level.in.recent.times..Both.the.alloy.systems.and.their.
compositions,.which.are.likely.to.be.transformed.into.the.glassy.condition,.
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have.been.predicted..The.ability.of.a.metallic.alloy.to.transform.into.the.glassy.
state.is.defined.in.this.chapter.as.the.glass-forming.ability.(GFA)..(This.term.
should.not.be.confused.with.the.actual.forming.operations.of.a.glass,.such.as.
making.different.shapes.and.objects.with.a.silicate.glass,.or.forming.different.
components.with.any.type.of.glassy.material.).This.chapter.is.devoted.to.a.
description.of.the.different.criteria.that.have.been.developed.to.explain.glass.
formation.in.metallic.systems,.especially.with.reference.to.BMGs.

We.will.first.cover.the.criteria.that.were.developed.to.predict.glass.forma-
tion.by.RSP.methods,.i.e.,.at.high.solidification.rates..It.should.also.be.appre-
ciated.that.some.of.the.major.and.important.criteria.that.were.developed.to.
explain.the.glass.formation.behavior.in.melt-spun.ribbons.(by.RSP.methods).
are.equally.applicable.to.the.case.of.BMGs..However,.due.to.the.nature.of.
differences.between.the.melt-spun.ribbons.and.BMGs.(most.importantly.in.
section.thickness),.we.will.move.on.to.cover.the.additional.and.those.specific.
criteria.that.are.applicable.to.BMGs..Toward.the.end.of.the.chapter,.we.will.
also.briefly.cover.the.criteria.for.formation.of.glasses.by.other.(non-solidifi-
cation).methods.such.as.mechanical.alloying.and/or.milling.

3.2	 Critical	Cooling	Rate

Glass.formation.can.be.achieved.only.if.the.formation.of.detectable.crystal.
nuclei.could.be.completely.suppressed,.and.it.has.been.generally.accepted.
that.the.volume.fraction.of.the.crystals.is.about.10−6..Such.a.situation.can.be.
realized.only.when.the.liquid.alloy.is.undercooled.significantly.to.a.temper-
ature.below.the.glass.transition.temperature,.Tg..One.simple.way.of.obtain-
ing.this.large.amount.of.undercooling.is.to.rapidly.solidify.the.liquid.alloy.at.
a.fast.rate..Chapter.2.showed.that.glass.formation.is.possible.only.when.the.
liquid.is.rapidly.solidified.above.a.critical.cooling.rate,.Rc,.that.is.dependent.
on.the.alloy.system.and.its.composition.

If.an.alloy.melt.is.solidified.from.a.temperature.above.the.liquidus.tem-
perature,.Tl. to.below.the.glass. transition.temperature,.Tg,. then.the.volume.
fraction.of.the.solid.crystalline.phase,.X.formed.under.non-isothermal.crys-
tallization.conditions.can.be.given.by.the.equation.[8,9]
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where.I.and.U.are.the.steady-state.nucleation.frequency.and.crystal.growth.rate,.
respectively..If.the.volume.fraction.of.the.crystalline.phase.formed.is.selected.
as.a.very.small.value,.say.X.=.10−6,.a.condition.normally.chosen.for.glass.forma-
tion,.then.the.critical.cooling.rate,.Rc.can.be.derived.from.Equation.3.1.as
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Since.the.equations.for.I.and.U.contain.terms.like.viscosity.of.the.supercooled.
liquid,.η,. entropy.of. fusion,.ΔSf,. etc.,. the. critical. cooling. rate,.Rc.decreases.
with.increasing.η,.ΔSf,.and.decreasing.liquidus.temperature,.Tl..The.best.way.
to. experimentally. determine. Rc. is. by. constructing. the. time–temperature–
transformation.(T–T–T).diagrams.

3.2.1 T–T–T Diagrams

The.concept.of.a.critical.cooling.rate.can.be.easily.understood.with.reference.
to. Figure. 3.1,. which. shows. a. schematic. time–temperature–transformation.
(T–T–T). diagram. for. a. hypothetical. alloy.*. The. temperature. is. represented.
on. the. Y-axis. and. the. time. on. the. X-axis.. Since. the. time. required. for. the.
transformation.to.be.completed.is.usually.very.long,.the.time.is.plotted.on.a.
logarithmic.scale..

The. transformation. curve,. which. has. a. C-shape,. represents,. at. any. given.
temperature,.the.time.required.to.start.the.formation.of.the.stable.(crystalline).
solid.phase..If.the.alloy.is.cooled.from.the.liquid.state.under.equilibrium.con-
ditions,.i.e.,.extremely.slowly,.solidification.will.require.a.very.long.time.and.
the.product.of.solidification.would.always.be.a.crystalline.solid..Even.if.the.liq-
uid.alloy.is.cooled.a.little.more.rapidly.(represented.by.curve.“1”.in.Figure.3.1),.
solidification.occurs.at.a.temperature.T1.and.time,.t1,.and.the.product.is.still.a.
crystalline.solid..A.similar.situation.would.be.obtained.even.if.the.alloy.were.
to.be.solidified.at.a.higher.solidification.rate..But,.if.the.liquid.alloy.is.solidi-
fied.at.a. rate. faster. than. the.cooling. rate. represented.by.curve.“2,”.which.
represents.a.tangent.to.the.C-curve.at.its.nose,.(i.e.,.the.temperature.at.which.
the. formation.of.a. crystalline.phase. takes.place. in. the. shortest. time). then.

*. The.T-T-T.diagrams.are.determined.by.allowing.the.liquid-to-solid.(or.solid-to-solid).trans-
formation.to.occur.isothermally.(at.a.constant.temperature)..At.each.temperature,.the.times.
required.to.start.and.finish.the.transformation.are.noted..The.locus.of.all.these.“start”.and.
“finish”. points. at. different. temperatures. results. in. two. curves. one. representing. the. start.
and.the.other.the.finish.of.the.transformation..These.curves.will.have.a.“C”.shape.because.
of.thermodynamic.and.kinetic.reasons..(For.our.discussions.here,.however,.we.will.simplify.
the.figures.(see,.for.example,.Figure.3.1).by.showing.only.one.curve.to.represent.the.process.
of. solidification,. i.e.,. conversion. of. the. liquid. to. the. solid. phase.. Note. that. this. is. only. an.
approximation)..The.interested.reader.should.refer.to.standard.books.(see,.e.g.,.Refs..[10,11]).
for.details.on.how.to.construct.and.interpret.these.diagrams..In.practice,.however,.solidifica-
tion.takes.place.upon.continuously.reducing.the.temperature.of.the.melt.from.the.liquid.state.
down.to.room.temperature..Diagrams.representing.such.continuous. liquid-to-solid. trans-
formations.are.referred.to.as.continuous.cooling.transformation.(C-C-T).diagrams..There.is.
a.slight.difference.between.the.“isothermal”.and.“continuous”.cooling.transformation.dia-
grams.as.regards.both.the.temperatures.and.times.at.which.the.transformations.take.place..
But,.for.our.discussions.here,.we.will.not.differentiate.between.these.two.cases.
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crystal.formation.will.not.take.place..Instead,.the.liquid.will.be.retained.in.the.
supercooled.(or.undercooled).condition..If.the.temperature.of.this.supercooled.
liquid.is.further.decreased.(without.allowing.crystallization.to.take.place),.the.
viscosity.of.the.liquid.will.continue.to.increase,.and.reach.a.value.of.1012.Pa.s,.
which. is. typical.of. the.solid.state.. In.other.words,. the.supercooled.liquid. is.
now.frozen-in.and.a.glassy.phase.forms,.at.temperatures.below.Tg.

The.cooling.rate.represented.by.curve.“2”.is.referred.to.as.the.“critical.cool-
ing.rate,”.and.is.commonly.designated.by.the.symbol.Rc..The.significance.of.
this.value.is.that.if.the.liquid.alloy.is.cooled.above.this.rate,.then.it.is.possible.
for.a.glass.to.form.completely,.provided.that.the.supercooled.liquid.is.cooled.
to.a.temperature.below.Tg..But,.a.homogeneous.glassy.phase.will.not.form.
if.the.alloy.melt.is.cooled.at.a.rate.lower.than.the.critical.cooling.rate..Thus,.
the.simplest.and.most. logical.criterion.one.could. think.of. to.predict.glass.
formation.is.that.the liquid alloy should be cooled at a rate faster than Rc.and to a 
temperature below Tg.

The. form. of. the. T–T–T. curve. and. the. temperature. and. time. at. the. nose.
are.determined.by.the.competition.between.the.increasing.driving.force.for.
nucleation.(due.to.increased.supercooling).and.the.decreased.atomic.mobil-
ity.(due.to.lowering.of.temperature)..It.is.possible.to.theoretically.calculate.
the.critical.cooling.rates.for.different.alloy.systems.using.the.theory.of.iso-
thermal.crystallization.kinetics.(see.Chapter.2)..If.the.temperature.and.time.
at.the.nose.of.the.C-curve.are.Tn.and.tn,.respectively,.and.the.liquidus.tem-
perature.is.Tℓ,.then
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FIGURe 3.1
Schematic.time–temperature–transformation.(T–T–T).diagram.for.a.hypothetical.alloy.system..
When.the.liquid.alloy.is.cooled.from.above.the.liquidus.temperature.Tℓ,.at.a.rate.indicated.by.
curve.“1,”.solidification.starts.at.a.temperature.T1.and.time.t1..The.resultant.product.is.a.crystal-
line.solid..However,.if.the.same.liquid.alloy.is.now.cooled,.again.from.Tℓ,.at.a.rate.faster.than.the.
rate.indicated.by.curve.“2,”.the.liquid.will.continue.to.be.in.the.undercooled.state,.and.when.
cooled.below.the.glass.transition.temperature.Tg,.the.liquid.is.“frozen-in”.and.a.glassy.phase.is.
formed..The.cooling.rate.represented.by.curve.“2”.is.referred.to.as.the.critical.cooling.rate,.Rc.
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However,.this.expression.overestimates.Rc,.since.it.assumes.that.the.crys-
tallization.rate.corresponds.to.the.nose.of. the.T–T–T.curve.throughout.the.
whole.temperature.interval.of.Tl.to.Tn,.and.therefore.results.in.a.value.some-
what.higher.than.the.experimentally.determined.value.[12]..Another.major.
difficulty. in. this. approach. is. to. estimate. the. viscosity. of. the. supercooled.
melt,.but. it. is.possible. to.get.a. rough.estimate.of. its.value. from. the.avail-
able.empirical.relationships..From.such.calculations,.it.was.shown.by.Davies.
[13].that.the.values.of.Rc.for.the.pure.metal.nickel,.and.Au78Ge14Si8,.Pd82Si18,.
and.Pd78Cu6Si16.alloys.are.~1010,.~106,.~3.×.103,.and.~35.K.s−1,.respectively..First.
principle.calculations.suggested.that.the.minimum.cooling.rates.for.the.for-
mation.of.glassy.phases.in.Ag,.Cu,.Ni,.and.Pb.are.about.1012–1013.K.s−1.[14].

The.above.equation.and.calculations.for.Rc.are.valid.only.for.isothermal.
processes..But,.in.reality,.glass.formation.occurs.under.continuous.cooling.
conditions.. Therefore,. the. above. equations. were. modified. for. continuous.
cooling. transformations. [12,13,15].. By. performing. the. calculations. for. con-
tinuous.cooling.transformation.behavior,.Barandiarán.and.Colmenero.[15].
derived.an.equation.for.the.critical.cooling.rate.for.glass.formation,.Rc.as

.
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B

T T
= −

−( )� xc
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where
R.is.the.cooling.rate
A.and.B.are.constants
Tℓ.is.the.liquidus.temperature
Txc.is.the.onset.temperature.of.solidification.upon.cooling.at.a.rate.R

The.undercooling.ΔTc.(=.Tℓ.−.Txc),.at.which.the.derivative.of.transformed.frac-
tion,.X.with.respect.to.temperature,.T.is.a.maximum,.varies.with.the.cooling.
rate..When.ΔTc.increases.to.infinity,.no.crystallization.occurs.and.A.=.ln.Rc..
The.critical.cooling.rate,.Rc.will.be.obtained.by.an.extrapolation.of.the.fitting.
of.experimental.values.with.Equation.3.4..Such.a.method.has.been.used.by.
others.also.to.estimate.Rc.by.measuring.the.values.of.Tl.and.Txc.at.a.given.
cooling.rate.[16].

Lin.and.Johnson.[17].derived.another.equation.to.estimate.the.critical.cool-
ing.rate,.Rc.(K.s−1).required.to.forming.a.glassy.structure.from.the.liquid.as

.
R

d
c = 10

2
. (3.5)

where.d.is.the.sample.dimension.(e.g.,.diameter.or.thickness).in.cm.
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Thus,. apart. from. the. experimental. observations,. Rc. has. also. been. esti-
mated.using.different.equations.based.on.the.thermal.behavior.of.the.liquid.
solidifying.into.the.glass.

As.is.to.be.expected,.the.value.of.Rc.is.different.for.different.alloy.systems.
and. is. also. different. for. different. compositions. in. the. same. alloy. system..
Generally.speaking,.glass. formation. in.pure.metals.requires.an.extremely.
high.Rc. (typically.>1010.–.1012.K.s−1),. and.since. it. is.not.easy. to.achieve. such.
high.solidification.rates,.it.has.not.been.possible.to.produce.a.pure.metal.in.
the.glassy.state.by.rapidly.quenching.it.from.the.molten.state..But,.for.binary.
metallic.liquids,.the.value.of.Rc.is.typically.in.the.region.of.104–106.K.s−1..And.
as.the.number.of.components.in.the.alloy.system.increases,.the.value.of.Rc.
will. further. decrease,. and. consequently,. for. multicomponent. alloys,. Rc. is.
typically.about.102.K.s−1.or. less..Since.BMGs.are. typically.multicomponent.
systems,. they. can. be. cast. into. the. glassy. state. at. relatively. low. Rc. values..
Very.low.critical.cooling.rates.of.1.3.×.10−2.K.s−1.for.a.Pd37.5Cu32.5Ni10P20.alloy.
[18].and.0.067.K.s−1.for.a.Pd30Pt17.5Cu32.5P20.alloy.[19].have.been.reported.to.be.
sufficient.to.form.BMGs..Oxide.glasses,.on.the.other.hand,.can.be.produced.
at.extremely.low.cooling.rates.of.the.order.of.10−5.to.10−4.K.s−1.

3.2.2 effect of alloying elements

It.is.well.known.from.traditional.steel.metallurgy.that.the.addition.of.alloy-
ing.elements.has.a. significant.effect.on. the.position. (specifically. the. time.
axis).of.the.C-curves.[20]..The.majority.of.the.alloying.elements.to.steel.shift.
the.C-curve.to.the.right,.i.e.,.the.transformations.are.delayed.and.occur.at.
longer.times,.and.a.few.of.the.alloying.elements.shift.the.C-curves.to.the.left,.
i.e.,.to.shorter.times..When.the.C-curve.for.the.liquid–solid.transformation.is.
shifted.to.the.right,.it.suggests.that.the.liquid.can.be.retained.in.the.super-
cooled.condition.for.a.longer.period.of.time.at.any.temperature.and.there-
fore.the.value.of.Rc.for.glass.formation.is.lower..As.a.result,.it.becomes.easier.
to.form.the.glass..The.farther.the.C-curve.is.shifted.to.the.right.the.lower.is.
the.value.of.Rc..And.this.is.the.concept.used.in.synthesizing.BMGs,.which.
contain.a.large.number.of.alloying.elements.[21]..Since.the.C-curve.for.solidi-
fication.is.shifted.far.to.the.right.due.to.the.presence.of.a.large.number.of.
alloying.elements,.the.glassy.phases.are.formed.at.rates.as.low.as.1–100.K.s−1,.
and.sometimes.even.slower..The.effect.of.alloying.elements.on.the.required.
critical.cooling.rate.for.glass.formation.is.shown.schematically.in.Figure.3.2.

An.important.point.to.remember.about.this.criterion.is.that. irrespective.
of.whether.we.are.considering.melt-spun.ribbons.with.a.thickness.of.a.few.
micrometers. or. BMG. rods. with. a. diameter. of. a. few. millimeters. to. a. few.
centimeters,.the.criterion.of.Rc.is.valid..That.is,.the.critical.cooling.rate.must.
always.be.exceeded.to.achieve.glass.formation..Once.the.critical.cooling.rate.
is. exceeded,.glass. formation.will.occur,.provided.we.have. reached.a. tem-
perature.below.Tg..The.glass.formation.will,.of.course,.occur.even.if.a.higher.
solidification.rate.is.employed.
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It.is.easy.to.appreciate.that.the.solidification.rate.achieved.in.the.material.
is.a. function.of. the.section.thickness..That. is,. the.cooling.rate.will.be. the.
highest.on.the.surface.of.the.sample.(which.is.in.contact.with.the.heat.sink),.
and. it.decreases.as.one.goes.deeper. into. the. interior.of. the.sample..Thus,.
for.a.given.section.thickness.or.diameter,.the.cooling.rate.will.decrease.from.
the.surface.into.the.interior..Consequently,.a.situation.may.arise.in.which.
the.solidification.rate.is.higher.than.Rc.on.the.surface,.but.is.lower.than.Rc.
in.the.interior..In.such.a.case,.the.glassy.phase.will.form.on.the.surface.and.
only.up.to.a.limited.depth,.but.not.completely.in.the.interior.of.the.sample..
However,.if.the.cooling.rate.is.higher.than.Rc.in.the.center.of.the.rod.sample.
also,. i.e.,. throughout. the.section.thickness,. then.the.whole.sample.will.be.
glassy..(Sometimes.it.is.noted.that.the.solidified.rods.are.glassy.in.the.inte-
rior.and.a.thin.crystalline.layer.is.obtained.on.the.surface..This.is.because.
of. surface. nucleation. of. a. crystalline. phase,. mainly. due. to. the. process. of.
heterogeneous.nucleation..And.this.has.nothing.to.do.with.the.Rc.value.)

3.2.3 Measurement of Rc

The. measurement. of. Rc. is. an. involved. and. time-consuming. process.. One.
has. to. take.a. liquid.alloy.of.a.chosen.composition.and.allow. it. to.solidify.
at.different.cooling.rates.and.determine.the.nature.and.amount.of.phases.
formed.after.solidification..One.has.to.then.consider.the.solidification.rate.
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FIGURe 3.2
Position.of. the.T–T–T. curves.with. the.addition.of.a. large.number.of.alloying.elements..The.
C-curve.shifts.to.the.right.with.increasing.number.of.alloying.elements.and.consequently,.the.
glassy.phase.can.be.synthesized.at.slow.solidification.rates..The.left-most.C-curve.represents.
a.typical.situation.of.an.alloy.system.where.a.glassy.phase.is.obtained.by.rapid.solidification.
processing.(RSP).from.the.liquid.state..The.middle.C-curve.represents.an.alloy.composition.
where.a.glassy.phase.can.be.obtained.by.slow.cooling..The.right-most.C-curve.represents.a.
situation.when.an.alloy.can.be.very.easily.produced.in.a.glassy.state.
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just.above.which.the.material. is. fully.glassy..Whether.the.solidified.mate-
rial. is. fully. glassy. or. not. can. be. determined. by. techniques. such. as. x-ray.
diffraction.(XRD).and.transmission.electron.microscopy.(TEM)..The.cooling.
rate. just.above.which.the.metallic.alloy.melt.had.transformed.into.a.glass.
is.then.designated.as.the.critical.cooling.rate,.Rc..Such.experiments.have.to.
be.repeated.for.different.compositions.in.the.same.alloy.system.in.order.to.
determine.the.variation.of.Rc.with.composition..Inoue.and.Nishiyama.[22,23].
used.a.differential. thermal.analyzer. (DTA). to.estimate. the.critical.cooling.
rates.for.the.formation.of.glassy.phases.in.Pd–Ni–Cu–P.alloys..They.allowed.
the.molten.alloys.to.solidify.inside.a.wedge-shaped.copper.mold..By.measur-
ing.the.temperature.as.a.function.of.time.at.different.positions.in.the.mold,.
they. were. able. to. calculate. the. solidification. rates.. Further,. by. observing.
whether.recalescence.(which.is.the.phenomenon.in.which.heat.is.released,.
i.e.,.an.increase.in.temperature.is.observed,.when.nucleation.of.a.crystalline.
phase.occurs. in.an.undercooled.melt;. in.other.words,. recalescence.occurs.
only.when.the.solidified.alloy.contains.a.crystalline.phase.and.not.when.it.
is.fully.glassy).occurred.or.not,.they.were.able.to.decide.whether.the.solid.
formed.was.fully.glassy.or.not.

Apart. from. the. thermal. analysis. method. described. above. to. determine.
Rc,.one.could.also.use.microscopic.techniques.to.confirm.the.glassy.nature.
of.the.material..One.can.prepare.cross.sections.of.the.solid.alloys.produced.
at.different.solidification.rates,.observe.the.microstructures.and.determine.
if.any.crystalline.phase.is.present..Polarized.light.microscopy.may.be.espe-
cially.useful.for.such.a.purpose..The.accuracy.with.which.the.presence.of.
a. crystalline. phase. could. be. determined. will. depend. on. the. resolution. of.
the.microscope.used.and.also.the.volume.fraction.of.the.crystalline.phase(s).
present.. Lower-resolution. instruments. such. as. optical/scanning. electron.
microscopes.are.likely.to.miss.detecting.the.presence.of.a.small.fraction.of.
the.crystalline.phase,.especially.if.it.is.present.as.fine.particles.

Table. 3.1. lists. the. Rc. values. either. estimated. or. determined. experimen-
tally.for.some.of.the.alloy.compositions.that.have.been.solidified.into.the.
glassy. state. (either. as. ribbons. or. BMGs).. The. values. seem. to. be. overesti-
mated.or.underestimated.in.some.cases..For.example,.the.Rc.value.appears.
to. be. overestimated. for. the. Au77.8Ge13.8Si8.4. and. Fe40Ni40P14B6. glasses. while.
it. seems. to. be. underestimated. for. Hf70Pd20Ni10.. Further,. some. interesting.
observations.may.be.made.on.the.values.listed.in.the.Table.3.1..First,.Rc.can.
be.significantly.reduced.by.the.fluxing.treatment,. in.which.a.flux.such.as.
B2O3.is.added.to.remove.all.the.impurities.that.act.as.heterogeneous.nucle-
ation.sites..Rc.for.glass.formation.by.this.treatment.may.be.brought.down.
at.least.by.1–2.orders.of.magnitude..For.example,.Rc.for.glass.formation.in.
the. Pd40Cu30Ni10P20. alloy. was. 1.58.K. s−1. without. fluxing. [22],. whereas. it. is.
only.0.1.K.s−1.with.fluxing. [18]..Second,. the.Rc.value.may.also.be. reduced.
by.increasing.the.number.of.components.in.the.alloy.system..Thus,.while.a.
binary.Pd82Si18.alloy.requires.1.8.×.103.K.s−1for.glass.formation.[40],.a.ternary.
Pd78Cu6Si16.alloy.requires.only.550.K.s−1.for.glass.formation.[39]..Similarly,.



Glass-Forming	Ability	of	Alloys	 57

a. binary. Cu50Zr50. alloy. needs. to. be. cooled. at. rates. higher. than. 250.K. s−1.
whereas.the.ternary.Cu48Zr48Al4.alloy.needs.≤40.K.s−1.to.be.solidified.into.the.
glassy.state.[27]..Third,.the.nature.of.the.alloying.addition.also.determines.
the.Rc.value..Thus,.an.Mg65Cu25Y10.alloy.requires.100.K.s−1.for.glass.forma-
tion.[33]..But,.if.Y.is.now.replaced.by.Gd,.the.Mg65Cu25Gd10.alloy.requires.
only.1.K.s−1. for.glass. formation. [16]..By. increasing. the.number.of. compo-
nents.in.the.alloy.system,.it.can.be.further.brought.down.to.0.7.K.s−1.in.an.

Table 3.1

Some.Representative.Critical.Cooling.Rates.(Rc).for.
Formation.of.Glassy.Phases.in.Different.Alloy.Systems

Alloy	Composition Rc	(K	s−1) Reference

Au77.8Ge13.8Si8.4 3.×.106 [24]
Ca60Mg25Ni15 24 [25]
Ca65Mg15Zn20 <20 [26]
Cu50Zr50 250 [27]
Cu48Zr48Al4 <40 [27]
Cu42Zr42Ag8Al8 4.4 [28]
Fe43Cr16Mo16C10B5P10 100 [29]
Fe40Ni40P14B6.(Metglas.2826) 4.4.×.107 [30]
Hf70Pd20Ni10 124 [31]
La55Al25Cu20 58 [32]
La55Al25Ni20 69 [32]
Mg65Cu25Gd10 1 [16]
Mg65Cu25Y10 100 [33]
Mg65Cu15Ag5Pd5Gd10 0.7 [34]
Mg65Cu7.5Ni7.5Ag5Zn5Gd5Y5 20 [35]
Nd60Co30Al10 4 [36]
Ni62Nb38 57 [37]
Ni65Pd15P20 105 [38]
Pd78Cu6Si16 550 [39]
Pd40Ni40P20 128 [22]
Pd42.5Cu30Ni7.5P20 0.067 [18]
Pd40Cu25Ni15P20 0.150 [18]
Pd40Cu30Ni10P20.(without.fluxing) 1.58 [22]
Pd40Cu30Ni10P20.(with.flux.treatment) 0.1 [18]
Pd30Pt17.5Cu32.5P20 0.067 [19]
Pd82Si18 1.8.×.103 [40]
Pd82Si18 800 [41]
Pd81Si19.(with.flux.treatment) 6 [42]
Zr65Al7.5Ni10Cu17.5 1.5 [43]
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 1.4 [44]
Zr46.25Ti8.25Cu7.5Ni10.0Be27.5 28 [44]
Zr57Cu15.4Ni12.6Al10Nb5 10 [45]
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Mg65Cu15Ag5Pd5Gd10. [34].. Thus,. these. effects. seem. to. be. additive. and. not.
exclusive.of.each.other.

As.discussed.above,.Rc.is.a.very.effective.indicator.of.the.GFA.of.the.alloy.
melt..But,. its.measurement. is.quite. involved.and.further,. it.can.be.deter-
mined.only.when.the.alloy.composition.in.which.the.glass.formation.could.
occur.has.been.synthesized..Additionally,.it.will.be.possible.to.determine.
if.a.glass.is.formed.or.not.only.after.doing.several.experiments..Therefore,.
investigators.have.been.searching.for.other.criteria. to.see. if. it. is.possible.
to. predict. the. ability. of. glass. formation. (i.e.,. GFA). in. metallic. alloy. sys-
tems..But,.before.discussing.these.predictive.criteria.for.the.formation.of.
BMGs,.let.us.first.look.at.some.of.the.early.criteria.that.were.used.to.explain.
glass.formation.in.metallic.ribbons.produced.by.RSP.methods..We.will.also.
make.appropriate.comments.about. their.applicability,.or.otherwise,.with.
respect.to.BMGs.

3.3	 Reduced	Glass	Transition	Temperature

When.a.liquid.alloy.is.cooled.from.the.molten.state.down.to.a.temperature.
below.Tg,.the.viscosity.of.the.melt.increases.to.a.high.value.and.a.glass.is.
formed..Since.the.viscosity.at.Tg.is.chosen.to.be.fixed.as.1012.Pa.s,.it.was.sug-
gested.by.Turnbull.[46],.purely.on.the.kinetics.of.crystal.nucleation.and.the.
viscosity.of.melts,.that.the.ratio.of.the.glass.transition.temperature,.Tg.to.the.
liquidus.temperature.of.the.alloy,.Tℓ,.should.be.a.good.indicator.of.the.GFA.
of.the.alloy..The.higher.this.value,.the.higher.is.the.viscosity.and.therefore.
the.alloy.melt.could.be.easily.solidified.into.the.glassy.state.at.a.low.critical.
cooling.rate..In.other.words,.an.alloy.composition.with.as.high.a.value.of.Tg.
and.as.low.a.value.of.Tl.as.possible.will.promote.easy.glass.formation..This.
ratio.has.been.designated.as.the.reduced.glass.transition.temperature,.Trg..
That.is,
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Based.on.the.nucleation.theory,.Turnbull.suggested.that.at.Trg.≥.2/3,.homo-
geneous.nucleation.of.the.crystalline.phase.is.completely.suppressed..Most.
typically,.a.minimum.value.of.Trg.≅.0.4.has.been. found.to.be.necessary. for.
an.alloy.to.become.a.glass,.but. the.higher. the.Trg.value,. the.easier. it. is. for.
the. glass. to. form.. Table. 3.2. lists. the. Trg. values. for. some. of. the. BMGs. that.
have.been.reported..Data.for.a.few.of.the.melt-spun.ribbons.have.also.been.
included,.since.no.differences.were.observed.between.the.Tg,.Tx,.and.Tℓ.
values.of.melt-spun.ribbons.and.BMGs..That.is,.the.Trg.values.are.indepen-
dent.of.the.size.of.the.glassy.sample..This.brings.up.an.interesting.point..
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The.Trg. criterion.predicts. that.an.alloy.can.be. transformed. into. the.glassy.
state.if.its.Trg.is.reasonably.high..But,.the.actual.process.of.obtaining.the.glass.
is.possible.only.when.the.critical.cooling.rate.for.glass.formation.is.exceeded.
during.solidification..If.the.molten.alloy.is.solidified.at.a.slower.rate.than.the.
critical.cooling.rater.for.glass.formation,.the.alloy.will.not.form.glass.even.if.
its.Trg.is.very.high.

From.Table.3.2,.it.may.be.noted.that.the.value.of.Trg.is.reasonably.high.for.
all.the.glass-forming.alloys,.and.is.in.fact.about.0.6.for.most.of.the.composi-
tions.listed..Generally.speaking,.the.Trg.value.is.higher.for.alloy.systems.that.
contain.a.large.number.of.alloying.elements..That.is.why.it.has.been.easier.
to.produce.a.multicomponent.alloy.in.the.glassy.state..For.example,.the.Trg.
value.for.an.La55Al25Ni20.alloy.is.0.71.[32],.while.it.is.0.69.for.Ca65Al35.[47],.and.
0.67. for.Pd40Ni40P20. [54].and.Pd40Ni10Cu30P20. [55].glassy.alloys..Lu.et.al.. [56].
noted.that.even.for.BMGs,.a.strong.correlation.existed.between.Trg.and.Rc.as.
also.Trg.and.the.maximum.section.thickness.or.diameter.of.the.glassy.rod,.
tmax..However,. such.correlations.were. found.only.when.they.estimated.Trg.
as.Tg/Tl.(Equation.3.6).and.not.when.it.was.calculated.from.the.relationship.
Trg.=.Tg/Tm,.where.Tm.is.the.solidus.temperature.of.the.alloy.(i.e.,.temperature.
corresponding.to.the.onset.of.melting)..This.observation.clearly.suggests.the.
importance.of.noting.the.correct.temperature.for.the.completion.of.melting..
That.is,.in.the.DSC.curves,.one.should.note.the.liquidus.temperature.as.the.
point.at.the.end.of.the.liquid.formation,.and.not.at.the.beginning.of.melting.

The.Trg. criterion.has.not.been.followed. in.all. the.glasses. that.have.been.
formed;. quite. a. few. exceptions. and. discrepancies. have. been. reported..

Table 3.2

Reduced.Glass.Transition.Temperatures.(Trg).
for.Different.Glass-Forming.Alloys

Alloy	Composition Trg References

Ca65Al35 0.69 [47]
Ca67Mg19Cu14 0.60 [48]
Ca57Mg19Cu24 0.64 [48]
Cu65Hf35 0.62 [49]
Cu49Hf42Al9 0.62 [50]
Cu64Zr36 0.64 [51]
La55Al25Ni20 0.71 [32]
La62Al15.5(Cu,Ni)22.3 0.58 [52]
La50.2Al20.5(Cu,Ni)29.3 0.47 [52]
Ni62Nb38 0.60 [37]
Ni61Nb33Zr6 0.49 [53]
Pd40Ni40P20 0.67 [54]
Pd40Cu30Ni10P20 0.67 [18,55]
Zr41.2Ti13.8Cu12.5Ni10Be22.5 0.624 [45]
Zr45.38Ti9.62Cu8.75Ni10Be26.25 0.50 [44]
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For example,.binary.Cu-Zr.BMGs.have.been.produced. in. the. composition.
range.of.Cu–34.to.40.at.%.Zr.alloys..It.was.noted.that.the.best.glass-forming.
composition. (Cu64Zr36). did. not. correspond. to. the. highest. Trg. value. [51].. A.
similar.discrepancy.was.also.reported.by.Tan.et.al.. [52],.who. investigated.
glass.formation.in.La–Al–(Cu,Ni).pseudo.ternary.alloys.and.observed.that.
the.best.GFA.was.exhibited.by.an.off-eutectic.composition.and.that.the.GFA.
did.not.correlate.well.with.Trg..In.fact,.glass.formation.has.been.observed.at.
off-eutectic.compositions.in.many.alloy.systems..Exceptions.to.the.Trg.crite-
rion.have.been.reported.in.other.cases.also.

The. concept. of. Trg. was. introduced. for. kinetic. reasons. with. the. need. to.
avoid.crystallization.[46]..It.is.known.(and.we.will.discuss.this.in.some.detail.
in.Section.3.4). that.Tg. is.a.very.weak.function.of. the.solute.content,. i.e.,.Tg.
varies.much.more.slowly.with.solute.concentration.than.the.liquidus.tem-
perature,.Tl..Consequently,.the.value.of.Trg.increases.with.increasing.solute.
content,.up. to. the.eutectic. composition,.and. therefore. it.becomes.easier. to.
avoid.crystallization.of.the.melt.at.the.eutectic.composition.[13]..This.reason-
ing.seems.to.work.well. in.simple.binary.alloy.systems..But,. in. the.case.of.
multicomponent.alloy.systems.such.as.the.BMG.compositions,.the.values.of.
Tg.and.Tl.vary.significantly..Since.the.variation.of.viscosity.with.temperature.
is.different.for.different.alloy.systems.(and.depends.on.whether.a.glass. is.
strong.or.fragile),.Tg.alone.may.not.provide.information.about.the.variation.
of.viscosity.with.temperature.and.therefore,.the.Trg.criterion.may.not.be.valid.
in.some.systems.

Easy. glass. formation. at. compositions. corresponding. to. high. Trg. can. be.
easily.realized.in.alloy.systems.that.feature.deep.eutectic.reactions.in.their.
phase.diagrams,.and.this.is.further.explained.in.Section.3.4.

3.4	 Deep	Eutectics

It.has.been.experimentally.shown.that.the.value.of.Tg.changes.slowly.with.sol-
ute.content.(see,.for.example,.Ref..[57].for.results.on.the.Pd–Si.system)..On.the.
other.hand,.the.liquidus.temperature.(Tl).of.an.alloy.usually.decreases.with.
increasing.solute.content. in.most.alloy.systems..But,. there.are.some.phase.
diagrams.in.which.the.liquidus.curves.drop.very.steeply.with.solute.content..
An.alloy.system.exhibiting.a.eutectic.temperature.that.is.significantly.lower.
than. the. melting. points. of. the. individual. components. is. referred. to. as. a.
“deep”.eutectic..In.such.cases,.the.Trg.(=.Tg/Tl).value.around.the.“deep”.eutec-
tic.composition.is.a.strong.function.of.the.alloy.composition.and.exhibits.the.
highest. value. at. the. eutectic. composition.. Therefore,. it. should. be. possible.
to.quench.this.alloy.composition.easily. into. the.glassy.state..On.the.other.
hand,.if.the.liquidus.temperature.of.an.alloy.also.decreases.slowly.with.the.
solute.content,.then.the.Trg.value.at.the.eutectic.composition.may.not.be high..
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In such a.situation,.it.will.be.difficult.to.produce.such.an.alloy.in.the.glassy.
condition. (Figure. 3.3).. Thus,. the. Turnbull. criterion. of. high. Trg. and. deep.
eutectics.converge.at.the.deep.eutectic.compositions.

A.number.of.binary.phase.diagrams,.e.g.,.Au–Si,.Pt–Si,.and.Fe–B.show.the.
variation.of.Tl.with.composition.similar.to.that.in.the.Pd–Si.system..Therefore,.
an.alloy.with.the.eutectic.composition,.especially.if.it.is.a.deep.eutectic,.will.
be.the.easiest.to.form.the.glassy.phase.in.the.alloy.system.[58]..This.empirical.
criterion.has.been.most.helpful.in.identifying.glass-forming.compositions.in.
simple.binary.and.ternary.alloy.systems.in.the.early.years.of.RSP.research..
Even.though.this.criterion.can.also.be.used.to. identify.alloy.compositions.
to. form.BMGs,. it. should.be. realized. that.phase.diagrams. for.many.of. the.
multicomponent.alloy.systems.are.not.available..One.way.of.overcoming.this.
lack.of.information.is.to.look.for.the.occurrence.of.eutectic.reactions.in.the.
constituent.binary.and.ternary.phase.diagrams..If.eutectic.reactions.occur.in.
these.component.systems,.it.is.likely.(but.not.necessarily).that.eutectic.reac-
tions.will.occur.in.the.multicomponent.alloy.systems.as.well..It.is,.however,.
possible.to.detect.whether.melting.in.a.given.alloy.composition.occurs.at.a.
well-defined. temperature. or. over. a. range. of. temperatures. during. the. dif-
ferential.scanning.calorimetry.(DSC).or.differential.thermal.analysis.(DTA).
work..If.melting.occurs.at.a.well-defined.temperature,.then.that.composition.
corresponds.to.the.eutectic.composition..On.the.other.hand,.if.melting.occurs.
over.a.range.of.temperatures,.it.represents.an.off-eutectic.composition.

Both. thermodynamic. and. kinetic. arguments. have. been. put. forward. to.
explain.why.it.is.easiest.to.obtain.metallic.glasses.at.the.eutectic.composition..
Thermodynamically,.the.(disordered).liquid.state.is.preferred.energetically.
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Schematic. variation. of. the. glass. transition. temperature,. Tg,. liquidus. temperature,. Tℓ,. the.
reduced. glass. transition. temperature,. Trg,. in. two. different. types. of. eutectic. systems—deep.
eutectic.and.shallow.eutectic.
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over. the. solid. (ordered). crystalline. phases. at. the. deep. eutectic. composi-
tion,.either.through.the.destabilization.of.the.crystalline.phases.or.through.
the.stabilization.of.the.liquid.state..Further,.the.driving.force.for.the.nucle-
ation.and.growth.of.the.crystalline.phases.below.the.eutectic.temperature.
(which.is.the.energy.difference.between.the.liquid.and.crystalline.phases).
is.relatively.small.at.the.eutectic.composition,.compared.to.the.off-eutectic.
compositions..Therefore,.it.becomes.easier.to.quench.the.eutectic.liquid.into.
the.glassy.phase.before.a.detectable.fraction.of.the.crystalline.phase.can.be.
observed..Since.a.number.of.crystalline.ordered.phases,.especially.in.multi-
component.alloys,.compete.with.each.other.for.nucleation.and.growth,.the.
crystallization.of.the.liquid.requires.extensive.rearrangement.of.the.different.
types.of.atoms.to.form.the.new.phases..Thus,.kinetically.also,.glass.forma-
tion.is.preferred.at.the.eutectic.composition.

Ribbons.of.about.20–50.μm.in.thickness.were.produced.by.melt-spinning.
techniques.in.a.number.of.binary.alloy.systems.near.eutectic.compositions.
and.they.were.confirmed.to.be.glassy..Some.of.the.most.investigated.eutectic.
compositions.are.found.in.Fe–B,.Pd–Si,.Cu–Zr,.Ni–Nb,.Ni–Ta,.etc.,.alloy.sys-
tems.[1,2]..There.have.been.some.reports.in.recent.years.of.“bulk”.(?).metallic.
glass.synthesis.in.binary.alloy.systems.such.as.Ca–Al.[59],.Cu–Hf.[49],.Cu–Zr.
[51],.Ni–Nb.[37],.and.Pd–Si.[42]..But,.the.maximum.diameters.of.these.binary.
alloy.glassy.rods.were.only.1.or.2.mm,.and.even.then,.some.of.these.alloy.
glasses.contained.nanocrystalline.particles.embedded.in.the.glassy.matrix.
[60]..This.point.will.be.further.discussed.in.detail.in.later.chapters..But,.the.
important.point.here.is.that.the.“bulk”.glassy.phase.is.produced.not.at.the.
eutectic.composition,.but,.at.off-eutectic.compositions..Further,.the.highest.
GFA,. i.e.,. the. composition. at. which. glass. formation. was. the. easiest. or. the.
maximum.diameter.of. the.BMG.rod.could.be.obtained,.was. located.away.
from. the. eutectic. composition.. The. best. glass-forming. compositions. have.
been.reported.to.be.at.35.at.%.Hf.in.Cu–Hf,.36.at.%.Zr.in.Cu–Zr,.38.at.%.Nb.in.
Ni–Nb,.and.19.at.%.Si.in.Pd–Si.alloy.systems..But,.the.eutectic.compositions.
in.these.alloy.systems.are.at.33.0.and.38.6.at.%.Hf.in.Cu–Hf,.38.2.at.%.Zr.in.
Cu–Zr,.40.5.at.%.Nb.in.Ni–Nb,.and.17.2.at.%.Si.in.Pd–Si.systems.[61]..Similarly,.
it.was. reported. that.while. a. nearly. fully. glassy. rod. with.12.mm.diameter.
could. be. obtained. at. an. off-eutectic. composition. near. La62Al15.7(Cu,Ni)22.3,.
only.a.1.5.mm.diameter.rod.could.be.obtained.in.a.fully.glassy.condition.for.
the.eutectic.alloy.of.La66Al14(Cu,Ni)20.[52].

Zhang.et.al..[62].analyzed.the.GFA.of.LaxAl14(Cu,Ni)86−x.(x.=.57–70).alloys.by.
measuring.their.thermal.properties..They.noted.that.neither.ΔTx.nor.the.activa-
tion.energy.for.crystallization.measured.from.the.first.peak.correlated.with.the.
best.glass-forming.composition..They.also.noted.that.the.GFA.did.not.corre-
late.satisfactorily.with.Trg,.γ (Section.3.10.1),.ΔT*.or.σ (Section.3.12.5).parameters.
(to.be.discussed.later)..Thus,.they.concluded.that.the.GFA.parameters.based.
on.Tl,.the.liquidus.temperature.of.the.alloy,.are.not.effective.in.predicting.the.
GFA.of.alloys..Instead,.they.suggested.that.the.GFA.of.the.best.glass-forming.
composition.could.be.related.to.Ts,.the.solidification.start.temperature.
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Wang.et.al..[27].also.analyzed.the.glass.formation.behavior.in.the.Cu50Zr50.
alloys.and.noted.that.fully.glassy.rods.up.to.2.mm.in.diameter.could.be.cast.
from.the.liquid.state..But,.in.larger.diameter.rods,.they.observed.the.forma-
tion. of. the. crystalline. Cu51Zr14. phase. and. interpreted. the. GFA. of. Cu50Zr50.
alloys.in.terms.of.a.deep.metastable.eutectic.between.Cu51Zr14.and.β-Zr..This.
suggests.that.the.best.GFA.composition.should.be.displaced.from.the.eutec-
tic. compositions. shown. on. the. equilibrium. diagram.. By. destabilizing. the.
Cu51Zr14.phase,.through.addition.of.4.at.%.Al,.the.authors.were.able.to.obtain.
fully.glassy.rods.of.5.mm.diameter.in.the.Cu48Zr48Al4.alloy.

It.can.be.argued.that.glass.formation.in.an.alloy.system.is.possible.not.only.
when.the.nucleation.of.the.crystalline.phase(s).is.completely.suppressed.(or.
avoided.altogether),.but.also.when.the.growth.rate.of.the.crystalline.phase(s).
is. suppressed.. Consequently,. a. glass. will. form. if. its. Tg. isotherm. is. higher.
than.the.growth.temperature.of.any.of.the.competing.crystalline.phase(s)..
Based.on.these.concepts,.Ma.et.al..[63].have.proposed.a.model.to.calculate.
the. composition. range. (the. minimum. and. maximum. solute. contents). in.
which.a.glassy.phase.could. form..They.suggested. that. the.composition.at.
which.the.GFA.is.the.highest,.will.include.the.eutectic.composition.if.it.is.a.
regular.eutectic.system,.but.will.be.outside.the.eutectic.composition.if.it.is.
an.irregular.eutectic..It.has.also.been.suggested.that.in.cases.when.the.best.
glass-forming.composition.is.at.off-eutectic.values,.the.composition.having.
the.highest.GFA.would.be.on.that.side.of.the.eutectic,.where.the.phase.dia-
gram.exhibits.a.steeper.liquidus.line.[52]..But,.exceptions.to.this.suggestion.
have.been.noted.in.Cu–Hf,.where.the.best.GFA.is.at.35.at.%.Hf.and.this.lies.
on.the.shallower.side.of.the.liquidus.slope.[49]..It.is.also.of.importance.to.note.
that.the.eutectic.reactions.in.the.systems.mentioned.above.are.not.really.of.
the.“deep”.eutectic.type.

The.off-eutectic.composition.at.which.the.highest.GFA.occurs.in.alloy.sys-
tems.was.suggested.to.be.related.to.the.kinetic.considerations,.and.more.spe-
cifically,.the.variation.of.Tg.with.composition,.Tg(C).[64]..It.was.proposed.that.
the.optimum.composition.at.which.GFA.is.the.highest,.C*.is.shifted.from.the.
eutectic.composition,.Ceu.in.the.direction.of.increasing.Tg(C)..That.is,
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3.5	 Topological	Models

The.above.empirical.criteria.(high.values.of.Trg.and.deep.eutectics).have.been.
extensively. employed. in. synthesizing. micrometer-thick. metallic. glasses.
by. melt-spinning. and. other. related. RSP. techniques,. even. though. some.
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limitations. have. been. noted.. Additionally,. some. theoretical. formulations.
have.been.proposed.to.explain.the.glass.formation.in.alloy.systems.by.the.
RSP.methods..Majority.of.these.have.been.concerned.with.the.atomic.sizes.
of.the.constituent.elements.and.their.topological.arrangement..So,.let.us.now.
look.at.these.aspects.of.glass.formation.also.

Metallic. glasses. produced. by. RSP. methods. in. the. form. of. thin. ribbons.
have.been.traditionally.classified.into.two.groups,.viz.,.metal–metalloid.and.
metal–metal. types..Structural.models.of. the.metal-metalloid-type.metallic.
glasses.have.identified.that.the.best.composition.to.form.a.glass.is.one.that.
contains.about.80.at.%.of.the.metal.component.and.20.at.%.of.the.metalloid.
component..The.actual.glass.composition.ranges.observed.are.75–85.at.%.of.
the.metal.and.15–25.at.%.of.the.metalloid..As.stated.in.Chapter.2,.the.80 at.%.
of.the.metal.can.be.either.a.single.transition.metal.or.a.combination.of.transi-
tion.metals.or.one.or.a.combination.of.noble.metals..Similarly,.the.20.at.%.of.
the.metalloid.content.could.be.made.up.of.just.one.component.or.a.mixture.of.
a.number.of.components..In.the.case.of.metal-metal.types,.however,.there.is.
no.such.restriction.on.compositions..Metal-metal-type.metallic.glasses.have.
been.observed.to.form.over.a.wide.range.of.compositions,.starting.from.as.
low.as.9.at.%.of.solute..Some.typical.compositions.in.which.metal-metal.type.
glasses. have. been. obtained. are. Cu25–72.5Zr27.5–75,. Fe89–91Zr9–11,. Mg68–75Zn25–32,.
Nb55Ir45,.and.Ni58–67Zr33–42.[65].

The.requirement.of.a.20.at.%.concentration.of.a.metalloid.component. to.
form.a.glass.in.a.metal-metalloid-type.system.arises.because.the.metalloid.
atom.can.occupy.the.interior.of.the.tetrahedron.of.four.metal.atoms.(“stuff”.
the.voids. in. the.Bernal.dense.random.packing.structure). [66].and.thereby.
stabilize.the.structure.against.ready.crystallization..Consequently,.the.typi-
cal.alloy.composition.at.which.the.metallic.glass.forms.is.approximately.A4B.
(where. A. represents. the. metal. and. B. the. metalloid).. But,. Gaskell. [67]. had.
criticized.this.idea.by.stating.that.the.actual.size.of.the.voids.in.the.metal.
tetrahedra.in.the.Bernal.structure.is.too.small.for.any.metalloid.atom.to.be.
accommodated. there.. It. was. also. shown. that. the. concentration. of. “holes”.
of. the.required.sizes. to.accommodate. the.metalloid.atoms.was. too. low.to.
account.for.the.observed.glass.compositions.[68]..Turnbull.[69],.however,.has.
shown.that.the.effective.size.of.the.metalloid.atom.depends.on.the.nature.of.
the.metal.in.which.it.is.dissolved..Thus,.the.real.reason.for.the.requirement.
of.20.at.%.of.metalloid.atoms.to.form.glasses.is.still.not.very.clear.

Irrespective.of.the.actual.size.of.the.voids.and.whether.the.above.model.
is.valid.or.not,.it.is.of.interest.to.note.that.the.metal-metalloid-type.binary.
phase.diagrams.exhibit.deep.eutectics.at.around.a.composition.of.15–25.at.%.
metalloid..Some.typical.examples.are.Fe–B.(17.at.%.B),.Au–Si.(18.6.at.%.Si),.
and.Pd–Si.(17.2.at.%.Si)..Therefore,.the.concepts.of.deep.eutectics.and.struc-
tural.models.also.seem.to.converge. in.obtaining.glasses. in. the. (transition.
or.noble).metal-metalloid.types..But,.Nielsen.[70].had.conducted.a.detailed.
analysis.of.the.distribution.of.eutectic.compositions.in.binary.Fe-based.alloy.
phase. diagrams. and. pointed. out. that. the. maximum. number. of. eutectic.
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reactions.occurs.in.binary.phase.diagrams.at.a.metalloid.content.of.about.
13–14.at.%.and.that.these.compositions.are.not.known.to.form.glasses..But,.
if. one. conducts. an. analysis. using. only. systems. that. exhibit. deep. eutectic.
reactions,. the. situation. may. be. different.. However,. at. this. stage,. it. is. not.
clear.whether.deep.eutectics.will.necessarily.be.good.glass.formers..Also,.
as.noted.above,.there.are.a.few.cases.where.the.GFA.appears.to.be.higher.
at.off-eutectic.compositions.than.at.eutectic.compositions..Therefore,.it.may.
be.fair.to.state.at.this.stage.that.compositions.at.and.around.deep.eutectics.
favor.glass.formation.

3.5.1 atomic Size Mismatch

Analysis.of.a.large.amount.of.data.on.binary.metallic.glasses.has.shown.that.
the.atomic.size.ratios.of.the.majority.to.the.minority.atoms.vary.between.0.79.
and.1.41,.with.many.of.the.glasses.in.the.range.of.0.85–1.15..Cahn.[57].has.
termed. this. as. the. anti-Hume-Rothery. criterion,. since. Hume-Rothery. had.
earlier.pointed.out.that.the.radius.mismatch.should.not.exceed.±15%.to.form.
extensive.solid.solutions.in.alloy.systems.based.on.noble.metals.[71]..Thus,.
it.appears.that.the.sizes.of.constituent.atoms.have.a.significant.role.to.play.
in.glass.formation..Accordingly,.several.attempts.have.been.made.to.explain.
glass.formation.based.on.the.atomic.size.mismatch.among.the.constituent.
elements.in.the.alloy.

3.5.2 egami and Waseda Criterion

One.of.the.possible.ways.by.which.a.crystalline.metallic.material.can.become.
glassy. is.by.the. introduction.of. lattice.strain..The. lattice.strain. introduced.
disturbs.the.crystal.lattice.and.once.a.critical.strain.is.exceeded,.the.crystal.
becomes.destabilized.and.becomes.glassy..In.fact,.Egami.takes.pains.to.state.
that.“In.general,.alloying.makes.glass.formation.easier,.not.because.alloying.
stabilizes.a.glass,.but.because.it.destabilizes.a.crystal”.[72,.p..576]..Using.the.
atomic.scale.elasticity.theory,.Egami.and.Waseda.[73].calculated.the.atomic.
level.stresses.in.the.solid.solution.(the.solute.atoms.are.assumed.to.occupy.
the. substitutional. lattice. sites. in. the. solid. solution). and. the. glassy. phase..
They.observed. that. in.a.glass,.neither. the. local. stress.fluctuations.nor. the.
total.strain.energy.vary.much.with.solute.concentration,.when.normalized.
with.respect.to.the.elastic.moduli..But,.in.a.solid.solution,.the.strain.energy.
was. observed. to. increase. continuously. and. linearly. with. solute. content..
Thus,.beyond.a.critical.solute.concentration,.the.glassy.alloy.becomes.ener-
getically.more.favorable.than.the.corresponding.crystalline.lattice..From.the.
vast.literature.available.on.the.formation.of.binary.metallic.glasses.obtained.
by.RSP.methods,.the.authors.noted.that.a.minimum.solute.concentration.was.
necessary.in.a.binary.alloy.system.to.obtain.the.stable.glassy.phase.by.RSP.
methods..And,. this.minimum.solute.concentration,. CB

min .was. found. to.be.
inversely.correlated.with.the.atomic.volume.mismatch,.(VA.−.VB)/VA,.where.
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VA.is. the.atomic.volume.of.the.solvent.and.VB. is. the.atomic.volume.of.the.
solute..The.authors.found.that.the.minimum.solute.concentration.required.
can.be.obtained.from.the.relation

.
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The. above. relationship. suggests. that. the. minimum. solute. concentration.
decreases.as.the.difference.in.the.atomic.sizes.of.the.solute.and.solvent.atoms.
increases.. These. concepts. have. been. subsequently. expanded. to. cover. the.
cases. of. multicomponent. alloys. frequently. encountered. in. BMGs,. and. we.
will.discuss.these.points.in.Section.3.12.

3.5.3 Nagel and Tauc Criterion

Nagel.and.Tauc.[74,75].proposed.that.a.glass.is.most.likely.to.form.if.its.elec-
tronic.energy.lies.in.a.local.metastable.minimum.with.respect.to.composi-
tion.change..They.showed.that.if.the.structure.factor.corresponding.to.the.
first.strong.peak.of.the.diffuse.scattering.curve,.Kp,.satisfies.the.relationship.
Kp.=.2.kF,.where.kF.is.the.wave.vector.at.the.Fermi.energy,.then.the.electronic.
energy.does.indeed.occupy.a.local.minimum..Some.of.the.other.theoretical.
models.have.been.summarized.by.Hafner.[76].

Several. other. criteria. were. also. proposed. to. explain. glass. formation. in.
alloy.systems,.mostly.based.on.data.available.on.melt-spun.ribbons,.or.the.
so-called.thin.or.ordinary.metallic.glasses.

The.above.description.has.provided.a.brief.(and.by.no.means.comprehen-
sive).summary.of.the.different.criteria.that.were.popular.and.found.to.have.
a.wide.appeal.to.explain.glass.formation.by.RSP.methods..It.will.be.difficult.
to.provide.an.exhaustive.overview.of.all.the.different.criteria.that.were.pro-
posed..The.interested.reader.should.consult.the.references.cited.and.also.the.
different.books.and.conference.proceedings.on. rapidly.quenched.metallic.
glasses.for.further.details.of.the.different.criteria.

3.6	 Bulk	Metallic	Glasses

Since.1989,.intense.research.has.been.carried.out.in.synthesizing.and.char-
acterizing.BMGs.with.a.section.thickness.or.diameter.of.a.few.millimeters.
to. a. few. centimeters.. It. may. be. argued. that. the. above-described. criteria.
for.glass. formation. in. the.case.of.melt-spun.ribbons.could.also.be.used. to.
rationalize. glass. formation. in. the. new. multicomponent. alloy. systems.. In.
fact,.they.have.been.used.with.some.success;.but,.it.has.not.been.completely.
satisfactory. for. several. reasons.. First,. phase. diagrams. are. not. available. for.
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the.multicomponent.alloy.systems..Since.the.complexity.of.phase.diagrams.
increases.with.the.number.of.components.in.the.alloy.system,.it.becomes.very.
difficult. to. experimentally. determine. phase. diagrams. of. multicomponent.
alloy. systems.. Consequently,. experimentally. determined. phase. diagrams.
are.available. for.systems.with.only.up. to. three.or. four.components..Phase.
diagrams.for.many.of.the.higher.order.systems.have.not.been.determined..
Therefore,.we.do.not.know.where. the.eutectic. compositions. lie,.and.much.
less.about.deep.eutectics..Additionally,.because.the.number.of.components.
is. really. large,. determining. the. minimum. solute. content. will. be. a. formi-
dable. problem. since. the. contribution. of. each. component. to. the. volumetric.
strain.is going.to.be.different.depending.on.their.atomic.sizes..The.situation.
becomes.more.complex.when.we.realize.that.the.magnitude.and.the.sign.of.
stress.could.be.different.for.different.alloying.elements..Even.though.the.con-
cept.of.high.Trg. could.be.used,.one.again.needs. to.first.produce. the.glassy.
alloy,.determine.the.glass.transformation.temperatures.(Tg.and.Tl).and.then.
only.one.could.determine.the.Trg.value.

Therefore,.newer.criteria.have.been.proposed.to.explain.glass.formation.in.
BMGs.in.view.of.the.large.number.of.components.present..The.first.set.of.cri-
teria.was.proposed.by.Inoue,.who.had.systematically.investigated.glass.for-
mation.in.several.multicomponent.alloy.systems..The.three.empirical.rules.
formulated.by.Inoue.[77].were.the.mainstay.for.a.long.time.and.using.these.
criteria,. it.was.possible.to.produce.BMGs.in.a.number.of.alloy.systems..In.
fact,.several.hundreds.of.alloy.compositions.were.synthesized.in.the.glassy.
state.using.these.empirical.rules..The.following.paragraphs.discuss.the.crite-
ria.that.have.been.developed.to.explain.the.GFA.of.BMGs.

3.7	 Inoue	Criteria

Based.on.the.extensive.data.generated.on.the.synthesis.of.BMGs,. Inoue.
[77–79]. had. formulated. three. basic. empirical. rules. for. the. formation. of.
BMGs..These.may.be.stated.as.follows:

. 1..The.alloy.must.contain.at.least.three.components..The.formation.of.
glass.becomes.easier.with.increasing.number.of.components.in.the.
alloy.system.

. 2..A.significant.atomic.size.difference.should.exist.among.the.constit-
uent.elements. in. the.alloy.. It. is.suggested.that. the.atomic.size.dif-
ferences. should. be. above. about. 12%. among. the. main. constituent.
elements.

. 3..There.should.be.negative.heat.of.mixing.among.the.(major).constitu-
ent.elements.in.the.alloy.system.
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Among. the. above. criteria,. the. first. one. is. based. on. the. thermodynamic.
and.kinetic.aspects.of.glass.formation,.and.the.second.one.is.based.on.the.
topological.aspects.(structure.and.packing.of.atoms)..The.third.criterion.is.
essential.for.mixing.of.atoms.(alloying.to.occur).and.for.the.formation.of.a.
homogeneous.glassy.phase..Let.us.now.look.at.the.rationale.in.formulating.
the.above.criteria.in.some.detail.

As.we.discussed.earlier,.the.formation.of.a.glassy.phase.requires.that.its.
free.energy.is.reduced.to.a.level. lower.than.that.of.the.competing.crystal-
line. phase(s).. This. free. energy. reduction. could. be. achieved. by. increasing.
the.entropy.of.fusion,.ΔSf,.or.decreasing.the.enthalpy.of.fusion,.ΔHf,.or.both..
Since.the.value.of.ΔSf.can.be.significantly.increased.by.increasing.the.num-
ber.of.components.in.the.alloy,.it.has.been.relatively.easy.to.produce.BMGs.in.
multicomponent.alloys..Since.an.increase.in.ΔSf.also.leads.to.an.increase.in.
the.degree.of.the.dense.random.packing.of.atoms,.this.results.in.a.decrease.
in. ΔHf. and. also. an. increase. in. the. solid–liquid. interfacial. energy,. σ.. Both.
these.factors.contribute.to.a.decrease.in.the.free.energy.of.the.system.

We. can. appreciate. the. reasons. for. the. formation. of. BMGs. in. multicom-
ponent. alloys. from. a. kinetic. point. of. view. also.. Since. the. equation. for.
homogeneous.nucleation.rate.for.the.formation.of.crystalline.nuclei.from.a.
supercooled.melt.(Equation.2.4).contains.η,.α,.and.β,.control.of.these.parame-
ters.can.lead.to.a.reduction.in.the.nucleation.rate..For.example,.a.reduction.in.
ΔHf,.and.an.increase.in.σ.and/or.ΔSf.can.be.achieved.by.an.increase.in.α.and.
β.values..This,. in.turn,.will.decrease.the.nucleation.rate.and.consequently.
promote.glass.formation..An.increase.in.the.viscosity.of.the.melt.will.also.
lead.to.a.reduction.in.both.nucleation.and.growth.rates.

The.second.criterion.mentioned.above.is.related.to.the.topological.aspects.
of.glass.formation..It.was.mentioned.that.the.constituent.atoms.in.multicom-
ponent.BMGs.should.exhibit. a. significant.difference. in. their. atomic. sizes,.
reaching.more. than.about.12%..The.atomic.sizes.of. the.atoms. in. the.peri-
odic.table.can.be.classified.into.three.groups—large,.medium,.and.small—as.
shown.in.Figure.3.4.

The.combination.of.the.significant.differences.in.atomic.sizes.between.the.
constituent.elements.and.the.negative.heat.of.mixing.is.expected.to.result.in.
efficient. packing. of. clusters. (see. Section. 3.12.2). and. consequently. increase.
the.density.of.random.packing.of.atoms.in.the.supercooled.liquid.state..This,.
in.turn,.leads.to.increased.liquid–solid.interfacial.energy,.σ.and.decreased.
atomic.diffusivity,.both.contributing.to.enhanced.glass.formation.

The. formation. of. a. higher. degree. of. dense. randomly. packed. structures.
in. BMGs. has. been. well. documented. in. the. literature,. through. XRD. stud-
ies,.in.several.Zr-,.La-,.and.Mg-based.BMG.alloys..Table.3.3.summarizes.the.
interatomic.distances.and.the.coordination.numbers.of.the.different.atomic.
pairs.for.a.glassy.Zr60Al15Ni25.alloy.both.in.the.as-quenched.and.crystallized.
conditions.[80].

It. may. be. noted. from. Table. 3.3. that. the. nearest. neighbor. distances. and.
the. coordination. number. of. atoms. in. the. as-quenched. and. crystallized.



Glass-Forming	Ability	of	Alloys	 69

conditions. are. not. very. different. for. Zr–Ni. and. Zr–Zr. atom. pairs,. testify-
ing. to. the.presence.of.dense. random.packing.of.atoms. in. the.glassy. state.
also..But,.there.is.a.significant.change.in.the.coordination.number.of.Zr–Al.
atomic.pairs.on.crystallization,.suggesting.that.the.local.atomic.configura-
tions.in.the.glassy.state.are.quite.different.from.those.in.the.corresponding.
crystalline.phase..This.suggests.that.there.is.a.necessity.for.long-range.diffu-
sion.of.Al.atoms.around.Zr.atoms.during.crystallization,.which.is.difficult.to.
achieve.due.to.the.presence.of.dense.randomly.packed.clusters.
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FIGURe 3.4
Atomic.diameters.of.the.elements.that.constitute.bulk.metallic.glasses..These.can.be.classified.
into.three.major.groups.of.large,.medium,.and.small.sizes.

Table	3.3

Nearest.Neighbor.Distances.(r).and.Coordination.Numbers.(N).of.the.
Different.Atomic.Pairs.in.a.Glassy.Zr60Al15Ni25.Alloy.Both.in.the.
As-Quenched.and.Crystallized.States

Condition r1	(nm) NZr–Ni r2	(nm) NZr–Zr NZr–Al

As-quenched (a) 0.267.±.0.002 2.3.±.0.2 0.317.±.0.002 10.3.±.0.7 −0.1.±.0.9
(b) 0.267.±.0.002 2.1.±.0.2 — — —
(c) 0.269.±.0.002 2.3.±.0.2 — — —

Crystallized (a) 0.268.±.0.002 3.0.±.0.2 0.322.±.0.002 8.2.±.0.7 0.8.±.0.9
(b) 0.267.±.0.002 3.0.±.0.2 — — —
(c) 0.273.±.0.002 2.3.±.0.2 — — —

Source:. Matsubara,.E..et.al.,.Mater. Trans. JIM,.33,.873,.1992..With.permission.
Notes:. .Data.from.(a).ordinary.radial.distribution.function.(RDF),.(b).conventional.RDFs.

for.Zr,.and.(c).conventional.RDFs.for.Ni..“—”.means.that.no.values.were.given.
in.the.original.publication.
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The.presence.of.dense.randomly.packed.atomic.configurations.in.the.glassy.
state. of. BMGs. can. also. be. inferred. from. the. small. changes. in. the. relative.
densities. of. the. fully. glassy. and. the. corresponding. fully. crystalline. alloys.
(see.Table.6.1)..It.is.noted.that.the.densities.of.the.glassy.alloys.are.lower.than.
those.in.the.crystallized.state..The.difference.between.the.fully.glassy.and.
fully.crystalline.alloys.is.typically.about.0.5%,.but.is.occasionally.as.high.as.
1%.(see,. for.example,.Ref.. [81])..Further,. the.density.difference.between.the.
structurally.relaxed.and.fully.glassy.states. is.about.0.11%–0.15%..Thus,. the.
small.density.differences.between.the.glassy.and.crystallized.conditions.sug-
gest.that.the.glassy.alloys.contain.dense.randomly.packed.clusters.in.them.

3.7.1 The ∆Tx Criterion

The.large.width.of.the.supercooled.liquid.region,.ΔTx.=.Tx.−.Tg,.in.BMGs.sug-
gests.that.the.glassy.phase.produced.is.very.stable.and.that.it.resists.crystal-
lization..Using. this.as. the.basis,. Inoue. [82–84].had.proposed. that. the.GFA.
of.alloys. is.directly.related.to.ΔTx..Accordingly,. it.was.noted.that. the.criti-
cal. cooling. rate. for. glass. formation. decreases. with. an. increase. in. the. ΔTx.
value.(Figure.3.5)..This.early.observation.has.been.confirmed.in.a.number.
of.instances..However,.with.the.increasing.number.of.BMGs.synthesized.in.
the.last.few.years.in.a.variety.of.alloy.systems.and.by.different.investigators,.
some.exceptions.to.this.criterion.have.been.noted..For.example,.by.plotting.
the. Rc. values. determined. for. different. Pd-based. alloys. obtained. by. using.
calorimetric.measurements,.it.was.reported.[18].that.the.Pd40Cu30Ni10P20.alloy.
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Variation.of.the.critical.cooling.rate,.Rc.with.the.width.of.the.supercooled.liquid.region,.ΔTx.for.
a.number.of.multicomponent.bulk.metallic.glasses..Data.for.some.of.the.binary.and.ternary.
metallic.glasses.reported.earlier.are.also.included.for.comparison.
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with.the.maximum.value.of.ΔTx.(=.87.K).did.not.correspond.to.the.alloy.com-
position.that.exhibited.the.lowest.Rc.value.of.0.067.K.s−1..A.similar.result.was.
also.reported.by.Zhang.et.al..[62].who.did.not.find.a.good.correlation.between.
GFA.and.ΔTx.in.LaxAl14(Cu,Ni)86−x.alloys.with.x.=.57−70.at.%.Al..Therefore,.it.
was.concluded.that.the.GFA.of.alloys.cannot.be.evaluated.directly.in.terms.
of.ΔTx.. Instead,. it.was. suggested. that.ΔTx. should.be.used.only. to.evaluate.
the.thermal.stability.of.the.supercooled.liquid..This.aspect.will.be.further.
discussed.later.

3.7.2 The tmax Criterion

As.emphasized.in.Chapter.2,.a.glass.can.be.formed.in.an.alloy.system.only.
when.the.critical.cooling.rate.for.glass.formation.is.exceeded..Since.the.cooling.
rate.at.any.point.in.the.specimen.is.a.function.of.the.distance.from.the.sur-
face.of.the.sample.(from.where.the.heat.is.extracted),.the.maximum.diameter,.
tmax.of. the.rod,.which. is. solidifying. into.a. fully.glassy.state. is.also.another.
important.parameter.to.evaluate.the.GFA..If.rods.of.different.diameters.are.
solidified.from.the.same.melt.temperature,.then.it.is.easy.to.understand.that.
the.solidification.rate.at.the.center.of.the.rod.will.be.higher,.the.smaller.the.
diameter..Therefore,.if.an.alloy.has.a.high.GFA,.i.e.,.it.is.possible.to.obtain.the.
glassy.phase.at.a.low.cooling.rate,.then.the.maximum.diameter.of.the.rod.that.
can.be.made.glassy.also.should.be.larger..This.maximum.diameter.of.the.rod,.
or.the.section.thickness,.tmax.has.been.shown.to.increase.with.a.decrease.in.the.
critical.cooling.rate.for.glass.formation,.Rc.(Figure.3.6)..Additionally,.it.is.also.
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Relationship.between.tmax,.the.maximum.diameter.or.section.thickness.of.the.glassy.alloy.and.
the.critical.cooling.rate,.Rc.required.to.form.the.glassy.phase..The.value.of.tmax.increases.with.
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important.to.keep.in.mind.that.the.solidification.rate.obtained.in.a.sample.is.
also.dependent.on.the.technique.used.to.produce.the.glass..Keeping.all.the.
other.parameters.constant,.the.high-pressure.die.casting.method.will.gener-
ate.higher.solidification.rates.than.the.copper-mold.casting.method..On.the.
other.hand,.the.copper-mold.casting.technique.will.generate.higher.solidifica-
tion. rates. than. the.water-quenching.method..Thus,.while.determining. the.
maximum.section.thickness,.which.could.be.cast.into.the.fully.glassy.state,.
it.is.important.to.specify.the.technique.used.to.synthesize.the.BMG.sample.
(or the.critical.cooling.rate.at.which.the.glass.had.formed).

3.8	 Exceptions	to	the	Above	Criteria

Even. though. the. above-mentioned. three. criteria. proposed. by. Inoue. have.
been.successfully.applied.to.identify.alloy.compositions.that.could.be.pro-
duced.in.a.bulk.glassy.condition,.some.apparent.exceptions.have.been.noted.
in.a.few.alloy.systems.

3.8.1 less Than Three Components in an alloy System

One. of. the. apparent. exceptions. to. this. empirical. rule. appears. to. be. that.
BMGs. have. been. produced. in. binary. alloy. systems. such. as. Ca–Al. [59],.
Cu–Hf. [49],. Cu–Zr. [51],. Ni–Nb. [37],. and. Pd–Si. [42].. Two. important. points.
need. to. be. noted. in. these. binary. BMG. alloys.. One. is. that. the. maximum.
diameter. of. the. glassy. rods. obtained. in. these. binary. alloys. is. relatively.
small,.i.e.,.a.maximum.of.only.about.2.mm..It.is.true.of.course,.that.any.alloy.
with.greater.than.1.mm.in.diameter.is.normally.considered.“bulk.”.But,.the.
maximum.diameter.of.the.BMGs.in.these.binary.alloys.is.really.at.the.low.
end..The.second.and.more.important.point.is.that.the.“glassy”.rods.of.the.
binary.BMG.alloys.often.seem.to.contain.some.nanocrystalline.phases..For.
example,.Inoue.et.al..[60].noted.that.1.mm.diameter.cast.Cu50Zr50.rods.were.
found.to.be.glassy.as.indicated.by.the.presence.of.a.broad.diffuse.peak.in.the.
XRD.patterns..However,.high-resolution.TEM.studies. showed. that. spheri-
cal.nanocrystals.of.the.Cu5Zr.phase.with.a.size.of.about.5.nm.were.present.
dispersed. in. the. glassy. matrix.. Thus,. even. small. diameter. rods. of. binary.
bulk.(?).“glassy”.alloys.are.not.fully.glassy..(The.presence.of.such.crystals,.
however,. has. a. beneficial. effect. in. increasing. the. compressive. ductility. to.
about.50%..This.aspect.will.be.discussed. further. in.Chapter.8.).A. similar.
result.was.also.reported.by.Chen.et.al..[85],.who.synthesized.1.mm.diameter.
Ni60.25Nb39.75.glassy.alloys.by.injecting.the.molten.alloy.into.a.copper.mold..
The.XRD.pattern.showed.that.the.alloy.was.“amorphous.”.But,.high-resolution.
TEM.studies.again.confirmed.that.small.crystals,.10–15.nm.in.diameter,.were.
present.dispersed.in.the.glassy.matrix.
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Even. though. the. solidification. rate. achieved. during. cooling. determines.
whether. the. rod. will. be. fully. glassy. or. not,. the. observation. of. crystalline.
phases.present.in.some.of.these.alloys,.of.even.small.sizes,.suggests.that.the.
maximum.achievable.diameter.of.a.“fully.glass”.rod.is.not.really.large..It.may.
turn.out.that.this.value.may.be.only.slightly.larger.than.what.is.obtained.by.
RSP.methods,.and.therefore.it.is.doubtful.if.we.could.designate.these.binary.
alloy. glasses. as. BMGs.. In. fact,. observations. of. the. presence. of. nanocrys-
tals.dispersed.in.a.glassy.matrix.were.also.made.in.ternary.3.mm.diameter.
Cu60Zr30Ti10.and.4.mm.diameter.Cu60Zr30Hf10.alloys.[86]..In.this.context,.it.will.
be.useful.to.remember.that.the.addition.of.alloying.elements.to.these.binary.
alloys.improves.the.GFA,.and.fully.glassy.rods.with.larger.diameters.could.
be.obtained..For.example,.as.mentioned.earlier,.Wang.et.al..[27].were.able.to.
produce.only.2.mm.diameter.rods.in.the.binary.Cu50Zr50.alloy.composition;.
but,.by.adding.just.4.at.%.Al.to.this.alloy,.the.maximum.diameter.of.the.fully.
glassy.rod.could.be.increased.to.at.least.5.mm..Such.observations.are.noted.
in.other.alloy.systems.as.well..Therefore,.even.though.glassy.(BMG).alloys.
of.1.or.2.mm.diameter.are.produced.in.binary.alloy.compositions,.their.GFA.
improves.dramatically.with.the.addition.of.a.third.component..This.observa-
tion.again.proves.that.a.minimum.of.three.components.is.required.to.pro-
duce.a.BMG.alloy.with.a.reasonably.large.diameter.

It.has.been.highlighted.above.that.one.needs.at.least.three.components.to.
synthesize.BMGs..It.has.also.been.mentioned.that.binary.BMGs.frequently.
contain. some. crystalline. inclusions. and. therefore. they. may. not. be. truly.
glassy.. Therefore. it. was. most. surprising. to. see. that. Zhang. and. Zhao. [87].
reported. that. pure. metal. Zr. could. be. produced. in. the. “bulk”. glassy. con-
dition.. The. authors. had. subjected. polycrystalline. zirconium. specimens. of.
1.0.mm.diameter.and.0.5.mm.thickness.to.high.pressures.of.up.to.17.GPa.and.
1000°C..The.authors.noted.that.the.α-phase.had.transformed.to.the.ω-phase.by.
room.temperature.compression..When.the.sample.containing. the.ω-phase.
(hexagonal.structure,.but.not.close-packed).was.heated.to.650°C.at.5.3.GPa,.
amorphous.zirconium.had.formed..Upon.cooling.this.material,.the.crystal-
lization.of.the.amorphous.zirconium.into.ω-phase.was.observed.at.4.8.GPa.
and. 450°C.. At. pressures. higher. than. 9.GPa,. zirconium. was. only. partially.
transformed.to.the.amorphous.phase..These.conclusions.were.reached.at.by.
observing.the.disappearance.of.Bragg.peaks.in.the.energy-dispersive.XRD.
patterns.and.the.time.of.flight.neutron.scattering.experiments.

However,. careful.observations.using.an.angular.dispersive.method.and.
imaging-plate.detector,.together.with.x-ray.transparent.anvils.have.revealed.
that. their. conclusions. were. in. error.. They. were. convinced. that. the. disap-
pearance.of.the.diffraction.peaks.in.zirconium.noted.in.their.earlier.investi-
gation.should.be.interpreted.as.rapid.crystal.growth.at.temperatures.above.
that.of.the.ω–β.phase.transformation..Therefore,.the.above.authors.had.later.
retracted.their.paper.[88].

Wang.et.al..[89].had.conducted.high-pressure.experiments.on.pure.metal.
titanium. and. reported. that. amorphous. titanium. had. formed. at. pressures.
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and.temperatures.close.to.the.α–β–ω.triple.point.in.the.pressure–tempera-
ture.phase.diagram.for.pure.titanium.

Hattori.et.al..[90].had.conducted.very.careful.high-pressure.experiments.
on. elemental. Zr. and. Ti. using. a. newly. developed. in. situ. angle-dispersive.
XRD.using.a.two-dimensional.detector.and.x-ray.transparent.anvils..These.
authors.noted.that.despite.the.disappearance.of.all. the.Bragg.peaks.in.the.
one-dimensional.energy-dispersive.data,.two-dimensional.angle-dispersive.
data.showed.several.intense.Bragg.spots.even.at.the.conditions.where.amor-
phization.was.reported.in.these.two.metals..This.investigation.clearly.con-
firms.that.pure.metals.cannot.be.amorphized

The. above. investigation. brings. out. an. important. point.. The. data. must.
be.carefully.analyzed.to.correctly.interpret.the.condition.of.the.material..It.
appears.desirable.to.use.more.than.one.technique.before.viable.conclusions.
can.be.drawn..In.general,.it.is.important.to.carefully.characterize.the.glassy/
amorphous.structures,.not.just.by.XRD.methods,.but.also.by.high-resolution.
techniques.such.as.TEM..Further,.while.the.XRD.technique.is.easy.and.con-
venient.to.use,.the.resolution.is.limited.and.only.the.average.structure.can.be.
determined..But,.the.presence.of.a.small.volume.fraction.of.a.second.crystal-
line. phase,. especially. if. it. is. of. nanometer. dimensions,. may. be. completely.
missed. out. by. XRD. methods.. On. the. other. hand,. TEM. studies. are. time-
consuming,.but.they.help.in.unambiguously.identifying.the.presence.of.tiny.
crystalline.particles.of.even.a.few.nanometers.in.size.

3.8.2 Negative Heat of Mixing

In.addition.to.the.above.observations,.where.presence.of.nanocrystals.was.
noted.in.binary.BMGs,.phase.separation.was.reported.in.ternary.BMGs.[91]..
This.result.suggests.that.the.negative.heat.of.mixing.among.the.constituent.
elements.may.not.always.be.necessary.to.form.BMGs..It.should,.of.course,.
be.pointed.out.that.these.authors.had.clearly.mentioned.that.the.GFA.was.
lower.when.phase.separation.occurred.in.the.glassy.state..Since.such.obser-
vations.have.been.made.only.in.a.few.limited.cases.and.phase.separation.
was.also.observed.in.metallic.glasses.obtained.in.melt-spun.ribbons,.e.g.,.in.
Cu50Zr50.alloys.[92].and.in.Zr36Ti24Be40.alloys.[93],.this.need.not.be.of.a.major.
concern.

The. phenomenon. of. phase. separation. will. be. dealt. with. in. detail. in.
Chapter. 5,. when. we. discuss. about. the. crystallization. behavior. of. glassy.
alloys..But,.let.us.briefly.mention.a.couple.of.salient.features.to.counter.the.
argument.that.the.negative.heat.of.mixing.among.the.constituent.elements.
is.not.a.requirement.for.the.formation.of.BMGs..Phase.separation.is.gener-
ally.expected.to.occur. in.alloy.systems.containing.elements. that.exhibit.a.
positive. heat. of. mixing.. This. is. indicated. by. the. presence. of. a. miscibility.
gap.in.the.corresponding.phase.diagram..Therefore,.if.phase.separation.has.
occurred,.one.immediately.concludes.that.the.constituent.elements.have.a.
positive.heat.of.mixing.
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It.has.been.suggested.that.it.is.theoretically.possible.to.observe.phase.separa-
tion.in.alloy.systems.containing.three.or.more.elements,.even.though.the.heat.
of.mixing.is.negative.between.any.two.elements.in.the.alloy.system..According.
to.Meijering.[94,95],.a.ternary.alloy.phase,.consisting.of.components.A,.B,.and.
C,.can.decompose.into.two.phases.with.different.compositions.even.when.the.
enthalpy.of.mixing.between.any.two.components.is.negative..This.is.possible.
when.the.enthalpy.of.mixing,.ΔH. for.one.of.the.three.possible.binary.alloy.
systems.is.significantly.more.negative.than.the.others..For.example,.it.is.pos-
sible.that.in.a.ternary.alloy.system.A–B–C,.ΔHA–B.is.much.more.negative.than.
ΔHB–C.≈.ΔHA–C..This.argument.suggests.that.a.miscibility.gap.could.be.present.
in.a.ternary.(or.higher-order).BMG.alloy.system.even.when.all.the.constituent.
elements.have.a.negative.enthalpy.of.mixing..In.other.words,.phase.separation.
is.possible.even.in.an.alloy.with.a.reasonably.good.GFA.

3.8.3 Other exceptions

Waniuk.et.al..[44].reported.that.in.Zr–Ti–Cu–Ni–Be.alloys.(the.Vitreloy.series),.
the.GFA.correlated.well.with.Trg,.but.not.with.ΔTx..In.fact,.alloy.compositions.
with.the.highest.ΔTx.were.found.to.be.poor.glass.formers..A.similar.situation.
was.also.reported.in.the.ternary.Cu–Zr–Ti.and.Cu–Hf–Ti.BMGs.[96],.where.
the.highest.GFA.could.be.related.to.Trg,.but.not.to.the.ΔTx.value.

On.the.other.hand,.there.are.also.reports.that.suggested.that.the.GFA.of.
alloys.was.more.closely.related.to.ΔTx,.but.not.to.Trg..Shen.et.al..[97].reported.
that.the.GFA.in.their.water-quenched.Pd40Ni40−xFexP20.(0.≤.x.≤.20).alloy.glasses.
did.not.correlate.with.Trg.values.at.all..Instead,.they.concluded.that.the.ΔTx.
was.a.simple.and.reliable.gauge.for.quantifying.the.GFA.in.this.alloy.and.
also.in.the.(Fe66Cr4Mo4Ga4P12C5)100−x/95Bx.system.[98].

There.have.also.been.reports.where.the.GFA.of.alloys.did.not.correlate.with.
either.Trg.or.ΔTx..Xu.et.al..[51].reported.the.formation.of.metallic.glasses.in.
the.binary.Cu-Zr.system.by.the.copper-mold.casting.technique.and.observed.
a. strong. dependence. of. the. critical. casting. thickness. with. the. solute. con-
tent..They.noted.that.the.maximum.casting.thickness.of.2.mm.was.achieved.
at.36.at.%.Zr..This.alloy.composition.did.not.correspond.to.either.the.larg-
est.ΔTx.value.or.the.highest.Trg.value..A.similar.result.was.also.reported.in.
LaxAl14(Cu,Ni)86−x.(with.x.=.57−70.at.%).alloys.by.Zhang.et.al..[62]..BMGs.with.
a. 7.mm. diameter. were. produced. in. ternary. Mg–Cu–Y. alloys. by. the. high-
pressure.die.casting.method.and.it.was.noted.that.the.critical.diameter.of.
the.rod.increased.with.increasing.value.of.ΔTx.[99]..But,.when.similar.alloys.
were.melt.spun.to.produce.thin.glassy.ribbons,. it.was.noted.that.the.GFA.
could.not.be.directly.correlated.with.any.one.parameter.(ΔTx.or.Trg).for.all.
the.alloys..Different.parameters.were.satisfying.the.GFA.depending.on.the.
alloy.composition.and.the.wheel.speed.used.to.produce.the.melt-spun.rib-
bons.[100]..Similarly,.Liu.et.al..[101].noted.that.in.the.Fe–Ni–Mo–P–C–B.BMG.
alloys.synthesized.by.them,.the.GFA.could.not.be.related.to.either.ΔTx,.Tg,.or.
γ.(to.be.discussed.in.Section.3.10.1).
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From.the.above.discussion,. it. is.clear. that. the.description.of. the.GFA.of.
alloys.using.the.ΔTx.parameter.as.a.criterion.has.not.been.found.universally.
applicable.in.all.situations.and.for.all.alloy.systems..Some.exceptions.have.
been.certainly.noted..But,.it.should,.however,.be.emphasized.in.this.context.
that. this. was. one. of. the. most. successful. parameters. in. the. early. years. of.
research.on.BMGs.

3.9	 New	Criteria

The.above.observations.summarize.some.of.the.exceptions.that.have.been.
noted.in.relating.the.GFA.of.alloys.to.the.criteria.used.earlier..Some.of.them.
are.only.apparent.exceptions.and.could.be.resolved.easily.to.show.that.they.
satisfy.the.criteria.proposed.earlier,.while.the.others.are.real..Therefore,. it.
was.felt.that.some.new.attempts.need.to.be.made.to.develop.better.and.more.
precise.criteria.to.predict.the.GFA.of.alloy.systems..An.early.attempt.in.this.
direction.was.by.Li.et.al..[102],.who.analyzed.the.thermal.data.of.a.number.
of.BMG.alloys.based.on.Zr,.Mg,.La,.Nd,.Ti,.Cu,.and.Fe.in.terms.of.five.estab-
lished.GFA.parameters,.viz.,.Trg,.ΔTx,.ΔT*.[103],.Kgl.[104],.and.S.[105]..Among.
others,.they.noted.that.Trg.did.not.provide.a.good.measure,.while.ΔTx.repre-
sented.a.good.measure.of.the.GFA..Later,.Lu.and.Liu.[106].published.a.paper.
proposing.a.new.indicator,.which.they.called.the.γ.parameter,.to.explain.the.
GFA.of.alloy.systems..Starting.with.this.publication,.there.has.been.a.pleth-
ora.of.papers.published.by.different.researchers.in.the.open.literature,.which.
proposed.a.number.of.different.criteria.for.determining.the.GFA.of.alloys..
Many.of.these.criteria.are.somewhat.related.to.each.other,.with.some.minor.
differences.in.the.details.of.their.formulations.

All.the.new.criteria.that.have.been.proposed.in.recent.years.to.explain.the.
high.GFA.of.BMGs.can.be.broadly.grouped.into.the.following.categories:

. 1..Transformation temperatures of glasses.. In. this. group,. the. GFA. is.
explained.on.the.basis.of.the.characteristic.transformation.tempera-
tures.of.the.glasses.such.as.Tg,.Tx,.and.Tl,.and.the.different.combina-
tions.of.these.three.parameters..The.values.of.all.these.parameters.
can.only.be.obtained.after.the.glass.has.been.synthesized.and.the.
transformation.temperatures.are.measured.using.a.DSC/DTA.appa-
ratus.during.reheating.of.the.glassy.alloy..The.parameters.suggested.
to.explain.the.high.GFA.of.BMGs.in.this.group.include.the.param-
eters.α,.β,.γ,.γm,.δ,.ϕ,.etc.

. 2..Thermodynamic modeling..Thermodynamic.parameters. such.as.heat.
of.mixing.are.used.in.this.group.to.predict.the.glass.formation.and.
evaluate.GFA.in.a.given.alloy.system.
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. 3..Structural and topological parameters.. In. this. group,. consideration. is.
given.to.the.atomic.sizes.of.the.constituent.elements,.their.electro-
negativity,.electron-to-atom.ratio,.heat.of.mixing,.etc..Majority.of.the.
work.in.this.area.has.been.due.to.Egami.[107].and.Miracle.[108,109].

. 4..Physical properties of alloys..This.group.considers.the.physical.prop-
erties. of. materials. such. as. the. viscosity. of. the. melt,. heat. capacity,.
activation. energies. for. glass. formation. and. crystallization,. bulk.
modulus,.etc.

. 5..Computational approaches..These.methods.help.in.predicting.the.GFA.
of.alloys.from.basic.thermodynamic.data.[110,111],.and.without.the.
necessity.of.actually.conducting.any.experiments.to.synthesize.the.
glass.and.determine.the.GFA.

The.first.two.groups.attracted.the.maximum.attention.of.researchers.and.a.
large.number.of.papers.have.been.published.in.these.areas..Let.us.now.look.
at.these.different.criteria.in.some.detail.

3.10	 Transformation	Temperatures	of	Glasses

Majority. of. the. early. researchers. in. the. field. of. metallic. glasses. consid-
ered.only.the.ability.of.the.melt.to.transform.into.the.glassy.state.on.rapid.
solidification.of.the.melt.and.termed.the.efficiency.of.this.process.as.glass-
forming. ability. (GFA).. The. GFA. was. usually. evaluated. in. terms. of. the.
critical. cooling.rate,.Rc.needed. to. form.the.glassy. ribbons..Subsequently,.
when.BMGs.were.synthesized,.researchers.also.considered.the.maximum.
section. thickness,. tmax.of. the. fully.glassy.rods.as.a.measure.of.GFA.. It. is.
easy.to.appreciate.that.GFA.is.higher,.the.lower.the.critical.cooling.rate.or.
the. higher. the. section. thickness.. However,. Lu. and. Liu. [106]. argued. that.
glass. formation. involves. two. different. aspects.. One. is. the. stability of the 
liquid phase.and.the.other.is.the.resistance to crystallization.of.the.glass.that.
has. formed.. Although. the. actual. term. glass-forming. ability. should. only.
refer.to.the.formation.of.the.glass,.as.was.done.by.the.earlier.researchers,.
it.is.also.important.to.consider.the.thermal.stability.of.the.glass..Based.on.
these.two.aspects,.these.authors.had.developed.a.new.parameter,.γ,.as.an.
indicator. to.evaluate. the.GFA.of.alloys..Subsequent. to. this.publication,.a.
very.large.number.of.other.parameters.have.also.been.proposed.as.mea-
sures.of.GFA..These.later.parameters.also.involve.different.combinations.of.
the.glass.transformation.temperatures..We.will.now.discuss.the.different.
parameters.in.some.detail.and.also.comment.on.their.suitability.in.differ-
ent.situations.
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3.10.1 The γ Parameter

Figure.3.7.presents.the.schematic.T–T–T.diagrams.for.two.different.alloys—
one. that. can. be. easily. produced. in. the. glassy. state. (Alloy. #. 1),. and. the.
other. that. requires.a.higher. solidification. rate. to.produce. the.glassy.phase.
(Alloy.#.2).[112]..As.mentioned.earlier,.glass.formation.requires.that.the.alloy.
melt.is.cooled.(from.above.the.liquidus.temperature,.Tℓ ).fast.enough.(above.
the.critical.cooling.rate).through.the.glass.transition.temperature,.Tg.without.
intersecting.the.T–T–T.curve..That.is,.the.cooling.curve.should.not.touch.the.
nose.of.the.T–T–T.curve;.it.needs.to.be.avoided..Thus,.the.GFA.of.the.melt.is.
directly.related.to.the.location.of.the.T–T–T.curve.on.the.temperature.and.time.
coordinates..The.temperature.corresponding.to.the.nose.of.the.T–T–T.curve,.
Tn,.is.located.on.the.temperature.axis.at.α(Tg.+.Tℓ ),.where.the.value.of.α.varies.
between.0.45.and.0.55,.and.it.is.generally.close.to.0.5,.i.e.,.Tn.≅.(1/2)(Tg.+.Tℓ ).

When.the.glass.is.re-heated.from.below.Tg.to.higher.temperatures,.the.sam-
ple.will.start.crystallizing.at.a.temperature.Tx..For.the.two.different.alloys.
considered,.it.may.be.noted.that.Tx.is.higher.for.Alloy.#.1.than.for.Alloy.#.2..
Thus,.the.stability.of.the.glass.is.determined.by.the.time.it.requires.to.start.
crystallizing,.i.e.,.the.position.of.the.T–T–T.curve.on.the.time.coordinate,.tn.

From.a.physical.metallurgy.point.of.view,.the.stability.of.the.liquid.phase.
can.be.considered.in.terms.of.the.thermodynamic.(or.equilibrium).stability.
of.the.liquid.above.the.liquidus.temperature,.Tℓ ,.and.the.stability.of.the.liq-
uid.during.cooling,.i.e.,.in.the.metastable.state..Thus,.one.should.consider.the.
interplay.between.both.Tℓ.and.Tg..For.two.glass-forming.melts.that.have.the.
same.Tg,.but.different.Tℓ ,.the.relative.liquid.phase.stability.is.determined.by.
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FIGURe 3.7
Schematic.T–T–T.curves.for.two.different.alloys..While.Alloy.#.1.can.be.easily.produced.in.a.
glassy.state,.it.is.more.difficult.to.produce.Alloy.#.2.in.the.glassy.state..That.is,.the.critical.cool-
ing.rate,.Rc.is.higher.for.Alloy.#.2.than.for.Alloy.#.1,.Rc2.>.Rc1..Similarly,.on.continuous.heating,.
the.crystallization.temperature.Tx.for.Alloy.#.1.becomes.higher.than.for.Alloy.#.2,.i.e.,.Tx1.>.Tx2..
(Reprinted.from.Lu,.Z.P..and.Liu,.C.T.,.Phys. Rev. Lett.,.91,.115505-1,.2003..With.permission.)
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their.Tℓ.values..Therefore,.one.can.consider.that.the.melt.is.thermodynami-
cally.more.stable.if.the.liquidus.temperature,.Tℓ.of.the.alloy.is.lower..On.the.
other.hand,.when.the.two.melts.have.the.same.Tℓ ,.but.different.Tg,.then.their.
liquid.phase.stability.is.determined.by.their.metastable.states..Consequently,.
the. melt. is. more. stable,. the. lower. the. Tg. value.. However,. if. the. two. melts.
have.different.Tℓ.and.Tg.values,.which.is.likely.to.be.the.more.common.case,.
then.the.overall.stability.of.the.melt.can.be.measured.by.(1/2)(Tg.+.Tℓ ),.which.
represents.the.average.stability.of.the.melt.both.in.the.stable.and.metastable.
states..Thus,.the.lower.this.value,.the.higher.is.the.stability.of.the.glass-forming.
melt,.and.consequently.higher.is.the.GFA.

The.resistance.to.crystallization,.on.the.other.hand,.is.determined.by.the.
value.of.the.crystallization.temperature,.Tx..It.is.easy.to.appreciate.that.the.
stability.of.the.glass.is.higher,.the.higher.is.the.Tx..That.is,.Tx.alone.will.be.
useful,.only.if.all.liquids.have.the.same.phase.stability..Stated.differently,.for.
liquids.with.the.same.stability,.i.e.,.the.same.value.of.(1/2)(Tg.+.Tℓ),.the.stabil-
ity.of.the.glass.is.represented.by.Tx..But,.if.the.stability.of.the.liquids.is.dif-
ferent,.Tx.alone.will.not.be.able.to.represent.the.stability.of.the.glass..Then.to.
evaluate.the.relative.GFA.of.different.liquids,.Tx.should.be.normalized.with.
respect.to.the.average.position.of.the.T–T–T.curve.on.the.temperature.axis.

Combining.the.above.two.stabilities.into.one.parameter,.Lu.and.Liu.[106].
proposed.the.use.of.γ.parameter.to.evaluate.the.GFA.of.different.composi-
tions.as
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These.authors.have.subsequently.extended.this.concept.to.oxide.glasses.and.
cryoprotective.solutions.and.demonstrated.that.the.same.γ.parameter.could.
be.used.to.explain.the.GFA.of.these.glasses.also.[112]..It.was.thus.claimed.
that.this.γ.parameter.could.be.used.to.explain.the.GFA.of.any.type.of.glass..
The.concept.in.deriving.the.γ.parameter.to.explain.the.GFA.of.alloys.is.sum-
marized.in.Figure.3.8.[113].

Figure.3.9.shows.the.correlations.between.the.γ.parameter.described.above.
and.the.critical.cooling.rate.(Rc),.in.K.s−1,.and.the.maximum.section.thickness.
(tmax),. in.mm..A.linear.relationship.was.obtained.between.γ.and. log10Rc.or.
log10.tmax..The.relationships.between.log10.Rc.and.γ.were.expressed.as

. log 21 71 1 97 5 9 71  1 c0 0 0 0R = ±( ) − ±( ). . . . γ . (3.10)
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where. R0. and. γ0. are. constants. with. the. values. of. 5.1.×.1021.K. s−1. and. 0.427,.
respectively.. These. values. will. be. different. for. different. types. of. glasses..
While. the. above. values. are. for. metallic. glasses,. they. will. be. different. for.
oxide.glasses.or.for.cryoprotective.glasses.

In. Equation. 3.11,. R0. represents. the. critical. cooling. rate. for. a. material.
with. γ.=.0,. and. γ0. is. the. corresponding. γ. value. for. a. material. having. a.
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FIGURe 3.8
Schematic. to. illustrate. the.different. factors. involved. in.deriving. the.γ.parameter. to.explain.
the.GFA.of.alloys.. (Reprinted. from.Lu,.Z.P.. and.Liu,.C.T.,. Intermetallics,. 12,. 1035,. 2004..With.
permission.)
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(a).Correlation.between.the.critical.cooling.rate.(Rc).and.the.γ.parameter.for.BMGs..(b) Corre-
lation.between.the.maximum.section.thickness.(tmax).and.the.γ.parameter.for.BMGs..(Reprinted.
from.Lu,.Z.P..and.Liu,.C.T.,.Acta Mater.,.50,.3501,.2002..With.permission.)
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critical. cooling. rate. of. 1.K. s−1.. Using. these. values,. the. above. expression.
reduces.to

. Rc
215 1 1 exp 117 2= × −. ( . )0 γ . (3.12)

(The.above.equation.was.represented.with.slightly.different.values.in.Ref..[113].).
Similarly,.the.linear.relationship.between.γ.and.log10tmax.was.expressed.as

. log 6 55 1 7 18 11 71 max0 0 0 0t = − ±( ) + ±( ). . . . γ . (3.13)
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where.t0. (in.mm).and.γ1.are.constants.with.the.values.of.t0.=.2.80.×.10−7.mm.
and.γ1.=.0.362..The.t0.parameter.represents.the.attainable.maximum.diameter.
for.a.material.with.γ.=.0,.and.γ1.represents.the.γ.value.for.a.material.that.can.
form.glass.with.at.least.1.mm.in.section.thickness.or.diameter..Substituting.
the.above.values.into.Equation.3.14,.we.get

. tmax
72 8 1 exp 41 7= × −. ( . )0 0 γ . (3.15)

The. statistical. correlation. parameters,. R2. values,. for. these. relationships.
were. computed. using. regression. programs. and. were. found. to. be. 0.91. for.
Rc.and.0.57.for.tmax,.respectively..The.R2.value.can.range.from.0.to.1.and.is.
an.indicator.of.the.reliability.of.the.correlation..The.higher.the.R2.value,.the.
more.reliable.the.regression.is..Even.though.the.correlation.between.γ.and.Rc.
is.apparently.very.good,.it.should.be.kept.in.mind.that.not.many.research-
ers.have.actually.determined.the.Rc.values.for.the.metallic.glasses.they.have.
produced..In.majority.of.the.cases,.these.values.have.been.estimated.from.
some.empirical.relationships,.as.described.in.Section.3.2.

The.wide.scatter.for.the.tmax.correlation.(and.consequently.lower.R2.value).
was.attributed.to. the.different.section.thicknesses.obtained.by.the.differ-
ent.techniques.used.to.synthesize.BMGs..For.example,.as.will.be.discussed.
in.detail. in.Chapter.4,.BMGs.can.be. synthesized.by.many.different. tech-
niques.such.as.water.quenching,.suction.casting,.copper-mold.casting,.etc..
The.use.of.these.different.techniques.can.account.for.the.differences.in.the.
section.thicknesses.of.the.BMGs.of.the.same.composition..For.example,.the.
tmax.value.for.Mg65Cu25Gd10.was.reported.to.be.8.mm.if.a.copper.mold.wedge.
casting.method.was.used.to.produce.the.BMG.[16]..But,.its.value.decreased.to.
6.mm.when.the.copper.mold.injection.casting.method.was.used.[114]..These.
results.are. from.two.different.groups.of. investigators..For.an.appropriate.
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and.fair.comparison,.it.would.be.ideal.if.the.same.group.of.researchers.pro-
duces.these.alloys.by.different.methods.and.evaluate.the.GFA..Further,.the.
section.thicknesses.of.the.BMGs.are.almost.always.reported.in.integer.num-
bers,. and. this. need. not. be. true. in. a. real. situation.. Both. these. factors. can.
account.for.the.larger.deviation.in.the.tmax.correlation.and.therefore.the.low.
value.of.R2.

A.point.of.interest.is.that.the.γ.parameter.for.an.alloy.composition.can.be.
determined. from. one. single. DSC. curve,. from. which. one. can. get. the. val-
ues.of.Tg,.Tx,.and.Tl..However,.these.values.also.depend.on.the.heating.rate.
employed.during.the.DSC.run..These.characteristic.transformation.tempera-
tures. are. higher. when. the. heating. rate. employed. during. measurement. is.
higher..Therefore,.it.becomes.important.to.use.the.data.obtained.at.the.same.
heating.rate.to.draw.comparisons..Fortunately,.however,.γ.is.not.too.sensitive.
to.heating.rates.

As.is.well.known,.the.GFA.of.alloys. is.dependent.on.alloy.composition,.
technique.used.to.synthesize.the.glass,.the.cleanliness.of.the.melt,.the.pres-
ence.of.oxygen,.especially. in.Zr-based.BMGs,.and.other.process.variables..
Subsequent.to.the.proposal.of.the.γ.parameter.to.explain.the.GFA.of.alloys,.
several.other.parameters.have.also.been.proposed..Lu.et.al..have.analyzed.
the.available.results.in.terms.of.these.different.parameters.reported.by.dif-
ferent. authors. [113,115]. and. came. to. the. conclusion. that. all. the. available.
results.of.the.GFA.could.be.most.satisfactorily.explained.on.the.basis.of.the.
γ.parameter.

While.analyzing.glass.formation.and.GFA.in.the.La100−x[Al0.412(Cu,Ni)0.588]x.
(with.x.=.30–44.6.at.%).system,.Lu.et.al..[116].noted.that.while.γ.was.capable.of.
representing.the.GFA.of.most.alloys.in.the.eutectic.systems,.it.could.be.less.
accurate. in. assessing. the. GFA. of. compositions. whose. decisive. competing.
crystalline.phase.during.cooling.is.different.from.that.upon.the.crystalliza-
tion. of. the. metallic. glass.. In. the. latter. cases,. the. measured. Tx. value. upon.
devitrification.is.not.sufficient.to.indicate.the.crystallization.resistance.of.the.
real.competing.phase.during.cooling.

Following. the. announcement. of. the. γ. parameter. to. evaluate. the. GFA.
of. alloys. by. Lu. and. Liu. [106,112],. a. number. of. other. investigators. have.
come.up.with.several.other.different.criteria..The.efficiency.of.these.crite-
ria.to.explain.the.GFA.was.statistically.analyzed.by.all.the.proposers.and.
they.claimed.that.their.criterion.was.better.than.others.and.that.almost.
every.report.claimed.that.“their.criterion.was. the best.”.Let.us.now.look.
at.the.other.parameters.that.were.proposed.to.explain.the.enhanced.GFA.
of.BMGs.

3.10.2 The γm Parameter

In. an. attempt. to. improve. the. correlation. between. γ. and. the. transforma-
tion.temperatures.of.BMGs,.Du.et.al..[117].had.also.considered.the.width.of.
the.supercooled.liquid.region,.ΔTx.=.Tx.−.Tg,.in.addition.to.Tl.and.Tx.in.their.
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analysis.and.came.up.with.a.modified.parameter,.γm,.to.explain.the.high.GFA.
of.BMG.alloys..The.parameter,.γm.is.expressed.as

.
γ m

x g=
−2T T

T�
. (3.16)

By.plotting.γm.as.a.function.of.the.critical.cooling.rate,.Rc.and.conducting.the.
regression.analysis,.these.authors.derived.a.linear.relationship.between.log10.
Rc.and.γm,.which.was.stated.as

. log 14 99 19 4411 c m0 R = −. . γ . (3.17)

The.statistical.correlation.factor,.R2.was.calculated.by.these.authors.as.0.931..
In.comparison.to.the.other.criteria.such.as.Trg,.ΔTx,.γ,.etc.,.the.authors.claimed.
that. the. γm. parameter. gave. the. highest. R2. value. and. consequently. they.
claimed.that.the.γm.parameter exhibited the best correlation with GFA among all 
the parameters suggested so far.

3.10.3 The α and β Parameters

Arguing.on. lines. similar. to. those.used. to.derive. the. γ. and. γm.parameters.
described. above,. Mondal. and. Murty. [118]. considered. Tℓ. to. be. a. measure.
of.the.stability.of.the.liquid.phase.and.Tx.as.a.measure.of.the.thermal.sta-
bility.of.the.glass.that.has.formed..In.other.words,.a.high.Tx.relates.to.the.
higher.stability.of.the.glass.and.a.low.Tℓ.corresponds.to.higher.stability.of.the.
supercooled.liquid..By.combining.these.two.aspects.of.glass.formation,.they.
defined.a.new.parameter,.α.as

.
α = T
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Since.ΔTx.is.defined.as.Tx.−.Tg,.the.above.expression.may.be.rewritten.as

.
α =

− +
= +

T T T
T

T
T

T
T

x g g x g

� � �

∆ . (3.19)

which.includes.both.the.stability.of.the.glass.(ΔTx/Tℓ ).and.the.GFA.Tg/Tℓ.(=.Trg),.
as.proposed.by.Turnbull.[46].

Incidentally,. Wakasugi. et. al.. [119]. suggested. earlier. that. the. Tx/Tℓ. ratio.
increases.with.increasing.viscosity.of.the.supercooled.liquid,.fusion.entropy,.
activation.energy.for.viscous.flow,.heating.rate.employed.during.heating.of.
the. glassy. alloy,. and. with. decreasing. Tℓ. value.. Since. all. these. parameters.
affect.the.critical.cooling.rate,.Rc.for.the.formation.of.the.glassy.phase,.it.was.
suggested.that.Tx/Tℓ.is.a.reasonable.indicator.of.the.GFA.based.on.the.crys-
tallization.behavior.of.an.undercooled.liquid..That.is,.a.system.with.a.larger.
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Tx/Tℓ.value.could.have.a.lower.Rc.and.thereby.a.higher.GFA..In.fact,.a.linear.
relationship.was.found.between.Tx/Tℓ.and.log.Rc.[119].

Mondal.and.Murty.[118].have.also.proposed.another.parameter.β,.by.con-
sidering. the. two. important. aspects. of. glass. formation,. viz.,. the. ability. to.
form.a.glass.during.cooling.from.the.liquid.state.(Trg.=.Tg/Tℓ ),.and.the.stabil-
ity.of.the.glass.(Tx/Tg).as

.
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In.case,.a.glass.does.not.exhibit.Tg.during.the.heating.of.the.glass.to.higher.
temperatures. (as. is.often. the.case. in.melt-spun.glassy. ribbons),.Tx.may.be.
taken.as.Tg..Therefore,.when.Tg.=.Tx,.Equation.3.20.can.be.rewritten.as

.
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Thus,.both.the.parameters.α.and.β.contain.the.two.important.aspects.of.the.
ease.of.glass.formation.as.well.as.the.thermal.stability.of.the.glass.

Plotting.the.α.parameter.against.the.logarithm.of.the.critical.cooling.rate,.
Rc.and.the.maximum.section.thickness,.tmax,.the.authors.noted.a.linear.rela-
tionship.in.both.the.cases.that.can.be.expressed.as

. R A Bc exp= ( ),α . (3.22)

and

. t C Dmax exp= ( ),α . (3.23)

with. the. values. of. A.=.1.83.×.1016.K. s−1,. B.=.−54.14,. C.=.1.39.×.10−4.mm,. and.
D.=.16.18.. Similar. equations. were. also. derived. for. the. variation. of. Rc. and.
tmax.with.the.β.parameter,.but.with.different.values.for.the.constants..These.
authors.had.calculated.the.R2.values.for.both.the.α.and.β.parameters.and.
noted.that. the.β.parameter.gave.an.R2.value.of.0.93,.which.was. the highest 
among all the GFA criteria.(including.α,.γ,.ΔTx,.and.Trg)..In.the.decreasing.order.
of.importance,.the.effective.parameters.were.γ,.α,.Trg.and.ΔTx..As.with.the.γ.
parameter,.the.correlation.with.the.maximum.section.thickness,.tmax.for.the.
α.and.β.parameters.was.also.poor.

Mondal.and.Murty. [118].also.noted. that. the.heating.rate.employed.dur-
ing. reheating. of. the. glass. to. obtain. the. transformation. temperatures. did.
not.significantly.affect.the.α.and.β.parameters.proposed.above..The.biggest.
advantage.of.these.two.parameters.appears.to.be.that.these.criteria.could.be.
used.to.predict.bulk.glass-forming.compositions.from.the.results.obtained.
on.melt-spun.ribbons..This.is.because.one.can.measure.the.Tx.and.Tl.on.melt-
spun.ribbons,.evaluate.the.α.and.β.parameters.and.use.this.information.to.
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identify.compositions.with.the.highest.GFA..Further,.it.has.been.frequently.
reported.and.repeatedly.confirmed.that.the.transformation.temperatures.are.
not.a.function.of.the.section.thickness..That.is,.these.temperatures.are.the.
same.whether.measured.on.melt-spun.ribbons.or.BMG.rods..Alloys.with.the.
compositions.determined.to.have.the.highest.value.of.α.or.β.using.the.melt-
spun.ribbons,.can.then.be.made.into.BMGs.

3.10.4 The δ Parameter

Considering. that.glass. formation.requires. that. the. rates.of.nucleation.and.
growth.of.the.crystalline.phase.are.suppressed.(or.extremely.low).to.com-
pletely.avoid.the.formation.of.a.crystalline.phase,.and.that.these.two.pro-
cesses.are.dependent.on. the.degree.of.undercooling. the.melt.experiences,.
Chen.et.al..[120,121].argued.that.the.GFA.of.alloys.should.be.inversely.pro-
portional.to.the.rates.of.nucleation.and.growth..Accordingly,.they.noted.that.
GFA.∝.[Tg/(Tℓ.−.Tg)]..Further,.examining.the.dependency.of.GFA.on.the.vis-
cosity.of.the.melt,.they.also.noted.that.GFA.∝.Tx/Tg..Combining.these.two.
together,.they.proposed.that.the.GFA.of.an.alloy.should.be.determined.by.a.
parameter,.δ.defined.as

.
δ =

−
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T T
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Chen. et. al.. have. also. conducted. a. statistical. analysis. of. the. Trg,. γ,. and. δ.
parameters. against. the. maximum. section. thickness. (diameter),. tmax. of. the.
glassy.alloys.produced.(not.the.logarithmic.value.of.tmax.as.other.researchers.
had.done).and.noted.that.the.R2.value was the highest (for.δ) among all parameters,.
and.therefore.strongly.represented.the.GFA.of.the.alloys..The.R2.value.for.the.
δ.parameter.was.calculated.as.0.46,.as.against.0.3.for.both.Trg.and.γ.parameters.

3.10.5 The Trx Parameter

Since.the.γ.parameter.was.not.able.to.predict.the.GFA.accurately.in.at.least.
some.alloy.systems.[25,122,123],.Kim.et.al..[124].came.up.with.the.concept.of.
reduced.crystallization.temperature,.Trx.defined.as

.
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where.Ts.represents.the.onset.temperature.of.solidification..While.the.value.of.
Tx.can.be.obtained.during.reheating.of.the.glassy.alloy.in.either.a.DSC.or.DTA.
apparatus,.the.value.of.Ts.can.be.obtained.as.the.solidification.start.temperature.
during.cooling.of. the. liquid.at.a. cooling.rate.R,. lower. than. the.critical. cool-
ing.rate,.Rc..The.value.of.Tx.can.be.obtained.as.the.point.of.intersection.of.the.
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T–T–T.curve.with.the.heating.rate.curve.during.continuous.heating..Thus,.the.
Trx.value.is.dependent.upon.both.heating.and.cooling.rates.employed.

The.way.Trx.is.measured.is.as.follows..First,.at.a.given.cooling.rate,.the.Ts.
value. is. measured. as. the. temperature. at. which. solidification. starts. as. the.
point. of. intersection. of. the. cooling. curve. with. the. T–T–T. curve.. This. will.
also.correspond.to.a.time.tso..The.corresponding.isochronal.crystallization.
onset.temperature.Txo.value.at.tso.is.then.directly.obtained.from.the.heating-
rate.dependence.of.Tx..Then.the.reduced.crystallization.temperature,.Trx. is.
obtained.as.Trx.=.Txo/Ts.

As.mentioned.above,.both.Ts.and.Tx.depend.on.the.cooling.rate.and.heat-
ing. rate. employed,. respectively.. At. extremely. slow. cooling. rates,. Ts. will.
merge.with.Tℓ ,.the.liquidus.temperature,.and.it.decreases.with.an.increasing.
solidification.rate..The.value.of.Tx.is.extremely.low.at.low.heating.rates.and.
increases. with. increasing. heating. rate.. With. a.decrease. in. heating. rate,.Tx.
will.move.more.closely.to.Tg,.since.Tx.is.more.strongly.dependent.on.the.heat-
ing.rate.than.Tg..Thus,.the.highest.value.that.the.Trx.parameter.can.have.is.1,.
at.the.highest.cooling.and.heating.rates,.at.the.nose.of.the.T–T–T.curve..Under.
extremely.slow.cooling.and.heating.conditions,.Trx.=.Tg/Tℓ ,.which.is.nothing.
but.the.reduced.glass.transition.(Trg).temperature..Hence,.the.Trx.parameter.
will.always.lie.in.the.range.of.Trg.≤.Trx.≤.1..Also,.it.is.important.to.note.that.the.
higher.the.Trx.parameter,.the.higher.is.the.GFA.of.the.alloy.

The.authors.had.analyzed.the.results.of.Trx.on.nine.different.alloy.systems.
with.a.wide.range.of.GFA.as.expressed.by.the.critical.cooling.rate.varying.
over.3–4.orders.of.magnitude.and.the.maximum.section.thickness.varying.
by.2.orders.of.magnitude,.and.came.to.the.conclusion.that.Trx.exhibits.the.best.
correlation.with.Rc.and.tmax,.i.e.,.the.GFA.of.the.alloys..In.fact,.this.parameter.
was.found.to.represent.the.GFA.better.than.ΔTx,.Trg,.and.γ.parameters.

3.10.6 The Kgl Parameter

By. analyzing. the. DTA. plots. of. glasses. based. on. As,. Te,. and. Cd,. a. simple.
method.was.developed.by.Hrubý.[104].to.evaluate.the.glass.forming.ability.
of.alloys..Arguing.that.the.temperature.interval.Tx.−.Tg. is.directly.propor-
tional.and.that.Tm.−.Tx. is. indirectly.proportional. to.the.glass-forming.ten-
dency.of.the.melt,.they.proposed.a.numerical.measure.of.the.glass-forming.
tendency,.Kgl.defined.as

.
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where.Tm.is.the.temperature.at.which.melting.starts.(solidus.temperature)..
The.author.suggested.that.it.is.difficult.for.the.glass.to.form.when.Kgl.=.0.1;.a.
solidification.rate.of.about.102.K.s−1.is.required..Higher.values.of.Kgl.translate.
to.lower.cooling.rates..It.was.mentioned.that.free.cooling.of.the.melt.in.air.is.
sufficient.to.produce.the.glass.if.Kgl.=.0.5..Note,.however,.that.the.numerator.
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in.this.equation,.Tx.−.Tg.(=.ΔTx).is.the.width.of.the.supercooled.liquid.region,.
and.thus.the.GFA.is.higher,.the.higher.the.ΔTx.value.

3.10.7 The ϕ Parameter

Fan.et.al..[125].noted.that.the.experimentally.determined.Rc.values.did.not.
correlate. well. with. the. Trg. parameter. proposed. by. Turnbull. [46]. and. con-
cluded.that.the.Trg.parameter.may.not.be.reliable.in.predicting.the.GFA.of.
alloys..To.solve.this.anomaly,.they.employed.a.model.glass-forming.system,.
with.a.constant.melting.temperature.of.1000.K,.and.the.viscosity,.η.obeying.
the.Vogel–Fulcher–Tammann.(VFT).relationship

.
η ηT

D T
T T
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0

0
exp

*
. (3.27)

where
η0.is.a.constant.(~10−5.Pa.s)
D*.is.the.fragility.index,.which.varies.from.5.to.100
T0.is.the.temperature.at.which.the.liquid.ceases.to.flow.[126]

In.the.model.glass.system,.the.authors.chose.different.fragility.index.values.
to.represent.the.strength.of.the.glass.(the.glass.is.considered.fragile.when.D*.
value.is.low.and.strong.when.the.D*.value.is.high).and.different.Trg.values..
By.calculating.the.viscosity.of.the.liquids.using.Equation.3.27.and.plotting.
it.as.a.function.of.temperature.for.liquids.with.different.fragility.index.and.
Trg.values,.they.noted.that.a.fragile.liquid.did.not.necessarily.exhibit.a.low.Trg.
value..Further,.over.widely.ranging.values.of.undercooling,.the.viscosity.was.
found.to.be.lower.for.an.alloy.with.a.high.Trg.parameter,.and.consequently,.
the.Rc.value.was.higher.in.comparison.to.a.liquid.that.had.a.lower.Trg.param-
eter.(and.also.a.lower.Rc.value)..That.is,.the.Trg.had.severely.overestimated.
the.GFA.of.the.liquid..In.some.instances,.a.reverse.situation.was.observed,.
i.e.,.Trg.underestimated.the.GFA.of.the.liquid..Since.the.variation.of.viscosity.
with.temperature.is.determined.by.the.fragility.of.the.liquid.and.the.liquid.
stability.(indicated.by.ΔTx,.the.width.of.the.supercooled.liquid.region),.Fan.
et al..[125].introduced.a.variable.(ΔTx.normalized.by.Tg).to.correct.this.overes-
timation.(or.underestimation).of.Trg.and.to.properly.predict.the.GFA..Hence,.
they.proposed.a.dimensionless.parameter,.ϕ.expressed.as

.
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to. correctly. predict. the. GFA. of. different. alloys.. The. validity. of. the. ϕ.
parameter.was.established.by.plotting. the.available.Rc.values. for.network.
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(oxide,.fluoride,.and.semiconductor),.selected.metallic,.and.molecular.glasses.
against. the.ϕ.parameter.and.noting.a. linear.relationship,.described.by.the.
equation

. Rc = ± − ±( )108 638 0 475 18 0 1 055. . . . φ . (3.29)

3.10.8 The New β Parameter

Yuan.et.al.. [127]. conducted.a.detailed.analysis.of. the. several.hundreds.of.
BMGs. synthesized. in. different. alloy. systems. and. noted. that. the. existing.
criteria. (viz.,.α,.β,.γ,.δ,.γm,.ϕ,.etc.). for.predicting.GFA.were.not.satisfactory..
They.came.up.with.a.different.criterion,.which.they.called.the.β.parameter.
(note. that. this.β.parameter. is.different. from.the.β.parameter.proposed.by.
Mondal.and.Murty.[118]).and.therefore.we.will.call.this.as.the.new.β.param-
eter,.defined.as

.
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By.performing.the.statistical.analysis.of.the.available.tmax.data.against.Trg,.γ,.
δ,.ϕ,.and.the.new.β.parameters,.Yuan.et al..[127].noted.that.the new.β.parameter 
had the strongest ability to represent the GFA, since the correlation coefficient was 
the highest among all the parameters studied..It.should,.however,.be.noted.in.this.
context.that.these.authors.had.plotted.the.values.of.tmax.(and.not.their.loga-
rithmic.values).to.calculate.the.correlation.coefficients..The.linear.relation-
ship.between.the.new.β.and.tmax.was.expressed.by.an.equation.as

. t newmax 4 555 27  7 644 822= ±( ) ±( ). . . . .0 0 0β – . (3.31)

An.important.point.highlighted.by.the.authors.was.that.the.new.β.param-
eter.had.a.very.wide.range,.while.the.other.parameters.had.a.very.narrow.
range. for. the. widely. different. critical. diameters. of. BMG. specimens.. For.
example,.the.critical.diameters.for.Pd40Cu30Ni10P20.and.Pd40Ni40P20.BMGs.were.
reported.to.be.72.[55].and.25.mm,.[128],.respectively..While.the.new.β.parame-
ters.for.these.two.alloys.was.calculated.to.be.11.65.and.3.866,.respectively,.the.
other.parameters.calculated.were.very.close.to.each.other..For.example,.the.
γ.parameters.were.0.464.and.0.424,.respectively..Thus,.the.authors.concluded.
that.the.new.β.parameter.is.more.sensitive.to.GFA.than.the.other.proposed.
parameters.

Table.3.4.lists.the.correlation.parameters.obtained.by.Yuan.et.al..[127].for.
different.alloy.systems.and.for.different.GFA.parameters.. It.may.be.noted.
that,. for. all. the. parameters,. the. highest. correlation. was. obtained. for. the.
Pd-based. BMGs,. while. the. lowest. correlation. was. found. for. the. Zr-based.
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BMGs..Another.interesting.point.to.be.noted.is.that,.irrespective.of.the.dif-
ferent.criteria,.the.order.of.the.different.correlation.parameters.was.almost.
the.same..Thus,.except. for.quantitative.differences,. it. is.difficult. to.decide.
which.of.these.parameters.best.represents.the.GFA.of.alloys.

3.10.9 The ω Parameter

Long.et.al..[129,130].have.recently.proposed.yet.another.criterion.to.explain.
the.GFA.of.alloys..They.argued. that.a.glass-forming. liquid.should.have.a.
higher. liquid.phase. stability.and.hence.higher.GFA. if. the.Tn. temperature,.
defined.as.the.average.of.Tg.and.Tℓ ,.i.e.,.Tn.=.(Tg.+.Tℓ )/2,.is.lower..Note.that.this.
Tn.corresponds.to.the.temperature.at.the.nose.of.the.C-curve.as.mentioned.
earlier..Since.different.liquids.will.have.different.Tg.and.Tℓ.values,.Tn.was.nor-
malized.with.respect.to.Tg.and.therefore.it.was.suggested.that.GFA.should.
be.proportional.to.Tg/Tn..Combining.this.with.the.suggestion.of.Inoue.that.
the.GFA.should.be.proportional.to.ΔTx,.the.width.of.the.supercooled.liquid.
region,.a.new.dimensionless.parameter,.ω.was.developed.by.these.authors,.
defined.as
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It.was.claimed.that.this.new.criterion.shows.the.strongest.correlation,.among.
all.the.parameters,.with.Rc.and.tmax.in.a.number.of.BMG.compositions.

Table 3.4

Values.of.Linear.Correlation.Coefficients.Corresponding.to.Plots.of.tmax.against.Trg,.
γ,.δ,.ϕ,.and.the.New.β.Parameters.for.Different.Alloy.Systems

Base	
Metal

Correlation	of	tmax	with

Trg γ δ ϕ New	β
Number	of	

Samples Rmin
95%

Cu 0.508 0.773 0.682 0.719 0.789 51 <0.372
Ca 0.575 0.748 0.673 0.738 0.752 52 0.354
Mg 0.541 0.589 0.630 0.596 0.640 40 <0.418
La 0.677 0.660 0.732 0.673 0.759 27 0.487
Ti 0.773 0.756 0.799 0.712 0.809 20 0.561
Pd 0.941 0.965 0.971 0.957 0.981 9 0.798
Zr 0.765.×.10−4 −0.144 −0.064 −0.135 −0.142 23 0.413
Fe −0.253 −0.3323 −0.292 −0.232 −0.315 25 0.413
Ni −0.025 0.330 0.064 0.376 0.172 16 0.497

Source:. Yuan,.Z.-Z..et.al.,.J. Alloys Compd.,.459,.251,.2008..With.permission.
Note:. Rmin

%95 . is. the. minimum. value. of. the. linear. correlation. coefficient. corresponding. to. 95%.
confidence.level.



90	 Bulk	Metallic	Glasses

3.10.10  an Overview of all the Criteria based on 
Transformation Temperatures

As.discussed.above,.a.very.large.number.of.parameters.have.been.proposed.
to.explain.the.formation.and.thermal.stability.of.BMGs.produced.in.a.large.
number.of.alloy.systems..These.parameters.have.been.summarized.in.Table.
3.5..Almost.all.the.proposers.claimed.that.their.parameter.was.the.best.on.
the.basis.of.data.(available.to.them!)..It.is.a.matter.of.pity.that.the.data.listed.
and.the.data.in.the.references.quoted.do.not.match.in.some.cases,.and.some-
times.the.data.quoted.was.wrong..Further,.new.data.is.being.continuously.
generated.in.different.laboratories.around.the.world..If.you.are.interested,.
Refs.. [106,121,127,129,130],.among.others,. list.a. large.amount.of.data.on. the.
transformation. temperatures. of. BMGs. for. further. analysis.. But,. it. should.

Table 3.5

Summary.of.the.Quantitative.Criteria.Proposed.to.Evaluate.the.
Glass-Forming.Ability.of.Liquid.Alloys.and.Their.Values.under.
the.Ideal.Situation.When.Tg.=.Tx.=.Tℓ

Criterion/Parameter Equation References Ideal	Value

Reduced.glass.
transition.temperature T
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be.cautioned.here. that.not.all. the.authors.have.actually.collected. the.data.
from.the.original.sources..Therefore,.one.may.find.the.data.to.be.erroneous,.
in.some.cases.

Therefore,. to. make. a. valid. comparison. of. the. efficiency. of. the. differ-
ent.criteria. that.were.proposed.to.explain. the.GFA.of.BMG.alloys,.all. the.
data.available.till.the.end.of.2007.was.collected.(from.the.original.sources).
and.analyzed.in.terms.of.all.the.above.parameters.proposed.till.that.time,.
viz.,.Trg,.ΔTx,.α,.β,.γ,.γm,.δ,.ϕ,.and.new.β..The.statistical.correlation.functions.
are. listed. in.Table.3.6. for. the.different.alloy.systems.and.all. the.data.put.
together.[131]..On.the.basis.of.this.analysis,. it.was.concluded.that.not.one.
single.parameter.can.satisfactorily.explain.the.GFA.of.BMGs.in.all.the.alloy.
systems..Different.parameters.were.able.to.give.a.strong.correlation.for.dif-
ferent.alloy.systems..Further,.a.very.strong.correlation.was.observed.only.in.
the.case.of.Au-,.Co-,.Mg-,.Nd-,.Pd-,.and.Pr-based.BMGs.(with.R2.>.0.8),.and.a.
reasonably.strong.correlation.in.Ca-,.Ce-,.Cu-,.La-,.and.Ti-based.BMGs.(with.
0.4.<.R2.<.0.8),.and.very.poor.correlation.in.Fe-,.Ni-,.Pt-,.and.Zr-based.BMGs.
(with.R2.≤.0.1).

Table 3.6

Statistical.Correlation.Functions

Base

R2	for	Log	tmax	against	Different	Criteria

Trg ΔTx α β γ γm δ ϕ New β

Au 0.820 0.575 0.988 0.988 0.979 0.958 0.957 0.976 0.963
Ca 0.313 0.127 0.451 0.451 0.476 0.478 0.377 0.455 0.365
Ce 0.315 0.299 0.318 0.318 0.322 0.318 0.303 0.331 0.233
Co 0.990 0.293 0.573 0.573 0.498 0.475 0.695 0.439 0.654
Cu 0.266 0.274 0.458 0.458 0.447 0.433 0.398 0.390 0.420
Fe 0.005 0.019 0.012 0.012 0.020 0.025 0.006 0.031 0.011
La 0.297 0.179 0.438 0.438 0.426 0.417 0.389 0.458 0.415
Mg 0.297 0.038 0.439 0.802 0.367 0.320 0.370 0.390 0.350
Nd 0.859 0.888 0.875 0.875 0.981 0.971 0.992 0.962 0.990
Ni 0.006 0.077 0.038 0.038 0.067 0.075 0.009 0.102 0.013
Pd 0.742 0.662 0.803 0.803 0.815 0.818 0.753 0.809 0.787
Pr 0.371 0.594 0.733 0.733 0.816 0.855 0.614 0.844 0.794
Pt 0.082 0.044 0.078 0.078 0.073 0.077 0.098 0.070 0.146
Ti 0.394 0.010 0.432 0.432 0.413 0.392 0.419 0.381 0.472
Zr 0.001 0.007 0.021 0.021 0.006 0.005 0.001 0.009 0.001
All 0.112 0.184 0.295 0.295 0.349 0.354 0.207 0.366 0.227

Source:. Suryanarayana,.C..et.al.,.J. Non-Cryst. Solids,.355,.355,.2009..With.permission.
Notes:. .R2.for.the.maximum.critical.diameter,.tmax.against.the.different.criteria.proposed.to.

explain.the.GFA.of.bulk.metallic.glasses..The.higher.the.R2.value.the.better. is. the.
correlation.[131]..The.numbers.in.bold.indicate.the.best.correlation.with.that.param-
eter.for.the.alloy..For.example,.the.best.correlation.was.obtained.with.Trg.parameter.
for.the.Co-based.BMGs.and.with.the.β.parameter.for.Mg-based.BMGs.
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A. few. specific. points. need. to. be. highlighted. at. this. stage.. First,. all. the.
parameters.discussed.above.consider.both.the.stability.of.the.liquid.phase.
and.the.resistance.of.the.glassy.phase.against.crystallization..Therefore,.all.
the.above.parameters.should.be.giving.similar. results,.but. they.do.not..A.
majority.of.the.above.parameters.have.relevance.and.validity.only.in.some.
cases..This.may.be.attributed,.at.least.partially,.to.the.data.that.was.chosen.
for.the.analysis.by.the.individual.authors.

Second,.from.a.kinetic.point.of.view,.for.a.highly.glass-formable.alloy,.Tg.
should.be.as.high.as.possible.and.Tl.should.be.as.low.as.possible..This.will.
provide.a.very.high.Trg.value..But,.in.some.cases,.e.g.,.melt-spun.ribbons,.Tg.
may.not.be.observed.and.therefore,.one.could.consider.that.Tx.=.Tg..Extending.
this.argument.further,.we.can.state.that.for.the.highest.GFA,.the.Tg.(and.Tx).
should.be.very.high.and.Tl.very.low..In.other.words,.under.ideal.conditions,.
all.the.three.parameters.should.be.equal.to.each.other,.i.e.,.Tg.=.Tx.=.Tl..Ideal.
values.for.the.different.GFA.parameters.under.this.condition.also.are.listed.
in. Table. 3.5.. Thus,. any. alloy. composition. that. exhibits. these. ideal. values.
should.exhibit. the.highest.GFA..For.example,.an.alloy.with.Trg.=.1.or.with.
γ.=.0.5.should.be.an.excellent.glass.former..A.similar.argument.can.be.made.
for.the.other.parameters.as.well..Like.in.any.other.situation,.it.will.be.impos-
sible.to.achieve.this.ideal.value.for.any.“real”.alloy.

Third,.based.on.the.above.consideration.of.Tg.=.Tx.=.Tl,.it.will.be.difficult.to.
use.the.ΔTx.and.ϕ.parameters.as.indicators.of.GFA.since.their.ideal.values.are.
0..The.problem.with.the.ΔTx.parameter.is.that.it.considers.only.the.stability.of.
the.glassy.phase.against.crystallization.and.not.the.ease.of.the.formation.of.
the.glass..Similarly,.Trg.only.considers.the.ease.of.glass.formation.and.not.the.
stability.of.the.glass..A.product.of.these.two.parameters.also.did.not.yield.
any.satisfactory.correlation..That.is.the.reason.why.so.many.exceptions.have.
been.noted.in.describing.the.GFA.of.alloys.by.these.criteria..Even.though.the.
ϕ.parameter.also.considers.the.ΔTx.value,.it.also.includes.the.Trg.parameter,.
which.considers.the.ease.of.glass.formation..That.is,.the.factors.responsible.
for. both. glass. formation. and. glass. stability. are. included. and. this. may. be.
the.reason.why.it.was.able.to.show.better.correlation.than.either.Trg.or.ΔTx.
parameter.alone.

Lastly,. the. ideal. values. for. the. δ,. new. β,. and. Kgl. parameters. are. ∞.. That.
means,.the.range.of.possible.values.is.very.large.and.therefore,.these.param-
eters.will.be.highly.sensitive.to.small.variations.in.composition.or.processing.
conditions.to.produce.the.glasses..On.the.other.hand,.for.the.other.param-
eters,.the.allowed.range.is.small.and.therefore.even.small.variations.in.these.
parameters.assume.significance..But,.it.should.also.be.noted.that.the.δ.and.
new.β.parameters.do.not.show.a.strong.correlation.for.many.alloy.systems.

Let.us.now.look.at.the.three.criteria—α,.β,.and.γ—which.seem.to.show.a.
good.correlation.with.majority.of. the.published.data.on. tmax.and.Rc..Table.
3.7.compares.the.parameter.values.and.the.Rc.required.to.produce.1,.10,.and.
100.mm. thick. bulk.glassy. alloy. rods.. All. the. three. criteria. predict. that. an.
increase. in. the.parametric.value.allows. the.production.of. larger.diameter.
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rods..But,.surprisingly,.the.largest.diameter.of.the.rod.that.can.be.produced.
at.the.ideal.value.of.these.parameters.is.about.1480,.680,.and.320.mm.for.α,.
β,.and.γ,.respectively)..It.is.not.clear.why.there.should.be.such.a.large.differ-
ence. in. these.values..Further,. there. is.not.much.difference. in. the.Rc.value.
predicted.by.any.of.these.parameters.for.different.thicknesses..If.one.consid-
ers.that.10.mm.diameter.for.a.glass.is.“bulk,”.then.the.Rc.value.predicted.to.
achieve.this.section.thickness.by.all.the.three.parameters.is.about.1.K.s−1..In.
this.sense,.all.the.three.parameters.have.similar.predictive.capabilities.

From.the.above.discussion.it.becomes.clear.that.almost.all.the.parameters.
show.a.similar.trend..That.is,. if.one.parameter.is.showing.a.good.correla-
tion,.then.the.other.parameters.also.show.a.reasonably.good.correlation.and.
there. is.not. too.much. to.choose. from.among. these.parameters..Therefore,.
practically.any.one.of.them.could.be.used.to.obtain.guidelines.in.choosing.
an.appropriate.alloy.composition.to.obtain.a.BMG..Analyzing.all. the.data.
available,.plots.of.tmax.and.Rc.against.the.three.most.accepted.GFA.criteria,.
viz.,.Trg,.ΔTx,.and.γ.are.plotted.in.Figure.3.10..Note.that.the.R2.values.in.all.the.
cases.are.rather.low.

3.11	 Thermodynamic	Modeling

All.the.criteria.discussed.above.require.the.knowledge.of.the.transformation.
temperatures. of. the. glassy. alloy.. But,. these. temperatures. can. be. obtained.
only.after. the.alloy.has.been.solidified.into.the.glassy.state.and.the.glassy.
sample.is.reheated.in.a.DSC/DTA.equipment..But,.it.would.be.more.useful.if.
the.GFA.of.the.alloy.could.be.ascertained.without.the.necessity.of.doing.any.
experiments.to.synthesize.the.glass..That.is,.we.require.a.predictive.approach.
and.the.thermodynamic.modeling.can.solve.this.problem..(This.aspect.is.dif-
ferent. from.the.computational.approach.to.be.discussed. later. in. the.sense.
that.in.the.thermodynamic.modeling.we.will.be.using.the.measured.or.cal-
culated.heats.of.mixing.or.other.thermodynamic.parameters,.whereas.in.the.
computational.approach,.we.will.be.utilizing.the.CALPHAD.approach.)

Table 3.7

Values.of.α,.β,.and.γ.and.the.Critical.Cooling.Rate.(Rc).Required.to.
Produce.1,.10,.and.100.mm.Thick.Bulk.Glassy.Alloy.Rods

Maximum	Section	
Thickness	(mm)

α	Parameter β	Parameter γ	Parameter

α Rc	(K	s−1) β Rc	(K	s−1) γ Rc	(K	s−1)

1 0.549 2.3.×.103 1.579 2.5.×.103 0.362 1.9.×.103

10 0.691 1 1.727 2 0.417 3
100 0.834 4.5.×.10−4 1.876 1.3.×.10−3 0.472 4.8.×.10−3
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Plots.of.(a).tmax.and.(b).Rc.against.some.of.the.commonly.accepted.GFA.indicators.(Trg,.ΔTx,.
and.γ)..Note.that.with.the.large.amount.of.data.currently.available,.the.correlation.between.
the.different.parameters.and.tmax.or.Rc. is.not.as.good.as.it.was.with.the.limited.amount.of.
data.reported.earlier.
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3.11.1 The Miedema Model

The.stability.of.any.given.phase.is.determined.by.its.free.energy.with.refer-
ence.to.the.competing.phases..Thus,.a.glassy.phase.will.be.stable.if.its.free.
energy.is.lower.than.that.of.the.competing.crystalline.phases..Miedema.[132–
134].has.developed.a.method.to.calculate.the.enthalpies.of.the.formation.of.
solid.solutions,.intermetallics,.and.amorphous.phases.in.binary.alloys.based.
on. the. chemical,. elastic,. structural,. and. topological. effects.. This. approach.
has.been.subsequently.extended.to.the.ternary.alloy.systems.[135].

The.enthalpy.of.formation.of.a.ternary.solid.solution.of.transition.metals.
A,.B,.and.C.is.given.by

. ∆ ∆ ∆ ∆H H H HABC
sol

ABC
c

ABC
e

ABC
s= + + . (3.33)

where.the.superscripts.c,.e,.and.s.represent.the.chemical,.elastic,.and.struc-
tural.contributions.to.the.enthalpy.of.formation..The.chemical.contribution.
is.due.to.electron.redistribution.when.the.alloy.is.formed,.the.elastic.contri-
bution.is.due.to.atomic.size.mismatch,.and.the.structural.contribution.is.due.
to.structure-dependent.enthalpies..These.will.vary.systematically.with.the.
(average).number.of.valence.electrons.per.atom.in.solid.solutions.of.transi-
tion.metals.as.long.as.the.two.metals.form.a.common.bond.of.d-type.elec-
tron.states..Since. the.elastic.and.structural.contributions.are.absent. in. the.
glassy.phase,.only.the.chemical.contribution.needs.to.be.considered..Thus,.
the.enthalpy.of.formation.of.the.glassy.phase.is

. ∆ ∆ ∆ ∆ ∆H H x H x H x HABC
glass

ABC
c

A A
g s

B B
g s

C C
g s= + + +− − − . (3.34)

where
xi.is.the.atomic.fraction.of.the.ith.component
∆Hi

g s− .is.the.enthalpy.difference.between.the.glassy.and.crystalline.states.
of.the.pure.element.i

By. calculating. the. enthalpy. of. formation. of. the. solid. solution. and. the.
glassy.phases.as.a.function.of.composition,.the.relative.stabilities.of.the.two.
phases.could.be.determined.at.any.given.composition.and/or.temperature..
And.using.the.common.tangent.construction,.the.composition.range.where.
the.glassy.phase.is.stable.can.be.determined.

Strictly.speaking,.it.is.the.free.energy.and.not.the.enthalpy.that.should.be.
considered.to.determine.the.stability.of.a.phase..However,.the.contribution.
from.entropy.is.much.smaller.than.that.from.enthalpy.in.solid.compounds,.
and.therefore.the.entropy.contribution.to.the.free.energy.term.is.neglected,.
and.only.the.enthalpy.term.is.used.

Takeuchi. and. Inoue. [136]. used. the. enthalpies. of. mixing. tabulated. by.
Miedema. [132,133]. to. determine. the. stability. of. the. glassy. phase. and.
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estimate. the. GFA.. By. performing. the. calculations. for. 338. glass-forming.
.ternary.alloy.systems,.the.authors.showed.that.the.calculated.results.are.in.
agreement.with.the.experimental.results.in.Cu–Ni–X.and.Al–Ti–X.ternary.
systems.. But,. the. calculated. glass-forming. composition. range. in. Zr-,. La-,.
Fe-,.and.Mg-based.alloy.systems.was.overestimated.due.to.the.simplifica-
tion.inherent.in.their.model..They.noted.that.the.melting.temperature.of.the.
alloy.and.the.viscosity.at.the.melting.temperature,.elastic.enthalpy.arising.
in.the.solid.solution,.short-range.order.present.in.the.glassy.phase,.and.the.
three.Inoue.empirical.rules.were.found.to.be.important.in.evaluating.the.
GFA.of.alloys.

3.11.2 The γ* Parameter

Xia.et.al..[37].also.argued.that.metallic.glass.formation.should.involve.two.
aspects..One. is. that. there.should.exist.a. thermodynamic.driving. force. for.
glass.formation.and.the.second.is.that.the.formed.glass.should.resist.crys-
tallization..(Incidentally,. these.are.very.similar.to.what.were.discussed.by.
Lu.and.Liu.[106].).While.glass.formation.requires.that.the.free.energy.of.the.
hypothetical. glassy. phase. is. lower. than. that. of. the. competing. crystalline.
phases.(mostly.intermetallic.phases.because.of.the.presence.of.a.large.num-
ber.of.components,.even.though.the.formation.of.solid.solutions.is.a.possi-
bility),.the.resistance.to.crystallization.is.dependent.on.the.difference.in.the.
free.energies.of.the.glassy.and.intermetallic.phases..The.first.factor.can.be.
indicated.by.−ΔHglass,.the.enthalpy.for.glass.formation,.which.is.the.driving.
force.for.glass.formation..The.larger.this.value.is,.the.easier.it.is.for.the.glass.
to.form..The.resistance.of.the.glass.formed.against.crystallization.is.deter-
mined.by.the.difference.between.the.enthalpies.of.the.glassy.and.interme-
tallic.phases,.i.e.,.ΔHglass.–.ΔHinter..The.smaller.this.value.is,.the.higher.is.the.
stability.of.the.glass..Based.on.this,.the.authors.proposed.the.γ*.parameter.as.
a.measure.of.GFA.of.alloy.systems,.defined.as

.
γ * = ∝ −

−
=

−
GFA

glass

glass inter

glass

inter glass
∆

∆ ∆
∆

∆ ∆
H

H H
H

H H
. (3.35)

The.higher.is.the.value.of.γ*.the.higher.is.the.GFA.of.the.alloy..Strictly.speak-
ing,.one. should,.however,.use. free.energy. instead.of. the.enthalpy..But,. as.
mentioned.earlier,.the.entropy.contribution.in.solids.is.small.and.therefore.
it.is.neglected.

From.the.available.data.on.enthalpies,.one.can.calculate.ΔH.as.a.function.
of.solute.content.for.all. the.competing.phases..Using.the.common.tangent.
approach,.one.could.then.determine.the.composition.ranges.in.which.differ-
ent.phases.are.stable..By.calculating.the.γ*.parameter.within.the.composition.
range.in.which.the.glassy.phase.is.stable,.the.best.glass-forming.composition.
can.be.determined.
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Xia.et.al.. [37].calculated. the.γ *.parameter. for.different.compositions. in.
the.Ni–Nb.system,.and.a.plot.of.γ*.versus.composition.(presented.in.Figure.
3.11).showed.that.γ*.has.the.highest.value.corresponding.to.a.composition.
of. Ni61.5Nb38.5,. which. is. an. off-eutectic. composition.. By. actually. conduct-
ing. experiments. on. Ni100−xNbx. alloys,. at. short. intervals. of. 0.5. at.%. in. the.
composition. range. of. x.=.37.5−40.5. at.%. Nb,. the. authors. have. shown. that.
the.alloy.Ni62Nb38.has. the.highest.GFA.among. the. investigated.composi-
tions.. The. small. difference. in. the. experimental. and. predicted. composi-
tions.was.attributed.to.the.fact.that.the.entropy.term.was.neglected.in.the.
calculations.

Similarly,.when.Cu–Hf.alloys.with.34–40.at.%.Hf.were.quenched.from.the.
liquid.state,.a.completely.glassy.phase.was.observed.in.an.alloy.with.35.at.%.Hf..
Calculation.of.the.γ*.parameter.showed.that.alloys.with.35–36.at.%.Hf.were.
the.best.glass.formers,.confirming.the.experimental.observations.[49]..Such.an.
analysis.was.also.successfully.applied.to.the.Cu–Zr.alloy.system.[137].

Since.ΔH.values.for.each.composition.may.not.be.readily.available,.the.ΔH.
values.for.the.required.compositions.were.calculated.using.the.values.for.the.
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(a). Plot. of. calculated. enthalpies. of. solid. solutions,. intermetallic. compounds,. and. metallic.
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will.be.the.most.stable.phase..(b).Plot.of.γ*.as.a.function.of.composition.in.the.binary.Ni–Nb.
system..Note.that.the.largest.value.of.γ*.corresponds.to.the.best.glass-forming.composition..
(Reprinted.from.Xia,.L..et.al.,.J. Appl. Phys.,.99,.026103-1,.2006..With.permission.)
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neighboring.intermetallic.compounds.using.the.Miedema.method.[132,133]..
For.example,.in.the.Cu–Hf.system,.the.ΔH.values.were.calculated.using.the.
values.for.the.intermetallic.compounds.Cu8Hf3.and.Cu10Hf7,.and.taking.the.
appropriate.weightage.for.the.individual.compounds..The.γ*.parameter.was.
then.calculated.using.these.ΔH.values.and.Equation.3.35..It.is.important.to.
realize.that.formation.of.intermetallics.can.dramatically.influence.the.calcu-
lations.and,.consequently,.the.GFA.of.the.alloys.

Srinivasa. Rao. et. al.. [138]. tried. to. establish. correlations. between. Trg. and.
different. thermodynamic. parameters. such. as. TΔS,. ΔHe,. ΔHc,. and. ΔG. for. a.
number.of.Zr-based.BMG.alloys,.and.noted.that.ΔG.showed.the.best.correla-
tion..The.authors.had.calculated.the.free.energy.change.between.the.glassy.
and.solid.solution.phases.using.the.Miedema.approach,.combined.with.the.
atomic.size.mismatch,.and.suggested. that. the.composition. that. represents.
the.most.negative.ΔG.value.will.be.the.best.glass-forming.composition.

Ge.et.al..[139].also.have.used.a.similar.thermodynamic.approach.to.eval-
uate. the.GFA.of.alloys..By.combining.the.CALPHAD.approach.with.the.
kinetic.approach,.they.had.evaluated.the.GFA.through.calculation.of.the.
critical.cooling.rates.(Rc).for.glass.formation..The.driving.force.for.crystal-
lization.was.calculated.from.the.undercooled.melt.using.the.Turnbull.[140].
and.Thompson.and.Spaepen.[141].free.energy.equations..T–T–T.curves.for.
these.alloys.were.also.obtained.using.the.Davies–Uhlmann.kinetic.equa-
tions..The.critical.cooling.rates,.Rc,.were.calculated.for.9.compositions.in.
the. binary. Cu–Zr. system. and. 13. compositions. in. the. ternary. Cu–Zr–Ti.
system..The.Rc.values.calculated.using.the.Thompson–Spaepen.equations.
were.in.the.range.of.4.32.×.102−3.63.×.104.K.s−1.for.the.Cu–Zr.binary.alloys.
and.0.64–23.98.K.s−1. for. the.Cu–Zr–Ti. ternary.alloys,.except. for.one.com-
position.where. it.was.estimated.to.be.1.36.×.104.K.s−1..But,. the.values.cal-
culated.by.the.Turnbull.equation.were.in.the.range.of.9.78.×.103–8.23.×.105.K.
s−1.for.the.binary.and.1.38.×.102–4.82.×.103.K.s−1.for.the.ternary.alloys,.except.
for. one. composition. again. where. it. was. much. higher.. Even. though. the.
trend. of. the. cooling. rates. required. for. glass. formation. was. the. same. in.
both. the. approaches,. it. was. noted. that. the. Rc. values. determined. by. the.
Thompson–Spaepen. equations. were. closer. to. the. experimentally. deter-
mined.Rc.values..Thus,.it.appears.that.the.combined.thermodynamic.and.
kinetic.modeling.may.provide.an.effective.method. for. the.prediction.of.
GFA.in.alloys.

3.12	 Structural	and	Topological	Parameters

Let.us.now.look.at.some.of.the.structural.parameters.and.the.topological.
criteria.that.have.been.used.to.explain.the.high.GFA.of.bulk.glass-forming.
alloys..Let.us.recall.that,.according.to.the.Inoue.criteria.(Section.3.7),.the.
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atoms. of. the. constituent. elements. in. the. BMG. should. differ. at. least. by.
about.12%..Additionally,.even.if.some.apparent.exceptions.were.noted.for.
these.criteria,. the.atomic.size.criterion. is.never.disobeyed. in. the. forma-
tion.of.metallic.glasses..It.is.useful.to.note.that.all.BMGs.contain.at.least.
one.very. large.atom.and.the.other.atoms.are.either.medium.or.small. in.
size..However,.as.pointed.out.earlier.by.Inoue.[79],.majority.of.the.BMGs.
contain.at.least.three.different.sizes.of.atoms—large,.medium,.and.small..
Therefore,. it. is. not. surprising. that. all. the. models. in. this. category. con-
sider.the.atomic.size.as.the.most.important.basis..Quite.a.few.models.have.
been.proposed.in. this.category.and.these.are.reviewed.in. the.following.
sections.

3.12.1 egami’s atomistic approach

Egami.and.Waseda.[73].had.earlier.proposed.the.atomic.volume.strain.crite-
rion.to.predict.the.glass.formation.range.in.binary.metallic.glasses.produced.
by.RSP.methods..They.suggested.that.a.minimum.solute.concentration.was.
necessary.to.achieve.this.critical.strain.to.destabilize.the.crystal.lattice.(see.
Section.3.5.1.for.further.details)..Yan.et.al..[142].and.Ueno.and.Waseda.[143].
had.used.this.concept.to.calculate.the.λ.value.in.the.case.of.multicomponent.
alloy.systems..Egami.and.Waseda. [73].had.calculated. the.λ.parameter. for.
a.binary.alloy.using.Equation.3.8..Similarly,. for.a. ternary.alloy,.Ueno.and.
Waseda.[143].suggested.that.the.minimum.solute.concentration.could.be.cal-
culated.using.the.equation

.
′ = ⋅ + ⋅λ0

AB

A
B

AC

A
C

∆ ∆V
V

C
V
V

Cmin . (3.36a)

And.for.a.multicomponent.glass-forming.alloy.system,.Yan.et.al..[142].sug-
gested.that.λn.can.be.calculated.using.the.equation
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where
RA.and.RB.are.the.radii.of.the.solvent.and.solute.atoms,.respectively
CB.(in.atomic.percent).is.the.solute.concentration.of.element.B
VA.is.the.atomic.volume.of.A
ΔVAB.is.the.difference.in.atomic.volumes.between.A.and.B

Based. on. observations. in. a. number. of. glass-forming. alloy. systems,. they.
noted.that.the.diameter.of.the.rod.that.could.be.cast.into.a.fully.glassy.state.
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increased. with. the. increasing. value. of. λn,. and. at. the. maximum. possible.
diameter,.the.λn.value.approached.0.18..Therefore,.the.authors.suggested.that.
the.value.of.λn. for. the.best.glass-forming.alloys. is.about.0.18.. Incidentally,.
Ueno.and.Waseda.[143].had.also.arrived.at.a.similar.value.of.0.1.based.on.
their.lattice.strain.concept.used.for.the.binary.alloys..However,.the.contribu-
tion.of.Yan.et.al..[142].is.that.they.had.used.the.mathematical.description.of.
regular.polytopes.and.the.dense.random.packing.of.hard.spheres.(DRPHS),.
a.cluster.model.to.describe.the.structure.of.metallic.glasses,.as.the.basis.to.
reach.this.value..They.suggested.that.the.glass.structure.would.have.an.opti-
mum.defect.concentration.when.λn.≈.0.18.

The.concept.of.volume.strain.destabilizing.the.crystalline.lattice.was.later.
extended.by.Egami.[107].to.explain.the.formation.of.BMGs..By.using.a.local.
packing.model.of.solvent.atoms.surrounding.a.solute.atom.and.obtaining.
the. average. coordination. number,. Egami. [144]. had. calculated. the. strain.
introduced.into.the.lattice..When.this.strain.exceeded.a.critical.value.(about.
6%),.the.crystal.lattice.became.unstable.and.glass.had.formed.

When.a.solute.atom.of.a.different.size.is.introduced.into.the.lattice.of.a.
metal,.the.consequences.are.completely.different.depending.on.whether.we.
are.dealing.with.a.solid.or.a.liquid..A.solute.atom.in.a.crystal.lattice.pro-
duces.a. long-range.stress.field.around. it. since. the. topology.of. the.atomic.
structure. in. a. crystalline. solid. is. fixed.. But. in. a. liquid,. the. environment.
relaxes.instantaneously.to.accommodate.the.size.difference.by.altering.the.
local.topology.

It. is.well.known.that.when.atoms.of.equal.size.are.packed.together,. the.
coordination.number.N.is.6.in.two.dimensions.and.12.in.three.dimensions..
But,. when. atoms. of. different. sizes. are. packed. together,. the. coordination.
numbers. will. be. different.. It. was. shown. by. Egami. and. Aur. [145]. that,. in.
three.dimensions,.the.average.coordination.number,. NC

A .of.an.A.atom.with.
a.radius.RA,.embedded.in.a.glass.of.B.with.radius.RB,.is.given.by
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where. R.=.RA/RB.. This. coordination. number. increases. with. the. increasing.
value.of.R,.and.at.R.=.1,.NC.=.4π..When.the.value.of.R.changes.continuously,.
the.local.coordination.number.NC.would.also.change,.but.it.cannot.change.
continuously,. since. it. is. an. integer. number.. A. stepwise. or. discontinuous.
change.would.occur.when.the.corresponding.value.of.NC.is.changed.by.0.5..
The.amount.of.change,.ΔRC,.necessary.to.introduce.a.change.of.0.5.in.NC.was.
calculated.by.Egami.[107].to.be
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From.this.equation,.the.critical.volume.strain.for.a.single.component.system.
was.calculated.as
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Thus,. the. crystal. lattice. gets. destabilized. when. the. critical. volume. strain.
exceeds.0.0554,.and.a.glass.is.formed.

Difficulties.arise.when.this.concept.has.to.be.extended.to.a.system.con-
taining.more. than.one.solute..For.example,.different.solute.elements.will.
contribute.differently.to.the.critical.strain.value.and.therefore,.the.instability.
conditions.could.be.different..But,.this.concept.was.subsequently.extended.
by.Egami. [146]. to.a.binary. transition.metal-metalloid-type.metallic.glass,.
and.the.results.were.generalized.for.multicomponent.glasses..It.was.noted.
that.glass.transition.in.a.multicomponent.glass.does.not.occur.uniformly,.
but. gradually. over. a. range. of. temperature.. This. is. because. each. compo-
nent. has. a. local. glass. transition. temperature.. A. wide. dispersion. of. such.
local.glass.transition.temperatures.results.in.a.strong.liquid.behavior.(in.the.
scheme.of.Angell.[126]).and.increases.the.viscosity.of.the.liquid..It.was.also.
suggested,. e.g.,. in. the. binary. metal-metalloid-type. glass,. that. a. repulsive.
potential. between. the. small. metalloid. atoms. and. attraction. between. the.
small.metalloid.and.large.transition.metal.atoms.result. in.a.much.higher.
global. transition. temperature. than. the. local. glass. transition. temperature.
of.the.larger.atoms..This.creates.atomic.clusters.around.the.larger.atoms.in.
the.liquid.and.increases.the.viscosity.of.the.liquid.and.therefore.the.GFA.

Since.glass.formation.involves.both.kinetic.aspects.(indicated.by.the.dis-
tributed.local.glass.transition.temperatures).and.energetic.aspects.(addressed.
by.the.local.atomic.level.strains),.Egami.[146].had.identified.that.BMG.forma-
tion.is.favored.when

. 1..The.atomic.size.ratio.of.the.constituent.elements.increases

. 2..The.number.of.elements.involved.is.larger

. 3..The.interaction.between.the.small.and.large.atoms.is.enhanced

. 4..Repulsive.interactions.are.introduced.between.the.small.atoms

3.12.2 Miracle’s Topological Criterion

Considering. purely. the. geometry. of. the. packing. of. spheres. of. different.
diameters,.Miracle.and.coworkers.[147–149].came.up.with.the.atomic.size.
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distribution.(ASD).plots..In.these.plots,.the.concentration.of.each.element.
in. the. alloy. is. plotted. against. R,. defined. as. the. radius. ratio. of. the. sol-
ute.to.the.solvent.atom..For.conventional.glass-forming.alloys.(i.e.,.glassy.
alloys. that.could.be.produced.either.only. in. the. form.of. thin.ribbons.or.
those. that. have. a. low. GFA),. it. was. noted. that. the. plot. shows. a. concave.
downward. shape.. As. an. example,. Figure. 3.12a. shows. the. ASD. plot. for.
some.Fe-based.metallic.glassy.alloys..Note.that.the.shape.of.this.curve.is.
concave.downward.and.has.a.single.peak..Further,.the.glassy.alloy.has.at.
least.one.solute.element. that.has.a.size.smaller.and.at. least.one.element.
that.is.larger.than.that.of.the.solvent.atom..Such.typical.concave-upward.
plots.have.been.noted.for.all.glassy.alloys.that.require.a.high.cooling.rate.
for.glass.formation.

On. the. other. hand,. for. alloys. that. could. be. easily. solidified. into. the.
glassy.state,.e.g.,.BMGs,.the.ASD.plot.shows.a.concave.upward.shape,.as.
shown. in. Figure. 3.12b.. Note. that,. in. this. case,. all. the. solute. atoms. have.
a. size. smaller. than. that. of. the. solvent. atom.. Further,. while. the. solvent.
atom.has.the.highest.concentration.in.the.alloy,.the.smallest.atom.in.the.
alloy.has.the.next.higher.concentration.among.all.the.solute.atoms,.and.the.
atoms.with.intermediate.sizes.have.intermediate.concentrations..In.other.
words,. the. concentrations. of. the. solute. elements. decrease,. or. approach.
a. minimum. at. an. intermediate. size,. and. then. increase. with. decreasing.
atomic.size,.producing.a.specific.concave.upward.shape.of.concentration.
vs..atomic.size.plot.

It.was.noted.that.the.shape.of.the.ASD.plot.changes.from.concave.down-
ward.to.concave.upward.when.the.critical.cooling.rate. for.glass. formation.
decreases.to.about.102–103.K.s−1.[147]..These.atomic.size.distributions.seem.to.
provide.for.more.efficient.atomic.packing.in.the.liquid.in.comparison.to.those.
that.exhibit.a.concave.downward.situation..As.mentioned.earlier,.a.more.com-
pact.structure.has.a.higher.viscosity.and.lower.diffusivity.and.consequently.
the.formation.of.crystalline.phases.is.impeded.favoring.glass.formation.

Figure.3.12c. shows. the.ASD.plot. for. several.Fe-based.BMG.alloys. that.
have. been. shown. to. have. very. high. GFA.. Some. of. these. have. been. pro-
duced.with.a.critical.diameter.as.large.as.16.mm..But,.the.important.point.
to.note.here.is.the.concave.downward.shape,.and.not.the.expected.concave.

FIGURe 3.12
Atomic.size.distribution.plots.(ASDP),.i.e.,.concentration.vs..radius.ratio.plots.for.(a).Fe-based.
melt-spun.glasses,.(b).Zr-based.BMGs,.and.(c).Fe-based.BMGs..A.solid.trend.line.is.drawn.as.
guide.for.the.eye..It.was.suggested.that.melt-spun.glassy.alloys.exhibit.a.concave.downward.
shape.and.that.BMGs,.which.is.characteristic.of.alloys.that.could.form.glasses.at.relatively.
low.critical.cooling.rates,.display.a.concave.upward.trend..But,.data.for.Fe-based.BMGs,.espe-
cially.for.very.good.glass.formers,.shown.in.(c).clearly.reveal.a.concave.downward.shape..
It.appears.that.this.concave.downward.or.upward.shape.is.associated.with.whether.we.are.
dealing.with.metal-metal.or.metal-metalloid.glasses.and.not.with.the.critical.cooling.rates.at.
which.these.form.
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upward. shape. of. the. ASD. plot.. From. Figure. 3.12a. through. c,. it. appears.
that.the.concave.upward.or.downward.shape.relates.to.the.metal-metal.or.
metal-metalloid.system.and.not.the.critical.cooling.rate.at.which.the.glass.
forms..Note.that.the.Be.atom.is.small.in.size,.but.it.is.not.very.much.smaller.
than.that.of.Fe,.Co,.or.Ni.

An. interesting. point. that. emerges. from. such. ASD. plots. is. that. there.
are some.critical.values.of.R,.labeled.R*,.which.seem.to.populate.the.sol-
ute elements..These.have.been.identified.to.be.concentrated.around.0.62,.
0.71,. 0.80,. and. 0.89.. (Because. of. the. uncertainties. involved. in. the. deter-
mination. of. atomic. radii,. the. R*. values. can. deviate. by. up. to. 3%. [150]..
To  validate. this. point,. Senkov. and. Scott. [151]. had. designed. BMG. alloy.
compositions. and. successfully. produced. the. glassy. alloys. based. on. a.
simple.metal.Ca.)

As.mentioned.earlier,.Egami.and.Waseda.[73].also.had.used.the.concept.
of.the.packing.of.atoms.using.geometry.principles.to.explain.glass.forma-
tion..But,.they.had.only.considered.the.case.when.the.solute.atoms.occupy.
substitutional.positions..If.the.difference.in.the.atomic.sizes.of.the.solute.
and.solvent.atoms.continues.to.increase.(e.g.,.when.both.metal.and.metal-
loid.atoms.are.present),.the.substitutional.occupancy.of.the.solute.atoms.
is. no. longer. energetically. favorable. and. therefore. the. solute. atoms. may.
occupy. interstitial. lattice. sites.. Therefore,. Miracle. and. Senkov. [148,149].
proposed. that. lattice. strain. is. produced. when. the. solute. atoms. occupy.
both.the.substitutional.and.interstitial.lattice.sites..The.lattice.strain.gen-
erated. in. this. case.will.be.different. from. that. calculated.assuming.sub-
stitutional. occupancy. alone.. It. was. suggested. that. in. the. case. of. BMGs,.
which.contain.solute.atoms.that.are.smaller.than.the.solvent.atom,.inter-
stitial.atoms.produce.a.positive.lattice.strain.(expansion),.while.substitu-
tional.atoms.create.a.negative.strain.(compression).[147,148]..They.had.also.
considered. that. glass. formation. is. achieved. when. the. crystalline. lattice.
experiences.a.critical.volume.strain.and.gets.destabilized..Using. this.as.
the.basis,.Miracle.and.Senkov.[148,149].proposed.a.topological.criterion.for.
metallic.glass.formation.

Based.on.the.fact.that.the.energy.states.decide.the.position.of.the.solute.
atom. either. in. the. substitutional. or. interstitial. sites,. Miracle. and. Senkov.
[149].calculated.the.fraction.of.solute.atoms.that.occupy.these.sites.using.the.
equations
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where
Xs.and.Xi.represent.the.fraction.of.solute.atoms.in.the.substitutional.and.

interstitial.positions,.respectively
ns.and.ni.the.number.of.solute.atoms,.in.the.substitutional.and.interstitial.

positions,.respectively
C.is.the.concentration.of.solute.atoms
NA.is.the.Avogadro’s.number
k.is.the.Boltzmann.constant
T.is.the.temperature
ΔE.=.Es. −. Ei. is. the. difference. in. energy. states. of. the. substitutional. and.

interstitial.sites

It. may. be. noted. that. Xs.+.Xi.=.1.. It. was. also. assumed. that. the. chemical.
effects.between.the.solute.and.solvent.atoms.do.not.affect.the.location.of.
the.solute.atoms.and.therefore.ΔE.is.equal.to.the.elastic.energy.difference.
between.the.substitutional.and.interstitial.sites..Thus,.knowing.the.elastic.
energies.of. these.sites,. the.distribution.of.solute.atoms.between.the.sub-
stitutional.and.interstitial.sites.can.be.calculated.in.terms.of.the.reduced.
radius,.R.(RB/RA.=.radius.of.the.solute/radius.of.the.solvent).as
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The.parameters.α.and.β.depend.on.the.elastic.constants.of.both.the.solute.
and.solvent.atoms,.the.atomic.volume.of.the.host.atom,.VA,.and.temperature,.
and.their.values.will.be.different.for.different.alloying.elements.and.at.dif-
ferent.temperatures..Figure.3.13.shows.the.variation.of.the.fraction.of.solute.
atoms.located.in.the.interstitial.sites.as.a.function.of.the.reduced.radius,.tem-
perature,.and.elastic.constants.calculated.according.to.Equation.3.43.

A.few.important.points.become.clear.from.this.plot..First,.at.room.temper-
ature,.all.the.solute.atoms.occupy.the.interstitial.sites.if.the.reduced.radius.
R.=.RB/RA.is.less.than.0.8..But,.almost.all.of.them.are.located.in.the.substi-
tutional.sites.if.R.>.0.83..In.the.intermediate.range.of.0.8.<.R.<.0.83,.the.solute.
atoms.are.located.both.in.the.interstitial.and.substitutional.sites..At.R.=.0.812,.
the. solute. atoms. are. equally. distributed. between. the. substitutional. and.
interstitial. sites,. i.e.,. Xs.=.Xi.=.0.5.. The. transition. between. the. substitutional.
and.interstitial.sites.becomes.wider.when.RA,.μA,.and/or.KB.decrease.and/
or. temperature. increases..Here,.μ.and.K. represent. the.shear.modulus.and.
bulk.modulus,.respectively,.and.the.subscripts.A.and.B.represent.the.solvent.
and.solute,.respectively..According.to.Equations.3.42.and.3.43,.in.a.Zr-based.
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BMG.containing.Be,.Ni,.Cu,.Al,.and.Ti,.the.preferred.occupancies.are.substi-
tutional.for.Ti.and.Al.and.interstitial.for.Cu,.Ni,.and.Be.

The.local.volume.strain.produced.by.the.solute.atoms.can.now.be.calcu-
lated.in.terms.of.the.reduced.radius.as
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In.this.equation,.ξ. is.the.coefficient.of.compaction.of.the.crystalline.lattice.
(e.g.,.0.74.for.FCC.or.HCP.and.0.68.for.BCC.type.packing),.and
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with. η.=.√2. −. 1.=.0.4142. for. an. octahedral. site. in. a. close-packed. structure..
Due.to.these.local.volume.strains,.the.distances.between.the.nearest.neigh-
bor. atoms. in. the. crystalline. lattice. change,. and. this. uniform. contraction.
(or expansion).was.considered.by.Egami.[72].as.a.decrease.(or.an.increase).in.
the.apparent.atomic.radius.of.the.atom..This,.in.turn,.should.lead.to.a.change.
in. the. local.coordination.number.once.the.apparent.atomic.radius.reaches.
a.critical.value..For.a.single.component.system,.the.relative.expansion.has.
been.calculated.as
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FIGURe 3.13
Fraction.of.solute.atoms.located.in.the.interstitial.sites.as.a.function.of.reduced.radius,.tempera-
ture,.and.elastic.constants.calculated.according.to.Equation.3.43..(Reprinted.from.Senkov,.O.N..
and.Miracle,.D.B.,.J. Non-Cryst: Solids,.317,.34,.2003..With.permission.)
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where. N th. represents. the. theoretical. (i.e.,. continuously. changed. with. R).
coordination.number,.which.is.an.upper.bound..In.reality,.the.actual.coordi-
nation.number.is.smaller.than.N th..For.a.packing.of.spheres.in.three.dimen-
sions,.Nth.can.be.calculated.using.the.equation.[144]
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Since. this. equation. underestimates. the. actual. values. of. the. coordination.
numbers,.Miracle.et.al..[150].modified.this.equation.to
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where.n.=.5.at.R.≥.0.902.and.n.=.4.at.0.414.≤.R.≤.0.902..This.equation.correctly.
predicts.that.an.ideal.icosahedron.(N.=.12).is.formed.at.R.=.0.902.and.that.an.
ideal.octahedron.(N.=.6).is.formed.at.R.=.0.414.

The.critical.volume.strain.on.the.matrix.above.which.the.crystalline.lattice.
becomes.destabilized.is.then.estimated.using.the.equation.[72]

.
ε δcr c= =3

2
0 054.

.
(3.49)

Since,.the.critical.strain.is.a.function.of.the.atomic.size.ratio.and.also.the.
concentration.of.solute.atoms,.a.minimum.solute.concentration.is.required.
to.achieve.the.critical.strain.to.destabilize.the.crystalline.lattice.and.it.was.
calculated.[148,149].as
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where.χ.=.εcr/γξ.
A.plot.of.minimum.solute.concentration.against.the.reduced.radius.ratio.

R.is.shown.in.Figure.3.14.for.both.the.cases.when.the.solute.atom.occupies.
only. the.substitutional. sites. (Egami.and.Waseda.model).and.when. it.may.
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occupy.either.substitutional.and/or.interstitial.sites..An.important.difference.
is. noted. between. these. two. cases.. For. the. Egami. and. Waseda. model,. the.
minimum.solute.concentration.decreases.continually.as.the.relative.radius.
ratio.increases..But,. in.the.Miracle.and.Senkov.model,.with.an.increase.in.
the.difference.between.the.atomic.sizes.of.the.solvent.and.solute.atoms,.the.
minimum. solute. concentration. decreases. when. R.>.0.82,. where. the. solute.
atoms.mostly.occupy.the.substitutional.sites..However,.the.minimum.solute.
concentration.increases.when.R.<.0.8,.when.the.solute.atoms.predominantly.
occupy.the.interstitial.sites..In.the.range.of.0.8.<.R.<.0.82,.the.minimum.solute.
concentration.increases.rapidly.to.infinity.at.R.≅.0.812,.where.the.positive.vol-
ume.change.due.to.interstitial.atoms.is.compensated.by.the.negative.volume.
change.from.the.substitutional.atoms..The.significance.of.this.large.increase.
in.solute.concentration.is.presently.not.well.understood,.but.could.be.an.arti-
fact.of.the.assumption.made.in.the.model,.viz.,.the.strains.of.opposite.sign.
get.cancelled.out;.such.an.assumption.is.not.supported.by.experimental.data.
for.binary.metallic.glasses.

The.minimum.solute.concentration.required.to.destabilize.the.crystalline.
lattice.is.normally.small..But,.in.the.case.of.BMGs,.it.is.noted.that.the.total.
solute.content.is.usually.above.about.20.to.40.at.%..This.was.explained.on.the.
basis.that.the.optimum.concentration.of.an.individual.alloying.element.in.a.
BMG.is.less.than.the.minimum.solute.concentration.of.an.element.with.the.
same.atomic.size.in.a.binary.alloy..Therefore,.the.destabilizing.effect.of.each.
solute.element.was.suggested.to.be.additive.in.these.models.
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FIGURe 3.14
Minimum. (critical). solute. concentration. vs.. relative. radius. for. the. two. cases. when. the. sol-
ute.atom.occupies.only.the.substitutional.sites.(Egami.and.Waseda.model).and.when.it.may.
occupy.substitutional.and/or. interstitial. sites. (Miracle.and.Senkov.model).. (Reprinted. from.
Miracle,.D.B..and.Senkov,.O.N.,.Mater. Sci. Eng..A,.347,.50,.2003..With.permission.)
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The.topological.model.proposed.by.Miracle.and.Senkov.suffers.from.two.
limitations..First,. the.volume.change.of.a.specimen. is.calculated.by. linear.
superposition.of.the.volume.changes.caused.by.the.addition.of.each.of.the.
solute.atoms.in.a.single-component.matrix.and.this.restricts.the.application.
of. the.model. to.systems.containing.no.more. than.30–40.at.%.of. the.solute.
atoms..Second,.the.chemical.effects.on.glass.formation.have.not.been.taken.
into.consideration..Therefore,.the.topological.criterion.may.be.a.necessary,.
but.not.a.sufficient,.condition.for.glass.formation.

Since.the.density.difference.between.BMGs.and.the.corresponding.crys-
talline.solids.is.<0.5%,.it.is.only.proper.to.expect.that.the.BMGs.will.contain.
units.that.are.densely.packed..This.suggestion.would.also.be.in.tune.with.
the.high.viscosity.and.easy.glass.formability.of.the.melts..Therefore,.Miracle.
has.proposed.a.structural.model.for.metallic.glasses.based.on.the.efficient.
packing.of.clusters. [108,109]..He.has.considered.solute-centered.clusters.as.
representative.structural.elements..Considering. these. idealized.clusters.
as.spheres,.a.scheme.was.suggested.to.efficiently.pack.these.clusters.to.fill.
space.

A.schematic.of. the.proposed.cluster. is.shown.in.Figure.3.15..Basically,.a.
cluster.consists.of.the.primary.solute.α,.which.is.surrounded.by.the.solvent.
atoms,.Ω..Additionally,.two.topologically.distinct.solutes.exist..These.are.the.
secondary.β.solute.atoms.that.occupy.the.cluster-octahedral.interstices.and.
the.tertiary.γ.solute.atoms.that.occupy.the.cluster-tetrahedral.interstices..(The.
positions.of.the.cluster-tetrahedral.interstices.are.not.shown.in.Figure.3.15.).
Therefore,. this. structural. model. contains. only. four. topologically. distinct.
atomic.constituents—Ω,.α,.β,.and.γ..The.solutes.have.specific.and.predictable.
sizes.relative.to.the.solvent.atoms..The.efficient.packing.of.these.clusters.is.
achieved.by.choosing.the.solute.atoms.that.have.a.radius.ratio,.which.is.close.

α α

α α

α ββ

β

β

Ω

FIGURe 3.15
Schematic. two-dimensional. representation. of. a. dense. cluster-packing. structure. of. clusters.
in.a. (100).plane..The.figure. illustrates. the. features.of. interpenetrating. clusters. and. efficient.
atomic.packing.around.each.solute.atom..The.solvent.spheres.form.relaxed.icosahedra.around.
each.α.solute..There.is.no.orientational.order.among.the.icosahedral.clusters..(Reprinted.from.
Miracle,.D.B.,.Nat. Mater.,.3,.697,.2004..With.permission.)



110	 Bulk	Metallic	Glasses

to.the.R*.values.mentioned.earlier..Solute.atoms.that.have.atomic.radii.within.
±2%.are.considered.topologically.equivalent..Accordingly,. it. is.shown.that.
irrespective.of. the.number.of.chemically.distinct.solute.species,. the.struc-
tural.model.of.Miracle.for.BMGs.contains.no.more.than.three.topologically.
distinct.solutes.

This.model.has.been.termed.the.efficient.cluster.packing.(ECP).model,.in.
which.adjacent.clusters.share.solvent.atoms.in.common.faces,.edges,.or.ver-
tices.so.that.neighboring.clusters.overlap.in.the.first.coordination.shell..That.
is,. the.ECP.structure. is. comprised.of. interpenetrating.arrays.of. efficiently.
packed. solute-centered. clusters.. By. considering. the. atomic. order. of. the.
solute.atoms.and.placing. the.solvent.atoms.randomly.around.these.solute.
atoms,.the.structure.of.the.glass.could.be.explained..Because.of.the.order-
ing.of. the. solute.atoms. in. the.cluster,. a. cluster.unit. cell.was.also.defined..
However,.because.of.the.randomness.present.in.the.glass,.the.lengths.of.the.
[100],. [110],.and.[111].directions.of. the.unit.cell.would.be.different.and.the.
cluster.unit.cell.length.is.taken.as.the.largest.value.for.face-sharing.adjacent.
unlike.clusters.

The.stoichiometry.or.concentration.of.solutes.and.the.relative.sizes.of.the.
constituent. atoms. provides. useful. information. about. the. structure. of. the.
glass.. For. example,. let. us. consider. a. system. that. contains. α. solute. atoms.
that.have. Rα

* .= 0 09 2.so.that.the.local.coordination.number.is.Nα.=.12..Solutes.
that.occupy.β.and.γ.sites.are.so.chosen.as.to.have. Rβ

*.=.0.799.and.Rγ
*.=.0.710..

The.atoms.of.this.size.ensure.that.the.cluster.has.the.most.efficient.packing.
of.spheres.in.the.first.coordination.shell.of.the.solute-centered.cluster.and.
then.Nβ.=.10.and.Nγ.=.9.[150]..According.to.Miracle.[108],.this.model.system.
is.designated.<12-10-9>,.representing.the.coordination.numbers.of.the.α,.β,.
and.γ.solutes,.respectively..An.FCC.arrangement.of.α.clusters.contains.one.
octahedral.(β).site.and.two.tetrahedral.(γ).sites.for.each.α.site..Since.the.sol-
vent.(Ω).atoms.are.shared.between.two.neighboring.α.clusters,.only.six.of.
them.belong.to.one.cluster..Thus,.each.cluster.contains.six.solvent.(Ω).atoms,.
one.α.atom,.one.β.atom,.and.two.γ.atoms..Therefore,.the.composition.of.this.
glass.will.be.Ω6α1β1γ2..If.some.of.the.sites.are.not.occupied,.or.if.the.cluster.
contains.antisite.defects,.the.composition.of.the.glass.will.be.appropriately.
modified..Further,.Miracle.[108].suggested.that.if.the.cluster.does.not.exhibit.
the.FCC.symmetry,.i.e.,.if.Nα.≠.12,.then.the.number.of.Ω.atoms.per.α.solute.
is.generalized.as

.
N

N
N

Ω =
+ ( )

α

α1 12
.

(3.51)

where.12. represents. the.number.of.nearest-neighbor.α. clusters. in.an.FCC.
lattice..A.major.success.of.the.Miracle.model.is.that.it.accurately.predicts.the.
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chemical.compositions.of.a.number.of.metallic.glasses. in.a.wide.range.of.
simple.and.complex.alloys.

In.1935,.Stockdale.[152].suggested.that.the.compositions.of.eutectic.points.
in. binary. alloy. systems. should. correspond. with. simple. integer. ratios. of.
the. two. constituent. atoms.. Hume-Rothery. and. Anderson. [153]. had. plot-
ted.the.frequency.of.the.occurrence.of.binary.eutectic.compositions.versus.
alloy.compositions.and.observed.clear.maxima.around.compositions.that.
corresponded. to.A:B.atomic. ratios.of.8:1,.5:1,.3:1,.2:1,.and.3:2..Yavari. [154].
suggested. that. it. is.possible. to. solve. the.Stockdale/Hume-Rothery.eutec-
tic.puzzle.using.the.structural.model.of.Miracle.[108]..Let.us.consider.the.
Ω6α1β1γ2.composition.corresponding.to.the.<12-10-9>.cluster.packing..If.we.
replace.the.β.and.γ.atoms.(in.the.octahedral.and.tetrahedral.sites).with.addi-
tional.α.atoms,.one.obtains.the.composition.Ω3α2..On.the.other.hand,.if.the.
γ.sites.are.filled.by.α.atoms.leaving.the.β.sites.empty,.the.composition.will.
correspond.to.Ω2α..Other.stoichiometries.can.also.be.obtained.by.consider-
ing.suitable.clusters.and.replacing.the.sites.with.atoms.of.a.different.kind.

Sheng. et. al.. [155]. have. recently. verified. the. presence. of. solute-centered.
structural. entities.and. the. fact. that. efficient.packing.of. atoms. reduces. the.
energy.of.the.system.based.on.systematic.experimental.and.computational.
analyses.

One.of.the.major.deficiencies.of.the.ECP.model.is.that.it.is.not.truly.pre-
dictive. since. it. does. not. directly. account. for. chemical. and. internal. strain.
contributions. to. the. stability. of. the. glass.. To. account. for. this,. Wang. et. al..
[156].modified.this.model.and.called.it.the.modified.ECP.(MECP).model..The.
characteristic.features.of.MECP.are.as.follows:

First,. it.considers. ternary.alloy.systems. in.the.sense.that. there.are. three.
topologically.different.species,.i.e.,.it.contains.one.dominant.solvent.(Ω).and.
two.solute.elements.(α.and.β)..Second,.unlike.in.the.Miracle.model,.where.
the.larger.size.of.the.solute.atoms.was.considered,.the.MECP.model.consid-
ers.the.solute.atom.with.the.larger.negative.heat.of.mixing.with.the.solvent.
Ω,.as.the.primary.cluster-forming.solute.(α)..The.other.solute.atom.is.taken.
as.the.secondary.solute.atom.(β)..Third,.the.β.solutes.share.Ω.with.α,.forming.
β-centered.clusters.alternating.with.α-centered.clusters..This.can.be.viewed.
as.β.entering.the.cluster-octahedral.interstitial.sites..Lastly,.solute.atoms.with.
atomic.radii.within.±2%.of.one.another.are.considered.equivalent.only.when.
their.heat.of.mixing.is.zero.or.nearly.zero.

According.to.the.MECP.model,.a.critical.concentration.of.β.is.achieved.due.
to. two.opposing.effects..When.the.β.concentration. is. too. low,.some.of. the.
cluster-interstitial. sites. are. left. unfilled.. Consequently,. efficient. packing. is.
not.fully.realized..Therefore,.a.higher.concentration.of.β.is.favored..However,.
since.β.atom.is,.in.general,.not.the.right.size.that.would.fit.the.interstitial.site.
perfectly,.increasing.the.β.content.leads.to.increased.strain.and.consequently.
energy.cost.associated.with.each.β.solute.atom.is.added..Too.large.a.concen-
tration.of.β.would.make. the. cluster.highly. strained,.and. the.ECP.scheme.
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becomes.topologically.unsustainable..Therefore,.the.optimum.concentration.
of.β.is.one.where.ECP.is.maximized.

By.comparing.the.predicted.alloy.compositions.with. the.experimentally.
observed.BMG.compositions,.the.authors.claimed.an.impressive.match.since.
the. differences. were,. in. general,. less. than. a. few. at.%.. For. example,. it. was.
shown.that.for.the.Be-containing.BMGs,.the.predicted.composition.was.close.
to.the.Zr-based.BMG.(Vitreloy.1),.while.the.original.ECP.model.gave.a.dis-
crepancy.of.about.20.at.%.from.the.experimental.composition.

For. systems. with. a. very. high. concentration. of. solute. atoms,. the. solute-
centered.cluster.packing.models.(ECP.and.MECP).will.not.be.relevant.

3.12.3 average bond Constraint Model

It.was.mentioned.in.Section.3.4.that.alloy.compositions.near.deep.eutectics.
are.favorable.for.glass.formation,.but.that.the.actual.compositions.at.which.
the.highest.GFA.was.achieved.were.away.from.the.eutectic.compositions..In.
order.to.produce.glasses.with.the.largest.section.thickness,.it.would.be.desir-
able.to.know.the.direction.and.magnitude.of.the.shift.from.the.eutectic.com-
position..Since.the.optimum.composition.was.found.to.shift.in.the.direction.
of. increasing.Tg(C),. according. to.Equation.3.7,. the.average.bond.constraint.
(ABC).model.for.estimating.Tg(C).near.eutectic.compositions.was.proposed.
[64]..This.model. is.built.upon.analyses. that.have.been.validated. for.oxide.
glasses.

In. this. model,. the. authors. have. shown. that. Tg. was. proportional. to. the.
Kauzmann. temperature,. TK. (the. temperature. at. which. the. liquid. network.
becomes.completely.rigid),.and.calculated.the.compositional.dependence.of.
TK(C)..In.this.process,.the.authors.had.also.introduced.a.degree.of.covalent.
bonding. into. the. calculations.. This. was. defined. by. the. parameter. μc,. and.
μc.=.0.for.pure.metallic.bonding.and.μc.=.1.for.mixed.covalent/metallic.bond-
ing.(this.symbol.μc.is.different.from.the.symbol.μ,.normally.used.to.represent.
the.shear.modulus.of.a.material)..Since.the.coordination.number,.Z.also.is.
important,. the.variation. of.TK.as.a. function.of. composition.and.coordina-
tion. number. was. evaluated. and. the. minimum. solute. concentration,. Cmin,.
required.for.glass.formation,.was.estimated.as.that.solute.content.at.which.
TK.=.0..This.minimum.solute.concentration.was.calculated.using.the.equation

.
C

Z C
min =

+( ) ( ) − 

3
1 2 3µ µc c .

(3.52)

A.plot.of.Cmin.calculated.this.way.was.plotted.against.the.coordination.num-
ber.Z.(in.the.range.of.8–20,.where.glass.formation.was.observed),.as.shown.
in.Figure.3.16..It.may.be.generally.noted.that.the.minimum.solute.concentra-
tion.for.glass.formation.is.higher.for.alloys.with.metallic.bonding.than.for.
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alloys.with.some.amount.of.covalent.bonding..A.few.important.points.may.
be.noted.from.the.Figure.3.16.

First,.glass.formation.is.predicted.in.the.solute.concentration.range.of.15–40.
at.%,.in.alloys.with.purely.metallic.bonding,.and.in.the.range.of.5–15.at.%.in.
alloys. where. covalent. bonding. dominates.. Second,. there. is. a. conspicuous.
absence.of.glass.formation.for.Z.=.12–14,.which.corresponds.to.the.range.of.
0.88.≤.R.≤.1.12,.supporting.the.size.criterion.proposed.by.Inoue.

By.comparing.the.experimentally.determined.minimum.solute.concentra-
tions.for.glass.formation.with.the.values.predicted.by.this.model,.it.becomes.
clear.that.the.μc.=.1.lower.bound.provides.an.accurate.representation.of.the.
experimentally.observed.lowest.solute.concentrations.

The.present.model.suggests.that.in.comparison.with.the.model.of.Egami.
and. Waseda. [73],. the. numerical. value. of. 0.1. in. Equation. 3.8. needs. to. be.
reduced.to.0.07.to.provide.an.accurate.lower.bound.for.the.observed.glass.
formation. data.. It. is. also. to. be. noted. that. both. the. ABC. and. ECP. models.
[108,109].show.similar.dependence.of.the.glass.composition.on.Z.
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FIGURe 3.16
Solute.atom.fraction.vs.. the.coordination.number.of.solvent.atoms.around.solute.atoms.cal-
culated.according.to. the.ABC.model..The.squares.represent. the.measured.minimum.solute.
concentration.and.the.bars.represent.solute.concentration.ranges.for.selected.glasses..The.solid.
curves.represent.bounds.from.the.ABC.model,.and.dashed.lines.represent.bounds.from.the.
ECP.model..The.minimum.solute.concentration.from.the.modified.critical.strain.model.is.by.
the.pair.of.dotted.curves..Radius.ratios,.R.corresponding.to.integral.values.of.Z.are.shown.at.
the.top.on.a.nonlinear.scale..(Reprinted.from.Gupta,.P.K..and.Miracle,.D.B.,.Acta Mater.,.55,.4507,.
2007..With.permission.)
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3.12.4 Mandal Model

Azad.et.al..[157].tried.to.approach.the.formation.of.BMGs.from.geometrical.and.
electronic.points.of.view..Based.on.the.compositions.of.200.metallic.glasses.in.
77.different.alloy.systems,.they.had.calculated.three.parameters—the.electron-
to-atom.ratio.(e/a),.radius.ratio.of.the.largest.to.the.smallest.size.atoms.(RR),.
and.ratio.of.volume.per.atom.of.the.alloy.to.the.volume.of.the.largest.atom.
(VR)..RR.is.constant.for.a.given.alloy.system.and.does.not.depend.on.the.rela-
tive.amounts.of.the.constituent.atoms..On.the.other.hand,.both.e/a.and.VR.are.
functions.of.the.alloy.composition.in.a.given.alloy.system..By.calculating.these.
three.different.parameters.for.the.available.metallic.glasses,.they.showed.that.
all.the.BMG.compositions.satisfied.at.least.one.of.the.three.following.criteria:

. 1..The.e/a.ratio.lies.between.1.and.3

. 2..The.RR.value.is.in.the.range.of.1.25–1.65

. 3..The.VR.value.is.in.the.range.of.0.7–0.85.

Figure. 3.17. plots. these. three. values. in. the. form. of. a. Venn. diagram,. from.
which.a.few.important.points.become.clear..First,.it.is.noted.that.75.of.the.
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FIGURe 3.17
Venn.diagram.depicting.the.three.important.parameters,.e/a,.RR,.and.VR.for.77.different.BMG.
systems..(Reprinted.from.Azad,.S..et.al.,.Mater. Sci. Eng. A,.458,.348,.2007..With.permission.)
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77. systems. satisfied. at. least. one. of. the. three. criteria.. Second,. 67. of. the. 77.
systems.satisfied.the.e/a.criterion,.and.66.of.the.systems.satisfied.the.RR.cri-
terion..Third,.43.systems.satisfied.all.the.three.criteria,.and.they.are.in.the.
intersection.region.of.the.three.circles,.and.65.systems.satisfied.the.e/a.and.
RR. values.. Lastly,. all. the. 43. systems. lying. in. the. intersection. of. the. three.
circles.did.not.contain.any.metalloid.atoms.such.as.boron,.carbon,.silicon,.
and.germanium..But,.the.significance.of.the.alloys.lying.in.the.intersecting.
region.of.the.three.circles.is.not.clear..For.example,.the.best.glass.former.that.
could.be.cast. into.a.72.mm.diameter.rod.(Pd40Cu30Ni10P20,.alloy.#.67. in.the.
listing. of. the. authors). is. outside. the. e/a. range. required. with. e/a.=.3.0–3.45.
and.does.not.lie.in.the.intersecting.region.of.the.three.circles..Even.the.mod-
erately.good.glass.former,.viz.,.Pd40Ni40P20,.alloy.#.72.in.their.listing.satisfies.
only.the.e/a.criterion..Thus,.while.this.diagram.has.its.usefulness,.it.appears.
that.its.applicability.may.be.limited.to.only.BMG.compositions.that.do.not.
contain.any.metalloid.atoms.

Based. on. the. diffraction. evidence. from. BMGs,. these. authors. have. sug-
gested.that.BMGs.contain.essentially.five.different.types.of.atomic.clusters,.
which.have.close.relationship.to.intermetallic.phases.with.the.space.groups.
I4/mcm.(tI12),.P6/m.(hP68),.Fddd.(oF48),.Fd3m.(cF24),.and.Al11Sm3,.whose.space.
group.is.unknown..(The.symbols.in.parentheses.represent.the.Pearson.sym-
bols.for.these.structures).

3.12.5 The σ Parameter

As.discussed.in.the.above.sections,.the.atomic.sizes.of.the.constituent.ele-
ments.play.an.important.role.in.the.formation.of.both.conventional.metal-
lic.glasses.and.BMGs..The.atomic.sizes.and.their.mismatch.were.shown.to.
be.important.in.both.the.Egami.and.Waseda.[73].and.Miracle.and.Senkov.
[148,149].models.earlier..Continuing.this.approach,.Park.et.al.. [158].consid-
ered.a.combination.of.the.melting.point.depression.of.the.liquid.due.to.the.
presence.of.different.alloying.elements.and.the.atomic.size.mismatch.among.
the.different.alloying.elements.to.evaluate.the.GFA.of.alloys.

The. melting. point. depression,. ΔT*,. as. suggested. by. Donald. and. Davies.
[103],.was.calculated.using.the.equation

.
∆T

T T
T

* = −m
mix

m
mix

�

.
(3.53)

where
Tℓ.is.the.liquidus.temperature

T x Ti i

i

n

m
mix

m= ∑ . .with.xi.and.Ti
m .representing.the.mole.fraction.and.melting.

temperature.of.the.ith.constituent.in.the.n-component.alloy
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The.atomic. size.mismatch.parameter. for.a.binary.alloy.was.calculated.by.
the.method.of.Egami.and.Waseda.[73].in.terms.of.the.atomic.volumes.of.the.
constituent.elements.as

.
Atomic size mismatch B A

A
= −V V

V .
(3.54)

where.the.subscripts.A.and.B.represent.the.solvent.and.solute,.respectively..
This.concept.of.calculating.the.atomic.strain.was.extended.to.ternary.alloys.
[158].using.the.P.parameter.defined,.as.follows:
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This.atomic.size.mismatch.was.normalized.with.respect.to.the.total.amount.
of.the.solute.as
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i.e.,

.
′ =

+
P

P
x xB C .

(3.57)

The.P′.parameter.represents.the.effective.atomic.size.mismatch.of.each.sol-
ute.atom,.and.is.dependent.on.the.alloy.system.and.composition..The.GFA.of.
the.alloy.was.then.considered.to.be.proportional.to.the.product.of.these.two.
parameters,.and.so.the.authors.proposed.the.σ.parameter.as

. σ = × ′∆T P* . (3.58)

It.was. suggested. that. the. larger. the.σ.value,. the.easier. it. is. for. the.melt.
to. become. glassy.. These. authors. have. also. plotted. the. largest. diameter. of.
the.glassy.rod.(a.measure.of.the.GFA),.tmax,.against.the.proposed.different.
parameters—ΔTx,.Trg,.γ,.σ,.and.ΔT*—and.observed.that.the.correlation.func-
tion.R2.value.for.the.σ.parameter.was.0.903,.the.highest.among.the.different.
parameters..The.R2.value.was.only.0.478.for.the.Trg.parameter.and.0.501.for.
the.γ.parameter..The.scatter.was.too.much.to.obtain.any.correlation.for.the.
other.parameters.

The.authors.[158].had.expressed.the.relationship.between.the.σ.parameter.
and.log.tmax.by.the.equation
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. log 7 19 8 69 1 141 max0 0 0 0t = − ±( ) + ±( ). . . . σ . (3.59)

Lu.et.al.. [115].were.quite. critical.of. the. suitability.of. the.σ.parameter. in.
explaining.the.GFA.of.alloys,.and.commented.that.it.was.useful.to.predict.
the.GFA.of.(1).only.binary.or.ternary.alloys.and.(2).that.the.effectiveness.of.
the.σ.parameter.was.assessed.based.on.very. limited.data..By.plotting. the.
data.and.calculating.the.correlation.factors.between.the.γ.parameter.and.σ.
parameter.with.tmax,.Lu.et.al..[115].claimed.that.the.R2.value.for.γ–tmax.was.
around.0.60,.while. it.was.only.0.21. for.σ–tmax.. It. is.difficult. to. resolve. this.
conflict.of.entirely.two.different.values.of.R2.for.the.same.set.of.data,.unless.
independent.and.impartial.calculations.of.the.R2.values.are.made.again.

In.defense.of.Park.et.al..[158],. it.should,.however,.be.mentioned.that. just.
like. they. extended. the. strain. calculation. from. a. binary. alloy. to. a. ternary.
alloy,.it.should.also.be.possible.to.extend.the.atomic.size.mismatch.calcula-
tion.to.higher.order.systems..But,.of.course,.a.major.assumption.in.this.case.
is.that.the.individual.solute.elements.do.not.interact.and.that.the.strain.con-
tributed.by.each.of.the.solute.elements.is.additive.in.nature.

A.serious.shortcoming.of.the.σ.parameter.that.was.pointed.out.by.Lu.et al..
[115].was.that.it.does.not.take.into.consideration.the.effect.of.melt.treatment.
on.the.GFA.of.the.alloy.systems..For.example,.in.Pd40Ni40P20,.the.tmax.value.
can. be. increased. from. 3.mm. without. the. flux. treatment. to. 10.mm. with. a.
flux.melting.treatment..While.the.Tg.and.Tl.values.remain.the.same.with.the.
flux.treatment,.the.Tx.value.increases.by.29.K.[22]..Consequently,.the.γ.value.
increases.from.0.415.to.0.432,.but.there.is.no.effect.of.this.increase.in.Tx.on.
the.σ.parameter..Similarly,.addition.of.small.amounts.(at.the.ppm.level).of.
appropriate.alloying.elements. to.Zr-based.alloys. is.known.to. increase. the.
Tx,.but.not.Tg.and.Tl.[159,160]..Here.again,.the.γ.value.is.higher.and.reflects.
the.increased.GFA;.but,.the.σ.parameter.will.be.ineffective.in.predicting.this.
increased.GFA.

3.12.6 Fang’s Criterion of bond Parameters

It.was.mentioned.earlier.that.the.magnitude.of.the.supercooled.liquid.region,.
ΔTx. (=. Tx.−.Tg). is. related. to. the. GFA. of. alloys. [79];. the. GFA. increases. with.
increasing.values.of.ΔTx..Exceptions.to.this.criterion.have.been.noted.in.some.
cases,. as. described. in. Section. 3.7.1.. Assuming. that. bond. parameters. such.
as.differences.in.electronegativity.and.atomic.sizes.of.constituent.elements.
should.also.affect.the.GFA.of.alloys,.Fang.et.al..[161].calculated.the.electro-
negativity.differences.(Δx).and.atomic.size.parameters.(δ).using.the.follow-
ing.equations:

.

∆x C x xi i

i

n

= ⋅ −
=
∑ ( )

1

2

.

(3.60)
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where
n.is.the.number.of.components.in.the.alloy
xi.is.the.Pauling.electronegativity.of.element.i,.obtained.from.the.literature
Ci.is.the.atomic.percentage.of.element.i.in.the.alloy
x
_
.is.the.arithmetical.mean.of.the.electronegativity.of.the.compound,.cal-
culated.from.the.relationship

.
x C xi i

i

n

= ⋅
=
∑

1 .
(3.61)

The.atomic.size.parameter,.δ.is.calculated.from.the.relationship

.
δ = ⋅ −





=
∑C

R
R

i
i

i

n

1
2

1 .

(3.62)

where
Ri.is.the.covalent.atomic.radius.of.element.i
R
_
.is.the.arithmetical.mean.of.the.covalent.atomic.radius.of.the.alloy,.cal-
culated.as

.
R C Ri i

i

n

= ⋅
=
∑

1 .
(3.63)

By.plotting.the.ΔTx.values.for.several.Mg-based.BMGs,.against.the.electro-
negativity.difference.(Δx).and.also.the.atomic.size.parameter.(δ),.the.authors.
noted.that.ΔTx.(and.consequently.the.GFA).increased.with.increasing.Δx.and.
δ.values.

Assuming.that.ΔTx.is.proportional.to.the.two.bond.parameters,.Δx.and.δ,.
Fang.et.al..[161].derived.an.equation.for.ΔTx.as

. ∆ ∆T a a x ax o 1 2= + ⋅ + ⋅δ, . (3.64)

where.a0.is.a.constant.that.represents.the.ΔTx.value.of.a.pure.metal.(Δx.=.0.and.
δ.=.0)..For.Mg-based.BMGs,.the.authors.found.that

. ∆ ∆T xx 13 52254 113 35386 264 37921= − + × + ×. . . .δ . (3.65)

The.negative.value.of.a0.suggests.that. it. is. impossible.to.produce.the.pure.
metal.Mg.in.a.glassy.condition..Since.the.ΔTx.value.of.BMGs.is.always.finite,.
the.authors.also.noted.that.it.is.possible.to.produce.BMGs.in.Mg-based.alloys,.
when
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. 8 38 19 55 1. . .× + × >∆x δ . (3.66)

These.authors.have.subsequently.extended.this.concept.to.Fe-based.BMGs.
[162].by.also.including.the.valence.electron.difference.(Δn).defined.as

.
∆n C n ni

i

n

i
1 3

1

1 3 1 3/ / /= − ( )





=
∑

.

(3.67)

For.the.transition.metals,.the.element.electron.concentration,.ni.was.used.as.
the.number.of.(s.+.d).electrons,.and.for.elements.with.a.p.electronic.structure,.
the.number.of.(s.+.p).electrons.was.taken..n

_
.represents.the.number.of.mean.

valence.electrons.among.different.atoms.and.is.given.by

.
n C ni

i

n

i=
=

∑
1 .

(3.68)

Using. these. parameters,. the. correlation. between. ΔTx. and. the. three. bond.
parameters.for.Fe-based.BMGs.was.found.to.be.[162]

. ∆ ∆ ∆T x nx
2 1 3 229 6 244 6 1 1 5 154= + × + × + ×. . . . ( )/2 00 0δ . (3.69)

Similar.equations.were.derived.for.Mg-based.and.Pd-based.BMGs.as

. ∆ ∆ ∆T x nx
2 2 1 3 212 8 13 2 711 8 44= + × + × + ×. . . . ( )/0 0 0δ . (3.70)

for.Mg-based.BMGs,.and

. ∆ ∆ ∆T x nx
2 2 1 3 229 93 25 4 9 67 9 128 4= − + × + × + ×. . . . ( )/0 0 0 δ . (3.71)

for.Pd-based.BMGs.
(Note. that. the. value. of. a0. was. mentioned. as. 12.08. for. Mg-based. BMGs.

in. Equation. 3.70. and. this. value. was. shown. in. Equation. 3.65. to. be. −13.52..
Probably,. this.was.an.error.and. the.value. in.Equation.3.70. should.also.be.
−12.08.).The.negative.sign.of.this.constant.was.interpreted.to.mean.that.it.was.
impossible.to.produce.the.pure.metal.Mg.in.a.glassy.condition..The.a0.value.
for.the.Fe-based.BMGs.was.estimated.as.29.6..This.does.not.mean,.however,.
that.it.is.possible.to.obtain.pure.Fe.in.the.glassy.state..The.physical.signifi-
cance.of.a0.and.its.sign.is.presently.not.clear.

The. differences. in. the. valence. electron. concentration. Δn1/3. for. Fe-based.
BMGs.were.noted.to.be.in.the.range.of.0.1547–0.2525..Substituting.this.range.
in.Equation.3.69.for.Fe-based.BMGs,.the.authors.showed.that.for.BMGs.to.be.
obtained.with.a.ΔTx.of.at.least.50.K,.one.needs.to.satisfy.the.criterion
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Similar.equations.were.also.derived.for.Mg-.and.Pd-based.BMGs,.which.are

.
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(3.73)

and,
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≥δ

for Pd-based BMGs.
.

(3.74)

Figure.3.18.shows.the.δ–Δx.parameter.plots.for.Fe-,.Mg-,.and.Pd-based.BMGs..
The.regions.outside. the.quarter.arc.ellipse.show.the.regions.where.BMGs.
with. a. ΔTx. value. of. at. least. 50.K. can. be. produced.. In. accordance. with. the.
available.experimental.results,.it.appears.from.Figure.3.18.that.it.is.the.easiest.
to.produce.BMGs.in.the.Pd-based.alloy.systems.

Lu. et. al.. [115],. however,. noted. that. there. were. no. clear. trends. between.
these.two.parameters.and.ΔTx. for.Zr-based.BMGs..It.will.be. interesting.to.
check. if.good. correlations. could. be. found. for.other.BMGs.. Further,. it. has.
been.shown.clearly.that.there.is.no.direct.and.clear.correlation.between.ΔTx.
and.the.GFA.of.alloys..Therefore,.it.is.not.clear.whether.a.new.criterion.based.
on.a.parameter.that.has.been.shown.to.be.ineffective.in.predicting.(or.at.least.
correlating).the.GFA.of.alloys.will.prove.useful.

0.00

0.10

0.20

0.30

0.40

0 0.1 0.2 0.3 0.4 0.5 0.6
Δx

δ

Mg-based BMGs
Fe-based BMGs
Pd-based BMGs

FIGURe 3.18
δ–Δx. parameter. plots. for. Fe-,. Mg-,. and. Pd-based. BMGs.. The. region. outside. the. quarter. arc.
ellipse.shows.the.BMG.formation.region.with.a.ΔTx.value.of.at.least.50.K..(Reprinted.from.Fang,.
S.S..et.al.,.Intermetallics,.12,.1069,.2004..With.permission.)
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As.mentioned.above,.Fang.et.al.. [161,162].established.a. linear.correlation.
between.GFA.(as.indicated.by.ΔTx).and.the.atomic.size.parameter,.δ,.electro-
negativity.difference,.Δx,.and.also.the.valence.electron.difference,.Δn..But,.
they.did.not.consider. the. relationship.between. these.parameters.and. tmax,.
the.most.popular.criterion.used.by.many.other.researchers..Therefore,.Liu.
et.al..[163].had.analyzed.the.available.results.in.BMGs.based.on.Ca,.Mg,.Zr,.
Ti,.Cu,.Au,.Pt,.Pd,.Fe,.Ni,.and.RE.(rare.earth).elements.in.terms.of.differences.
between.atomic.sizes,.electronegativity,.and.valence.electron.concentration..
These.authors.noted.a.poor.correlation.of.the.above.parameters.with.both.
ΔTx.and.tmax.in.the.BMGs.chosen.

Liu.et.al..[163].argued.that.too.small.a.difference.in.atomic.sizes.or.electro-
negativities.are.likely.to.produce.solid.solutions.and.too.large.a.difference.in.
these.parameters.is.likely.to.result.in.the.formation.of.compounds..Hence,.
it.was.suggested.that.these.parameters.should.be.optimized..Therefore,.to.
obtain.a.better.correlation,.they.have.combined.two.electronegativity.differ-
ence.parameters.(L.and.L′).and.three.atomic.size.ratio.parameters.(W,.W′,.and.λn),.
defined.as

.
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where.x.and.R.represent.the.electronegativity.and.atomic.radius,.respectively..
The.authors.suggested.that.the.GFA.of.the.alloy.will.be.limited.if.either.the.
atomic.size.and/or.the.electronegativity.are.unfavorable..But,.they.felt.that.
even. if. these. are. favorable,. additional. factors. may. need. to. be. considered..
Accordingly,.they.had.considered.the.valence.electron.difference,.Y.and.the.
reduced.melting.temperature,.Trm,.defined.as
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where
C.is.the.mole.fraction
Tm.is.the.melting.temperature
T
−

m.is.the.melting.temperature.calculated.from.the.simple.rule.of.mixtures

By.combining.Equations.3.75.through.3.81,.the.authors.obtained.an.equation.
of.the.type

. ln rm nf u A A L A L T A W A W A A Y( ) ( )= + + ′ + + ′ + +0 1 2 3 4 5 6λ . (3.83)

where
f(u).represents.the.as-calculated.value.(for.u.=.tmax,.Rc,.ΔTx,.Tg,.Tx,.or.Tl)
Ai.(i.=.1–6).represents.the.coefficients.for.L,.L′,.W,.W′,.λn,.and.Y,.respectively,.

which.can.be.calculated.from.the.data.available.in.the.literature

These.coefficients.are.different.for.different.GFA.indicators.such.as.tmax,.Rc,.
ΔTx,.etc..Analyzing.the.BMG.data,.these.authors.came.up.with.empirical.for-
mulae.for.different.parameters..For.example,.the.empirical.relationships.for.
the.tmax.and.Rc.are

. ln 1 5 27 84 36 43 1995 35 475 55 25 15max m nt L L T W W= − + − ′ + − + ′. . . ( . . . )0 – λ ++ 11 1. 0Y .

. (3.84)

.ln 1 81 136 15 177 69 3337 61 288 21 48 64c rm nR L L T W W= − + ′ + − + ′ −0. . . ( . . . λ )) .− 17 38Y .
(3.85)

Using. this. approach. the. authors. reported. that. the. correlation. coefficient.
between. the. calculated. and. experimental. tmax. values. was. as. high. as. 0.85,.
suggesting.a.strong.correlation.
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3.13	 Physical	Properties

While.discussing.the.kinetics.of.glass.formation,.it.was.emphasized.that.the.
viscosity.of. the. liquid.plays.an. important. role. in.determining. the.GFA.of.
alloys..While.it.is.relatively.easy.to.determine.the.viscosity.of.the.BMGs.near.
the.glass.transition.temperature,.Tg,.it.is.much.more.difficult.to.obtain.such.
data.near.the.melting.point,.where.the.critical.cooling.rate.required.to.form.
the.glass. is. likely. to.be.determined..Cohen.and.Grest. [164]. showed. that.a.
correlation.exists.between.the.free.volume.and.viscosity..Therefore,.the.mea-
surement.of.either.the.free.volume.or.the.viscosity.of.the.alloy.in.both.the.
crystalline.and.glassy.states.should.enable.one. to.establish. the.criteria. for.
glass.formation.

3.13.1 Minimum Molar Volume

Varley.[165].has.calculated.the.misfit.energy.in.a.liquid.and.noted.that.the.
atomic.volumes.and.isothermal.compressibilities.of.the.constituent.elements.
are. important.. Using. this. approach,. Ramachandrarao. [166],. estimated. the.
critical.composition.in.a.binary.alloy.system.at.which.the.decrease.in.mean.
atomic.volume.is.the.highest.(at.which.it.is.also.expected.to.have.the.highest.
viscosity).as

.
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+

1

1
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χ .

(3.86)

where
XB.represents.the.critical.solute.concentration
VA.and.VB.are.the.atomic.volumes.of.elements.A.(solvent).and.B.(solute),.

respectively
χA. and. χB. are. the. isothermal. compressibilities. of. pure. A. and. pure. B,.

respectively,.in.their.liquid.states

Based. on. an. analysis. of. over. 35. binary. metal-metal. systems,. which. were.
shown.to.be.glass.formers.by.RSP.and.vapor.deposition.methods,.he.showed.
that.the.composition,.at.which.the.binary.liquid.alloy.volume.was.minimum,.
was. always. within. the. experimentally. determined. glass. formation. range..
In.other.words,. if.one.can.calculate. the. solute. content.at.which. the.molar.
volume.was.the.minimum,.then.the.glass-forming.composition.range.will.
be.centered.on.that.value..The.author.has.also.shown.that.the.glass-forming.
composition. range. was. asymmetrical. with. respect. to. the. minimum. value.
calculated.(XB)..This.seems.to.be.particularly.true.when.the.solvent.atom.has.an.
unusually. large.atomic.volume,. typical.examples.shown.being.Ca.and.Te..
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This. asymmetry. in. the. glass-forming. composition. range. was. explained.
on. the. basis. of. the. atomic. volumes. and. compressibilities. of. the. elements..
Elements.having.comparable.V.×.χ.or.χ.values.were.shown.to.form.glasses.
near. equiatomic. composition,. whereas. alloys. consisting. of. elements. with.
widely.different.values.of. these.parameters. formed.glasses.at. the.solvent-
rich.compositions.

A. similar. idea. was. also. developed. by. Yavari. [167]. who. calculated. the.
change.in.volume,.ΔVs,.from.the.known.densities.of.glassy,.liquid,.and.crys-
talline. states.. He. showed. that. glass. formation. by. rapid. solidification. was.
easy. if. the.volume.change. is.either.zero.or.negative.and.that. it. is.difficult.
if.the.volume.change.is.between.2%.and.6%.of.the.volume.per.atom.in.the.
crystalline.state..Cahn.[57].has.pointed.out.that.both.the.above.approaches.
will.be.equivalent.when.the.alloy.having.the.minimum.molar.volume.in.the.
liquid.state.also.has.the.lowest.value.of.the.volume.change,.ΔVs.

3.13.2 Viscosity

By.measuring.the.specific.volume.and.viscosity.of. four.different.BMGs.of.
widely. differing. GFAs. (the. critical. cooling. rates. were. very. different. and.
varied. from.2. to.250.K.s−1). at.different. temperatures,.Mukherjee.et.al.. [45].
observed.that.the.viscosity.of.the.best.glass-forming.alloy.was.an.order.of.
magnitude.larger.compared.to.the.worst.glass-former,.at.their.respective.liq-
uidus.temperatures..Further,.the.best.glass-forming.alloy.showed.the.small-
est.volume.change.upon.crystallization.and.the.worst.glass-former.showed.
the.largest.change..Therefore,.it.could.be.concluded.that.a.high.viscosity.and.
correspondingly.small.free.volume.in.the.liquid.at.the.melting.temperature.
contribute.significantly.to.improve.the.GFA.of.alloys.

The.variation.of.viscosity,.η,.with.temperature,.T.can.be.expressed.by.the.
VFT.equation

.
η ηT

D T
T T

( ) =
−





0

0

0
exp

*

.
(3.27)

where
T0.is.referred.to.as.the.VFT.temperature
D*.is.called.the.“fragility.parameter”
η0.is.the.high.temperature.limit.of.viscosity

The.fragility.parameter.provides.an.index.of.the.stability.of.the.glass;.the.
higher.the.value.of.D*,.the.higher.is.the.stability.of.the.glass..Melts.having.
a. large.D*.value.are.referred.to.as.“strong”. liquids..Mukherjee.et.al.. [45].
reported.that.the.fragility.parameter.is.also.a.direct.measure.of.the.GFA..
This.was.found.to.be.true.in.BMGs.with.all.metallic.elements.[168,169],.but.
not. in. BMGs. containing. metalloid. elements. [170].. For. example,. the. BMG.
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with.the.composition.Pd43Ni10Cu27P20,.despite.having.the.best.GFA.reported.
so. far. with. Rc.<.0.1.K. s−1,. is. relatively. fragile. compared. with. other. BMGs.
that. contain. all. metallic. elements.. This. difference. in. behavior. between.
these.two.types.of.glasses.was.attributed.to.the.difference.in.their.liquid.
structures.

3.13.3 The New δ Parameter

Arguing.that.the.specific.volume.of.a.metallic.liquid.cannot.be.smaller.than.
that.of.the.corresponding.crystal,.if.a.metal.contracts.on.melting,.Louzguine-
Luzgin.and.Inoue.[171].suggested.that.the.intersection.point.of.specific.vol-
ume. vs.. temperature. plots. for. the. supercooled. liquid. and. the. solid. could.
be. treated.as.an. ideal.glass. transition. temperature..Therefore,. the.authors.
proposed.a.new.criterion.for.the.ease.of.glass.formation.as

.
GFA l l

m

l s
= × × −
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α V
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∆ .

(3.87)

where
αl.is.the.coefficient.of.thermal.expansion.of.the.liquid
Vl.is.the.slope.of.the.variation.of.liquid.volume.with.temperature
Tm.is.the.melting.temperature
ΔVl–s.is.the.volume.change.from.the.liquid–solid.transformation

However,. since. the. variation. of. density. with. temperature. is. very. close. to.
linearity.(and.the.specific.volume.shows.some.deviation.from.linearity),.the.
authors.rewrote.their.criterion.as
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(3.88)

where.ρl.represents.the.slope.of.the.resistivity.of.the.liquid.vs..temperature.
plot,.i.e.,.dρl/dT,.and.Δρs–l.represents.the.change.in.density.during.the.solid–
liquid.transition..(Note.that.this.parameter.is.redesignated.as.new.δ,.since.
Chen.et.al.. [120,121].had.earlier.proposed.a.δ. criterion. to.explain. the.GFA.
of.alloys.).A. large.value.of.new.δ. is. an. indication.of.a.high.Tg. and.conse-
quently. increased.GFA..As.the.authors.point.out,. the.new.δ.criterion.indi-
cates.how.fast.the.liquid.can.reach.the.glass.transition.temperature,.but.it.
does.not.provide.information.on.the.stability.of.the.resulting.glass.against.
crystallization.

The.above.criterion.was.based.on.data.for.pure.metals..But,.a.similar.trend.
is.expected.to.be.followed.by.alloys..Therefore,.for.an.alloy.to.have.a.large.
GFA,.it.is.necessary.that.it.should.have.a.large.new.δ.value.
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3.14	 Computational	Approaches

As.has.been.highlighted.earlier,.many.of. the.above.approaches. to.predict.
the.GFA.of.alloys.require.a.knowledge.of.the.transformation.temperatures,.
e.g.,.Tg,.Tx,.Tl,.etc..of.alloys..That.means,.one.has.to.first.produce.the.glassy.
alloy,.determine.its.transformation.temperatures,.and.then.only.one.can.say.
whether. the. glass. produced. has. a. high. GFA. or. not.. In. this. respect,. these.
methods.are. similar. to.determining. the.Rc,. tmax,. etc.,. to.predict.GFA..This.
is.a.round.about.process.and.it.would.be.much.more.beneficial. if.one.can.
predict.the.GFA.of.an.alloy.without.actually.doing.an.experiment.to.produce.
the.glass..It.is.in.this.context.that.some.thermodynamic.and.computational.
approaches.have.been.developed.in.recent.years.

Chang.and.colleagues.[111,172].have.used.the.concept.that.deep.eutectics,.
or.for.that.matter,.compositions.around.eutectic.points,.are.good.glass.form-
ers.and.employed.a.thermodynamic.approach.to.identify.alloy.compositions.
that.correspond.to.eutectic.compositions.in.multicomponent.alloy.systems..
Since. a. strong. liquid. favors. BMG. formation,. and. since. a. strong. liquid. is.
more.exothermic.in.the.excess.Gibbs.free.energy.than.its.competing.crystal-
line.solid.phases,.which.decreases.the.driving.force.for.crystallization,.the.
authors. calculated. the. excess. Gibbs. free. energy. for. the. competing. phases.
using.a.regular.solution.model..That.is,

.
G x xl xs l l 11, = −( )ε

.
(3.89)

and

. G x xα α α αε, ( )xs 1= − . (3.90)

where
G.represents.the.Gibbs.free.energy
the.symbols.l.and.α.refer.to.the.liquid.and.solid.phases,.respectively
x.is.the.mole.fraction
ε.is.the.regular.solution.parameter

By.varying. the.values.of.εl. and.εα,.different. topologies.of.phase.diagrams.
can.be.obtained..For.example,.when.εl.has.a.large.negative.value.and.εα.has.
a.large.positive.value,.the.phase.diagram.will.exhibit.a.deep.eutectic..Under.
these. circumstances,. the. excess. Gibbs. energy. of. the. liquid. phase. is. more.
exothermic.than.the.solid.phase..That.is.why.a.eutectic.liquid.is.energetically.
more.stable.and.consequently.a.good.glass.former..Thus,.if.phase.diagrams.
of. multicomponent. alloy. systems. are. known. as. functions. of. temperature.
and.composition,.potential.alloy.compositions.corresponding.to.low-lying-
liquidus.surfaces,.which.favor.BMG.formation.can.be.identified.
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The. thermodynamic. properties. of. multicomponent. alloy. systems. are.
obtained.by.building.up.on.the.thermodynamic.information.from.the.lower-
order.to.higher-order.alloy.systems..The.thermodynamic.parameters.of.the.
phases.in.a.binary.alloy.system.are.obtained.based.on.thermodynamic.and.
phase. diagram. data. determined. experimentally.. Using. thermodynamic.
descriptions. of. the. three. binaries. and. any. ternary. experimental. informa-
tion,.the.thermodynamic.description.of.the.ternary.system.can.be.made..An.
extrapolation.method.can.then.be.used.to.obtain.a.thermodynamic.descrip-
tion.of.the.quaternary.or.higher.order.systems,.without.the.need.for.further.
experimental.data..This.method.is.acceptable.as.long.as.new.phases.do.not.
form.in.the.higher.order.systems..A.good.correspondence.was.found.between.
the. thermodynamically. predicted. [111]. and. experimentally. observed. [17].
composition.ranges.for.glass.formation.in.the.Zr–Ti–Cu–Ni.system.

Since.it.is.difficult.to.visualize.multicomponent.phase.diagrams,.Ma.et.al..
[172]. proposed. the. Scheil. solidification. simulation. method. to. identify. the.
invariant. eutectic. reaction. associated. with. BMG. formation.. In. the. Scheil.
method,.the.solidification.path.of.an.alloy.is.calculated.by.plotting.the.solidi-
fication.temperature.as.a.function.of.the.volume.fraction.of.the.solid.phase.

The.above.approach.has.some.merits..Since.eutectics.are.determined.only.
on.the.basis.of.the.thermodynamic.equilibrium.(and.kinetics.do.not.play.any.
role),.the.eutectic.compositions.can.be.predicted.using.thermodynamic.data..
However,.there.is.a.snag.associated.with.this.approach..Since.phase.equilib-
rium.is.associated.with.the.differences.in.the.Gibbs.free.energy.values,.it.is.
important.to.obtain.very.accurate.values,.often.in.the.order.of.100.J.mol−1..But,.
the.thermodynamic.quantities.either.measured.experimentally.or.calculated.
from.first.principles.approach.using.quantum.mechanics.are.not.accurate.
enough.to.calculate.the.correct.phase.diagrams.in.most.cases.

Kim.et.al..[173].used.another.thermodynamic.approach.to.identify.glass-
forming.compositions.in.multicomponent.alloy.systems..Since.glass.forma-
tion.involves.the.suppression.of.the.nucleation.and.growth.of.a.crystalline.
phase.from.the.supercooled.liquid,.these.authors.had.calculated.the.driving.
force.for.the.formation.of.a.crystalline.phase.from.the.liquid.state..That.alloy.
composition.at.which.the.driving.force.was.minimum,.was.selected.as.the.
best.glass-forming.composition..The.thermodynamic.calculations.were.per-
formed.using.the.CALPHAD.method.[174]..Choosing.the.Cu–Ti–Zr.system.
as.a.typical.example,. the.authors.calculated.the.driving.forces.of.the.indi-
vidual.crystalline.phases.as.a.function.of.Ti.content.in.the.temperature.range.
of.600°C–800°C,.where.the.alloys.exist.in.the.supercooled.liquid.state..Two.
local.minima.were. located. for. the.driving. forces.of. the.crystalline.phases.
in.the.Cu55Zr45-xTix.system—one.at.Zr-rich.region.(x.=.7–10).and.the.other.at.
the.Ti-rich. region. (x.=.28–29)—and. these. should.correspond. to.alloys.with.
high.GFA.. Indeed,. such.compositions.were. shown. to.be.good.glass. form-
ers—Cu60Zr30Ti10.by.Inoue.et.al..[96].and.Cu55Ti35Zr10.by.Lin.and.Johnson.[17].

The. authors. point. out. that. it. is. possible. that. the. low-lying-liquidus. sur-
faces.method.[111].also.gives.a.similar.result..But,.this.is.possible.only.when.
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the.degree.of.undercooling.is.small,.i.e.,.near.eutectic.compositions..But,.in.
deeply. undercooled. liquid. melts,. the. composition. dependence. of. driving.
forces.for.crystalline.phases.is.different.from.that.of.the.liquidus.tempera-
ture..Therefore,.the.authors.feel.that.this.method.of.predicting.the.best.glass.
former.on.the.basis.of.driving.force.is.a.more.general.criterion.

3.15	 Miscellaneous	Criteria

3.15.1 enthalpy of Vacancy Formation

Buschow.and.Beekmans.[175].had.studied.the.crystallization.behavior.of.a.
number.of.binary.metal-metal.glasses.produced.by.RSP.methods.using.DSC.
and.electrical.resistivity.methods..They.noted.that.there.was.a.linear.rela-
tionship. between. the. experimentally. determined. crystallization. tempera-
ture.and.the.energy.for. the.formation.of.a.vacancy,.ΔHv..Therefore,. it.was.
suggested.that.the.crystallization.temperatures.of.glasses.could.be.estimated.
even.in.those.alloys.that.have.not.been.investigated.

Recently.also,.it.has.been.shown.that.the.Tx.of.BMG.alloys.based.on.Ca,.Mg,.
Zr,.and.Cu.varies.linearly.with.ΔHv.[176]..Further,.the.Gibbs.free.energy.will.
be.an.indicator.of. the.melting.point.Tl.of. the.alloys..Combining.these.two.
effects,.the.authors.[176].proposed.that.the.GFA.of.BMG.alloys.can.be.esti-
mated.from.the.values.of.ΔHvΔHmixSconfig,.where.ΔHmix.is.the.enthalpy.of.mix-
ing.and.Sconfig.is.the.configurational.entropy..It.was.suggested.that.the.best.
glass-forming.composition,.i.e.,.the.composition.that.shows.the.highest.GFA,.
has.the.lowest.value.of.ΔHvΔHmixSconfig..This.has.been.confirmed.by.plotting.
the.values.of.ΔHvΔHmixSconfig.in.the.ternary.phase.diagram.and.noting.that.
the.compositions.having.the.lowest.ΔHvΔHmixSconfig.values.coincide.with.the.
best.glass-forming.composition.range..It.was,.however,.noted.that.the.best.
GFA.compositions.could.be.predicted.by.computing.the.ΔHvΔHmixSconfig.val-
ues.in.the.45–65.at.%.range.of.the.main.constituent.element.

Some.attempts.have.also.been.made. to. theoretically.predict. the.GFA.of.
BMG.alloys.through.a.combination.of.the.electronic.theory.of.alloys.in.the.
pseudo-potential.approximation.and.the.statistical. thermodynamic. theory.
of.liquid.alloys..Suer.et.al..[177].calculated.the.magnitude.of.ordering.ener-
gies,.based.on.the.electronic.theory.of.alloys,.and.used.this.to.calculate.the.
key.thermodynamic.parameters.such.as.enthalpy,.entropy,.and.Gibbs. free.
energy.of.mixing,.viscosity,.and.critical.cooling.rate.for.glass.formation.in.
binary.Ti–Cu.and.ternary.Ti–Cu–X.alloys..The.alloying.elements. (X).were.
grouped. into. two. categories. based. on. their. ability. to. improve. the. GFA..
Relative.to.the.binary.alloy,.the.first.group.of.elements.caused.an.increase.in.
the.negative.heat.of.mixing,.ΔHmix,.and.the.second.group.caused.a.decrease.
in.the.critical.cooling.rate,.Rc..While.a.decrease.in.the.value.of.Rc.in.improv-
ing.the.GFA.is.obvious,.it.was.suggested.that.a.large.negative.heat.of.mixing.
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will.lead.to.a.rapid.increase.in.viscosity.on.undercooling.due.to.a.decrease.in.
the.atomic.diffusivity,.caused.by.the.addition.of.alloying.elements..Further,.
even. though.both. the.aspects.mentioned.above.seem.to.be. important,. the.
increase.in.the.negative.heat.of.mixing.appears.to.be.less.significant.in.deter-
mining.the.GFA.of.alloys.

3.15.2 local Ordering

Bian.et.al..[178].have.also.noted.that.there.existed.a.close.relationship.between.
the.degree.of.local.ordering.and.the.GFA.of.Cu–Hf.alloys..By.determining.
the.local.atomic.ordering.in.a.range.of.Cu–Hf.alloys,.they.concluded.that.the.
Cu70Hf30.alloy.had.the.greatest.degree.of.local.atomic.ordering.among.all.the.
samples.studied..By.measuring.the.glass.transformation.temperatures.using.
a.DSC,.it.was.shown.that.Hf.additions.decrease.the.GFA.of.the.alloys.and.
that.Cu70Hf30.has.the.highest.GFA..It.was.suggested.that.a.strong.tendency.
to.show.chemical.short-range.order.(SRO).(or.icosahedral.SRO).improves.the.
GFA.of.the.corresponding.alloy..This.is.because.the.local.ordered.structures.
act.as.random.fields.against.crystallization.when.the.primary.crystallization.
mechanism.for.the.undercooled.melts.results.in.the.formation.of.intermetal-
lic.crystals.

3.15.3 Fragility Parameter

In. the. classification. of. Angell. [126],. liquids. are. classified. as. “strong”. or.
‘fragile.”.It.has.been.perceived.that.good.glass-forming.alloys.are.strong.liq-
uids.with.a.high.viscosity,.while.the.fragile.liquids.are.only.marginal.glass.
formers.[179,180]..It.has.also.been.suggested.that.GFA.can.be.a.complex.func-
tion. of. fragility. and. the. reduced. glass. transition. temperature,. Trg. [181]. or.
fragility. and. the. onset. driving. force. for. crystallization. [182].. The. fragility.
provides.a.measure.of.the.sensitivity.of.the.structure.of.a.liquid.to.tempera-
ture. changes,. and. a. convenient. method. to. measure. the. fragility. of. glass-
forming.liquids.is.through.the.fragility.index,.m,.defined.as.[183]

.
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where
τ(T).is.the.temperature-dependent.relaxation.time
Tg.is.the.glass.transition.temperature

Liquids. with. m. ≈. mmin. show. the. Arrhenius. behavior. (strong. liquids),. and.
larger.departure.of.m.from.mmin.indicates.higher.fragility..Senkov.[184].had.
analyzed.the.relaxation.times.of.the.glass-forming.liquids.at.near.liquidus.
temperatures.and. identified.a.correlation.between. the.critical. cooling.rate.
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for.glass.formation,.Rc,.fragility.index.of.the.glass-forming.liquid,.m,.and.the.
reduced.glass.transition.temperature,.Trg..A.GFA.parameter,.F1,.defined.as
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was.proposed.to.explain.the.GFA.of.alloys..The.value.of.F1.varies.with.Trg,.Rc,.
and.m..For.example,.it.increases.with.a.decrease.in.Rc,.with.an.increase.in.Trg,.
and.a.decrease.in.m..Its.value.varies.from.~0.for.fragile.liquids.to.2Trg/(1.+.Trg).in.
the.case.of.extremely.strong.liquids..By.plotting.F1.as.a.function.of.Rc,.the.author.
has.identified.an.exponential.relationship.between.these.two,.expressed.as

. R R AFc co 1exp= −( ) . (3.93)

where
Rco.≈.2.7.×.1011.K.s−1

A.=.48.7

For.an.extremely.fragile.liquid.(F1.=.0),.Rc.≈.2.7.×.1011.K.s−1.and.this.value.is.in.
good.agreement.with.the.critical.cooling.rates.required.to.produce.pure.met-
als.in.the.glassy.state..On.the.other.hand,.for.extremely.strong.liquids,.when.
Trg.≈.2/3.and.F1.≈.0.8,.the.calculated.Rc.≈.2.3.×.10−6.K.s−1,.which.is.comparable.to.
the.cooling.rate.required.to.produce.glassy.SiO2..The.validity.of.this.parame-
ter.was.verified.in.a.number.of.BMG.alloys..Using.a.similar.approach,.Zheng.
et.al.. [185].analyzed.the.relaxation.times,.based.on.the.VFT.equation,. in.a.
series.of.Mg–Cu(Ag)–Gd.alloys.and.reported.the.formation.of.BMGs.with.
the.critical.diameter.(tmax).in.the.range.of.20–27.mm.

Louzguine-Luzgin. et. al.. [186]. have. considered. the. different. factors. that.
affect.the.GFA.of.alloys.and.classified.them.into.intrinsic.and.extrinsic.fac-
tors..The.intrinsic.factors.(belonging.to.the.glass.itself).assume.that.homo-
geneous.nucleation.competes.with.glass.formation.and.include.a.number.of.
fundamental.and.derived.thermal.parameters.(Tg,.Tx,.Tl,.Trg);.physical.prop-
erties.such.as.heat.capacity,. thermal.diffusivity,.and.coefficient.of. thermal.
expansion,. compositional. proximity. to. a. deep. eutectic. composition,. and.
a. topological. contribution. from. efficient. atomic. packing. in. the. structure..
The.extrinsic.factors.(depending.on.external.conditions).are.usually.opera-
tive.when.heterogeneous.nucleation.intervenes.during.solidification..These.
include.inclusions.or.dissolved.impurities.in.the.melt,.poor.mold.surface.fin-
ish.or.cleanliness,.turbulence.during.solidification,.and.the.degree.of.liquid.
metal.superheat..Based.on.their.analysis,.they.concluded.that.even.though.an.
alloy.has.a.high.intrinsic.GFA,.extrinsic.factors.could.severely.limit.the.GFA..
Thus,.it.becomes.very.important.to.monitor.both.the.intrinsic.and.extrinsic.
factors.in.evaluating.the.GFA.of.alloys.
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3.16	 	Criteria	for	Glass	Formation	by	
Non-Solidification	Methods

As. mentioned. earlier,. glasses. (or,. to. be. more. generic,. amorphous. or. non-
crystalline.alloys).can.be.produced.by.non-solidification.methods.also..These.
include. among. others. mechanical. alloying,. irradiation,. electrodeposition,.
interdiffusion.of.multilayers.of.thin.films,.application.of.pressure,.and.hydro-
gen.absorption.(see,.for.example,.Refs..[187,188])..Among.all.these.methods,.
mechanical.alloying.(MA).has.been.the.most.popular.method.to.synthesize.
amorphous.alloys.in.binary,.ternary,.and.higher-order.systems..References.
[189,190].may.be.consulted.by.the.interested.reader.for.a.list.of.the.composi-
tions.that.have.been.produced.in.the.amorphous.condition,.including.those.
of.BMG.compositions.

In.general,.there.have.not.been.many.systematic.investigations.to.identify.the.
factors.that.contribute.to.amorphous.phase.formation.by.MA..This.is.because.
MA.is.a.complex.process.and.involves.a.number.of.process.parameters.that.
include.alloy.composition,.powder.particle.size,.type.of.mill,.type.of.milling.
medium,.ball-to-powder.weight.ratio,.milling.time,.milling.temperature,.mill-
ing.atmosphere,.nature.and.amount.of.process.control.agent,.among.others..
Therefore,.there.have.been.only.a.few.parametric.studies.conducted.to.relate.
the.GFA.to.the.ball-to-powder.weight.ratio,.power.absorption,.impact.energy,.
and.total.energy..Some.modeling.efforts.have.also.been.carried.out,.but.with.
only.a.limited.success.[191]..Further,.a.number.of.studies.have.also.attempted.
to.reproduce.the.formation.of.amorphous.phases.by.MA.in.alloy.compositions.
that.have.already.been.proven.to.form.glasses.by.solidification.methods.

The.mechanism.by.which.amorphous.phase.formation.occurs.by.MA.has.
not.been.unambiguously.determined..The.earliest.mechanism.that.was.pro-
posed.was. that.due. to.a. substantial. local. rise. in. temperature,. the.powder.
particles.could.melt.locally..The.large.volume.of.cold.powder.surrounding.
the.molten.particles.will.cause.rapid.solidification.of.the.melt.and.result.in.
the.formation.of.an.amorphous.phase..If.this.were.to.be.the.case,.the.compo-
sition.range.in.which.an.amorphous.phase.is.produced.should.be.the.same.
in.both.RSP.and.MA.processes..But,.experimentally. it.has.been.shown. in.
a.number.of.cases.that.the.composition.range.in.which.amorphous.phases.
form.by. MA.and.RSP.methods.are. not.necessarily. the. same;. in. fact,. they.
are.quite.different..Further,.the.composition.range.in.which.an.amorphous.
phase.formed.was.much.wider.by.MA.than.by.RSP.methods..Therefore,.this.
mechanism.has.been.discarded..Further,. it.was.also.noted.that. the.rise. in.
temperature.was.not.high.enough.to.cause.the.melting.temperature.of.the.
constituent.elements. in.majority.of. the.cases..The.estimated.global. rise. in.
temperature.was.only.about.100–200.K.

Phenomenologically,.it.has.been.shown.that.an.amorphous.phase.is.formed.
by.MA.methods.when.the.milled.material.reaches.very.small.grain.sizes.of.
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a.few.nanometers..This.minimum.value.below.which.it.becomes.amorphous.
has.been.mentioned.to.be.in.the.range.of.5–20.nm.[189,190,192,193].

Another.mechanism.that.has.been.currently.accepted.by.most.investiga-
tors.is.that.due.to.heavy.deformation.experienced.by.the.powder.particles,.
a.large.number.of.different.crystal.defects.and.lattice.strain.are.introduced.
into.the.system..These.defects.raise.the.free.energy.of.the.crystalline.system.
to.a.level.above.that.of.the.hypothetical.amorphous.phase..Consequently,.the.
crystalline.lattice.becomes.destabilized.and.the.amorphous.phase.becomes.
stabilized..This.situation.can.be.expressed.in.terms.of.a.simple.equation:

. ∆ ∆ ∆G G Gc d a+ > . (3.94)

where
ΔGc.is.the.free.energy.of.the.crystalline.lattice
ΔGd.is.the.increase.in.free.energy.due.to.incorporation.of.crystal.defects
ΔGa.is.the.free.energy.of.the.amorphous.phase

The. increase. in. free. energy. is. mainly. achieved. through. generation. and.
increase. in. the. concentration. of. vacancies,. dislocations,. grain. boundaries,.
and.lattice.strain.introduced.due.to.the.incorporation.of.atoms.of.different.
sizes. into. the.host. lattice..Since. the.defects. can.be.annealed. out.at.higher.
temperatures,. amorphous. phase. formation. is. favored. at. relatively. lower.
temperatures.

A.number.of.modeling.studies.have.also.been.undertaken.in.recent.times.
to. understand. the. kinetics. of. amorphization. achieved. by. MA. methods.
[191,194].

Some.important.differences.have.also.been.noted.in.the.amorphous.phase.
formation.by.RSP.and.MA.methods..These.differences.include.the.compo-
sition.ranges.in.a.given.alloy.system.(as.mentioned.above).and.the.type.of.
alloy. systems.. For. example,. alloy. systems. with. deep. eutectics. have. been.
noted.to.be.good.glass.formers.by.RSP.methods..But,.such.is.not.the.case.by.
MA.methods..This.has.been.attributed.to.the.fact.that.MA.is.carried.out.at.
or.near.room.temperature.and.therefore.the.nature.of.the.phase.diagrams.is.
not.expected.to.be.an.important.consideration..We.will,.however,.see.later.
that.this.is.not.necessarily.true..Further,.the.composition.range.over.which.
an.amorphous.phase.is.formed.is.wider.in.alloys.processed.by.MA.in.com-
parison.to.those.processed.by.RSP.methods.

Coming.to.the.specific.case.of.BMGs,. it.has.been.noted.that.while.some.
compositions. can. be. produced. in. the. amorphous. state. both. by. MA. and.
solidification. methods,. there. have. been. reports. where. compositions. that.
were.made.glassy.by.solidification.methods.could.not.be.made.amorphous.
by.MA.methods..For.example,.Fe72Al5Ga2C6B4P11.is.a.well-known.soft.mag-
netic.alloy.[195]..Attempts.were.made.to.produce.this.alloy.composition.in.
the.amorphous.state..While.Schlorke.et.al.. [196]. reported. the. formation.of.
an.amorphous.phase.by.milling.in.a.Retsch.PM4000.planetary.ball.mill.at.
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250.rpm.speed.and.a.ball-to-powder.weight.ratio.of.15:1,.Chueva.et.al..[197].
reported. that. it.was.difficult. to.produce. this.alloy. in. the.amorphous.state.
from. blended. elemental. powders. due. to. the. widely. different. mechanical.
properties. of. the. constituent. elements.. Instead. they. were. able. to. produce.
an.amorphous.phase.in.this.composition.either.by.the.mechanical.milling.
(MM).of.a.pre-alloyed.ingot.of.this.composition.or.by.the.MA.of.a.mixture.
of. two. pre-alloyed. compounds. of. Fe66Al10Ga4P20. and. Fe78C12B8Si2. composi-
tions..Reasonably.significant.differences.were.noticed.in.the.structural.and.
thermal.behavior.of.these.MA/MM.alloys.and.the.rapidly.solidified.ribbon.
samples..The.amorphous.phase.formed.by.rapid.solidification.was.found.to.
be.more.homogeneous.as.indicated.by.the.narrow.width.of.the.halo.present.
in.the.XRD.patterns..The.Tg.and.Tx.temperatures.of.the.glasses.produced.by.
solidification.and.non-solidification.methods.were.also.found.to.be.different.

Since.thermodynamics.plays.an.important.role.in.determining.the.phase.
stabilities. of. alloy. systems,. the. enthalpies. of. the. competing. phases. (solid.
solutions.and.amorphous.phases).have.been.calculated.using.the.Miedema.
method.[132,133]..By.plotting.the.enthalpies.as.a.function.of.composition.and.
by.determining.the.composition.range.in.which.the.amorphous.phase.has.
a.lower.enthalpy.than.the.(crystalline).solid.solution.phase,.it.was.possible.
to. determine. the. composition. range. in. which. an. amorphous. phase. could.
be. produced.. Even. though. exact. correspondence. has. not. been. obtained.
between.the.theoretical.predictions.and.experimental.observations,.reason-
able.success.has.been.achieved.in.identifying.alloy.compositions.that.could.
be.amorphized..An.expression,.developed.to.calculate.the.free.energy.(ΔG).
of.an.undercooled.liquid.[198],.which.combines.the.thermodynamic.factors.
(chemical. enthalpy.and.mismatch. entropy).and. topological. factors. (elastic.
enthalpy.that.takes.into.consideration.the.atomic.sizes.of.the.constituent.ele-
ments).was.found.to.relate.well.with.the.Trg.parameter.of.a.number.of.glasses.
[138].. It. was,. however,. noted. that. the. topological. parameters. are. perhaps.
more.important.in.determining.the.GFA.of.alloys.even.by.MA.methods.

Lattice.strain.is.generated.by.the.introduction.of.solute.atoms.of.different.
sizes. into. the. solvent. lattice. and. when. this. lattice. strain. reaches. a. critical.
value,. it. has. been. shown. that. the. crystalline. lattice. becomes. destabilized..
This.model.of.Egami.[73,107,144].can.be.successfully.applied.to.explain.the.
formation. of. amorphous. phases. by. solid-state. processing. methods. also..
It.was.recently.shown.[199]. that. the.minimum.lattice.strain.concept.could.
be.used.to.explain.the.formation.of.amorphous.phases.in.Fe–Ni–Zr–Nb–B.
alloys.by.MA.

Another.empirical. relationship. that.was.noted. in.evaluating. the.GFA.of.
alloys.was.the.type.of.phase.diagrams.under.equilibrium.conditions..It.was.
reported.[200].that.amorphization.in.an.alloy.system.was.not.possible.when.
the.equilibrium.phase.diagram.shows.the.presence.of.a.solid.solution.phase.
over.a.wide.composition.range..On.the.other.hand,.amorphous.phase.for-
mation. was. possible. when. the. phase. diagram. contained. a. large. number.
of. intermetallics.. In. fact,. it. was. reported. that. it. was. easier. to. produce. the.
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amorphous.phase.when. the.number.of. intermetallics.was. large..This.was.
explained.on. the.basis. that. the.disordering.of. intermetallics. contributes.a.
significant.amount.of.energy.increase.to.the.system.and.this.raises.the.free.
energy.of.the.crystalline.phases.(Equation.3.94).to.a.level.higher.than.that.of.
the.amorphous.phase..This. increased. free.energy.of. the. crystalline.phase.
destabilizes.it.and.consequently,.the.amorphous.phase.gets.stabilized.

3.17	 Concluding	Remarks

We.have.provided.brief.descriptions.of.the.different.models.available.to.pre-
dict.the.GFA.of.liquid.alloys..We.had.first.described.the.models.that.were.
well. accepted. and. successful. in. describing. the. GFA. of. melt-spun. metallic.
glasses.followed.by.the.new.ones.developed.to.explain.the.GFA.of.BMGs..
These.models.were.grouped.under. three.major. categories:. transformation.
temperatures,.structural.and.topological.models,.and.those.based.on.physi-
cal. properties.. Thermodynamic. and. computational. approaches. have. also.
been.adopted..Looking.at.the.analysis.of.the.vast.amount.of.data.generated.
during.the.last.15.years.or.so,.it.has.become.clear.that.no.one.single.param-
eter.or.model.is.able.to.satisfactorily.explain.the.GFA.of.alloys..There.were.
many.variables. that.played.an. important.role. in.coming.to.such.a.conclu-
sion..First,.the.nature.of.the.alloy.system.was.important..Depending.on.the.
constituent.atoms,.either.geometrical.factors.or.transformation.temperatures.
were.more.important..Even.for.the.same.alloy.system,.the.GFA.was.differ-
ent.depending.on.the.technique.used.to.synthesize.the.BMG..Obviously,.the.
technique.capable.of.providing.a.higher.cooling.rate.was.able.to.increase.the.
section.thickness.(or.diameter).of.the.sample..In.view.of.these.different.situa-
tions,.a.very.large.number.of.empirical.relationships.have.been.proposed..Of.
all.the.possible.factors,.the.atomic.sizes.of.the.constituent.elements.and.the.
chemical.interaction.among.the.solute.elements.seem.to.be.the.most.impor-
tant..Further,.the.three.empirical.rules.proposed.by.Inoue.have.stood.the.test.
of.time.and.are.still.applicable.to.predict.the.glass.formation,.even.though.
some.apparent.exceptions.have.been.noted.

As.discussed,.almost.every.one.of.the.parameters.proposed.to.explain.the.
GFA. of. alloys. claims. that. it. was. the. best.. But,. unfortunately,. the. analysis.
in.each.individual.proposal.dealt.with.either.a. limited.number.of.data,.or.
focused. only. on. some. specific. alloy. system(s).. Further,. different. research-
ers.had.obtained.correlations.for.different.parameters..Thus,.it.is.difficult.to.
strictly.compare.the.different.models.and.decide.which.of.the.large.number.
of.parameters.proposed.above.are.really.worth.pursuing.further.in.predict-
ing.alloy.compositions.to.produce.new.BMGs..An.ideal.situation.would.be.
one.when.all.the.available.data.is.analyzed.using.different.parameters,.and.
correlations. are. established. with. the. same. parameters.. This. was. partly.
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done..But,.with.new.data.generated.frequently,.such.an.exercise.needs.to.be.
taken.up.periodically..Only.then.will. it.be.possible.to.decide.which.of.the.
parameters.is.the.best.to.predict.the.GFA.of.alloys.
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4
Synthesis	of	Bulk	Metallic	Glasses

4.1	 Introduction

Metallic.glasses.have.been.produced.by.rapidly.solidifying.metallic.melts.
at.cooling.rates.of.about.106.K.s−1..This.early.excitement.of.being.able.to.pro-
duce.the.normally.crystalline.metals.in.a.glassy.state,.and.their.excellent.
mechanical,. chemical,. and. magnetic. properties,. led. to. the. development.
of.a.variety.of.techniques.to.obtain.metallic.glasses.in.different.sizes.and.
shapes.(ribbons,.wires,.powders,.etc.)..Some.of.these.techniques.have.been.
described.in.some.earlier.publications.(see,.e.g.,.Refs..[1–4])..But,.the.com-
mercial.requirements.of.large-size.sheets.for.different.applications.resulted.
in. the. development. of. the. planar. flow. casting. method,. wherein. rapidly.
solidified.sheets.of.at. least.30.cm. in.width.could.be.produced..The.quest.
for.bulk.glassy.alloys.for.industrial.applications.eventually.culminated.in.
the.discovery.of.bulk.metallic.glasses.(BMGs)..BMGs.have.been.produced.
at.relatively.slow.solidification.rates.of.about.103.K.s−1.or.less..But,.before.
describing.the.different.techniques.to.synthesize.BMGs,.let.us.briefly.look.
at.the.requirements.for.rapid.solidification.processing.(RSP).and.the.impor-
tant.techniques.used.to.produce.rapidly.solidified.ribbons..This.assumes.
relevance.here.because.a. lot.of. researchers. in. the.field.of.BMGs.still.use.
the.melt-spinning.technique.to.produce.ribbons.and.study.their.properties.
and.crystallization.behavior.before.proceeding.to.investigate.the.synthesis.
and.characterization.of.BMGs.

4.2	 Principles	of	Rapid	Solidification	Processing

Metallic.glasses.were.first.synthesized.in.an.Au–25.at.%.Si.alloy.by.Pol.Duwez.
and.his.colleagues. in.1960.by.rapidly.solidifying. their.metallic.melts. [5]..
They.used.the.so-called.gun.technique.[6].to.solidify.metallic.melts.at.rates.
approaching.106.K.s−1..In.this.technique,.a.small.quantity.of.the.molten.metal.
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is.ejected.using.a.shock.wave.on.to.a.conducting.substrate..The.molten.metal.
spreads.in.the.form.of.a.thin.layer,.typically.a.few.tens.of.micrometers.(but.
usually.about.20–50.μm).in.thickness,.and.the.heat.is.extracted.rapidly.by.the.
conducting.copper.substrate..Consequently,.the.molten.alloy.solidifies.very.
rapidly..Thus,.the.basic.requirements.to.achieve.high.solidification.rates.are.
as.follows:

. 1..Forming.a.thin.layer.(film.or.ribbon).of.the.molten.metal.

. 2.. Intimate.thermal.contact.with.a.good.heat-conducting.substrate.to.
rapidly.extract.the.heat.from.the.liquid.metal.

It.has.generally.been.noted.that.the.solidification.rate.achieved,.R,.is.inversely.
proportional.to.the.square.of.the.thickness.of.the.solidified.molten.layer..For.
a.layer.of.thickness.x.that.has.solidified.at.a.heat.transfer.coefficient.of.∞,.the.
solidification.rate.may.be.expressed.as

.
R

A
x

= 2
.

(4.1)

where
x.is.the.distance.from.the.splat/substrate.interface
the.constant.A.is.a.function.of.the.material.properties.and.initial.tempera-

tures,.but.is.independent.of.x

The.value.of.A.is.8.1.×.10−3.m2.K.s−1.for.ideal.cooling.(when.the.heat.transfer.
coefficient.is.∞).and.it.is.less.for.nonideal.cooling.conditions..For.example,.
assuming.an.average.value.of.A.=.10−3.m2.K.s−1,.for.rough.estimates,.the.
solidification.rate.achieved.will.be.approximately.105.K.s−1.for.x.=.100.μm.
and.109.K.s−1.for.x.=.1.μm..The.typical.thickness.of.a.rapidly.solidified.foil.
is. about. 50.μm,. and. therefore. the. foil. would. have. solidified. at. a. rate. of.
approximately.106.K.s−1..These.examples.serve.to. illustrate.that. it. is.nec-
essary. to. have. as. small. a. section. thickness. as. possible. to. achieve. high.
solidification.rates.

Metals.and.alloys.solidified.at.these.high.rates.exhibited.some.very.inter-
esting.properties..Huge.departures.from.equilibrium.were.noted,.resulting.
in.the.formation.of.a.variety.of.metastable.phases,.including.supersaturated.
solid. solutions. and. novel. intermetallic. phases.. In. addition,. in. appropriate.
alloy.systems.and.at.suitable.compositions,.one.could.achieve.formation.of.
glassy.phases.and.these.were.termed.“metallic.glasses.”.Significant.refine-
ment.of.microstructural.features.and.of.segregation.patterns.was.also.noted..
Developments.in.this.area.have.been.well.documented.in.the.literature.fre-
quently,.as.described. in.Chapter.2..The.basic.principles.of.RSP.have.been.
covered.in.some.earlier.reviews.(see,.e.g.,.Ref..[7]).
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4.3	 General	Techniques	to	Achieve	High	Rates	of	Solidification

As.one.can.imagine,. the.cross.section.of.the.solidified.metal. layer.obtained.
by. the. gun. technique. of. rapid. solidification. is. not. uniform. because. of. the.
free.flow.of. the. liquid.metal.under.pressure..Hence,. it.was.very.difficult. to.
determine. the.physical.and.mechanical.properties.of. these.novel.materials..
Consequently,.the.early.years.of.research.were.focused.mostly.on.the.struc-
ture.aspects..To.overcome.this.deficiency,.a.number.of.other.techniques.were.
developed.to.improve.upon.the.uniformity.of.cross.section.of.the.solidified.
layers..The.most.significant.milestone.in.this.direction.was.the.development.
of.the.chill.block.melt-spinning.technique.in.the.1970s.and.several.of.its.vari-
ants..With.the.introduction.of.these.techniques,.there.was.a.rapid.progress.in.
this.field,.and.the.technology.of.RSP.has.come.to.stay.as.an.important.branch.
of.materials.science.and.engineering..It.will.be.difficult.to.describe.all.the.dif-
ferent.techniques.that.were.developed.to.achieve.high.solidification.rates.in.
metallic.melts,.so.we.will.describe.only.the.melt-spinning.technique..This.has.
been.the.most.popular.technique.of.RSP.used.by.a.number.of.researchers.all.
over.the.world..Its.main.advantages.are.that.(1).it.will.be.possible.to.produce.
ribbons.of.uniform.cross.section,. (2). its.process.parameters.have.been.opti-
mized,.and.(3).melt.spinners.are.commercially.available..The.reader.is.advised.
to.refer.to.some.of.the.standard.books.and.reviews,.and.also.to.a.very.com-
prehensive.(but.not.very.recent).review.and.compilation.of.the.information.on.
different.rapid.solidification.techniques.available.till.that.time.[1].

It.is.important.to.note.that.metallic.glasses.(or.amorphous.alloys).have.been.
synthesized.by.other.methods.also..Since.metallic.glasses.are.nonequilibrium.
phases,.any.method.capable.of.processing.materials.at.far-from.equilibrium.
conditions.should.be,.in.principle,.able.to.produce.metallic.glasses..(The.true.
definition.of.a.glass.is.that.it.is.a.liquid.that.has.been.cooled.into.a.state.of.rigid-
ity.without.crystallizing..Accordingly,.purists.reserve.this.term.only.to.those.
noncrystalline.materials.that.have.been.obtained.directly.from.the.liquid.state..
Noncrystalline.materials.synthesized.by.other.methods,.such.as.starting.from.
the.solid.or.vapor.states,.are.referred.to.as.amorphous.materials..But,.the.dis-
tinction.between.glasses.and.amorphous.solids.has.not.been.strictly.followed.
in.the.literature.and.there.has.been.frequent.interchange.between.these.two.
terms..But,.in.this.book.we.will.try.to.use.the.term.“glass”.only.for.those.non-
crystalline.solid.materials.that.have.been.obtained.from.the.liquid.state.)

Amorphous.alloys.have.also.been.synthesized.by.a.number.of.other.non-
equilibrium. processing. techniques. [8].. These. include. mechanical. alloying.
(MA). [9,10],. irradiation. methods,. ion. implantation. and. ion. mixing,. laser.
processing,.plasma.processing,.physical.and.chemical.vapor.deposition.pro-
cesses,. electrolytic. deposition,. thermal. spray. processes. [11],. application. of.
high.pressures.[12],.interdiffusion.and.reaction.methods,.and.others..In all.
these.methods,.the.common.theme.has.been.to.increase.the.free.energy.of.
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the.system.(by.either. raising. the. temperature,.or.pressure,.or. the. input.of.
mechanical. energy,. or. by. other. means). and. subsequently. quenching. the.
material. to.either.retain.the.metastable.phase.or.to.use.it.as.an.intermedi-
ate.step.to.achieve.the.desired.microstructure.and/or.properties..Such.tech-
niques.have.been.termed.“energize.and.quench”.methods.by.Turnbull.[13]..
Since.these.techniques.are.outside.the.scope.of.the.present.book.and.were.
briefly.described.in.Chapter.2,.we.will.not.discuss.these.methods.further.

In. Section. 4.4. we. will. briefly. describe. the. melt-spinning. technique..
Following.that,.we.will.describe.in.detail.the.different.techniques.that.have.
been.used.to.synthesize.BMGs.in.different.alloy.systems..An.important.dif-
ference. between. the. technique. of. melt. spinning. and. the. techniques. used.
to.obtain.BMGs.is.that.the.solidification.rates.required.in.the.latter.case.are.
much.lower..Typically,.the.critical.cooling.rate.required.to.produce.a.BMG.
is.≤102.K.s−1.(see.Table.3.1.for.some.typical.values)..Therefore,.the.techniques.
developed.to.produce.the.desired.cooling.rates.are.relatively.simple.

4.4	 Melt	Spinning

The.technique.of.melt.spinning.has.been.the.most.commonly.used.method.to.
produce.long.and.continuous.rapidly.solidified.ribbons,.wires,.and.filaments..
In.fact,.it.is.the.development.of.this.technique.that.was.mostly.responsible.
for.the.accelerated.progress.of.the.RSP.technology.since.the.1970s..Details.
of.the.melt-spinning.technique,.along.with.the.details.of.other.techniques,.
to.achieve. rapid.solidification.rates.are.available. in.earlier. reviews. [1,4,14]..
Therefore,.only.a.brief.description.and.the.important.process.variables.in.the.
technique.will.be.provided.here..The.interested.reader.could.refer.to.these.
reviews.and/or.the.original.publications.for.further.details.

The. melt-spinning. process. derives. its. name. from. the. fact. that. it. involves.
the.extrusion.of.molten.metal.to.produce.fine.fibers.in.a.way.that.is.akin.to.
that.used.for.the.manufacture.of.synthetic.textile.fibers..In.the.melt-spinning.
process,.the.molten.metal.is.ejected.through.an.orifice.and.the.melt.stream.is.
allowed.to.solidify.either.in.flight.or.against.a.chill..The.process.is.referred.to.
as.free-flight.melt.spinning.(FFMS).if.the.melt.is.allowed.to.solidify.in.flight,.or.
chill-block.melt.spinning.(CBMS).if.it.is.allowed.to.solidify.against.a.chill.(sub-
strate)..But,.it.is.the.CBMS.process.that.is.most.commonly.used.by.researchers.

The.CBMS.technique.was.originally.patented.by.Strange.and.Pim.[15].and.
subsequently.improved.upon.by.Pond.[16]..In.this.process,.a.molten.metal.jet.is.
directed.onto.a.cold,.rotating.heat.sink.where.the.jet.is.reshaped.and.allowed.
to.solidify..The.jet,.on.impingement.with.the.heat.sink,.forms.a.melt.puddle.of.
thickness.approximately.equal.to.and.of.length.about.double.that.of.the.jet..As.
solidification.begins,.the.ribbon.is.expelled.from.the.surface.of.the.fast-rotating.
heat.sink..Figure.4.1.shows.a.schematic.illustration.of.the.melt-spinning.process..
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Melt.spinners.are.available.commercially.from.Marco.Materials.in.the.United.
States,.and.Nisshin.Giken.Corporation.and.Makabe.Corporation.in.Japan.

In.the.melt-spinning.method,.a.small.quantity.of.the.alloy.is.melted.inside.
a. crucible. or. by. levitation. methods,. and. then. ejected. by. pressurization.
through.a.fine.nozzle.onto.a.fast-rotating.copper.wheel..Every.one.of.these.
parameters.can.be.carefully.controlled.to.obtain.the.desired.size,.shape,.and.
thickness.of.the.ribbon.

The.crucible.material.is.chosen.based.on.its.chemical.compatibility.with.
the.melt,.its.temperature.handling.capability,.its.resistance.to.thermal.shock,.
its.low.thermal.conductivity,.and.its.low.porosity..Dense.alumina.and.quartz.
are.the.most.common.crucible.materials.used..The.nozzles.are.typically.cir-
cular.in.cross.section.with.diameters.ranging.from.about.50.to.1250.μm..The.
nozzles.are.made.of.a.suitable.refractory.material,.the.exact.nature.of.which.
depends.on.the.type.of.metal.to.be.processed..Some.of.the.nozzle.materials.
used.are.alumina,.graphite,.SiC,.sapphire,.and.pyrex.glass..The.ejection.pres-
sures.are.typically.in.the.range.of.5–70.kPa.depending.upon.the.desired.melt.
delivery. rate..The.use.of.higher.ejection.pressures. results. in. the. improve-
ment.of.the.wetting.pattern.and,.hence,.better.thermal.contact.between.the.
melt.puddle.and.the.substrate..The.required.ejection.pressure.increases.as.
the.nozzle.diameter.decreases.

Wheels. for. melt. spinning. have. been. made. from. a. variety. of. materials,.
including.copper,.stainless.steel,.chromium,.and.molybdenum,.although.cop-
per.is.the.most.popular.one..The.primary.purpose.of.the.wheel.is.to.extract.

Ar atmosphere
after evacuation

Ar gas pressure

Induction coil

Quartz nozzle

Melt-spun ribbon

Direction
Cu roll

FIGURe 4.1
Schematic.illustration.of.the.melt-spinning.process.
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the.heat.from.the.ribbon.as.quickly.as.possible,.while.allowing.the.puddle.
to.wet.the.wheel.and.form.the.ribbon..Cooling.of.the.wheel.is.desirable.for.
long.runs..The.outer. surface.of. the.wheel. is.generally.polished. to. remove.
any.surface.roughness.since.the.wheel.side.of.the.cast.ribbon.is.almost.an.
exact.replica.of.the.wheel.surface..The.wheel.speed.is.an.important.param-
eter.in.determining.the.thickness.of.the.ribbon;.the.faster.the.wheel.rotates,.
the.thinner.is.the.ribbon..For.example,.an.Fe40Ni40B20.alloy.cast.on.a.250.mm.
diameter.copper.wheel.rotating.at.a.substrate.velocity.of.26.6.m.s−1.produced.
a.ribbon.of.37.μm.thickness,.while.at.a.velocity.of.46.5.m.s−1,.the.ribbon.thick-
ness.was.only.22.μm.[17].

The.melt-spinning.operation.is.carried.out.in.vacuum,.air,.or.inert.atmo-
sphere,.or.reactive.gas.depending.on.the.chemical.and.physical.properties.
of.the.charge..Alloys.susceptible.to.oxidation.can.be.cast.in.vacuum.or.inert.
gas.environment.

The. solidification. rates. achieved. in. this. process. are. typically. about.
105–106.K.s−1..Typical.dimensions.of.the.ribbons.produced.are.about.2–5.mm.
in.width.and.the.thickness.is.in.the.range.of.20–50.μm..Because.of.the.high.
solidification.rates,.it.will.be.possible.to.produce.most.alloys.of.appropriate.
composition.in.the.glassy.state.by.this.technique..But.the.downside.is.that.
the. section. thickness. is. limited.. The. width. of. the. ribbons. can,. however,.
be. increased. using. the. planar. flow. casting. method,. in. which. the. nozzle.
has.a.rectangular.cross.section.and.occasionally.more.than.one.nozzle.is.
also.used.to.ensure.overlap.of.the.melt.puddle.to.increase.the.width.of.the.
ribbon..But,.the.thickness.cannot.be.increased.much.by.any.of.the.known.
melt-spinning.methods.

We.will.now.describe.in.detail.the.different.methods.that.have.been.utilized.
by.different.researchers.to.produce.BMGs..The.advantages.and.disadvantages.
of.the.different.techniques.will.also.be.highlighted..It. is.also.appropriate.to.
mention.here.that.majority.of.the.researchers.working.on.BMGs.also.use.the.
melt-spinning.technique.to.produce.thin.ribbons.of.the.same.composition.as.
that.of.the.BMG..These.thin.ribbons.are.used.to.measure.the.thermal.proper-
ties.(Tg,.Tx,.and.Tl).using.the.differential.scanning.calorimetry.(DSC).and/or.
differential.thermal.analysis.(DTA).methods..This.is.appropriate.because.the.
thermal.properties.of.the.glass.do.not.depend.on.the.dimensions.of.the.glass.
specimen..It.has.been.repeatedly.shown.that.the.transformation.temperatures.
of.the.bulk.samples.are.identical.with.those.of.the.melt-spun.ribbons.

4.5	 Bulk	Metallic	Glasses

BMGs.are. those.metallic.glasses. that.have.a. section. thickness.of.at. least.a.
few. millimeters.. As. mentioned. earlier. (Section. 4.2),. the. solidification. rate.
decreases.with.increasing.section.thickness..The.present.consensus.appears.
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to.be.that.a.glassy.material.is.considered.bulk,.only.when.the.section.thick-
ness.is.at.least.a.few.millimeters..This.number.is.left.very.vague,.and.depend-
ing.on.who.defines.it,.it.ranges.from.1.mm.up.to.as.large.as.10.mm..Therefore,.
if.one.wishes.to.obtain.bulk.glassy.samples,.it. is.necessary.that.the.critical.
cooling.rate.for.glass.formation.is.very.low..Achievement.of.slow.solidifica-
tion.rates.is.not.a.problem;.but,.the.selection.of.an.alloy.system.and.the.appro-
priate. compositions. that. could. produce. glasses. at. these. slow. solidification.
rates.need.to.be.determined.wisely..As.mentioned.in.Chapters.2.and.3,.we.
have.now.some.guidelines.to.help.us.in.this.direction.

Ignoring.the.limit.of.10.mm.section.thickness.of.the.glass.for.it.to.be.con-
sidered.as.bulk,.Chen.[18].had.synthesized.glassy.alloys,.1–3.mm.in.diameter.
and.several.cm.long.in.Pd-.and.Pt-based.alloys.by.water.quenching..Hence,.
these.could.be.considered.as. the.first.BMGs..These.(bulk.metallic).glasses.
could.be.produced.in.alloys.with.the.general.composition.(Pd1.−.xMx)0.835Si0.165.
where.M.=.Ag,.Au,.Cu,.Co,.Fe,.Ni,.and.Rh..Bulk.glasses.were.produced.with.
Ag.up. to.12.at.%,.Au.up. to.12.at.%,.Cu.up. to.16.at.%,.Co.up. to.12.at.%,.Fe.
up.to.7.2.at.%,.Ni.up.to.45.at.%,.and.Rh.up.to.4.8.at.%..BMGs.were.also.pro-
duced.in.Pd-TM-P.and.Pt-TM-P.alloys.(where.TM.is.a.transition.metal.Fe,.Co,.
or.Ni)..The.Pd40Ni40P20.and.Pt40Ni40P20.alloys.subsequently.became.the.basis.
for.developing.BMGs.with.larger.and.larger.diameters.with.72.mm.holding.
the.record.presently.[19].

It.was.also.highlighted.in.Chapter.2.that.glass.formation.is.possible.only.
when. the. critical. cooling. rate. for. glass. formation. is. exceeded. and. that.
the. liquid. is. supercooled. to. a. temperature. below. Tg.. Since. heterogeneous.
nucleation.plays.an. important.role. in.nucleating.crystalline.phases.on.the.
surfaces,. large. super-. (or. under). coolings. cannot. be. easily. achieved. when.
heterogeneous.nucleation.of.crystalline.phases.takes.place.well.before.reach-
ing. the. Tg. temperature.. Under. these. circumstances,. it. will. be. difficult. to.
undercool. the. melt. to. temperatures. below. Tg.. If. heterogeneous. nucleation.
could.be.avoided,.then.the.minimum.cooling.rate.required.for.glass.forma-
tion.is.determined.by.the.homogeneous.nucleation.rate.of.the.alloy..Further,.
it.is.known.from.the.classical.nucleation.theory.that.alloys.with.a.large.value.
of.the.reduced.glass.transition.temperature,.Trg,.will.have.low.homogeneous.
nucleation.rates.and.therefore.glass.formation.should.be.easy.at.slow.solidi-
fication.rates..By.subjecting.the.Pd40Ni40P20.specimens.to.surface.etching.fol-
lowed.by.a.succession.of.heating.and.cooling.cycles,.Drehman.et al..[20].were.
able.to.produce.glasses.that.are.5–6.mm.in.diameter..And.this.was.achieved.
by.slowly.cooling.the.melt.at.rates.of.about.1.K.s−1!

4.5.1 Flux Melting Technique

The.work.of.Drehman.et al.. [20].clearly.showed.that. removal.of.heteroge-
neous. nucleation. sites. is. very. important. in. suppressing. the. nucleation. of.
crystalline.phases..Another.way.by.which.the.impurities.present.in.the.alloy.
could.be.removed.is.to.heat.and.cool.the.molten.metal.while.it.is.immersed.in.
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a.molten.oxide.flux..After.gravity.segregation,.the.impurities.present.in.the.
alloy.get.dissolved.in.the.molten.oxide.flux..If.the.flux.(like.the.slag.in.found-
ries). containing. the. impurities. from. the. alloy. is. maintained. in. the. liquid.
state.at.the.glass.transition.temperature.of.the.alloy,.Tg,.that.is,.when.the.glass.
is.formed,.then.glass.formation.can.be.achieved.at.slower.solidification.rates..
And,. slow. solidification. rates. translate. to. large. section. thicknesses.. Using.
this.logic,.Kui.et al..[21].produced.a.10.mm.size.glass.in.1984..They.used.anhy-
drous.boron.oxide.(B2O3).to.remove.the.impurities.from.the.Pd40Ni40P20.alloy.
melt.. At. the. glass. transition. temperature. of. Pd40Ni40P20. (∼600.K),. B2O3. was.
still.in.the.molten.state..Thus,.by.heating.this.alloy.to.higher.temperatures.
(∼1273.K).and.cooling.it.slowly.to.temperatures.below.Tg.of.the.alloy,.these.
investigators.were.able.to.produce.10.mm.size.glassy.samples.of.Pd40Ni40P20.
using.this.technique..Incidentally,.this.was.the.first.time.that.the.term.“bulk.
metallic.glass”.was.used.in.the.title.of.the.publication..This.method.has.now.
come.to.be.known.as.the.fluxing.or.flux-melting.technique.and.continues.to.
be.popular.to.remove.impurities.from.the.melt.and.to.avoid.heterogeneous.
nucleation.events.

Even. though. the. above. two. investigations. were. reported. by. 1984,. their.
importance.was.not.immediately.seized.by.the.materials.science.community,.
probably. due. to. the. excitement. of. the. discovery. of. quasicrystals. reported.
the. same. year. and. the. scientific. frenzy. that. immediately. followed. [22]..
Systematic. investigations.by. Inoue.and.his.group.at.Tohoku.University. in.
Sendai,.Japan.(see,.e.g.,.Ref..[23]).have.resulted.in.the.development.of.alloys.
that.could.be.produced.in.the.glassy.state.at.solidification.rates.of.103.K.s−1.
or. lower.. These. included. alloys. in. the. Mg–Ln–TM,. Ln–Al–TM,. Zr–Al–TM.
(where. Ln. represents. lanthanide. element. and. TM. the. transition. element),.
and.Mg–Cu–Y.[24].systems..Around.the.same.time,.Peker.and.Johnson.[25].
at.CalTech.reported.on.the.formation.of.a.highly.processable.metallic.glassy.
alloy.with.the.composition.Zr41.2Ti13.8Cu12.5Ni10Be22.5..This.alloy,.referred.to.as.
Vitreloy.1.or.Vit 1,.became.glassy.at.a.solidification.rate.of.about.1.K.s−1.and.
large.samples.of up.to.14.mm.in.diameter.could.be.produced..Table.4.1.sum-
marizes.some.of.the.early.results.on.the.synthesis.of.BMGs.at.slow.solidi-
fication. rates. and. large. section. thicknesses.. These. results. have. triggered.
the.imagination.of.a.large.number.of.materials.scientists,.and.today.there.
is.worldwide.activity.in.this.subarea.of.materials.science.and.engineering.

The.critical.diameter.of.the.glassy.rods.had.continuously.increased.from.
a.few.millimeters.to.a.few.centimeters. in.the.early.years.of.research..This.
was. possible. initially. by. substitution. of. some. of. the. metallic. elements. in.
the.alloy.based.on.intuition.and.past.experience.and.results..But.in.recent.
years,.principles.of.alloy.design.based.on.atomic.diameters.of.the.constitu-
ent.elements,.chemical.interactions.among.the.different.elements,.and.phase.
diagram.considerations.have.been.successfully.used. to. increase. the.glass-
forming.ability.(GFA).of.alloys.and.consequently.the.critical.diameters.of.the.
fully.glass.rods..The.largest.diameter.of.a.fully.glassy.alloy.rod.is.still.72.mm.
in.a.Pd40Cu30Ni10P20.alloy.established.in.1997.
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The.substitution.of.alloying.elements.has.played.a.big.role. in. these.stud-
ies..Researchers.have.identified.that.elements.having.similar.atomic.diame-
ters.could.be.easily.substituted.for.each.other..Further,.based.on.the.chemical.
nature.of.alloying.elements,.they.could.be.grouped.into.some.categories.[27]..
For.example,.by.replacing.part.of.Ni.with.Cu.in.the.Pd–Ni–P.alloy.to.a.compo-
sition.Pd40Ni10Cu30P20,.Inoue.et al..[26].were.able.to.increase.the.diameter.of.the.
glassy.rod.to.40.mm..By.subjecting.this.Pd40Ni10Cu30P20.alloy.to.a.flux.treatment.
(to.remove.the.presence.of.any.heterogeneous.nucleation.sites),.they.were.able.
to.further.increase.the.diameter.of.the.bulk.metallic.glassy.alloy.to.72.mm.[19].

4.5.2 Role of Contamination

As.highlighted.above.and.also.in.earlier.chapters,.the.critical.cooling.rate,.Rc,.
for.the.formation.of.BMGs.is.relatively.low,.the.highest.required.is.only.about.
102–103.K.s−1..Because.of.these.relatively.low.critical.cooling.rates,.the.synthesis.
of.BMGs.does.not.require.highly.sophisticated.equipment..The.general.cast-
ing.equipment.used.routinely.in.the.laboratory/industry.can.be.easily.adapted.
for.this.purpose..However,.some.alloy.systems,.for.example,.alloys.based.on.
zirconium.and.titanium,.are.very.sensitive.to.the.presence.of.impurities.and.
so.care.must.be.taken.to.make.sure.that.such.alloys.do.not.come.into.contact.
with.harmful.impurities..For.example,.it.was.shown.that.high.oxygen.contents.
reduced.the.supercooled.liquid.region.(ΔTx).[28].and.changed.the.crystalliza-
tion.behavior. in. the.Zr-based.BMGs. [29]..Further,. the.nature.of. the.crystal-
line.phases.formed.on.crystallization.was.different.depending.on.the.oxygen.
content.in.the.glassy.alloy;.a.quasicrystalline.phase.was.observed.in.the.early.
stages.of.crystallization.by.some.investigators.and.not.others.

Table 4.1

Summary.of.Early.Results.on.Discovery.of.BMGs

Alloy	Composition
Critical	Cooling	

Rate	(K	s−1)
Year	of	

Discovery
Largest	Section	
Thickness	(mm) Reference

(Pd1−xMx)0.835Si0.165.(M.=.Cu,.
Ag,.Au,.Fe,.Co,.Ni)

— 1974 1–3 [18]

(Pd1−xTx)1−xPPxP.or.
(Pt1−xTx)1−xPPxP.(T.=.Fe,.Co,.
or.Ni)

— 1974 1–3 [18]

Pd40Ni40P20 1 1982 5 [20]
Pd40Ni40P20.(flux.treated) — 1984 10 [21]
La55Al25Ni20 — 1989 1.2 [23]
Mg65Cu25Y10 — 1992 7 [24]
Zr41.2Ti13.8Cu12.5Ni10Be22.5 ∼1 1993 14 [25]
Pd40Ni10Cu30P20 1.57 1996 40 [26]
Pd40Ni10Cu30P20.

(flux treated)
0.1 1997 72 [19]
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de. Oliveira. et  al.. [30]. investigated. the. crystallization. behavior. of. a.
Zr55Al10Ni5Cu30.alloy.by.producing.it.in.a.melt-spun.ribbon.form.and.also.as.
a.5.mm.diameter.rod.by.copper.mold.casting.under.a.gettered.argon.atmo-
sphere..They.noted.that.while.the.melt-spun.ribbon.was.completely.glassy,.
the.copper.mold-cast.alloy.rod.contained.a.mixture.of.a.glassy.phase.and.
about.20.vol.%.of.a.crystalline.phase.identified.as.Zr4Cu2O..A.similar.phase.
(along.with.three.other.phases).was.observed.in.the.ribbons.that.were.fully.
crystallized.. Based. on. these. results,. the. authors. concluded. that. oxygen,.
amounting.to.about.0.8.at.%,.was.responsible.for.the.presence.of.the.crystal-
line.phase.in.the.cast.rod.and.also.the.decreased.supercooled.liquid.region.

Lin.et al..[28].showed.that.the.level.of.oxygen.in.the.alloy.played.a.crucial.
role. in. the.crystallization.kinetics.of.Zr52.5Ti5Cu17.9Ni14.6Al10.bulk.glassy.alloy.
that.could.be.solidified.into.the.glassy.state.at.a.critical.cooling.rate.of.10.K.s−1..
They.showed.that.the.crystallization.incubation.time.decreased.by.orders.of.
magnitude. as. one. went. from. 250. to. 5250.ppm. of. oxygen,. suggesting. that. a.
sample.of.higher.purity.(<250.ppm.oxygen).would.exhibit.even.greater.under-
cooling.and.stability.against.crystallization..Figure.4.2.shows.the.crystalliza-
tion.incubation.time.at.different.temperatures.as.a.function.of.oxygen.content.

Gebert.et al..[31].investigated.the.effect.of.oxygen.content.(0.28–0.60.at.%).
on.the.thermal.stability.of.the.glassy.phase.in.a.bulk.glass-forming.Zr65Al7.5.

Cu17.5Ni10.alloy.and.also.on.the.nature.of.crystalline.phases.formed.on.reheat-
ing.the.glassy.alloy..They.observed.that.the.GFA.of.the.alloy.decreased.with.
increasing.oxygen.content..This.was.interpreted.from.the.observation.that.
the. volume. fraction. of. the. crystalline. phase. in. the. as-cast. alloy. increased.
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FIGURe 4.2
Crystallization.incubation.time.at.different.temperatures.as.a.function.of.oxygen.content.in.a.
Zr52.5Ti5Cu17.9Ni14.6Al10.bulk.glassy.alloy..(Reprinted.from.Lin,.X.H..et.al.,.Mater. Trans.,.JIM,.38,.
473,.1997..With.permission.)
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with. an. increase. in. the. oxygen. content.. Further,. with. increasing. oxygen.
content,.Tg.of.the.glassy.alloy.increased.and.Tx.decreased,.causing.a.drastic.
reduction.in.the.supercooled.liquid.region..Figure.4.3.shows.the.dependence.
of.Tg,.Tx,.and.ΔTx.on.the.oxygen.content.in.the.Zr-based.glassy.alloys.

This. change. in. the. transformation. temperatures. of. the. Zr-based. glassy.
alloys.due.to.oxygen.contamination.was.also.accompanied.by.a.change.in.
the.crystallization.sequence,.which.pointed. to. the. reduced.stability.of. the.
supercooled.liquid.[32]..Based.on.these.observations,.one.has.to.be.careful.
in.directly.correlating.the.extent.of.supercooled.liquid.region.with.the.high.
GFA.of.alloys..This.may.be.valid.only.when.the.oxygen.concentration.is.low,.
especially.in.reactive.alloy.systems.such.as.those.based.on.zirconium..Even.
though.it.has.not.been.shown.experimentally,.it.is.possible.that.other.inter-
stitial.elements.may.also.have.a.significant.effect.on.the.thermal.stability.and.
crystallization.behavior.of.the.BMG.alloys.

The.effect.of.oxygen.content.in.melt-spun.ribbons.appears.to.be.different..
Eckert.et al..[29].observed.that.addition.of.oxygen.to.Zr65Cu17.5Ni10Al7.5.glassy.
ribbons. resulted. in. the. formation. of. a. metastable. quasicrystalline. phase. as.
against.the.formation.of.a.stable.intermetallic.compound.in.an.oxygen-free.alloy..
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Variation.of.Tg,.Tx,.and.ΔTx.as.a.function.of.the.oxygen.content.in.the.Zr-glassy.alloys..Results.
for.both.bulk.samples.and.melt-spun.ribbons.are.shown..(Reprinted.from.Gebert,.A..et.al.,.
Acta Mater.,.46,.5475,.1998..With.permission.)
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Murty.et al..[33].also.made.a.similar.observation.in.a.glassy.Zr65Cu27.5Al7.5.alloy.
and.noted.that.the.quasicrystalline.phase.was.enriched.in.oxygen,.suggesting.
that. the.quasicrystals.were.stabilized.by.oxygen..Sordelet.et al.. [34]. investi-
gated.the.effect.of.oxygen.content.on.the.structure.of.Zr80Pt20.glassy.ribbons.
and. noted. that,. depending. on. the. oxygen. content,. different. structures. had.
formed.ranging.from.crystalline.to.amorphous.or.quasicrystalline.phases.

An.entirely.different.effect.was,.however,.noted.by.Scudino.et al..[35].who.
investigated.the.influence.of.oxygen.addition.on.the.crystallization.behav-
ior. of. melt-spun. Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5. glassy. ribbons.. They. studied.
the.nominally.pure.(0.03–0.05.at.%.oxygen).and.intentionally.contaminated.
(with.up.to.0.24.wt.%.oxygen).ribbons..DSC.curves.showed.Tg.and.two.exo-
thermic.peaks.at.Tx1.and.Tx2,.the.first.one.corresponding.to.the.formation.of.
a.quasicrystalline.phase..It.was.noted.that,.with.increasing.oxygen.content,.
both.the.Tg.and.Tx1.temperatures.of.the.glassy.ribbons.increased.but.the.Tx2.
value.decreased..This.observation.suggests.that.while.oxygen.enhances.the.
thermal.stability.of.the.glass/supercooled.liquid.against.(quasi)crystalliza-
tion,.the.stability.of.the.quasicrystalline.phase.formed.has.decreased.as.evi-
denced.by.the.decreased.temperature.interval.between.Tx1.and.Tx2.

A. completely. different. approach. was. taken. up. by. Kündig. et  al.. [36]. to.
increase.the.GFA.of.Zr-based.alloys..They.had.added.small.amounts.of.C,.
Si,.Ca,.Sc,.and.La.at.levels.of.0.1,.0.3,.and.1.0.at.%.and.noted.that.the.best.GFA.
for.the.Zr52.5Cu17.9Ni14.6Al10Ti5.alloy.was.achieved.with.0.03–0.06.at.%.Sc..This.
was.confirmed.by.producing.a.maximum.section.thickness.of.12.mm,.when.
0.03.at.%.Sc.was.added.to.the.alloy..This.effect.was.explained.based.on.the.
fact.that.Sc.interacts.with.oxygen.to.form.Sc2O3.and.this.was.found.to.be.less.
active.as.a.nucleating.agent.than.ZrO2,.which.normally.forms.in.the.presence.
of.oxygen.and.in.the.absence.of.other.strong.oxide-forming.elements.

The.above-cited.examples.clearly.show.that.the.purity.(or.cleanliness).of.
the.melt.is.very.important.in.achieving.the.desired.effects..With.a.contam-
inated. melt,. the. GFA. of. the. alloy. will. be. reduced. and. at. very. high. levels.
of.impurity.concentration,.it.may.not.be.possible.to.achieve.formation.of.a.
glassy.phase.at.all. in.some.cases..Even. if. it. is.achieved. in.some.cases,. the.
stability.of.the.glassy.phase.and/or.the.nature.and.size.of.the.crystallization.
products.could.be.quite.different.from.what.one.would.have.obtained.in.an.
oxygen-free.alloy.

4.6	 Bulk	Metallic	Glass	Casting	Methods

A.number.of.different.techniques.have.been.developed.to.synthesize.BMG.
alloys.. These. developments. have. occurred. in. different. laboratories,. and.
sometimes,.for.some.specific.applications.or.materials..Let.us.now.look.at.the.
different.techniques.available.to.produce.BMGs.
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4.6.1 Water-Quenching Method

This.is.the.simplest.of.the.quenching.methods.used.for.centuries.to.harden.
steel. (by. transforming. the. soft.austenite. to. the.hard.martensite.phase).. In.
hardening.steel,.the.steel.specimen.is.heated.(in.the.solid.state).to.the.aus-
tenitic.phase.field,.held. there. for. some.predetermined. time. (austenitized),.
and.then.the.hot.specimen. is. transferred.quickly. to.a.quenching.medium.
(usually.water),.maintained.at.a.temperature.below.Mf.(the.martensite.finish.
temperature)..The.quenching.medium.(water).extracts.the.heat.rapidly.from.
the.hot.steel.specimen.and.as.a.result.the.austenite.phase.transforms.to.the.
martensitic.condition.in.a.diffusionless.manner..The.cooling.rates.achieved.
by.the.water.quenching.method.are.inherently.dependent.on.the.heat.trans-
fer.efficiency.of.the.quenching.medium,.the.size.of.the.steel.specimen,.and.
its.heat.transfer.properties..The.cooling.rates.achieved.by.this.method.have.
been.usually.reported.to.be.about.10–100.K.s−1.

Since.some.of.the.BMG.alloy.compositions.require.very.low.critical.cooling.
rates.for.glass.formation,.it.is.possible.to.produce.glasses.in.these.alloys.by.
this.simple.technique.of.water.quenching.

The.very.first.report.of.producing.1–3.mm.diameter.rods.of.(Pd1−xMx)0.835.

Si0.165,. (Pd1−xTMx)1−xPPxP. and. (Pt1−xNix)1−xPPxP. (with. 0.20. ≤ xP.≤ 0.25. and. where.
M.=.Cu,.Ag,.Au,.Fe,.Co,.or.Ni.and.TM.=.Fe,.Co,.or.Ni).glassy.alloys.was.
by.water.quenching.[18]..Further,.the.Pd40Ni40P20.glassy.alloys.produced.by.
Turnbull.and.his.group.in.5.and.10.mm.size.were.also.by.the.water.quench-
ing.method.[20,21]..Inoue.et al..[23].produced.1.2.mm.diameter.La55Al25Ni20.
glassy.rods.by.quenching.the.melt.contained.in.a.quartz.capillary.into.water..
Subsequently,.this.technique.was.used.by.many.other.researchers.to.produce.
BMGs.in.different.alloy.systems..Table.4.2.lists.some.of.the.alloys.that.have.
been.produced.in.the.glassy.state.by.the.water.quenching.method..It.should.
be.mentioned,.however,.that.this.is.a.technique.adopted.by.many.researchers.

The. technique. of. water. quenching. is. quite. simple.. The. alloys. are. made.
by.conventional.methods.such.as.in.an.arc.furnace.or.by.induction.melting..
These.prepared.alloys.are.then.placed.inside.a.quartz.tube,.given.the.flux.
treatment.(adding.of.an.oxide.such.as.B2O3,.which.is.known.to.improve.the.
GFA.of.alloys.by.removing.the.impurities.from.the.alloys),.if.necessary,.and.
heated.to.a.temperature.above.the.liquidus.temperature.of.the.alloy.to.com-
pletely.melt.it..The.quartz.tube.containing.the.molten.alloy.is.then.quenched.
into.flowing.or.agitated.water..The.diameter.of.the.quartz.tube.may.be.var-
ied.to.obtain.glassy.rods.of.different.diameters.and.also. to.determine.the.
maximum.diameter.of.the.rod.that.could.be.quenched.into.the.glassy.state..
The.wall. thickness.of. the.quartz. tube. is. typically.about.1.mm..The. length.
of. the.quartz. tubes.can.be.a. few.cm.in. length.(up.to.15)..The.cooling.rate.
achieved.is.typically.approximately.102.K.s−1,.and.so.this.technique.could.be.
used.to.produce.glassy.rods.only.in.those.systems.that.have.a.high.GFA,.that.
is,.those.alloys.that.possess.low.critical.cooling.rates.for.the.formation.of.the.
glassy.phase.
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Even.though.quartz.is.the.most.common.container.material.for.the.tubes.
used.to.melt.the.alloys,.Amiya.and.Inoue.[39].noted.that.when.a.quartz.tube.
was.used.to.melt.their.Mg.alloys,.they.were.not.able.to.produce.a.glassy.rod.
of. even. 4.mm. diameter.. Instead,. when. an. iron. tube. was. used. to. melt. the.
Mg. alloys,. they. were. successful. in. producing. glassy. rods. up. to. 12.mm. in.
diameter..A.careful.analysis.showed.that.when.a.quartz.tube.was.used,.Si.
dissolved.in.the.Mg.melt.as.an.impurity.and.acted.as.heterogeneous.nucle-
ation.sites..Consequently,. the.GFA.of. the.alloy.was.reduced..On. the.other.
hand,.when.an.iron.tube.was.used,.there.was.no.interaction.between.iron.
and. the. Mg-melt. and,. therefore,. large-diameter. glassy. rods. could. be. pro-
duced..Thus,.the.compatibility.between.the.melt.and.the.crucible.also.is.an.
important.issue.to.be.considered.

Figure. 4.4. shows. a. photograph. of. the. 72.mm. diameter. cylinder. of.
Pd40Cu30Ni10P20. alloy. produced. by. water. quenching.. The. cylinder. pos-
sesses.good.luster,.typical.of.glassy.samples,.and.its.external.appearance.
is.smooth.

A.distinct.advantage.of.the.water-quenching.method.is.that.due.to.the.
slow. solidification. rates,. the. cast. specimen. contains. much. less. residual.
stresses.

Table 4.2

Details.of.Bulk.Metallic.Glassy.Rods.Produced.by.the.Water.
Quenching Method

Alloy	System
Diameter	of	

the	Rod	(mm)
Critical	Cooling	

Rate	(K	s−1) Year Reference

(Pd1−xMx)0.835Si0.165 1–3 <103 1974 [18]
(Pd1−xTx)1−xPPxP 1–3 <103 1974 [18]
(Pt1−xNix)1−xPPxP 1–3 <103 1974 [18]
Pd40Ni40P20 5–6 ∼1 1982 [20]
Pd40Ni40P20.(flux.treated) 10 1984 [21]
Zr65Al7.5Ni10Cu17.5 <16 1.5 1993 [37]
Zr41.2Ti13.8Cu12.5Ni10Be22.5 14 <10 1993 [25]
Pd40Cu30Ni10P20 40 1.57 1996 [26]
Pd40Cu30Ni10P20.(flux.treated) 50–72 0.1 1997 [19]
Pd40Ni40P20 7 100 1999 [38]
Pd40Ni32.5Fe7.5P20 7 100 1999 [38]
Pd40Ni20Fe20P20 7 100 1999 [38]
Mg65Y10Cu15Ag5Pd5 12 2001 [39]
Y56Al24Co20 1.5 2003 [40]
Y36Sc20Al24Co20 25 2003 [40]
Pt60Cu20P20 <4 2004 [41]
Pt60Cu16Co2P22.(flux.treated) 16 2004 [41]
Pt57.5Cu14.7Ni5.3P22.5.(flux.treated) 16 2004 [41]
Pt42.5Cu27Ni9.5P21.(flux.treated) 20 2004 [41]
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4.6.2 High-Pressure Die Casting

Die.casting.is.a.common.method.to.produce.different.types.of.castings.in.
the. industry..Compared.with. the.conventional.sand-casting.methods,.die-
casting.methods.offer.higher.solidification.rates. (because.heat. is.extracted.
more. rapidly. by. the. metal. mold). and. more. complex. shapes. can. also. be.
produced..Therefore,. this.method.has.been.used.by.several.researchers. to.
synthesize.BMGs.in.different.alloy.systems.

Figure.4.5.shows.the.schematic.of.the.high-pressure.die-casting.equipment.
designed.and.used.by.Inoue.et al.. [24].to.synthesize.Mg-based.BMGs..The.
main.components.of.the.equipment.are.a.sleeve.to.melt.the.alloy,.a.plunger.to.
push.the.molten.alloy.through.hydraulic.pressure.into.the.copper.mold,.and.
a.copper.mold.to.solidify.the.melt..The.whole.unit.is.evacuated.to.prevent.
gas.entrapment.by.the.melt.and.consequent.porosity.in.the.casting.

The. sleeve. and. plunger. are. made. of. a. heat-resistant. tool. steel. (SKD61)..
The.metallic.alloy.is.melted.in.the.sleeve.under.an.argon.atmosphere.with.
a. high-frequency. induction. coil.. After. the. alloy. is. melted,. the. plunger. is.
moved.by.hydraulic.pressure. into. the.copper.mold,.and.the.molten. liquid.
solidifies.once.it.comes.into.contact.with.the.highly.conductive.copper.mold..
Generally,.a.lubricant.is.not.required..But,.a.lubricant.can.be.coated.inside.
the.copper.mold,.if.it.becomes.difficult.to.remove.the.casting.from.the.mold.

This. equipment. satisfies. all. the. requirements. of. RSP.. First,. the. casting.
(solidification).is.complete.in.a.few.milliseconds,.thus.achieving.high.solidi-
fication.rates,.and.also.a.high.productivity..Second,.the.application.of.high.
pressure.ensures.good.contact.between.the.melt.and.the.copper.mold..This.
good.contact.results.in.large.heat.transfer.coefficient.at.the.die/melt.interface.
and.consequently.high.cooling.rates..In.addition.to.the.above,.casting.defects.

FIGURe 4.4
Photograph. of. the. 72.mm. diameter. glassy. cylinder. of. Pd40Cu30Ni10P20. produced. by. water.
quenching..Note.the.smooth.appearance.of.the.cylinder,.which.is.typical.of.glassy.alloys.
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such.as.shrinkage.holes.generated.due.to.contraction.of.the.liquid.metal.dur-
ing.solidification.are.also.reduced..Last,.using.this.technique,.it is.possible.
to.produce.complex.shapes.even.in.alloys.with.a.high.viscosity..Further,.by.
changing.the.design.of.the.mold,.it.should.be.possible.to.cast.either.rods.or.
sheets.. But,. it. should. be. emphasized. that. in. contrast. to. conventional. RSP.
methods,.high-pressure.die.casting.can.synthesize.alloys.with.much.larger.
dimensions,. and. therefore. this. technique. is. eminently. suited. to. produce.
BMGs.

Inoue. et  al.. used. this. technique. to. produce. BMGs. in. the. Mg–Cu–Y. [24].
and.La–Al–TM.(TM.=.transition.metal).[42].alloy.systems..They.used.a.cast-
ing.pressure.of.63.MPa,.a.plunger.velocity.of.1.7.m.s−1,.and.a.hold.time.of.5.s..
The.copper.mold.was.cooled.with.flowing.cold.water..Rods.with.a. length.
of.40.and.80.mm.with.the.rod.diameters.ranging.from.1.to.9.mm.could.be.
produced.with.these.conditions..Additionally,.sheet.samples.with.a.size.of.
80.mm.and.thicknesses.ranging.from.0.5.to.9.0.mm.could.also.be.produced.

Figure.4.6.shows.photomacrographs.of.the.rods.and.sheets.synthesized.in.
the.Mg–Cu–Y.system.using.this.technique..Note.that.the.surface.of.the.as-
cast.samples.is.bright.and.lustrous,.as.expected.of.a.metallic.glassy.sample..
Also,.no.surface.defects.are.seen.on.these.samples..By.observing.the.cross.
sections.of. the.as-cast. samples,.one.can.detect.whether.porosity,. if. any,. is.
present.in.the.center.of.the.sample..If.porosity,.indicated.by.the.presence.of.
tiny.dark.spots,. is.present. in.the.sample,. it.may.become.necessary.to.con-
trol.the.process.parameters.to.ensure.that.the.whole.sample.is.fully.dense.

Evacuation

Steel mold

Cu moldSample

Molten alloy Induction coil

Sleeve

Plunger

FIGURe 4.5
Schematic.diagram.of.the.high-pressure.die.casting.equipment.designed.and.used.by.Inoue.
et al..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans., JIM,.33,.937,.1992..With.permission.)
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and. devoid. of. any. porosity.. It. is. important. to. obtain. fully. dense. samples.
because. the. properties. (especially. the. mechanical. properties. like. strength.
and.modulus).are.critically.dependent.on.the.amount.of.porosity.present.in.
the.samples.

The.cooling.rates.achieved.in.this.technique.are.typically.about.103.K.s−1..
For.example,.based.on.the.dendrite.arm.spacings.measured.in.an.Al-based.
Al–Si–Cu–Zn.alloy.(ADC-12),.Inoue.et al..[43].estimated.the.cooling.rate.as.
2.×.104.K.s−1.on.the.outer.surface.of.a.3.5.mm.cylinder.and.as.2.5.×.103.K.s−1.
in.the.central.region..Since.these.cooling.rates.are.relatively.high,.this.tech-
nique.could.be.used.to.produce.BMGs.in.those.alloy.systems.that.require.a.
reasonably.high.critical.cooling.rate.to.produce.a.glassy.phase..Some.of.the.
alloy. systems. that. were. produced. in. the. glassy. state. are. Mg–Ni–Ln,. Mg–
Cu–Ln,.La–Al–TM,.and.Zr–Al–TM.(where.Ln.=.lanthanide.metal.and.TM.=.
transition.metal)..Of.course,.alloys.that.require.relatively.low.cooling.rates.to.
produce.a.glassy.phase.can.also.be.synthesized.using.this.technique.

4.6.3 Copper Mold Casting

This.appears.to.be.perhaps.the.most.common.and.popular.method.to.pro-
duce. BMGs. in. different. alloy. systems.. It. has. been. frequently. used. by. the.
groups.of.Inoue.(see,.e.g.,.Ref..[44]).and.Kim.(see,.e.g.,.Ref..[45]),.among.others.

Figure.4.7.shows.a.schematic.of.the.equipment.normally.used.for.copper.
mold.casting.of.BMG.alloys.[46]..In.simple.terms,.in.this.technique,.the.alloy.
is.melted.and.poured.into.a.copper.mold.where.it.solidifies.quickly.because.
of.the.rapid.heat.extraction.by.the.metal.mold..The.starting.raw.materials.for.
alloy.preparation.could.include.either.pure.metals.or.master.alloys.of.some.

FIGURe 4.6
Photographs. of. the. Mg65Cu25Y10. rods. and. sheets. (of. different. diameters). produced. by. the.
high-pressure.die-casting. technique..The. length.of. the.samples. is.80.mm.and. the. thickness.
or.diameter.varies.from.0.5.to.9.mm..Note.the.bright.and.shiny.appearance.of.both.the.types.
of.samples..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans., JIM,.33,.937,.1992..With.permission.)
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of.the.elements.and/or.combinations.of.them..Melting.is.carried.out.in.a.cru-
cible.made.up.of.quartz.[47],.boron.nitride.(BN).[48],.graphite.[45],.BN-coated.
graphite.crucible.[49],.and.others..Most.frequently,.the.alloys.are.melted.by.
induction-melting.techniques,.but.sometimes.they.are.prepared.by.arc.melt-
ing.the.pure.metals.under.a.Ti-gettered.argon.atmosphere.in.a.water-cooled.
copper. crucible.. The. molten. alloys. are. melted. repeatedly. several. times. to.
ensure. compositional. homogeneity.. When. melting. of. alloys. with. a. high.
vapor.pressure,.for.example,.magnesium.(or.other.materials),.is.carried.out,.
about.5.wt.%.of.excess.amount.of.magnesium.is.added.to.compensate.for.the.
loss.of.magnesium.through.evaporation.during.repeated.melting.operations.

The.molten.alloy.is.then.poured.into.a.copper.mold..Generally,.a.low.pres-
sure.(0.05.MPa.=.50.kPa).is.applied.to.eject.the.metal.from.the.crucible.toward.
the.mold..The.temperature.of.the.molten.metal.can.be.maintained.in.such.
a. way. that. it. continues. to. be. in. the. liquid. state. during. the. whole. process.
of. ejection. until. it. fills. the. mold. cavity.. The. casting. can. be. done. in. air. or.
vacuum,.inert.atmosphere,.or.under.argon,.if.oxidation.has.to.be.avoided.

The.mold.used.can. take.different. forms..The.most. common.and.simple.
form.of.the.mold.has.a.cylindrical.or.rod-shaped.cavity.of.a.predetermined.
length..In.this.case,.one.has.to.use.molds.with.cavities.of.different.internal.
diameters.to.determine.the.maximum.diameter.of.the.sample.that.could.be.

Temp: 1273–1573 K

50
 m

m

θ : 5°–15°Copper mold

θ

FIGURe 4.7
Schematic. diagram. of. the. equipment. used. to. prepare. bulk. metallic. glassy. alloys. by. the.
copper.mold.wedge-casting.technique..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans., JIM,.
36,.1276,.1995..With.permission.)
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produced. in.a. fully.glassy.state..The.necessity.of.using.molds.of.different.
internal.diameters.could.be.avoided.by.using.a.wedge-.or.cone-shaped.mold..
The.advantage.of.using.the.wedge-shaped.mold.is.that.one.will.be.able.to.
get.specimens.of.different.diameters.in.one.experiment,.and.this.will.help.
in.determining.the.maximum.diameter.of.the.rod.that.could.be.produced.in.
the.glassy.state.in.one.single.experiment..The.wedge-shaped.mold.used.by.
the.group.of.Inoue.[46].has.a.depth.of.50.mm.and.the.included.angle.varied.
between.5°.and.15°..On.the.other.hand,.the.cone-shaped.mold.used.by.Park.
and.Kim.[49].has.a.height.of.45.mm..The.mold.opening.at.the.top.was.15.mm.
and.at.the.bottom.it.was.6.mm.

Inoue.et al..[46].placed.platinum.(Pt)—platinum–rhodium.(Pt-Rh).thermo-
couples—at.different.positions.along.the.length.of.the.wedge-shaped.mold.
to.measure.the.cooling.rates.and.eventually.determine.the.continuous.cool-
ing. transformation. (CCT). diagrams.. Samples. could. be. collected. from. dif-
ferent.positions.in.the.mold.for.characterization.by.x-ray.diffraction,.optical.
microscopy,. transmission. electron. microscopy,. and. DSC. to. determine. the.
true.glassy.nature.of.the.cast.material.and.also.to.study.its.transformation.
behavior.to.the.equilibrium.crystalline.state.

Figure. 4.8a. shows. the. phase. relationship. when. the. molten. Zr60Al10Ni10.

Cu15Pd5.alloy.is.ejected.into.the.wedge-shaped.copper.mold.cavity.at.a.tem-
perature.of.1473.K..Figure.4.8a.plots.the.constitution.of.the.alloy.as.a.func-
tion.of.the.height.from.the.bottom.of.the.wedge-shaped.cavity.(d).and.the.
vertical.angle.(θ)..It.may.be.noted.that.different.phases.are.forming.in.differ-
ent.regions..A glassy.phase.is.forming.at.all.θ.values.up.to.a.height.of.about.
20.mm.from.the.bottom.of.the.wedge..Similarly,.a.glassy.phase.was.found.to.
form.along.the.whole.height.of.the.wedge,.up.to.a.θ.value.of.about.10°..But,.
when.the.angle.is.>10°,.a.fully.glassy.phase.was.not.obtained.along.the.whole.
length.of.the.sample.and.a.crystalline.phase.started.to.form.either.at.higher.
wedge.angles.or.at.larger.heights.from.the.bottom.of.the.wedge..Thus,.one.
can.easily.plot.the.“phase.contours”.relating.the.height.and.angular.relation-
ships.where.glassy,.crystalline,.or.a.combination.of.these.two.could.coexist..
However,.since.we.are.only.interested.in.the.glassy.phase,.we.can.define.the.
critical.diameter.(dc).up.to.which.a.glassy.phase.is.obtained.as.a.function.of.
the.wedge.angle..From.Figure.4.8a,.this.value.is.50.mm.up.to.a.θ.value.of.10°,.
and.then.reduces.to.30.mm.at.θ.=.12.5°,.and.further.reduces.to.20.mm.at.15°..
This.phase.diagram.is.for.one.alloy.composition.and.one.temperature.from.
which.the.alloy.melt.was.poured.into.the.mold..The.phase.diagram.will.be.
different.for.different.combinations.of.these.parameters.

It.is.easy.to.appreciate.that.this.value.of.dc.should.also.depend.on.the.tem-
perature.of.the.melt.(since.the.viscosity.of.the.melt.is.going.to.be.different)..
Figure.4.8b.shows.the.phase.relationship.between.the.critical.diameter.(dc).
as.a. function.of. the.melt-pouring. temperature. for.a.fixed.θ.value.of.12.5°..
Here.again.we.can.see.that.a.fully.glassy.phase.is.obtained.up.to.a.height.
of.25–30.mm,.depending.on.the.melt-pouring.temperature,.noting.that.the.
height.is.larger.for.higher-pouring.temperatures.
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4.6.4 Cap-Cast Technique

The.bulk.metallic.glassy.alloy.Zr55Cu30Ni5Al10.possesses.excellent.mechan-
ical.properties.such.as.high.strength,.high. fracture. toughness,.and.high.
fatigue.strength,.and.has.been.suggested.as.a.suitable.material.for.appli-
cations.for.microgeared.motors,.pressure.sensors,.golf.clubs,.and.optical.
parts,.among.others..However,.the.maximum.diameter.of.the.fully.glassy.
rod.that.is.produced.by.conventional.metallic.mold.casting.has.been.lim-
ited. to.about.16.mm.. In.order. to. increase. the.diameter.of. the.glassy. rod.
further,. Yokoyama. et  al.. [50]. have. recently. developed. the. cap-cast. tech-
nique.to.increase.the.maximum.diameter.of.the.fully.glassy.rod.that.could.
be.cast.

Figure. 4.9. compares. the. arc-melting,. tilt-casting,. and. cap-casting. tech-
niques..In.the.cap-casting.technique,.shown.schematically.in.Figure.4.9c,.
the.molten.alloy.is.poured.into.a.copper.mold.and.also.allowed.to.solidify.
quickly.from.the.top.by.bringing.a.metallic.cap.into.contact.with.the.mol-
ten.metal..Simultaneously,.a.small.pressure.of.about.1.kN.is.applied.to.push.
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FIGURe 4.8
(a).Variation.of.the.constitution.of.the.alloy.as.a.function.of.the.height.of.the.sample.from.the.
bottom.of.the.wedge,.dc.and.the.vertical.angle,.θ..The.figure.shows.the.region.of.formation.of.the.
fully.glassy.phase.when.the.Zr60Al10Ni10Cu15Pd5.alloy.was.ejected.into.the.copper.mold.cavity.
at.a.temperature.of.1473.K..(b).Variation.of.dc.with.ejection.temperature.of.the.molten.metal.
for.the.Zr60Al10Ni10Cu15Pd5.alloy.cast.into.a.wedge-shaped.mold.with.a.vertical.angle.θ.=.12.5°..
(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans., JIM,.36,.1276,.1995..With.permission.)
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the.cap.down.toward.the.molten.metal..The.biggest.advantage.of.this.tech-
nique.is.that.high.cooling.rates.are.achieved.not.only.on.the.sides.and.bot-
tom.of.the.casting.since.they.are.in.contact.with.the.metal.mold,.but.even.
in.the.upper.part.of.the.cast.specimen.since.this.is.in.contact.with.the.metal.
cap.. Using. this. method,. the. authors. were. able. to. produce. a. fully. glassy.
rod.of.30.mm.diameter.in.the.Zr55Cu30Ni5Al10.alloy..High-resolution.trans-
mission. electron. microscopy. of. this. alloy,. at. the. center. and. 10.mm. from.
the. bottom. of. the. cast. rod,. did. not. show. the. presence. of. any. crystalline.
inclusions,.and.not.even.a.fringe.pattern,.indicating.that.the.whole.alloy.is.
glassy.(Figure.4.10).

(a) (b) (c)

Cap die

Cu mold

Cu hearthArc torches

Cold Cu hearth

Molten alloy

Cu mold

FIGURe 4.9
Schematic.diagrams.comparing.the.(a).arc.melting,.(b).tilt.casting,.and.(c).cap-cast.techniques.
used.to.produce.bulk.metallic.glassy.alloys.

5 nm

FIGURe 4.10
High-resolution. transmission. electron. micrographs. of. cap-cast. Zr55Cu30Ni5Al10. glassy. alloy.
of.30.mm.diameter..The.micrograph.was. recorded. from. the. center.of. the. sample.at. the. site.
10.mm.from.the.bottom.of.the.casting..No.fringe.marks.are.seen.even.on.a.nanometer.scale,.
suggesting.that.the.whole.sample.was.fully.glassy.
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4.6.5 Suction-Casting Method

This. is. another. popular. method. of. synthesizing. BMGs.. The. principle.
involved.in.this.method.is.to.suck.the.molten.alloy.into.a.mold/die.cavity.by.
using.a.pressure.differential.between.the.melting.chamber.and.the.casting.
chamber..Some.of.the.details.of.this.technique.may.be.found.in.Inoue.and.
Zhang.[51],.Figueroa.et al..[52],.and.Gu.et al..[53],.and.a.full.description.of.the.
development.in.Wall.et al..[54].

The.technique.is.referred.to.as.“drop-casting”.technique.if.the.molten.alloy.
is.just.dropped.into.the.mold.instead.of.sucking.it.in.through.a.pressure.differ-
ential..Drop.casting.is.typically.used.to.process.materials.with.diameters.larger.
than.6.mm,.while.suction.casting.is.used.for.casting.of.materials.with.diam-
eters.smaller.than.6.mm..The.pressure.is.applied.in.the.suction-casting.process.
of.smaller.diameter.rods.to.essentially.overcome.the.difficulty.of.the.molten.
alloy.to.enter.the.small.die.cavity..The.drop.casting.method.was.used.by.Shen.
et al..[55].to.produce.up.to.16.mm.diameter.rods.of.Fe41Co7Cr15Mo14C15B6Y2.

The.suction-casting.system.consists.of.two.chambers—an.upper.chamber.
in.which.the.alloy.is.melted.and.a.lower.chamber.in.which.the.casting.is.done.
in.a.copper.mold.(Figure.4.11)..The.two.chambers.are.connected.through.an.
orifice,.the.size.of.which.is.about.2.mm.in.diameter.[53].and.in.some.cases.
it.is.as.large.as.16.mm.[51]..The.base.of.the.mold.is.connected.to.a.vacuum.
source.that,.when.released,.causes.a.pressure.differential,.which.forces.the.
melt.into.the.chamber..When.the.piston.separating.the.melting.chamber.and.
the.casting.chamber.is.removed,.the.differential.pressure.between.these.two.
chambers.allows. the.molten.metal. to.be.sucked. into. the.casting.chamber,.
and.then.to.be.solidified.in.the.copper.mold.
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FIGURe 4.11
Schematic.diagram.of.the.arc.melting/suction.casting.apparatus..(Reprinted.from.Gu,.X..et.al.,.
J. Non-Cryst. Solids,.311,.77,.2002..With.permission.)
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In.this.method,.the.alloy.is.usually.melted.on.a.water-cooled.copper.hearth,.
which.sits.under.a.vacuum.bell..The.copper.plate.acts.as.the.anode.for.the.
arc-current.transfer.by.the.cathode.during.arc.melting.under.an.Ar.cover.
(at.a.pressure.of.5.×.104.Pa).

4.6.6 Squeeze-Casting Method

Sometimes.the.cast.BMG.alloys.have.some.porosity.in.them..Further,.it.would.
be. also. desirable. to. have. net-shape. forming. capability. during. the. casting.
process..Squeeze.casting.has.a.high.potential.to.achieve.such.features..The.
squeeze-casting.process.involves.solidification.of.the.molten.metal.under.a.
high.pressure.within.a.closed.die.by.utilizing.a.hydraulic.press.[56].

Zhang.and.Inoue.[57].used.this.technique.as.early.as.in.1998.to.produce.
Zr–Ti–Al–Ni–Cu. bulk. glassy. sheets. with. dimensions. of. 2.5.mm. in. thick-
ness,. 35.mm. in. width,. and. 80.mm. in. length.. The. cast. sheet. has. a. smooth.
surface.and.a.good.luster..No.distinct.contrast.revealing.the.presence.of.a.
crystalline.phase.was.seen.on.the.whole.surface.of.the.sheet..Further,. the.
sheet.did.not.have.any.casting.defects.or.cavities,.and. it.was. fully.dense..
The.mechanical.properties.determined.from.different.sections.of.the.sheet.
showed. nearly. uniform. mechanical. properties,. especially. fracture. tough-
ness,.which.is.highly.sensitive.to.the.presence.of.defects.in.the.specimen..
Further,.these.mechanical.properties.have.been.found.to.be.nearly.constant.
for.every.batch.of.the.material..Since.this.technique.has.been.found.to.be.
capable.of.producing.a.highly.reliable.material.reproducibly,.this.has.been.
used.by.Inoue.et al..to.produce.4–5.mm.thick.sheets.for.the.application.as.
face.material.for.golf.clubs.

Kang.et al..[58].used.this.technique.to.produce.BMGs.in.the.Mg65Cu15Ag10Y10.
system..In.this.method,.they.remelted.the.alloy.by.an.induction.method.in.
a.graphite.crucible.under.vacuum.and.bottom-filled.a.water-cooled.copper.
mold.that.is.10.mm.in.diameter.and.75.mm.long.utilizing.a.hydraulic.press..
After.complete.filling.of.the.mold,.the.pressure,.which.reached.100.MPa,.was.
maintained. for.2.min.until. the. liquid.alloy. completely. solidified..The. sur-
faces.of.the.squeeze-cast.BMGs.showed.a.bright.luster.that.closely.mirrored.
the.mold.cavity.surface..Neither.holes.nor.cavities.were.seen.on.the.surface.

The. application. of. high. pressure. during. solidification. in. the. squeeze-
casting.process.allows. intimate.contact.between. the. liquid.alloy.and. the.
mold.wall..This.results.in.rapid.heat.extraction.from.the.liquid.and,.con-
sequently,. the.solidification.rates.achieved.are.higher..Additionally,.since.
the.melting.temperature.of.alloys.is.increased.by.the.application.of.pres-
sure,.according.to.the.Clausius–Clapeyron.equation,.the.melt.also.under-
cools. to. a. larger. degree.. Further,. since. solidification. takes. place. under. a.
high. pressure,. materials. produced. by. the. squeeze-casting. method. show.
additional.advantages..These.include.(1).increased.heat.transfer.coefficient.
between.the.molten.metal.and.die.surface,.(2).undercooling.to.much.below.
the.equilibrium.solidification.temperature,.and.(3).complete.elimination.of.
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shrinkage.and/or.gas.porosity..Consequently,.it.should.be.possible.to.produce.
near-net-shape.castings.that.closely.mirror.the.innermold.surface.and.are.
dense.and.porosity-free.as.well.

4.6.7 arc-Melting Method

This.is.a.method.that.can.be.used.to.obtain.glassy.phases.in.alloy.systems.
that. require. a. low. critical. cooling. rate. for. glass. formation.. The. procedure.
used.here.is.to.arc.melt.the.alloy.on.a.copper.hearth..Once.the.alloy.is.mol-
ten,. the.copper.hearth.acts. like.a.heat.sink.and.extracts. the.heat. from.the.
melt..A schematic.of.the.technique.is.shown.in.Figure.4.9a..This.is.somewhat.
similar.to.the.method.of.producing.rapidly.solidified.alloys.by.laser.process-
ing,.wherein.the.heat.from.the.molten.alloy.is.rapidly.extracted.by.the.large.
solid.mass.with.which.the.molten.pool.is.in.contact.

This.process.is.also.akin.to.conventional.casting.of.alloys.in.a.metal.mold.
[59,60]..The.solidification.microstructure.in.a.conventional.cast.alloy.can.be.
classified. into. three. types..The.first. type. that. is. in.direct.contact.with. the.
mold.wall.would.have.experienced.a.very.high.undercooling..Consequently,.
the.nucleation.rate.is.very.high.and.therefore,.the.“chill”.zone,.consisting.of.
extremely.fine.grains,.is.formed..Following.this,.one.will.have.a.columnar.
structure.due.to.the.presence.of.an.inverse.temperature.gradient.in.the.liq-
uid.ahead.of.the.solid/liquid.interface..The.last.type.will.be.the.formation.of.
equiaxed.structure.again.due.to.the.occurrence.of.constitutional.supercool-
ing.in.alloys.

In.the.case.of.arc-cast.alloys.also,.one.can.visualize.these.three.different.
zones.of.solidification..The.first. two.will.be.similar. to.what.are.described.
above,.viz.,.chill.zone.and.columnar.zone..But,.instead.of.the.central.equiaxed.
zone.in.conventional.cast.alloys,.we.could.have.the.glassy.phase.region.in.the.
center.of.the.ingot..It.is.to.be.noted.here.that.a.glassy.phase.forms.in.the.inner.
region.where.the.heat.flux.reinforced.from.the.copper.hearth.disappears.and.
the.cooling.rate.is.reduced..But,.this.low.cooling.rate.is.high.enough.for.some.
of. the. alloys. to. become. glassy.. That. is,. those. alloys. for. which. the. critical.
cooling.rate.for.glass.formation.is.lower.than.this.cooling.rate,.can.be.made.
glassy.

Optical.micrographs.of.arc-melt.cast.samples.show.the.presence.of.chill.
zone. and. columnar. zone. very. clearly. at. the. edges. of. the. casting. and. the.
glassy. phase. in. the. center. of. the. casting. [61].. A. point. of. interest. in. these.
micrographs.is.that.the.interface.between.the.glassy.and.crystalline.phases.is.
very.smooth..This.is.because.the.velocity.with.which.the.solid/liquid.inter-
face.moves,.vi,.is.much.higher.than.the.ratio.of.the.diffusivity.of.the.constitu-
ent.elements,.Di,. to.the.diffusion.distance.required.to.rearrange.the.atoms.
to.form.the.crystalline.solid.phase.from.the.liquid,.δi,.that.is,.vi.>>.Di/δI.[62].

A.serious.drawback.of.this.method.is.that.it.is.very.difficult.to.completely.
avoid.formation.of.a.small.amount.of.the.crystalline.phase,.at.least.on.the.
surface.. This. is. because. of. the. ease. of. heterogeneous. nucleation. due. to.
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incomplete.melting.of.the.alloy.at.the.bottom.side.that. is. in.contact.with.
the.copper.hearth.

4.6.8 Unidirectional Zone Melting Method

The.technique.of.zone.melting.is.well.known.to.produce.highly.pure.single.
crystals.for.electronic.applications.[63]..In.this.method,.a.small.region.of.a.
long.and.impure.metal.bar.is.melted,.and.this.molten.zone.traverses.along.
the.length.of.the.metal.rod.slowly..Because.of.solute.partitioning.effects,.the.
solute.concentration.is.(usually).higher.in.the.liquid.phase.than.in.the.solid.
phase.. Accordingly,. the. impurities. present. in. the. metal. get. segregated. to.
the.liquid.phase..As.the.molten.zone.travels.slowly,.more.and.more.of.the.
impurities.get.segregated.into.the.neighboring.liquid.phase,.leaving.behind.
a.purer.solid.phase..If.this.process.is.repeated.a.few.times,.one.ends.up.with.
an.extremely.pure.metal.rod,.with.all.the.impurities.segregated.to.one.end.of.
the.rod..This.method.was.originally.employed.to.purify.silicon.and.germa-
nium.crystals.for.application.in.transistors,.but.can.be.used.for.any.material.
that.needs.to.be.purified..This.technique.has.been.successfully.adopted.to.
produce.continuous.BMG.samples.in.a.Zr-based.alloy.by.Inoue.et al..[64].

Figure. 4.12. shows. a. schematic. diagram. of. the. zone-melting. equipment.
used. by. Inoue. et  al.. [65].. A. rectangular. parallelepiped. Zr60Al10Ni10Cu15Pd5.

Copper hearth

(a)

Tungsten
 cathode Molten alloy

Glass Crystal

Direction of movement

(b)

Molten alloy

Copper hearth

Tungsten 
cathode

FIGURe 4.12
Schematic.diagram.of.the.zone-melting.equipment.used.to.produce.bulk.metallic.glass.ingot.of.a.
Zr-based.alloy..(a).Front.view.and.(b).side.view..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans., JIM,.
35,.923,.1994..With.permission.)
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alloy.ingot.with.10.mm.height,.12.mm.width,.and.170.mm.length.was.prepared.
from. prealloyed. ingots. and. placed. on. a. water-cooled. copper. hearth.. The.
length.of.the.usable.rod.was.subsequently.increased.to.300.mm.[65]..A.small.
zone.in.this.ingot.is.melted.with.the.help.of.a.tungsten.cathode.positioned.at.
a.distance.of.about.3.mm.from.the.ingot.surface..The.cathode.(and.therefore.
the.molten.zone).is.moved.at.a.velocity.of.5.7.mm.s−1.

X-ray.diffraction.patterns.from.the.“zone-melted”.alloy.ingot.showed.that.
it. is.glassy. in.nature..However,.optical.microscopy.of. the. transverse.cross.
section.in.the.central.portion.of.the.ingot.revealed.that.the.sample.contained.
a.few.crystals,.about.200.μm.in.size,. inside.a.predominantly.glassy.matrix.
(Figure.4.13)..This.is.particularly.true.at.the.bottom.of.the.ingot..This.obser-
vation.again.brings.out.the.fact.that.because.of.the.copper.hearth,.it.will.be.
impossible.to.completely.suppress.heterogeneous.nucleation.of.the.crystal-
line.phase.

Yokoyama. and. Inoue. [66]. have. subsequently. analyzed. the. solidifica-
tion.characteristics.of.the.unidirectionally.solidified.Zr-based.alloy..They.
measured. the.velocity.of. the. liquid/solid. interface. (v).and. the. tempera-
ture.gradient.at.the.liquid/solid.interface.(G),.and.calculated.the.cooling.
rate.as.the.product.of.v × G..The.calculated.cooling.rates.were.a.maximum.

FIGURe 4.13
Optical. micrograph. of. the. unidirectionally. zone-melted. Zr60Al10Ni10Cu15Pd5. alloy. ingot.
showing. the. presence. of. some. crystals. in. a. glassy. matrix.. One. can. notice. a. large. volume.
fraction.of.larger.(about.200.μm.in.size).crystals.in.the.region.close.to.the.bottom.of.the.ingot.
that.is.about.2.mm.away.from.the.copper.hearth.
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of.40.K.s−1.at.the.solid/liquid.interface,.at.which.glass.formation.occurred..
Therefore,.they.concluded.that.the.critical.cooling.rate.required.for.glass.
formation.(Rc).was.only.40.K.s−1.for.the.Zr60Al10Ni10Cu15Pd5.alloy,.which.was.
substantially.lower.than.the.value.of.110.K.s−1.reported.earlier.[46].on.the.
basis.of.the.CCT.curves.obtained.from.thermal.analysis.data..It.should.be.
noted.that.the.cooling.rate.determined.in.the.present.study.corresponds.
to.the.value.at.the.liquid/solid.interface,.while.in.the.CCT.method.it.cor-
responds. to. the.average.cooling. rate. in. the. temperature. range.between.
the.solidus.and.glass.transition.temperatures..Under.such.a.situation,.the.
Rc.value.estimated.at.the.liquid/solid.interface.should.be.higher.than.the.
value. estimated. from. the. CCT. curve;. but. exactly. the. opposite. trend. is.
reported.by.these.authors..This.observation.suggests.that.the.number.of.
cycles. (N). the.melt.goes. through.during.arc.melting. (i.e.,. cleanliness.of.
the.melt).also.is.an.important.factor.since.it.was.reported.earlier.that.Rc.
decreases.from.100.K.s−1.for.N.=.3.to.12.K.s−1.for.N.=.7.in.a.Zr65Al10Ni10Cu15.
alloy.[67].

4.6.9 electromagnetic Vibration Process

It.has.been.well.recognized.and.repeatedly.emphasized.in.earlier.sections.
that.for.an.alloy.melt.to.be.solidified.into.the.glassy.state,.it.needs.to.be.cooled.
at.a.rate.higher.than.the.critical.cooling.rate.for.glass.formation..But,.the.role.
of.other.factors.such.as.electric.and.magnetic.fields.has.been.largely.ignored.
in.the.formation.of.metallic.glasses..Tamura.et al..[68].showed.that.the.appli-
cation.of.electromagnetic.vibrations.induced.by.the.interaction.of.alternating.
electric.and.stationary.magnetic.fields.could.act.as.powerful.vibrating.forces.
in. the.melt.and.affect. the.presence.of.clusters. that.could.act.as.nucleation.
sites.for.the.formation.of.crystalline.phases..By.eliminating.such.clusters.in.
the.liquid.state,.they.had.demonstrated.that.the.GFA.of.alloys.could.be.sub-
stantially.increased.

The. Mg65Cu25Y10. alloy. that. was. shown. to. be. a. good. glass. former. was.
chosen.for.the.investigation..The.alloy.sample.with.a.diameter.of.2.mm.and.
a.length.of.12.mm.was.placed.between.two.molybdenum.electrodes.in.an.
alumina.tube..The.sample.was.melted,.maintained.at.this.temperature.for.
2.min,.and.then.water.was.sprayed.on.the.alumina.tube.to.cool.the.melt..By.
varying.the.magnetic.flux.density.and.the.time.for.which.the.electromag-
netic.vibrations.were.applied,. the.authors.could.determine. the.optimum.
processing. conditions.. They. had. demonstrated. that. while. the. alloy. con-
tained.only.the.crystalline.structures.when.no.magnetic.flux.was.applied.
(0.T),.a.fully.glassy.structure.could.be.produced.by.increasing.the.magnetic.
flux. density. to. 10.T.. Similarly,. a. metallic. glassy. phase. was. produced. by.
applying. the. electromagnetic. vibrations. for. 10.s;. shorter. times. produced.
either.a.glass.+.crystalline.composite.or.a.fully.crystalline.material..But,.a.
different.result.was.obtained.by.increasing.the.rest.time.after.the.melting,.
but.before.the.onset.of.the.water.spray..The.shorter.the.rest.time,.the.better.
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it.was.for.glass.formation..Thus,.the.authors.could.optimize.the.different.
process.variables.

The.element.Mg.is.known.to.form.clusters.of.strong.local.order.in.the.liq-
uid.state.with.the.other.elements.in.the.alloy.and.that.these.clusters.will.act.
as.nucleation.centers.for.the.crystalline.phase.and.decrease.the.GFA.of.the.
alloy..Application.of.electromagnetic.vibration.destroys. these.clusters.and.
consequently.eliminates.the.opportunity.for.the.crystalline.phase.to.nucle-
ate..Increasing.the.magnitude.of.the.magnetic.flux.density.and/or.applying.
these. vibrations. for. longer. time. helps. in. the. destruction. of. these. clusters..
On.the.other.hand,.by.increasing.the.rest.time.between.melting.and.water.
spraying,.the.molten.alloy.is.having.enough.time.to.reform.the.clusters,.and.
therefore.the.GFA.of.the.alloy.is.decreased..Thus,.the.authors.concluded.that.
by.controlling.the.process.parameters,.this.process.could.be.a.very.effective.
method.to.produce.metallic.glasses.and.that.larger.BMGs.could.be.obtained.
by.this.process.under.similar.cooling.conditions.

4.7	 Bulk	Metallic	Glass	Composites

Composites. based. on. BMGs. exhibit. much. better. mechanical. properties,.
especially.enhanced.plasticity,.over.the.monolithic.materials.and.this.aspect.
will.be.discussed.in.some.detail.later.in.Chapter.8..Because.of.this.special.
attribute,.there.has.been.a.lot.of.activity.in.recent.years.on.synthesizing.and.
characterizing.BMG.composites..Since.these.aspects.will.be.covered.in.detail.
at.a.later.stage,.we.will.focus.here.only.on.the.different.methods.to.synthesize.
the.BMG.composites.

The. second. (reinforcement). phase. in. the. BMG. composites. has. been. a.
crystalline.phase,.and.its.volume.fraction.has.been.different.depending.
on.the.desired.properties..For.achieving.very.high.plasticity,.the.volume.
fraction. was. chosen. to. be. as. high. as. 80%. [69–71].. But,. the. composites.
studied.did.not.always.contain.that.large.amount.of.the.crystalline.phase.
reinforcement.. The. BMG. composites. have. been. designated. as. in situ. or.
ex situ.composites.depending.on.the.way.these.have.been.obtained..In.the.
in situ.composites,.the.second.phase.precipitates.out.of.the.metallic.glass.
either.during.casting.or.subsequent.processing.of.the.fully.glassy.alloy..
Accordingly,.the.interface.between.the.glassy.matrix.and.the.crystalline.
reinforcement.is.very.strong..On.the.other.hand,.in.the.ex situ.method,.the.
reinforcement.phase. is. added. separately.during. the. casting/processing.
of.the.alloy.and.stays.“as-is”.without.much.interaction.with.the.matrix..
Consequently,. the. interface. between. the. matrix. and. the. reinforcement.
may.not.be.very.strong..Further,.the.volume.fraction.of.the.reinforcement.
phase.is.smaller. in.the. in situ.method.and.could.be.much.higher.in.the.
ex situ.method.
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4.7.1 In Situ Composites

The.in situ.composites.are.usually.produced.by.adjusting.the.chemical.com-
position.of.the.alloy..When.the.alloy.composition.is.chosen.in.such.a.way.that.
it.does.not.correspond.exactly.to.the.actual.glass-forming.composition,.then.
the.product.of.solidification.will.not.be.a.homogeneous.glassy.phase..Instead,.
a.crystalline.phase.will.coexist.with.the.glassy.phase..This.method.has.been.
adopted.in.a.number.of.cases.to.produce.the.in situ.composites.[72–76].

In.this.method,.the.alloy.is.melted.and.cast.directly.into.the.mold..If.the.
composition. deviates. substantially. from. the. glass-forming. composition.
range,.the.second.(crystalline).phase.forms.and.its.volume.fraction.is.deter-
mined.by.the.extent.of.deviation.from.the.glass-forming.composition.range..
The.shape.of.the.crystalline.phase.is.usually.dendritic.since.it.has.formed.
directly. from. the. melt.. Instead. of. directly. casting. from. the. liquid. state,. if.
the.alloy.is.homogenized.in.the.mushy.(liquid.+.solid).region.and.then.cast,.
the.crystalline.phase.obtained.will.have.a.spherical.shape.[75],.and.this.is.
expected.to.further.improve.the.mechanical.properties.

If. the. second. phase. is. obtained. during. subsequent. processing. of. the.
fully.solidified.casting,.the.microstructure.of.the.phase.could.be.controlled..
The.grain.size.and.shape.of.the.second.phase.could.be.different..For.exam-
ple,.if.the.glassy.alloy.is.annealed.at.a.low.temperature,.the.grain.size.of.the.
crystalline.phase.will.be.of.nanometric.dimensions.[77]..Thus,.different.pos-
sibilities.exist.to.obtain.the.desired.size.and.shape.and.volume.fraction.of.the.
reinforcement.phase.through.this.route.

4.7.2 Ex Situ Composites

This. method. of. producing. the. BMG. composites. has. been. very. important.
since.one.could.introduce.a.very.large.volume.fraction.of.the.second.crys-
talline.phase..The.type.of.reinforcements.have.been.pure.metals.(tungsten,.
molybdenum,. tantalum,. nickel,. copper,. and. titanium),. alloys. (1080. steel,.
stainless. steel,. and. brass),. and. nonmetallics. (SiC,. diamond,. and. graphite)..
Long.and.continuous.fibers,.short.fibers,.and.particulates.have.been.used..
Particulates.and.short.fibers.have.been.directly.added.to.the.melt.and.com-
posites.have.been.produced..But,.for.the.case.of.long.and.continuous.fibers,.
the.melt.infiltration.technique.has.been.most.commonly.used.

Figure.4.14.shows.the.schematic.of.melt.infiltration.casting.apparatus.used.
by.Dandliker.et al..[69].to.produce.the.Zr-based.alloy.BMG.composites..The.
wires.were.first.degreased.and.cleaned,.and.this.reinforcement.material. is.
placed. in. the. sealed. end. of. a. 7.mm. inner-diameter. quartz-glass. tube.. The.
tube.was.necked.about.1.cm.above.the.reinforcement,.and.then.BMG.alloy.
ingot. pieces. are. placed. in. the. tube. above. the. neck.. The. constriction. mini-
mizes.premature.contact.between.the.wires.and.the.alloy,.and.avoids.reaction.
between.the.melt.and.the.reinforcement..The.open.end.of.the.quartz.tube.is.
then.connected.to.a.three-way.switching.valve..The.tube.could.be.evacuated.
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and.also.flushed.with.argon..The.cycle.of.evacuation.and.flushing.with.argon.
is.repeated.a.few.times.to.remove.any.residual.gaseous.impurities..In.the.last.
cycle,.the.tube.is.left.under.vacuum.to.minimize.entrapment.of.gases.in.the.
composite.sample.to.be.formed..The.sample.tube.is.then.heated.to.the.desired.
temperature.to.melt.the.BMG.alloy,.and.a.positive.pressure.is.applied.above.
the.melt.for.about.30.min.to.allow.infiltration.of.the.molten.matrix.material.
into.the.reinforcement..The.sample.is.then.quickly.removed.from.the.furnace.
and. quenched. in. brine.. The. temperatures. up. to. which. the. tube. is. heated,.
the.amount,.and.duration.of.positive.pressure.application.will.be.different.
for.different.combinations.of.matrix.and.reinforcements..Special.precautions.
may.also.have.to.be.taken.in.some.cases,.depending.on.the.materials.involved.

4.8	 Mechanical	Alloying

Mechanical.Alloying.(MA).has.been.another.popular.technique.to.synthesize.
amorphous.phases.in.a.number.of.alloy.systems.[9,10]..However,.a.major.dif-
ference.between.MA.and.the.techniques.described.so.far.is.that.while.a.bulk.
glassy.alloy.(either.monolithic.or.composite).is.produced.in.one.single.step.
using.the.methods.described.above,.MA.produces.the.amorphous.phase.in.a.
powder.form.and.this.needs.to.be.consolidated.by.some.of.the.conventional.
or.innovative.methods.through.application.of.pressure.and/or.temperature..
But,.one.of.the.biggest.advantages.of.the.MA.method.is.that.this.technique.
could.be.used.to.easily.produce.amorphous.phases.in.those.systems.where.
conventional.melting.and.casting.methods.prove.difficult.or.impossible.
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FIGURe 4.14
Schematic. of. the. melt. infiltration. casting. technique. to. produce. ex situ. BMG. composites..
(Reprinted.from.Dandliker,.R.B..et.al.,.J. Mater. Res.,.13,.2896,.1998..With.permission.)
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In.this.process,.a.mixture.of.the.blended.elemental.powders.is.loaded,.under.
inert.atmosphere.conditions,.into.the.milling.container.along.with.the.grinding.
medium.(usually.stainless.steel.or.tungsten.carbide.or.other.hard.materials)..
This.container.is.then.placed.inside.the.mill.and.the.whole.mass.is.violently.
agitated.for.the.desired.length.of.time..Depending.on.the.type.of.mill.used,.
the.powder.is.subjected.to.shear,.impact,.or.other.types.of.mechanical.forces.

As.depicted.in.Figure.4.15a,.the.powder.particles.get.trapped.between.two.
grinding. balls. and. go. through. a. process. akin. to. rolling.. But,. there. could.

Metal A
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After single collision

Ball–powder–ball collision
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20 μm 5 μm

FIGURe 4.15
(a). Ball–powder–ball. collision. of. powder. mixture. during. MA. and. (b)  deformation. charac-
teristics.of.representative.constituents.of.starting.powders.in.MA..Note.that.the.ductile.metal.
powders.(metals.A.and.B).get.flattened,.while.the.brittle.intermetallic.and.dispersoid.particles.
get.fragmented.into.smaller.particles.
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be. compressive,. shear,. and. impact. forces. exerting. on. the. surfaces. of. the.
powder. particles.. Under. the. action. of. mechanical. forces,. the. soft. individ-
ual.powder.particles.are.flattened.into.a.pancake.shape,.and.if.the.powder.
particle.is.brittle,.it.gets.comminuted.and.the.particle.size.becomes.smaller.
(Figure.4.15b)..Due.to.the.random.process,.the.flat.soft.particles.get.stacked.
and.form.a.layered.structure..On.continued.milling,.these.layered.structures.
get.convoluted..This.process.of.convolution.continues.with.milling.time.and.
the.layer.spacing.is.significantly.reduced..Additionally,.the.milled.powder.
particles.also.contain.a.high.density.of.crystal.defects. (dislocations,. stack-
ing. faults,. grain. boundaries,. etc.).. Thus,. the. combination. of. small. particle.
size,.reduced.diffusion.distances.across.the.lamellar.structure,.fresh.surfaces.
and. interfaces,. coupled. with. a. slight. rise. in. temperature,. all. contribute. to.
increased.atomic.diffusivity.and.therefore.alloying.occurs..The.kinetics.of.
microstructural. refinement. depends. on. the. mechanical. properties. of. the.
powder,.type.of.the.mill.used,.ball-to-powder.weight.ratio,.and.the.tempera-
ture.at.which.milling.is.carried.out..Depending.on.the.nature.of.the.constitu-
ent.elements.present.and.also.the.proportion.of.the.elements,.different.types.
of.alloy.phases.are.produced..These. include.amorphous.phases. in.a. large.
number.of.alloy.systems.

Amorphous.alloy.powders.of.multicomponent.bulk.metallic.glass.compo-
sitions.also.have.been.produced.by.MA.in.several.alloy.systems.including.
those.based.on.Fe,.Mg,.and.Zr..Some.of.these.are.listed.in.Table.4.3..These.
powders. can. be. conveniently. consolidated. into. bulk. in. the. supercooled.
liquid.region..A.clear.advantage.of.this.approach.to.synthesize.monolithic.
BMGs. is. that. the.size. limitations. imposed.by. the.solidification.processing.
methods.will.not.apply.here.

But,. MA. has. a. clear. advantage. in. producing. BMG. composites.. A. very.
large.number.of.oxide-,.carbide-,.and.other.ceramic-dispersed.composites.

Table 4.3

Some.Selected.BMG.Alloy.Compositions.Produced.in.a.Glassy.Condition.by.MA

Alloy	Composition Mill BPR
Time	for	

Amorphization	(h) Reference

Fe72Al5Ga2C6B4P10Si1 Planetary.ball.
mill.AGO-2U

10:1.or.20:1 8–12 [78]

Fe60Co8Zr10Mo5W2B15 SPEX.mill 10:1 20 [79]
Fe42Ge28Zr10B20 SPEX.mill 10:1 10 [80]
Fe42Ge28Zr10C10B20 SPEX.mill 10:1 8 [80]
Mg65Cu20Y10Ag5.+.ZrO2 Planetary.mill — — [81]
Nb50Zr10Al10Ni10Cu20 Fritsch.P5 14:1 200 [82]
Ta55Zr10Ni10Al10Cu15 Tumbler.mill 25:1 300 [83]
Ti60Al15Cu10W10Ni5 Tumbler.mill 30:1 200 [84]
V45Zr20Ni20Cu10Al2.5Pd2.5 Tumbler.mill 25:1 200 [85]
Zr52Al6Ni8Cu14W20 Tumbler.mill 60:1 200 [86]
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have.been.produced.by.MA..Because.of.the.heavy.deformation.involved.and.
the.kneading.that.takes.place,.the.ceramic.phase.gets.uniformly.dispersed.in.
the.metal.matrix..In.fact,.it.should.be.realized.that.the.technique.of.MA.was.
developed.to.satisfy.an.industrial.necessity.of.producing.oxide-dispersion.
strengthened.nickel-based.superalloys..Further,.it.has.been.demonstrated.
that.using.MA,.one.should.be.able.to.produce.a.composite.containing.a.very.
high.volume.fraction.of.even.nanometer-sized.ceramic.particles.[87].

4.9	 Bulk	Metallic	Glass	Foams

We.have.so.far.seen.how.BMGs.of.different.alloys.could.be.produced.by.the.
solidification.methods..In.all.these.cases,.the.glass.produced.is.fully.dense.
(as.dense.as.it.could.be.in.the.glassy.state).without.any.porosity.(except.for.
the. free.volume.present)..But,.metallic. foams.are.now.receiving. increased.
attention. from. materials. scientists. and. engineers. as. one. category. of. new.
industrially. important. materials.. This. is. because. they. are. known. to. have.
interesting.combination.of.properties.such.as.high.stiffness.in.conjunction.
with.very. low.specific.weight,.high.gas.permeability.combined.with.high.
thermal.conductivity,.high.mechanical.energy.absorption,.and.good.acoustic.
damping.[88–90].

Metallic. foams.can.be.classified. into.closed-cell,.partially.open-cell,.and.
open-cell.types.[88]..Closed-cell.type.metal.foams.have.spatially.separated.
pores. and. are. useful. for. structural. applications. such. as. lightweight. con-
struction.and.energy.absorption..On.the.other.hand,.open-cell. type.metal.
foams.have.interconnected.pores.and.are.useful.as.functional.materials.for.
applications.such.as.electrodes,.catalyst.support,.fluid.filters,.and.biomedical.
materials..Since. the.properties.of. these. foams,.especially. the.strength.and.
modulus.of.elasticity,.can.be.tailored.by.controlling.the.volume.fraction.as.
well.as.the.structure.of.pores.[91],.these.materials.can.be.used.as.biomedical.
implants..This.is.because.their.structure.allows.bone.tissue.in-growth.lead-
ing.to.the.establishment.of.stable.fixation.with.the.surrounding.tissues.

Banhart.has.briefly.described.the.different.routes.available.to.manufacture.
metal.foams.[92]..BMGs.have.high.strength.and.good.corrosion.resistance,.
but. they.possess.very. limited.ductility. in. tension,.near-zero.plastic.strain;.
even. in. compression,. it. is. typically. <2%.. The. ductility. of. BMGs. has. been.
enhanced.by.producing.a.composite.through.dispersion.of.a.ductile.crystal-
line.phase;.but.this.reduces.the.strength.of.the.composite..Therefore,.it.has.
been.suggested.that.by.producing.BMGs.as.foams,.their.ductility.could.be.
increased.without.sacrificing.the.strength..This.is.because.the.struts.within.
a.foam.can.have.cross.sections.small.enough.to.impart.high.plasticity.in.bend-
ing,.even.when.the.loading.is.uniaxial..Therefore,.several.attempts.have.been.
made.to.produce.BMG.foams.
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Production.of.metallic.glassy.foams.is.challenging.to.say.the.least..First,.
foams.are.unstable.structures..Second,.since.the.kinetics.of.foam.expansion.
and.collapse.scale.with.the.viscosity,.the.kinetics.of.foaming.in.BMGs.is.very.
sluggish.(due.to.the.high.viscosity.of.glass-forming.melts)..But,.this.could.be.
used.to.our.advantage.in.controlling.the.foam.homogeneity,.bubble.size.dis-
tribution,.and.volume.fraction.of.the.pores..Third,.to.extract.heat.sufficiently.
fast. to. avoid. crystallization,. glassy. foam. dimensions. are. restricted. in. one.
dimension..Last,.techniques.that.introduce.heterogeneous.nucleation.sites.to.
improve. uniformity. of. pore. distribution. will. also. facilitate. crystallization..
Therefore,.this.method.cannot.be.used.while.producing.metallic.glass.foams.

The.possibility.of.producing.metallic.glassy.foams.was.theoretically.inves-
tigated.by.Apfel.and.Qiu.[93]..They.suggested.that.when.a.melt.seeded.with.
droplets. of. a. volatile. liquid. is. rapidly. decompressed,. the. droplets. vapor-
ize.explosively,. taking. their. latent.heat.of.vaporization. from.the.melt,.and.
therefore.homogeneously.cooling.and.expanding.it..But,.the.actual.process.
to. produce. amorphous. metallic. foam. was. first. demonstrated. by. Schroers.
et al..[94]..They.used.hydrated.B2O3.to.create.gas.bubbles.in.the.liquid.melt.of.
Pd43Ni10Cu27P20,.which.is.known.to.be.a.very.good.glass.former.with.a.criti-
cal.cooling.rate.for.glass.formation.of.as.low.as.0.1.K.s−1..The.use.of.B2O3.in.
this.case.is.acceptable.since.this.is.used.to.flux.the.Pd-.and.Pt-based.alloys.
to.remove.impurities.from.the.melt..Water.vapor.is.released.during.decom-
position.of.the.hydrated.B2O3,.which.is.entrapped.by.the.melt..These.bubbles.
expand.when.the.pressure.is.decreased,.resulting.in.a.low-density.closed-
cell.foam..They.had.obtained.bubbles.varying.in.diameter.between.0.1.and.
1.mm.and.reported.a.very.uniform.bubble.distribution..Densities.as.low.as.
1.4.g.cm−3.were.obtained.corresponding.to.a.bubble.volume.fraction.of.84%.

Brothers.et al..[95–97].also.produced.syntactic.metallic.glass.foams.(foams.
whose.low.density.is.achieved.by.incorporating.hollow.particulates.into.the.
alloy)..Since.Zr.is.very.reactive,.it.cannot.tolerate.the.presence.of.impurities.
such.as.hydrogen,.oxygen,.and.boron..The.metal.Zr.is.especially.sensitive.to.
oxygen,.even.in.small.quantities..Therefore,.the.authors.[95].used.an.alterna-
tive. foaming.method. to.produce. foams. in. the.Zr57Nb5Cu15.4Ni12.6Al10. alloy..
They.used.hollow.carbon.microspheres.with.a.diameter.of.25–50.μm.and.a.
wall.thickness.of.1–10.μm..A.bed.of.these.microspheres.with.5.mm.diameter.
and.8.mm.height.was.placed.into.the.sealed.end.of.a.stainless.steel.tube..The.
whole.crucible.assembly.was.then.heated.to.1250.K.under.a.vacuum.of.3.×.10−5.
Torr,.and.a.prealloyed.charge.of.Zr57Nb5Cu15.4Ni12.6Al10.was.then.lowered.into.
the.hot.zone.of.the.crucible.and.allowed.to.melt.for.3.min..This.melt.was.then.
infiltrated.into.the.microsphere.bed.using.153.kPa.of.high-purity.argon.gas..
After.infiltration.for.45.s,.the.sample.was.quenched.by.immersing.the.tube.
in.an.agitated.brine.solution..The.investigators.noted.that.the.infiltration.was.
uniform.only.in.the.lowest.3.mm.at.the.bottom.of.the.bed..The.foam.density.
was.3.4.±.0.2.g.cm−3,.corresponding.to.a.relative.density.of.about.50%..It.was.
also.reported.that.the.glassy.foam.of.5.mm.diameter.showed.no.measurable.
loss.in.thermal.stability.as.compared.with.the.bulk.glassy.alloy.



Synthesis	of	Bulk	Metallic	Glasses	 179

Brothers.and.Dunand.[96].also.produced.metallic.glass.foams.by.infiltrating.
the.molten.Zr57Nb5Cu15.4Ni12.6Al10.alloy.into.a.sintered.BaF2.pattern.followed.
by.rapid.quenching..BaF2.was.leached.out.in.a.bath.of.2.N.nitric.acid..These.
authors.showed.that.the.foams.had.a.density.of.1.52.g.cm−3.(corresponding.to.
78%.porosity).with.a.uniform.pore.size.of.212–250.μm..During.compression,.
these.foams.showed.a.strain.of.approximately.50%,.with.the.sample.remain-
ing.intact.after.unloading..This.increased.ductility.was.achieved.through.the.
bending.of.approximately.1.mm.struts.

The.Inoue.group.has.also.produced.BMG.foams,.but.by.different.meth-
ods.. In. one. method,. Wada. and. Inoue. [98]. mixed. solid. NaCl. and. liquid.
Pd42.5Cu30Ni7.5P20. alloy. in. a. silica. tube. and. water. quenched. this. mixture..
The.salt.was.later. leached.out.by.warm.water.at.353.K..By.maintaining.a.
volume. fraction.of.1–7.between. the.Pd-alloy.and. the.salt,. they.were.able.
to.obtain.a.porosity.of.about.65%.in.the.alloy..The.pores.in.the.foam.had.a.
polyhedral.shape.with.sizes.of.125–250.μm,.corresponding.to.the.shape.and.
size.of.the.salt.crystals..Entrapment.of.pressurized.hydrogen.was.another.
method.used.by. them.[99,100].. In. this.method,. the.Pd42.5Cu30Ni7.5P20.alloy.
was.placed. inside a.quartz.crucible,. the.crucible.was.evacuated,.and. the.
alloy.heated. to.853.K,.about.50.K.higher. than. the.melting. temperature.of.
the.alloy..Hydrogen.gas.at.1.5.MPa.was.then.introduced.into.the.crucible.
and.the.molten.alloy.was.annealed.for.10.min.to.dissolve.the.hydrogen.into.
the.melt..Subsequently,.the.crucible.was.evacuated.and.quenched.immedi-
ately.into.water..Porous.rods.7.mm.in.diameter.and.50.mm.in.length.were.
produced. by. this. method.. The. volume. fraction. and. pore. size. were. con-
trolled.by.changing.the.temperature.of.the.molten.alloy.before.quenching,.
the.hydrogen.pressure,.and.the.duration.of.annealing..Figure.4.16.shows.
the. transverse. cross. section. and. longitudinal. cross. section. of. a. porous.
Pd42.5Cu30Ni7.5P20.alloy.rod.produced.by.melting.the.alloy.for.10.min.at.813.K.

(a) (b)

3 mm 3 mm

FIGURe 4.16
(a). Transverse. cross. section. and. (b). longitudinal. cross. section. of. a. 7.mm. diameter. porous.
Pd42.5Cu30Ni7.5P20.alloy.rod.produced.by.melting.the.alloy.for.10.min.at.813.K.under.a.hydrogen.
pressure.of.1.5.MPa.and.then.water.quenching..Note.the.uniformity.of.pore.size.in.both.the.cross.
sections..(Reprinted.from.Wada,.T..and.Inoue,.A.,.Mater. Trans.,.45,.2761,.2004..With.permission.)
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under.a.hydrogen.pressure.of.1.5.MPa.and.then.water.quenching..It.is.clear.
from.these.micrographs.that.the.alloy.rod.contains.a.high.volume.fraction.
of.the.pores.and.that.there.is.no.difference.in.the.morphology.of.the.pores.
between. the. two. cross. sections.. Scanning. electron. micrographs. of. the.
etched.transverse.cross.section.of.the.porous.Pd42.5Cu30Ni7.5P20.alloy.both.at.
low.and.high.magnifications.are.presented.in.Figure.4.17..It.may.be.noted.
that.the.alloy.is.fully.glassy,.and.contrast.due.to.the.presence.of.a.crystal-
line.phase.is.not.seen.even.at.high.magnifications.

Xie.et al..[101].used.a.clever.method.to.fabricate.porous.BMG.specimens..They.
first.produced.Zr55Cu30Al10Ni5.glassy.powder.by.high-pressure.gas.atomiza-
tion.and.then.consolidated.this.powder.through.spark.plasma.sintering.pro-
cess..The.bulk.samples.had.dimensions.of.20.mm.diameter.and.5.mm.height..
The.porosity.in.the.bulk.samples.was.controlled.by.varying.the.loading.pres-
sure.and.sintering.temperature..For.example,.by.sintering.the.gas-atomized.
powder.for.10.min.at.623.K.and.30.MPa,.and.613.K.and.20.MPa.pressure,.they.
were.able.to.obtain.samples.with.4.7%.and.33.5%.porosity,.respectively.

Demetriou.et al..[102].employed.a.similar.method.to.obtain.highly.porous.
metallic.glass.foams..In.this.method,.the.glassy.powder.is.combined.with.a.
blowing.agent.and.the.mixture.is.consolidated.at.a.temperature.within.the.
supercooled.liquid.region.of.the.alloy,.but.below.the.decomposition.point.of.
the.blowing.agent..This.produces.the.foam.precursor..But,.when.this.precur-
sor.is.subsequently.heated.to.a.temperature,.again.in.the.supercooled.liquid.
region.of.the.glass,.but.above.the.decomposition.point.of.the.blowing.agent,.
the. precursor. expands. and. thus. a. metallic. glass. foam. is. formed.. In. their.
study,.the.authors.used.the.Pd43Ni10Cu27P20.glass,.crushed.it.into.powder,.and.

(a) (b)

1 mm 500 μm

FIGURe 4.17
Scanning.electron.micrographs.of.the.transverse.cross.section.of.the.porous.glassy.Pd42.5Cu30Ni7.5P20.
alloy.rod.quenched.from.833.K.under.a.hydrogen.pressure.of.1.5.MPa..The.specimen.was.etched.
in.concentrated.H2SO4.solution.for.3.h.to.reveal.any.contrast.due.to.the.presence.of.a.crystalline.
phase.. (a). Low-magnification. and. (b). high-magnification. micrographs.. Contrast. due. to. the.
presence.of.a.crystalline.phase.is.not.seen.even.in.the.high.magnification.micrograph..(Reprinted.
from.Wada,.T..and.Inoue,.A.,.Mater. Trans.,.45,.2761,.2004..With.permission.)
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mixed.it.with.the.particulates.of.the.blowing.agent,.magnesium.carbonate,.
and.n-hydrate. (MgCO3. ·.nH2O).. In. the.final.product,. they.had.obtained.as.
much. as. 86%. porosity.. The. foams. inherited. the. high. strength. of. the. par-
ent.metallic.glass.and.were.able.to.deform.heavily.toward.full.densification.
absorbing.high.amounts.of.energy.

4.10	 Concluding	Remarks

A. number. of. different. techniques. have. been. described. here. to. produce.
BMGs. in. different. sizes. and. shapes.. These. include. regular. rod. shapes,.
wedge.shapes,.and.cone.shapes..The.later.individual.chapters.also.contain.
occasionally.some.details.of.preparation.of.BMGs..Since.the.critical.cooling.
rate.required.to.form.the.glassy.phase.in.these.alloys.is.relatively.low,.it.was.
possible.to.use.relatively.simple.techniques.to.obtain.the.BMGs..However,.
when.the.technique.includes.a.conducting.substrate.on.which.the.alloy.was.
melted,.it.appears.inevitable.that.heterogeneous.nucleation.of.a.crystalline.
phase.occurs..But,. it.has.been.possible.to.obtain.fully.glass.samples.using.
methods.such.as.high-pressure.die.casting,.water.quenching,.copper.mold.
casting,.or.suction/squeeze.casting.

Naturally. the. cooling. rates. obtained. differ. in. these. different. methods..
But,.the.cooling.rates.achieved.in.most.of.the.methods.are.above.the.critical.
cooling. rate. for. the. formation. of. the. bulk. glassy. phases. in. different. alloy.
systems,.and.therefore.these.techniques.could.be.used.to.synthesize.BMG.
alloys..Techniques.to.synthesize.BMG.foams.have.also.been.described.along.
with.nonsolidification.methods.to.produce.BMG.alloys.
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5
Crystallization	Behavior

5.1	 Introduction

Metallic.glasses,.whether.produced.in.the.form.of.ribbons.by.the.melt-spinning.
technique.at.high.solidification.rates.or.in.bulk.rod.form.by.conventional.solid-
ification.methods.at.relatively.slow.solidification.rates,.are. in.a.high.energy.
(metastable).state..Consequently,.they.lower.their.energy.by.transforming.into.
the.crystalline.state,.a.process.referred.to.as.crystallization.or.devitrification..
The. crystallization. of. metallic. glasses. is. expected. to. take. place. at. or. above.
the.crystallization.temperature,.Tx,.which.is.measured.with.the.help.of.a.dif-
ferential.scanning.calorimeter.(DSC).or.a.differential.thermal.analyzer.(DTA),.
during. continuous. heating. of. the. glassy. ribbon/alloy. at. a. constant. heating.
rate..Note,.however,.that.Tx.is.not.a.thermodynamic.parameter.like.the.melting.
temperature.of.a.metal..It.is.a.function.of.the.heating.rate.employed.and.the.
higher.the.heating.rate,.the.higher.is.the.Tx..Therefore,.given.sufficient.time,.the.
crystallization.of.metallic.glasses.can.occur.at.temperatures.lower.than.Tx.also.

The. crystallization. studies. of. alloys. are. important. from. both. scientific.
and.technological.points.of.view..The.study.of.the.crystallization.behavior.
of.metallic.glasses.is.very.interesting.from.a.scientific.point.of.view..Since.
crystallization.of.metallic.glasses.occurs.by.a.nucleation.and.growth.pro-
cess,.it.offers.an.opportunity.to.study.the.growth.of.crystals.into.an.isotropic.
medium..Further,.this.process.also.offers.a.chance.to.test.the.classical.nucle-
ation.and.growth.theories.at.large.undercoolings.

From. a. technological. point. of. view,. the. crystallization. temperature.
of.metallic.glasses.provides.a.real.upper. limit. to. the.safe.use.of.metallic.
glasses. without. losing. their. interesting. combination. of. properties.. The.
important.and.interesting.properties.of.metallic.glasses.are.lost.as.a.result.
of.crystallization..For.example,. the.magnetic.behavior.of.metallic.glasses.
is.different.after.crystallization.had.occurred..Additionally,.the.improved.
corrosion.resistance.of.metallic.glasses.has.been.found.to.deteriorate.upon.
crystallization.. Further,. metallic. glass. ribbons. were. found. to. lose. their.
bend.ductility.upon.crystallization..But,.it.should.be.realized.that.Tx.can-
not.be. taken.as.an. indicator.of. the.safe operating temperature.of.a.metallic.
glass..For.example,.even.though.many.Fe-based.metallic.glasses.have.Tx.in.
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the.region.of.400°C,.their.maximum.long-term.operating.temperatures.are.
only.of.the.order.of.150°C.[1].

Studies.on.the.crystallization.behavior.of.metallic.glasses.also.provide.an.
opportunity.to.study.the.kinetics.of.crystallization.and.also.the.micromech-
anisms.of.crystallization..Such.results.will.provide.a.clear.understanding.of.
the.way.the.metallic.glass.transforms.into.the.crystalline.state.and.offer.a.
means.to.impede.or.control.the.crystallization.behavior..In.other.words,.one.
could.tailor.the.microstructure.to.obtain.a.glass.+.nanocrystal.or.an.ultrafine-
grained. composite,. or. a. completely. crystalline. material. of. different. grain.
sizes. by. controlling. the. time. and. temperature. of. crystallization. [2].. It. has.
been.reported.in.recent.years.that.it.is.possible.to.obtain.composites.of.a.fine.
crystalline.phase.dispersed.in.the.glassy.matrix.by.the.partial.crystallization.
of.glass..Such.composites.have.been.shown.to.exhibit.interesting.mechani-
cal.properties..For.example,.the.strength.could.be.substantially.increased.to.
very.high.values.[3]..Ductility.could.be.introduced.into.the.BMGs.by.intro-
ducing.fine.crystalline.phase.particles.[4,5]..Further,.it.should.be.possible.to.
produce.a.fully.nanocrystalline.material.by.the.controlled.crystallization.of.
metallic.glassy.alloys.of.suitable.compositions..As.a.result,.the.mechanical.
and.other.properties.could.be.optimized.through.a.proper.understanding.
of.the.crystallization.behavior.of.metallic.glasses..It.may.not.be.possible.to.
obtain.such.novel.and.unique.microstructures.by.any.other.means.and.in.
other.types.of.materials.unless.one.starts.with.a.fully.glassy.material.

Any.property.of.the.material.that.changes.on.crystallization.of.the..metallic.
glass. may. be. used. to. monitor. the. crystallization. behavior.. These. include.
electrical.resistivity,.saturation.magnetization,.magnetic.coercivity,.and.elas-
tic.modulus,.among.others..When.these.properties.are.followed.as.a.func-
tion.of.temperature.during.the.heating.of.the.metallic.glass,.there.is.a.sharp.
and.discontinuous.change.at.the.crystallization.temperature..However,.such.
methods. are. indirect. and. therefore. caution. should. be. exercised. in. using.
them.to.determine.the.kinetics.of.crystallization..Further,.the.detection.limit.
of.the.presence.of.a.crystalline.phase.by.such.methods.depends.on.the.reso-
lution.limit.of.the.technique;.it.is.not.usually.high.for.these.indirect.methods.

The. crystallization. behavior. of. melt-spun. metallic. glass. ribbons. has. been.
.studied.most.extensively.using.XRD,.TEM,.and.DSC.methods..Other.techniques.
have.also.been.employed.to.obtain.specific.information..There.have.been.some.
excellent.reviews.on.the.results.of.the.crystallization.of.melt-spun.metallic.glasses.
by Köster.and.Herold.[6],.Scott.[7],.and.Ranganathan.and.Suryanarayana.[8].

5.2	 Methodology

The.crystallization.behavior.of.metallic.glassy.alloys. (ribbons.or.bulk. rod.
samples).is.most.commonly.studied.by.first.determining.the.characteristic.
temperatures.at.which.the.glassy.phase.transforms.to.the.crystalline.state,.
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or.in.a.few.cases.to.the.supercooled.liquid.state.before.crystallization.had.
started.. This. has. been. done. by. heating. the. sample. containing. the. glassy.
phase,.at.a.constant.rate,.usually.between.5.and.40.K.min−1,.to.a.high.tem-
perature.in.a.DSC.or.a.DTA..In.the.DSC.method,.the.glassy.sample.(a.few.mg.
in.weight).and.an.inert.reference.sample.of.similar.weight.are.subjected.to.
identical.thermal.programs.and.the.heat.flow.between.the.two.is.monitored..
The.heat.evolved.or.absorbed.is.plotted.on.the.Y-axis.and.the.temperature.
on. the. X-axis.. Conventionally,. a. reaction. is. termed. endothermic. if. heat. is.
absorbed. and. exothermic. if. heat. is. evolved.. While. DSC. is. the. most. com-
monly.used.method.to.determine.the.glass.transition.(Tg).and.crystallization.
(Tx).temperatures,.the.DTA.is.more.commonly.used.to.determine.the.melting.
(solidus.and.liquidus).temperatures.

5.2.1 Transformation Temperatures

A.typical.DSC.plot.from.a.BMG.sample.is.shown.in.Figure.5.1..In.this.plot,.
one. can. notice. three. important. transformations. defined. by. Tg,. the. glass.
transition.temperature,.Tx,.the.crystallization.temperature,.and.Tm,.the.melt-
ing.temperature..The.glass.continues.to.be.in.the.glassy.state.until.Tg,.the.
presence.of.which.is.identified.by.a.change.in.the.slope.of.the.base.line..An.
increase.in.the.heat.capacity.is.noted.at.Tg..Even.though.crystallization.does.
not.occur.below.Tg,.the.as-quenched.glass.undergoes.structural.relaxation..

5
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H
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FIGURe 5.1
Schematic.of.a.typical.differential.scanning.calorimeter.(DSC).curve.obtained.on.heating.
a. BMG. alloy. from. room. temperature. to. high. temperatures. at. a. constant. heating. rate. of.
40.K.min−1..Note.that.the.curve.displays.three.important.temperatures—the.glass.transi-
tion.temperature,.Tg,.the.crystallization.temperature,.Tx,.and.the.melting.temperature,.Tm..
In.some.cases,.there.may.be.more.than.one.crystallization.temperature,.depending.upon.
the. number. of. stages. in. which. the. glass. or. the. supercooled. liquid. transforms. into. the.
crystalline.phase(s).
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Crystallization. is. indicated. by. a. large. exotherm. from. which. a. dynamic.
crystallization.temperature.can.be.defined..From.this.peak,.one.could.iden-
tify.either.the.crystallization.onset.temperature,.Tx.or.the.peak.temperature,.
Tp.. The. number. of. crystallization. events. (and. consequently. the. crystalli-
zation.temperatures).observed.depends.on.the.number.of.stages.in.which.
the.glassy.phase.transforms.into.the.crystalline.state..Thus,.if.equilibrium.
phases.are.formed.in.two.stages,.the.DSC.plots.show.two.exothermic.peaks.
representing. two. crystallization. temperatures.. If. eutectic. crystallization.
occurs. (where. more. than. one. phase. is. formed. simultaneously),. only. one.
crystallization.peak.is.present.in.the.DSC.plot..Because.of.the.presence.of.
a.large.number.of.components.in.the.BMGs,.a.number.of.different.phases.
may.form.at.different.stages.of.heating..Consequently,.the.number.of.exo-
thermic.peaks.(and.crystallization.temperatures).observed.during.the.heat-
ing.of.the.BMGs.can.be.large.and.as.many.as.four.exothermic.peaks.have.
been.reported.in.(HfxZr1−x)52.5Cu17.9Ni14.6Al10Ti5.glassy.alloys.for.x.=.0,.1/3,.1/2,.
and.2/3.[9].

The.last.transformation.corresponds.to.the.melting.of.the.sample.and.is.
defined.by.Tm,.which. is.endothermic. in.nature..The. temperature.at.which.
this.peak.occurs.corresponds.to.the.melting.of.the.alloy..It. is.important.to.
remember. that. most. of. the. alloys,. unless. they. correspond. exactly. to. the.
eutectic.composition,.have.a.range.of.melting.temperatures..Consequently,.
one.needs.to.identify.two.temperatures,.namely,.Ts,.the.solidus.temperature.
(at.which.melting.begins).and.Tl,.the.liquidus.temperature.(at.which.melting.
is.completed)..The.solidus.temperature.has.also.been.occasionally.referred.
to.as.the.onset.melting.temperature..The.measurement.of.Tl,.along.with.Tg,.
in. the. DSC/DTA. plots,. helps. in. determining. the. reduced. glass. transition.
temperature.(Trg.=.Tg/Tl),.which.is.frequently.used.as.a.measure.of.the.GFA.
of.an.alloy.system.(see.Chapter.3.for.details)..Sometimes,.researchers.have.
used.the.term.Tm.to.indicate.the.melting.point.of.the.alloy.and.some.others.
have.used.this.designation.to.indicate.the.solidus.temperature..Also,.at.other.
times.the.Ts.has.been.used.to.indicate.the.melting.temperature.of.the.alloy..
But,.one.should.determine.the.Tl.temperature,.especially.if.one.is.interested.
in.correlating. the.GFA.of. the.alloy.by.calculating.Trg..This. is.all. the.more.
important.because.Lu.et.al.. [10].have.clearly.shown.that.Trg.given.by.Tg/Tl.
showed.a.better.correlation.with.critical.cooling.rate.or.maximum.section.
thickness.than.Trg.given.by.Tg/Tm.

There. were. doubts. in. the. minds. of. researchers,. especially. in. the. early.
years. of. research. on. melt-spun. metallic. glasses,. whether. the. amorphous.
alloys.produced.by.RSP.were.truly.glasses..This.was.because.a.glass.transi-
tion.temperature,.a.hallmark.of.true.glasses,.was.not.detected.in.many.cases..
Even.though.the.presence.of.Tg.is.absolute.proof.for.the.glassy.nature.of.the.
material,.majority.of.the.melt-spun.metallic.glass.ribbons.did.not.exhibit.Tg.
in.their.DSC.plots..The.reason.for.this.was.that.the.difference.between.Tg.and.Tx.
for.melt-spun.ribbons.is.usually.so.small.that.one.will.not.be.able.to.clearly.
detect.the.presence.of.Tg.in.all.the.cases..Only.a.few.alloys.such.as.Au–Ge–Si.
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showed. the.glass. transition. temperature. [11].. In.contrast,.almost.all.of. the.
BMGs.exhibit.Tg..But,.there.are.also.a.few.exceptions.to.this.and.these.BMGs.
do.not.show.a.clear.Tg..For.example,.Nd–Fe–Al.[12].and.Pr–Fe–Al.[13].glassy.
alloys.did.not.exhibit.any.Tg,.even.though.they.have.a.high.GFA.and.glassy.
rods.with.a.diameter.of.>10.mm.could.be.produced.

The.temperature.interval.between.Tg.and.Tx.is.referred.to.as.ΔTx.(=.Tx.−.Tg).
or.the.width.of.the.supercooled.liquid.region..The.value.of.ΔTx.can.be.dif-
ferent.depending.on.the.alloy.system.in.which.the.glass.has.formed.and.is.
usually.in.the.range.of.40–90.K..However,.the.smallest.value.of.ΔTx.reported.
in. BMG. compositions. is. 12.K. in. a. 1.mm. diameter. rod. of. Ca66.4Al33.6. alloy.
[14],.and.values.larger.than.120.K.have.also.been.reported..For.example,.ΔTx.
of.about.127.K.was. reported. in.a.16.mm.diameter. rod.of.Zr65Al7.5Ni10Cu17.5.
glass. [15,16].. The. largest. ΔTx. reported. in. the. literature. so. far. is. 131.K. in. a.
Pd43Ni10Cu27P20.BMG.alloy.[17]..The.width.of.the.supercooled.liquid.region.
(ΔTx).is.an.indicator.of.the.stability.of.the.supercooled.liquid.and.therefore,.
its. resistance. to. the. onset. of. crystallization.. As. pointed. out. in. Chapter. 3,.
there.is.a.tendency.for.the.GFA.of.the.alloy.to.increase.with.an.increasing.
value.of.ΔTx,.even.though.not.in.every.case.

Table.5.1.lists.the.transformation.temperatures.for.some.of.the.BMG.sam-
ples..At.least.one.representative.sample.from.each.of.the.base-metal.catego-
ries.was.chosen,.just.for.demonstration.purposes..The.Tg.values.were.found.
to.vary.from.as.low.as.348.K.for.an.Au55Cu25Si20.glassy.alloy.[18].to.as.high.as.
910.K.for.a.Co43Fe20Ta5.5B31.5.glassy.alloy.[21]..Similarly,.the.Tx.values.ranged.
from.about.383.K.for.an.Au55Cu25Si20.glassy.alloy.[18].to.as.high.as.982.K.for.a.
Co43Fe20Ta5.5B31.5.glassy.alloy.[21].

The.transformation.temperatures.for.some.of.the.melt-spun.ribbons.of.the.
same.composition.are.also. listed. in.Table.5.1. for.comparison.purposes.. In.
fact,.most.commonly,.a.large.quantity.of.the.alloy.is.prepared.and.a.small.
part.of.that.alloy.is.used.to.synthesize.bulk.glassy.rods.and.another.portion.
to.synthesize.melt-spun.glassy.ribbons..When.the.transformation.tempera-
tures.of.these.glassy.products.are.measured,.it.is.noted.that.there.is.no.differ-
ence.between.the.melt-spun.ribbons.and.bulk.alloy.rods..Therefore,.usually,.
the. transformation. temperatures. are. measured. on. the. melt-spun. ribbons.
(of  compositions. identical. to. the. rod. samples). and. these. temperatures.are.
used.for.heat.treatment.purposes.to.study.structural.relaxation,.crystalliza-
tion.behavior,. etc..of. the.bulk. rod.samples..Also,. there. is.no.difference. in.
the. transformation.temperatures.of. the.glassy.rods.of.different.diameters..
Figure.5.2.shows.the.DSC.curves.of.the.glassy.[(Fe0.8Co0.2)75B20Si5]96Nb4.alloy.
rods. of. different. diameters. and. also. of. the. melt-spun. ribbon. of. the. same.
composition.[45]..It.may.be.noted.that.the.transformation.temperatures.are.
identical. for.all. the.samples..Similar.observations.have.been.made.repeat-
edly.by.a.number.of.researchers.and.in.different.alloy.systems.

The. glass. transition. temperature. Tg. is. a. kinetic. parameter. and. its. value.
depends.on.the.cooling.rate.at.which.the.glass. is. formed.(and.also.on.the.
heating.rate.at.which.the.glassy.sample.is.reheated)..It.was.also.noted.that.
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Tg.was.lower.when.the.glass.had.formed.at.lower.cooling.rates..Therefore,.it.
would.be.possible.to.assume.that.the.Tg.for.the.melt-spun.ribbon.and.BMG.
rod. will. be. different.. But,. this. is. not. true.. The. reason. is. that. Tg,. the. tem-
perature.at.which.the.glass.is.formed.is.estimated.during.the.cooling.of.the.
molten.alloy..On.the.other.hand,.Tg.is.usually.measured.experimentally.dur-
ing.the.heating.of.the.glassy.alloy.that.has.already.formed..Once.the.glass.
is.heated.from.room.temperature.to.higher.temperatures,. it. is.structurally.
relaxed.and,.therefore,.it.does.not.matter.how.the.glass.had.initially.formed..
Accordingly,. both. types. of. glasses. will. have. the. same. Tg. and. Tx. tempera-
tures,.when.measured.at. the.same.heating.rate..That. is,. there. is.no.differ-
ence.between.the.Tg.values.of.glasses.prepared.by.RSP.or.slow.solidification.
methods.

Occasionally,. there. are. reports. in. the. literature. where. small. differences.
have.been.reported.between. the. transformation. temperatures.of. the.melt-
spun.ribbons.and.BMG.alloy.rods,.even.though.the.composition.is.identical.
for.both.the.glasses..For.example,.Inoue.et.al..[25].measured.the.transforma-
tion.temperatures.for.the.bulk.glassy.rods.of.the.La55Al25Ni10Cu10.alloy.and.
reported.that.the.Tg.and.Tx.values.for.this.alloy.were.460.and.527.K,.respec-
tively..These.values.were.also.shown.to.be.independent.of.the.diameter.of.
the.glassy.rod.from.1.to.9.mm..But,.they.reported.the.Tg.and.Tx.temperatures.
for. the. melt-spun. ribbon. as. 460. and. 550.K,. respectively. [26].. These. values.
suggest.that.while.the.Tg.value.was.identical.for.the.two.types.of.glasses.(rib-
bons.and.rods),.the.Tx.value.for.the.rod.was.lower.by.23.K..The.reduction.of.Tx.

600 700 800 900 1000 1100 1200
Temperature, T (K)

Ex
ot

he
rm

ic
[(Fe0.8Co0.2)0.75B0.2Si0.05]96Nb4

Ribbon

φ 1.5 mm

φ 2 mm

φ 2.5 mm

Tc Tg

Tx

FIGURe 5.2
DSC.curves.of.bulk.glassy. [(Fe0.8Co0.2)75B20Si5]96Nb4.alloy.of.different.diameters. (1.5,.2.0,.and.
2.5.mm).and.melt-spun.ribbon.of.the.same.composition..These.curves.clearly.demonstrate.that.
the. transformation. temperatures. are. identical. for. all. the. samples. and. that. the. transforma-
tion.temperatures.do.not.depend.upon.the.diameter.of.the.rod.or.the.thickness.of.the.ribbon..
(Reprinted.from.Inoue,.A..et.al.,.Acta Mater.,.52,.4093,.2004..With.permission.)
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for.the.BMG.sample.(by.about.4%).was.explained.on.the.basis.that.perhaps.it.
was.difficult.to.protect.the.molten.alloy.against.oxidation.during.the.casting.
of.the.BMG.samples..This.brings.out.an.important.point.that.the.melt.purity.
is.an.important.consideration.during.the.synthesis.of.metallic.glassy.alloys,.
especially.in.alloys.based.on.reactive.metals.like.Zr.and.Ti..Therefore,.the.
differences.in.Tg.and.Tx.are.not.intrinsic,.but.due.to.extraneous.factors.such.
as.oxidation.or.other.environmental.effects.

Determination. of. the. Tx. temperature. helps. in. identifying. the. tempera-
tures.at.which.heat.treatments.could.be.carried.out.to.determine.the.kinet-
ics. of. crystallization. and. also. the. nature. of. the. crystallization. product(s)..
Once. these. temperatures. are. determined,. the. alloy. specimen. is. heated. to.
a. temperature. just. above. the. transformation. temperature,. quenched. from.
that.temperature,.and.the.sample.is.examined.for.the.nature.of.the.phases.
present,.their.morphology,.volume.fraction,.size,.and.size.distribution.using.
techniques.such.as.XRD,.TEM,.and.others.

The.heating.rates.are.usually.slow,.ranging.from.about.5.K.min−1.to.about.
40.K.min−1,.even.though.much.slower.and.much.faster.heating.rates.are.occa-
sionally.employed.for.special.reasons..It.is.important.to.realize.that.too.slow.
a.heating.rate.requires.much. longer.experimentation.time,.and.too.high.a.
heating.rate.could.miss.some.of.the.transformation.temperatures.

5.2.2 activation energy for Crystallization

A.transformation.in.a.material.during.heating.or.cooling.is.indicated.by.a.
deflection.or.peak.in.the.DSC/DTA.curve..And,.if.the.reaction.is.temperature.
dependent,. that. is,. if. it.possesses.an.activation.energy,. the.position.of. the.
peak.varies.with.the.heating.rate.employed.assuming.that.all.other.experi-
mental.conditions.are.maintained.constant..It.is.noted.that.the.transforma-
tion.temperatures.are.higher.at.faster.heating.rates..It.was.also.shown.that.
the.peak.temperature,.Tp.corresponds.to.the.temperature.at.which.the.reac-
tion.rate.is.a.maximum..Using.this.concept.of.variation.of.Tx.(or.Tp).with.heat-
ing.rate.(β),. the.activation.energy.for.the.crystallization.of.metallic.glasses.
has.been.determined.

There.are.two.different.methods.by.which.the.activation.energy.for.crys-
tallization.could.be.determined..One.method. is.due. to.Kissinger. [46].and.
the. other. is. due. to. Ozawa. [47].. In. the. Kissinger. method,. the. temperature.
corresponding.to.the.peak.of.the.crystallization.event.(exothermic.peak).is.
supposed.to.be.determined..But,.sometimes,.researchers.have.been.using.the.
start.of.the.crystallization.event,.Tx..Whichever.temperature.is.chosen,.it.is.
determined.at.different.heating.rates,.and.the.activation.energy.for.crystal-
lization.could.be.determined.using.the.equation
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where
A.is.a.constant
R.is.the.universal.gas.constant

Thus,.by.plotting.ln. β Tp
2( ).against.1/Tp,.one.obtains.a.straight.line.whose.

slope.is.−Q/R,. from.which.the.activation.energy.for.the.transformation,.Q.
can.be.calculated.(Figure.5.3).

It. is. also. possible. to. evaluate. the. individual. activation. energies. for. the.
nucleation.and.growth.stages.of. the. transformation,. from.which. informa-
tion. about. the. mechanism. of. transformation. could. be. ascertained.. Thus,.
with.the.combination.of.DTA/DSC.and.XRD/TEM.techniques,.it.would.be.
possible.to.obtain.full.information.about.the.transformation.temperatures,.
the.number.of.stages.in.which.the.transformation.is.occurring,.details.about.
the. product(s). of. each. individual. transformation. (crystal. structure,. micro-
structure,. and. chemical. composition),. and. the. activation. energy. (and. also.
the.atomic.mechanism).for.the.transformation..The.greatest.advantage.of.the.
Kissinger.method.is.that.one.could.get.the.required.data.during.continuous.
heating. in.a.DSC,.which. is. far.more. convenient. to.employ. than. the. time-
consuming.isothermal.analyses.studies.

The.Kissinger.method.may.not.be.useful.in.all.studies.of.decomposition..
For.example,.metallic.glasses.may.decompose.by.nucleation,.growth,.or.a.
combination.of.both.the.processes..In.such.a.case,.the.decomposition.is.sel-
dom.described.by.first.order.reaction.kinetics,.when.the.Kissinger.method.
may.not.be.applicable.[48,49].

By. recording. the. isothermal. DSC. scans. at. different. temperatures,. it. is.
possible.to.study.the.kinetics.of.transformation.by.conducting.the.Johnson–
Mehl–Avrami. (JMA).analysis..For.example,.during. the.crystallization.of.a.

Tp

1

β
T2

p
log ( )

FIGURe 5.3
Kissinger.plot.in.which.ln(β/Tp

2).is.plotted.against.1/Tp,.when.a.straight.line.is.obtained..The.
activation.energy.for.crystallization.can.be.calculated.from.the.slope.of.this.straight.line.
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glassy.phase,.this.is.done.by.calculating.the.volume.fraction.of.the.crystal-
line.phase.formed,.x(t),.at.time.t.and.using.the.equation

.
x t ktn( ) = − −( )1 exp . (5.2)

where
k.is.a.temperature-sensitive.factor.[k = k0.exp(−Q/RT),.where.k0.is.a.constant],
n. is. an. exponent. that. reflects. the. nucleation. rate. and/or. the. growth.

mechanism

x(t).is.obtained.by.measuring.the.area.under.the.peak.of.the.isothermal.DSC.
curve.at.different.times.and.dividing.that.with.the.total.area..Equation.5.2.
can.also.be.written.as

.
ln ln 1 ln ln− − ( )  = + ( ){ }x t k n t . (5.3)

Thus,.by.plotting.ln[−ln{1.−.x(t)}].against.ln(t),.one.obtains.a.straight.line.with.
the.slope.n..Such.analyses.have.been.done.in.some.cases.[50]..In.such.cases,.
when. the.first.order. reaction.kinetics.are.not.obeyed,.analysis.of. the.data.
according.to.the.JMAK.(Johnson–Mehl–Avrami–Kolmogorov).method.will.
more.accurately.provide.information.about.the.nature.of.the.transformation.

On.the.other.hand,.in.the.Ozawa.method.[47],.log.Tx/β.is.plotted.against.
1/Tx.when.a.straight.line.is.obtained..The.activation.energy.for.crystalliza-
tion. can. then. be. determined. from. the. slope. of. this. straight. line.. There. is.
disagreement. in. the. literature.about. the.merits.and.demerits.of. these. two.
methods.in.determining.the.activation.energies,.even.though.the.Kissinger.
method.has.been.more.commonly.employed..In.majority.of.the.cases,.how-
ever,.both.the.methods.yield.similar.values.

5.2.3 Structural Details

Structural.details.of.the.crystallization.products.are.usually.determined.by.
diffraction.methods..While.XRD.methods.are.common,.less.expensive,.and.
the.equipment.is.readily.available.in.most.laboratories,.electron.(and.some-
times.neutron).diffraction.methods.are.used.for.specialized.cases..For.exam-
ple,.neutron.diffraction.could.be.used.when.one.needs.to.obtain.information.
from.a.larger.volume.of.the.specimen,.or.when.the.sample.contains.elements.
that.are.too.close.to.each.other.in.the.periodic.table,.and.therefore.the.dif-
ference. in. their. x-ray. (or. electron). scattering. factors. is. negligible.. But,. the.
atomic.scattering.factors.for.neutrons.do.not.vary.systematically.with.atomic.
number.as. in. the.case.of.x-rays.or.electrons..Therefore,.neutron.scattering.
provides.an.added.advantage.in.obtaining.reasonable.intensities.for.the.dif-
fracted.beam.from.specimens.containing.elements.that.are.next.to.each.other.
in.the.periodic.table;.this.may.not.be.feasible.with.other.diffraction.methods..



198	 Bulk	Metallic	Glasses

On. the. other. hand,. when. the. specimen. contains. crystalline. phases. with.
small. dimensions,. TEM. is. an. ideal. tool. for. obtaining. information. on  the.
size,. shape,. and. distribution. of. the. crystalline. phase.. One. can. determine.
the.size.and.morphology.of. the.phases.present. in. the.crystallized.sample.
in.the.imaging.mode.and.the.crystal.structure.features.from.the.diffraction.
mode..Additionally,.the.chemical.composition.of.the.different.phases.can.be.
easily.determined.from.the.energy.dispersive.spectroscopy.(EDS).methods.
available.in.most.electron.microscopes..Thus,.using.TEM.methods,.it.is.pos-
sible.to.obtain.full.information.about.the.number.and.nature.of.phases,.their.
morphology,.crystal.structure,.and.composition..It.is.important.to.remember,.
however,.that.TEM.studies.should.be.conducted.on.samples.that.have.been.
thinned.after.heat. treatments.and.not. in situ. studies.on. thin.samples. that.
have.been.heat.treated..In.the.latter.case,.the.occurrence.of.surface.nucleation.
and.diffusion.could.yield.misleading.results..But,.it.should.be.noted.that.the.
most.appropriate.technique.depends.on.the.desired.structural.information.

Glassy.phases.give.rise.to.broad.and.diffuse.halos.in.their.diffraction.pat-
terns..It.is.desirable.to.confirm.the.formation.of.the.glassy.phase.using.direct.
TEM. techniques.. Transmission. electron. micrographs. from. glassy. phases.
do.not.show.any.diffraction.contrast.and.their.electron.diffraction.patterns.
show.broad.and.diffuse.halos..Differentiation.between.a.“truly”.glassy.(i.e.,.
without.translational.symmetry.as. in.a. liquid).and.micro-.or.nanocrystal-
line. structure. (i.e.,. an.assembly.of. randomly.oriented. fragments.of. a.bulk.
crystalline.phase).has.not.been.easy.on.the.basis.of.diffraction.studies.alone;.
considerable.confusion.exists.in.the.literature..In.the.diffraction.experiment.
of.an.“amorphous”.structure,.the.intensity.but.not.the.phase.of.the.scattered.
radiation. is. measured.. Fourier. inversion. of. these. data. can. yield. only. the.
radial.distribution.function.of.the.structure.that.cannot.uniquely.specify.the.
atomic.positions..To.determine.the.structure,.the.experimentally.determined.
radial.distribution.function.must.be.compared.with.the.radial.distribution.
functions.calculated.from.the.structural.models.being.considered.[51].

The.occurrence.of.an.amorphous.phase.is.generally.inferred.by.observing.
the.presence.of.broad.and.diffuse.peaks.in.the.XRD.patterns..It.should.be.
noted,.however,. that.XRD.patterns.present.only.an.average.picture..Thus,.
by.observing. the.broad.x-ray.peaks.alone,. it. is.not.possible. to.distinguish.
between.materials.that.are.(1).truly.glassy,.(2).extremely.fine.grained,.or.(3).a.
material.in.which.a.very.small.volume.fraction.of.fine.crystals.is.embedded.
in.a.glassy.matrix..Hence,.in.recent.years,.it.has.been.the.practice.to.designate.
these. identifications.as.“x-ray.amorphous,”. indicating.that. the.conclusions.
were.arrived.at.only.on.the.basis.of.the.observation.of.a.broad.peak.(or.a.cou-
ple.of.diffuse.peaks).in.the.XRD.pattern..There.have.been.several.examples.
of.reports.of.a.phase.reported.as.“glassy”.on.the.basis.of.XRD.studies.alone..
But,.based.on.supplementary. investigations.by.neutron.diffraction.and/or.
TEM.techniques,.which.have.specific.advantages.and/or.a.higher.resolution.
capability. than. the.XRD. technique,. it. could.be.unambiguously.confirmed.
that.the.phase.produced.was.not.truly.glassy.
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Neutron. diffraction. techniques. have. the. advantage. of. detecting. lighter.
atoms.in.the.presence.of.heavy.atoms,.whereas.the.scattering.intensity.of.the.
lighter.atoms.may.be.completely.masked.by.that.of.the.heavy.atoms.in.tech-
niques.such.as.XRD.or.electron.diffraction..Additionally,.the.technique.of.neu-
tron.diffraction.has.the.ability.to.distinguish.between.neighboring.elements.in.
the.periodic.table..XRD.techniques.will.be.unsuitable.for.this.because.neigh-
boring.elements.will.have. their.atomic. scattering. factors.very.close. to.each.
other..Consequently,. the.difference. in. their.scattering.factors.and.hence. the.
intensity.will.be.very.small.to.be.detected..Thus,.it.is.desirable.that.XRD.obser-
vations.are.confirmed.by.other.techniques.as.well..For.example,.TEM.studies.
can.confirm.the.lack.of.contrast.in.the.micrographs.for.a.truly.glassy.phase.

Figure. 5.4. shows. the. transmission. electron. micrographs. and. electron.
diffraction.pattern.from.a.BMG.alloy..Figure.5.4a.shows.a.(low-resolution).

100 nm

(a) (b)

2 nm

(c)

FIGURe 5.4
Transmission. electron. micrographs. and. electron. diffraction. pattern. from. Zr55Cu30Al10Ni5.

glassy. alloy.. (a)  Low-resolution. TEM. micrograph. showing. the. absence. of. any. contrast,. (b).
electron.diffraction.pattern.showing.the.presence.of.a.broad.and.diffuse.halo,.and.(c).high-
resolution.TEM.micrograph.showing.the.typical.salt-and-pepper.contrast..All.these.features.
are.typical.of.a.fully.glassy.phase.
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TEM.micrograph,.which.is.characterized.by.a.complete.lack.of.contrast..The.
presence. of. a. crystalline. phase. would. provide. a. diffraction. contrast. and.
therefore,. using. TEM. images. it. is. possible. to. determine. if. the. BMG. alloy.
produced.is.homogeneous.or.not..Figure.5.4b.shows.an.electron.diffraction.
pattern. recorded. from.a. fully.glassy.alloy..The.presence.of.a.very.diffuse.
and.broad.halo.suggests.that.the.alloy.is.glassy..Figure.5.4c.shows.a.high-
resolution.TEM.micrograph.showing.the.so-called.salt-and-pepper.contrast..
Even.at.this.high.resolution,.one.does.not.see.any.evidence.of.crystallinity.in.
the.sample..The.presence.of.well-defined.fringe.pattern.in.the.micrograph.is.
indicative.of.the.presence.of.crystallites.in.the.sample..It.has.been.reported.
that,.occasionally,.the.as-quenched.glass.contains.a.few.regions.exhibiting.
medium-range.order. (MRO). in. the.sample..This.will.be.manifested. in. the.
form.of.isolated.regions.of.a.few.nanometers.in.size.(typically.less.than.about.
5.nm). showing. a. fringe-like. pattern.. Nanobeam. diffraction. patterns. from.
alloys.containing.MRO.zones.or.very.fine.crystalline.particles.give.rise. to.
well-defined.diffraction.spots.

5.3	 Crystallization	Modes	in	Melt-Spun	Ribbons

Crystallization. of. metallic. glasses. occurs. by. nucleation. and. growth. pro-
cesses..The.driving.force.for.crystallization.is.the.difference.in.the.free.energy.
between.the.glassy.phase.and.the.corresponding.crystalline.phase(s).of.the.
same.composition..The.crystalline.phases.formed.as.a.result.of.crystallization.
may.be.either.the.equilibrium.phases.or,.as.is.frequently.noted,.some.meta-
stable.phases.may.also.form.in.the.initial.stages.of.decomposition.and.these.
may.eventually.transform.to.the.equilibrium.phases..Therefore,.it.should.be.
possible.to.understand.the.crystallization.behavior.of.metallic.glasses.with.
reference.to.a.hypothetical.free.energy.vs..composition.diagram.[52].

Figure.5.5.shows.the.hypothetical.free.energy.vs..composition.diagram.
for. the.glass.and.different.crystalline.phases. in. the.Fe-rich.Fe–B.system..
(Even.though.this.diagram.is.specifically.drawn.for.the.Fe–B.system,.simi-
lar.diagrams.could.be.constructed.for.other.alloy.systems.that.form.glassy.
phases..The.differences.will.be.essentially.with.respect.to.the.extent.of.solid.
solubilities.and.the.number.of.stable.and.metastable.intermetallic.phases.
and.the.compositions.at.which.they.are.located.in.the.phase.diagram.).In.
this.diagram,. the.variation.of. free.energy.with.composition. is.presented.
for.the.glassy.phase,.the.Fe-rich.α-Fe.solid.solution,.the.equilibrium.Fe2B.
phase.and.the.frequently.detected.metastable.Fe3B.phase..The.stable.equi-
librium.between.the.α-Fe.and.Fe2B.phases.is. indicated.by.the solid.com-
mon. tangent. line. and. the. metastable. equilibrium. between. the. α-Fe. and.
glassy.phases.or.α-Fe.and.Fe3B.phases.is.denoted.by.the.dashed.common.
tangent.lines.
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Depending. on. the. composition. of. the. glassy. alloy,. the. metallic. glass.
could.crystallize.into.the.stable.equilibrium.phases.in.one.of.the.following.
three.ways:

5.3.1 Polymorphous Crystallization

In.this.mode.of.transformation,.the.glassy.phase.will.transform.into.a.single.
crystalline.phase.without.any.change.in.composition..(This.transformation.
is.designated.as.polymorphous.since.this.is.similar.to.what.occurs.in.a.pure.
metal. or. a. compound,. when. the. crystal. structure. changes. on. varying. the.
temperature.and/or.pressure..In.the.case.of.a.glass,.however,.it.is.transform-
ing.from.the.noncrystalline.to.the.crystalline.state.).The.polymorphous.crys-
tallization.will.occur.only.in.composition.ranges.where.the.glassy.phase.had.
formed.at.a.composition.corresponding.to.either.a.stable.or.metastable.crys-
talline.solid.solution.or.an.intermetallic.phase..With.reference.to.Figure.5.5,.
polymorphous.crystallization.is.possible.when.the.glassy.phase.transforms.
into.the.α-Fe.solid.solution.(reaction.1),.or.the.Fe3B.phase.(reaction.4),.or.the.
Fe2B.phase..Since.a.glassy.phase.was.reported.to.form.only.in.the.composition.
range.between.12.and.27.at.%.B.in.the.Fe–B.system.by.RSP.methods.and.not.
obtained.in.an.Fe-33.at.%.B.alloy,.the.last.reaction.(glass.→.Fe2B.crystalline.
phase).will.not.be.possible..Since.Fe3B.(formed.by.reaction.4).is.a.metastable.
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FIGURe 5.5
Hypothetical.free.energy.vs..composition.diagram.for.the.Fe-rich.Fe–B.alloy.system..The.varia-
tion.of.free.energy.with.composition.is.represented.for.the.equilibrium.α-Fe.solid.solution.and.
the.Fe2B.phases.and.the.metastable.Fe3B.phase.and.the.glassy.phase..The.use.of.the.common.
tangent. approach. will. help. in. determining. the. compositions. of. the. individual. phases.. The.
solid.common.tangent.line.represents.the.stable.equilibrium.between.α-Fe.and.Fe2B.phases,.
while. the.dotted.common.tangent. lines.represent. the.metastable.equilibrium.between.α-Fe.
and.Fe3B.phases.and.α-Fe.and.glassy.phases.
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phase,. it. will. subsequently. transform. into. the. equilibrium. α-Fe. and. Fe2B.
phases.on.further.annealing..Similarly,.the.supersaturated.α-Fe.(formed.by.
reaction. 1). will. also. transform. to. the. equilibrium. constitution. on. further.
annealing.. During. polymorphous. crystallization,. the. growth. of. crystals. is.
linear.with.time.and.the.growth.rate.has.an.Arrhenius.dependence.on.tem-
perature..Such.transformations.have.been.least.common.among.the.glass.→.
crystal.transformations..Figure.5.6a.represents.a.bright-field.TEM.micrograph.
showing.polymorphous.crystallization.in.a.Ti50Ni25Cu25.BMG.alloy.

5.3.2 eutectic Crystallization

In.this.type.of.crystallization,.the.glassy.phase.transforms.simultaneously.
into.two.(or.more).crystalline.phases.by.a.discontinuous.reaction..For.exam-
ple,.through.reaction.3.in.Figure.5.5,.the.glassy.phase.can.form.a.mixture.of.
α-Fe.and.Fe3B.or.through.reaction.5.it.can.form.a.mixture.of.α-Fe.and.Fe2B.

(a) (b)

(c)

100 nm

100 nm500 nm

FIGURe 5.6
Transmission. electron. micrographs. showing. the. microstructures. obtained. after. polymor-
phous,. eutectic,. or. primary. crystallization. of. BMG. alloys.. (a). Polymorphous. crystallization.
in. a. Ti50Ni25Cu25. BMG. alloy. on. annealing. for. 28.min. at. 709.K.. (b). Eutectic. crystallization. in.
a.Zr62.5Cu22.5Al10Fe5.glassy.alloy.annealed.for.10.min.at.713.K..(c).Primary.crystallization.in.a.
Ti50Ni20Cu23Sn7.alloy.on.heating.the.glass.in.a.DSC.at.40.K.min−1.up.to.787.K.
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phases..This.mode.of.crystallization.has. the. largest.driving. force.and.can.
occur.in.the.whole.concentration.range.between.the.two.stable.or.metastable.
phases..(Even.though.the.whole.transformation.takes.place.in.the.solid.state.
and.therefore.it.should.be.more.appropriately.called.a.eutectoid.crystalliza-
tion,.the.term.“eutectic”.has.come.to.stay,.presumably.because.the.starting.
material.(the.glass).is.more.liquid-like.)

Like. polymorphous. crystallization. the. eutectic. crystallization. is. a. dis-
continuous.reaction;.the.overall.composition.of.the.crystal.and.the.glass.are.
the.same..The.composition.of.the.glassy.matrix.remains.unchanged.until.
the. glass–crystal. interface. sweeps. past. it.. For. such. reactions,. the. crystal.
growth.rate.is.independent.of.time.until.hard.impingement.with.another.
crystal.occurs.

Figure.5.6b.shows.a.bright-field.TEM.micrograph.from.a.Zr62.5Cu22.5Al10Fe5.
BMG.alloy.annealed. for.10.min.at.713.K,.when.eutectic. crystallization.had.
occurred.

5.3.3 Primary Crystallization

In.this.mode,.a.supersaturated.solid.solution,.for.example,.α-Fe,.forms.first.
from. the. glassy. phase,. indicated. by. reaction. 2.. Since. the. concentration. of.
the.solute.in.the.α-Fe.phase.is.lower.than.that.in.the.glassy.phase,.the.sol-
ute. (boron).atoms.are.rejected. into. the.glassy.phase.and.consequently. the.
remaining.glassy.phase.becomes.enriched.in.B.until.further.crystallization.
is. stopped.. At. this. stage,. a. metastable. equilibrium. is. established. between.
α-Fe.and.the.glassy.Fe–B.phase,.with.the.new.composition..This.B-enriched.
Fe–B.glassy.phase.can.transform.later.or.at.higher.temperatures.by.one.of.the.
mechanisms.described.above..For.example,.if.the.B.concentration.is.close.to.
33.at.%,.then.a.polymorphous.crystallization.event.could.occur.resulting.in.
the.formation.of.Fe2B..Alternatively,.if.the.B.concentration.in.the.new.glassy.
phase.is.25.at.%,.then.polymorphous.crystallization.to.Fe3B.could.occur..On.
the.other.hand,.if.the.B.concentration.is.different.from.these.two.values,.then.
the.glassy.phase.could.crystallize.in.a.eutectic.mode.

The. primary. crystallization. of. metallic. glasses. has. been. observed. to. be.
the.main.mode.of.transformation.in.many.metallic.glasses..The.crystalline.
phase. formed.could.be.either.a. terminal.solid.solution.or.an. intermediate.
phase..The.morphology.of.the.primary.crystals.is.highly.dependent.on.com-
position.and.ranges.from.spherical.to.highly.dendritic..Further,.the.growth.
rate.of.the.primary.crystals.depends.on.their.morphology..In.the.absence.of.
interfacial.instabilities,.the.growth.is.parabolic.with.time,.that.is,.the.mean.
radius.of.the.crystals.increases.linearly.with.the.square.root.of.time.

Figure.5.6c.presents.a.bright-field.TEM.micrograph.obtained.on.heating.a.
Ti50Ni20Cu23Sn7.BMG.alloy.in.a.DSC.at.a.heating.rate.of.40.K.min−1.up.to.787.K..
Note.the.distribution.of.fine.crystallites.in.a.glassy.matrix.

Even. though. the.different.modes.of. crystallization.have.been.described.
above. with. respect. to. the. Fe–B. system,. all. metallic. glasses. crystallize.
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according. to. one. or. more. of. these. three. types. of. reactions.. The. nature. of.
the. reaction.depends.on. the.composition.of. the.alloy,. the. thermodynamic.
driving.force.for.crystallization,.and.also.the.activation.barrier.to,.and.there-
fore.kinetics.of,.each.reaction..The.details.of.growth.rates.and.the.morpholo-
gies.of.phases.obtained.in.the.different.modes.of.crystallization.have.been.
reviewed.earlier.and.can.be.found.in.Refs..[6,7].

5.4	 	Differences	in	the	Crystallization	Behavior	between	
Melt-Spun	Ribbons	and	Bulk	Metallic	Glasses

Bulk.metallic.glasses.(BMGs).are.also.metastable.in.nature..An.important.dif-
ference.between.the.melt-spun.metallic.glassy.ribbons.and.BMGs.is.that.the.
critical.cooling.rates.required.for.the.formation.of.glassy.phases.are.different.
in.the.two.cases..While.melt-spun.metallic.glasses.are.usually.obtained.by.
solidifying.their.metallic.melts.at.a.fast.rate.(usually.>105–106.K.s−1),.BMGs.
are.synthesized.at.solidification.rates.slower.than.about.102–103.K.s−1..A.con-
sequence.of.this.difference.is.that.the.melt-spun.metallic.glasses.are.much.
thinner.in.cross.section.and.BMGs.have.a.larger.section.thickness..Both.the.
lower.critical.cooling.rate.and.larger.section.thickness.in.BMGs.are.a.result.
of.the.presence.of.a.large.number.of.components.in.the.bulk.glass-forming.
alloy..Consequently,.the.melt-spun.metallic.glass.ribbons.solidified.at.higher.
cooling.rates.are.farther.from.equilibrium.than.the.BMGs..This.larger.depar-
ture. from. equilibrium. is. manifested. in. a. larger. decrease. in. density. and.
higher.energy.stored.in.the.melt-spun.ribbons..The.extent.of.departure.from.
equilibrium.can.be.established.with.the.help.of.DSC.methods..Accordingly,.
DSC.is.an.ideal.tool.to.determine.the.basic.differences.in.the.energy.stored.
in.the.melt-spun.glassy.ribbons.and.BMGs..One.would.also.expect.that,.due.
to. the. larger.departure. from.equilibrium,. the.kinetics.of.crystallization. in.
melt-spun.glassy.ribbons.would.be.faster.than.that.in.BMGs..But,.as.will.be.
shown.later,.this.is.not.necessarily.true.

It.is.clear.from.Figure.5.1.that.BMGs.exhibit.a.glass.transition.temperature,.
Tg.in.their.DSC.curves..The.significance.of.this.temperature.is.that.once.the.
glass.is.heated.to.a.temperature.above.Tg,.the.glass.becomes.a.supercooled.
liquid.(but.still.exists.in.the.form.of.a.solid)..At.this.stage.there.is.no.differ-
ence.in.the.“structure”.between.the.BMG.and.the.melt-spun.metallic.glass.
that.was.obtained.directly.by.rapidly.solidifying. the.metallic.melt,.except.
that.the.extent.of.structural.relaxation.would.be.different.in.the.two.glasses..
In.other.words,.the.nature.of.the.glass.above.Tg.is.the.same.irrespective.of.
whether.we.had.started.with.the.melt-spun.glassy.ribbon.or.slowly.solidified.
BMG..Therefore,.once.the.BMG.has.been.heated.to.above.Tg,.the.crystalliza-
tion.behavior.of.BMGs.and.melt-spun.metallic.glassy.ribbons.will.be.identi-
cal. (assuming. that.both. the.glasses.have. the. same.chemical. composition)..
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This. is. the. reason.why. there.have.not.been.many.detailed. studies.on. the.
crystallization.behavior.of.BMGs..Instead,.researchers.have.been.preparing.
melt-spun.metallic.glassy.ribbons.of.the.same.composition.as.the.BMG,.and.
studying.their.crystallization.behavior,.with.the.understanding.that.the.pro-
cesses.occurring.in.the.two.different.samples.are.identical..It.may.be.noted.
that. it. is.also.easier. to.prepare. thin. foil.specimens. for.TEM.investigations.
from.melt-spun.ribbons.than.from.BMG.samples.

Illeková.et.al..[53].produced.metallic.glasses.in.the.Zr55Ni25Al20.system.by.
two.different.methods..One.was.by.planar-flow-casting.(30.μm.thick.ribbons.
at.a.solidification.rate.of.about.105.K.s−1).and.the.other.by.quenching.in.flow-
ing.water.(9.mm.diameter.rod.samples.at.a.solidification.rate.of.about.102.K.s−1)..
A. comparison. of. their. thermodynamic. states. measured. through. DSC,. as.
listed.in.Table.5.2,.shows.that.the.enthalpy.of.structural.relaxation.(ΔHrelax).
was.lower.for.the.BMG.sample..By.measuring.the.full.width.at.half.maxi-
mum.(FWHM).of. the.first.diffuse.peak. in. the.XRD.patterns.of. the.slowly.
cooled.and.rapidly.quenched.specimens,.the.authors.noted.that.the.size.of.
the.coherently.diffracting.domains.in.both.the.cases.was.approximately.the.
same,.namely,.1.35.nm..Thus,.they.had.attributed.the.difference.in.the.glassy.
structures.between.the.ribbon.and.rod.samples.to.the.higher.degree.of.short-
range.order.(SRO).within.these.domains.in.the.ribbon.sample..From.these.
observations,.it.was.concluded.that.the.ribbon.and.bulk.samples.represented.
the. same. glassy. states,. differing. mainly. in. the. degree. of. departure. from.
thermodynamic.equilibrium..The.characteristic.SRO.decreased.approaching.
the.“ideal”.glassy.state.in.the.bulk.sample.

It. is. also. interesting. that,. in. the. above. investigation,. the. authors. have.
reported. the.Tg.and.Tx. temperatures. to.be.different. in. the. ribbon.and.rod.
samples..This.is,.however,.contrary.to.the.observations.reported.by.several.
authors.and.in.different.alloys.that.the.Tg.and.Tx.temperatures.are.indepen-
dent.of.the.section.thickness.of.the.glassy.specimens.

A.somewhat.different.result.was.reported.by.Kang.et.al..[54].who.investi-
gated.the.glassy.phase.in.the.Mg65Cu15Y10Ag10.alloy.system.obtained.in.three.
different. forms. and. by. three. different. methods—45. μm. thick. ribbons. by.
melt.spinning,.6.mm.diameter.rods.by.injection.casting,.and.10.mm.diam-
eter.rods.by.the.squeeze-casting.method..They.noted.that.neither.the.heat.of.
crystallization.for.the.first.exothermic.peak.nor.the.total.heat.of.crystalliza-
tion.had.followed.any.trend.with.the.cooling.rate..For.example,.the.heat.of.
crystallization.was.the.highest.for.the.melt-spun.ribbon.and.the.least.for.the.
injection-mold-cast.rod..It.was.in.between.these.two.values.for.the.squeeze-
cast.6.mm.diameter.rod..A.similar.trend.was.followed.for.the.heat.of.crystal-
lization.based.on.the.first.exothermic.peak.as.well.(Table.5.2)..If.we.ignore.
the.small.differences.in.these.values,.which.are.only.about.7%.between.the.
melt-spun.ribbon.and.the.squeeze-cast.bulk.rod,.one.can.assume.that.these.
values.are.almost.the.same..In.fact,.these.values.are.expected.to.be.the.same..
This. is.because,.as.mentioned.earlier,.once.the.glassy.phase. is.heated.to.a.
temperature. above. Tg,. the. glass. is. completely. relaxed,. and. it. becomes. the.
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supercooled.liquid..And.in.this.condition,.the.initial.state.from.which.it.came.
to.this.stage.is.unimportant..Therefore,.irrespective.of.the.initial.condition.
of.the.glassy.sample,.the.heat.of.crystallization.should.be.the.same..But,.the.
structural.relaxation.behavior.is.expected.to.be.different.because.this.hap-
pens.to.occur.below.Tg..We.will.see.more.about.this.later.in.the.chapter.

Qin.et.al..[55].studied.the.crystallization.behavior.of.the.Ni45Ti23Zr15Si5Pd12.
metallic.glass.in.both.50.μm.thick.ribbon.and.1.5.mm.diameter.rod.forms..
They.noted.that.the.apparent.activation.energy.for.the.onset.of.crystalliza-
tion,.determined.using.the.Kissinger.method,.was.slightly.lower.for.the.rib-
bon.sample.than.for.the.rod.sample..Since.the.activation.energy.for.the.onset.
of.crystallization.is.related.to.the.nucleation.process.[56],.it.was.concluded.
that.the.nucleation.process.is.easier.in.the.ribbon.sample,.probably.due.to.the.
large.surface.area.available..A.higher.activation.energy.for.the.crystalliza-
tion.peak.was.also.noted.for.the.ribbon.sample.suggesting.that.the.growth.
process.is.more.difficult..They.also.noted.that.the.incubation.time.for.crystal-
lization.was.shorter.for.the.ribbon.samples.

It.has.been.recently.reported.[57].that.the.kinetics.of.crystallization.could.
be.different.between.the.melt-spun.ribbons.and.BMG.rods..By.conducting.
careful.TEM.analysis.of.the.phases.formed.and.the.kinetics.of.transforma-
tion.in.samples.isothermally.transformed,.these.authors.showed.that.even.
though.the.phases.formed.are.the.same.in.both.melt-spun.ribbons.and.BMG.
rods,.the.kinetics.of.crystallization.at.any.given.temperature.were.slower.in.
the.BMG.alloy.than.in.the.ribbon.sample.

Since.BMGs.contain.a.large.number.of.components,.the.number.of.crys-
talline. phases. present. under. equilibrium. conditions. could. also. be. quite.
large..Consequently,.the.XRD.patterns.will.be.quite.complex.and.therefore,.
it.will.not.be.easy.to.differentiate.between.the.different.crystalline.phases.
and.identify.them..Further,.many.of.the.intermetallic.phases.formed.in.these.
multicomponent.alloy.systems.are.quite.complex.in.their.crystal.structures..
Therefore,.additional.care.needs. to.be. taken.for.a.clear.and.unambiguous.
identification. of. the. different. phases. present. in. a. fully. crystallized. BMG.
specimen..One.solution.to.this.problem.would.be.to.conduct.detailed.TEM.
studies.. By. observing. the. microstructural. features. and. recording. selected.
area.diffraction.patterns.from.the.fine.features.(using.the.nanobeam.method,.
if.the.features.are.extremely.fine),.one.could.determine.the.crystal.structure.
details.unambiguously..Additionally,.the.determination.of.the.composition.
of.the.individual.phases.with.the.help.of.the.EDS.method,.helps.in.clearly.
identifying.the.individual.phases..Thus,.TEM.investigations.provide.infor-
mation.about.the.microstructure,.crystal.structure,.and.chemical.composi-
tion.of.the.individual.phases.present.in.the.samples.

Let.us.now.look.into.the.details.of.the.crystallization.behavior.of.BMGs..
It.should.be.cautioned,.at.the.beginning.itself,.that.because.of.the.extensive.
studies. of. the. crystallization. behavior. of. melt-spun. metallic. glass. ribbons.
during. the.1980s.and.1990s,. lot.of. information.about. the. thermodynamics.
and. kinetics. of. crystallization. has. been. gathered.. Information. about. the.
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nature.of.the.crystallization.products,.activation.energies.for.crystallization,.
and. the. mechanisms. of. transformation. is. available,. for. example,. in. Refs..
[6,7]..Consequently,.there.have.not.been.many.detailed.investigations.on.the.
crystallization.behavior.of.BMGs..But,.before.we.discuss.the.crystallization.
behavior.of.BMGs,.let.us.discuss.the.effects.of.the.nature.and.amount.of.sol-
ute.elements.on.the.transformation.temperatures.of.metallic.glasses.

5.5	 Thermal	Stability	of	Metallic	Glasses

BMGs.generally.have.a.high.thermal.stability,.as.indicated.by.the.presence.of.a.
wide.supercooled.liquid.region,.ΔTx.defined.as.the.difference.in.the.glass.transi-
tion.and.crystallization.start.temperatures.(ΔTx.=.Tx.–.Tg)..Values.for.ΔTx.have.also.
been.listed.for.some.BMG.alloy.compositions.in.Table.5.1..Attempts.have.been.
made.to.explain.the.thermal.stability.of.metallic.glasses.in.terms.of.their.trans-
formation.temperatures..The.glass.transition.(Tg).and.crystallization.(Tx).temper-
atures.of.Zr65AlxCu35−x.glassy.samples.(the.subscripts.represent.the.composition.
in.atomic.percentage).are.presented.in.Figure.5.7.[58]..It.is.noted.that.while.Tg.
increases.continuously.and.almost.linearly.with.the.Al.content.(but.with.a.small.
increase.at.7.5.at.%.Al),.the.Tx.value.increases,.shows.a.maximum.at.7.5.at.%.Al,.
and. then. decreases. with. further. increase. in. the. Al. content.. This. maximum.
value.of.Tx.at.x.=.7.5.at.%.Al.suggests.the.presence.of.a.maximum.in.the.width.of.
the.supercooled.liquid.region,.ΔTx.at.this.composition..That.is,.crystallization.is.
most.retarded.when.the.Al.content.in.the.alloy.is.7.5.at.%..Reasons.for.this.retar-
dation.of.crystallization.were.sought.by.conducting.isothermal.annealing.stud-
ies.on. the.binary.Zr67Cu33,.and. ternary.Zr65Al7.5Cu27.5. and.Zr65Al20Cu15.alloys..
A single.exothermic.peak.was.observed.in.all.the.alloys.and.the.incubation.time.
(τ).for.the.precipitation.of.crystalline.phases.was.also.measured.

It. was. observed. that,. irrespective. of. the. annealing. temperature,. crys-
tallization. in. the. binary. alloy. always. occurred. by. a. polymorphous. mode.
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FIGURe 5.7
Variation.of.(a).Tg.and.Tx.temperatures,.and.(b).the.width.of.the.supercooled.liquid.region.
ΔTx (=.Tx.−.Tg),.with.Al.content.in.the.Zr65AlxCu35−x.glassy.alloys..(Reprinted.from.Inoue,.A..
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through. the. formation. of. the. Zr2Cu. phase,. and. in. the. ternary. alloys. by. a.
eutectic.mode.through.the.simultaneous.precipitation.of.Zr2(Cu,Al).and.ZrAl.
phases. [58].. An. Arrhenius. plot. of. the. incubation. time. (ln. τ). vs.. reciprocal.
of. the. isothermal. annealing. temperature. is. presented. for. the. three. alloys.
studied.in.Figure.5.8..The.τ.values.shifted.from.the.linear.variation.to.higher.
temperatures,.above.Tg,.only.for.the.ternary.Zr65Al7.5Cu27.5.alloy,.and.not.for.
the.others,.suggesting.that.precipitation.of.the.crystalline.phases.from.the.
supercooled. liquid. is.suppressed.only. in. this. ternary.alloy.and.not. in. the.
others..A.similar.deviation.was.also.noted.in.the.variation.of.the.viscosity,.η.
with.temperature.calculated.from.the.equation

.
τ η∝

−( )
T

T T�
2 . (5.4)

where
Tℓ.is.the.liquidus.temperature.of.the.alloy
T.is.the.temperature.at.which.measurements.were.made.[59]

From. these.variations,. it. could.be. concluded. that. the. supercooled. liquid.
region.in.the.Zr65Al7.5Cu27.5.alloy.possesses.highly.dense.randomly.packed.
structures. since. it. contains. elements. with. significantly. different. atomic.
sizes,. which. also. possess. attractive. atomic. bonding. among. them.. This.
leads.to.an.increase.in.the.viscosity.of.the.alloy.and.consequently.it.is.dif-
ficult.to.have.long-range.diffusion,.which.is.necessary.for.solute.redistri-
bution. to. form. crystalline. phases.. Thus,. the. increased. viscosity. and. the.
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Arrhenius.plot.of.the.incubation.time,.τ.for.the.precipitation.of.crystalline.phases.in.the.binary.
Zr67Cu33,.and.ternary.Zr65Al7.5Cu27.5.and.Zr65Al20Cu15.alloys..Note.the.deviation.of.τ.to.the.posi-
tive.side.of.the.linear.variation.(to.higher.temperatures).only.for.the.ternary.Zr65Al7.5Cu27.5.alloy,.
signifying. the. delayed. crystallization. in. the. alloy. with. 7.5. at.%. Al.. Such. a. deviation. is. not.
observed.for.the.other.alloys..(Reprinted.from.Inoue,.A..et.al.,.Mater. Sci. Eng. A,.178,.255,.1994..
With.permission.)
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difficulty.to.form.crystalline.phases.due.to.the.presence.of.dense.randomly.
packed.structures,.explain.the.increased.width.of.the.supercooled.liquid.
region.and.thermal.stability.of.this.alloy.

Peak.temperatures.for.the.nucleation.and.growth.reactions.of.the.crystal-
line.phases.forming.from.the.glassy.alloy.were.also.evaluated.for.the.binary.
Zr67Cu33.and.ternary.Zr65Al7.5Cu27.5.alloys..Both.the.glassy.alloys.were.pre-
annealed.for.60.s.at.different.annealing.temperatures,.Ta..The.glassy.samples.
were.heated. to. the.annealing. temperature.Ta.at.a.heating.rate.of.0.17.K.s−1.
(10.K.min−1),.annealed.there.for.60.s.(1.min),.and.then.cooled.to.room.tempera-
ture..The.peak.crystallization. temperatures,.Tp,.of. the.exothermic.reaction.
were.then.determined.from.the.DSC.plots.obtained.using.a.heating.rate.of.
0.17.K.s−1.(10.K.min−1)..The.difference.in.the.reciprocals.of.the.peak.tempera-
tures.between.the.pre-annealed.(Tp).and.as-quenched.(Tp

o).samples.is.plot-
ted.against.the.annealing.temperature.and.the.result.is.shown.in.Figure.5.9..
It.may.be.noted.that.the.difference.in.the.reciprocal.temperatures.shows.a.
peak. only. for. the. ternary. alloy,. which. exhibits. a. large. supercooled. liquid.
region.of.90.K,.and.consequently.a.high.GFA.[60]..This.peak.corresponds.to.
a.temperature.of.688.K..Such.a.peak.is.not.observed.for.the.binary.alloy.with.
a.relatively.smaller.value.of.ΔTx.of.only.50.K..A.peak.temperature.in.such.a.
plot.was.earlier.reported.[61].to.correspond.to.the.peak.temperature.of.the.
nucleation.event.of.a.crystalline.phase.formation.

The. crystallization. temperatures. for. the. binary. and. ternary. alloys. in.
Figure 5.9.were.measured.at.a.very.high.heating.rate.of.5.33.K.s−1.(320.K.min−1).
and.thus,.these.temperatures.could.be.considered.as.corresponding.to.the.
maximum. growth. rates,. that. is,. the. growth. temperatures.. Thus,. it. can. be.
clearly.seen.from.Figure.5.9. that. the.binary.Zr67Cu33.alloy.crystallizes.at.a.
temperature.just.above.the.maximum.temperature.of.670.K..That.is,.the.dif-
ference.between.the.temperatures.corresponding.to.the.maximum.nucleation.
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FIGURe 5.9
Variation.of.(( / ) ( / ))1 1T Tp p

o− .as.a.function.of.the.pre-annealing.temperature,.Ta.for.the.binary.
Zr67Cu33.and.ternary.Zr65Al7.5Cu27.5.alloys..Note.that.the.difference.in.the.peak.temperatures.
between.the.as-quenched.and.pre-annealed.samples.shows.a.peak.only.for.the.ternary.alloy.
and.not.for.the.binary.alloy.
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rate.and.maximum.growth.rate.is.very.small..Therefore,..crystallization.of.the.
glassy.alloy.becomes.easy..On.the.other.hand,.for.the.ternary.Zr65Al7.5Cu27.5.
alloy,. the. difference. between. the. maximum. nucleation. and. maximum.
growth.temperatures.is.as.much.as.143.K,.resulting.in.enhanced.resistance.
to.crystallization..From.these.observations,.it.was.concluded.that.the.large.
ΔTx.value,.and.hence.the.high.thermal.stability,.for.the.ternary.Zr65Al7.5Cu27.5.
alloy.results.from.the.difficulty.of.the.formation.of.the.crystalline.nuclei.as.
well.as.the.difficulty.in.the.growth.of.the.crystalline.nuclei.

From.the.nucleation.and.growth.behavior.of.these.two.glassy.alloys,.it.is.
expected.that.an.increase.in.the.heating.rate.will.not.significantly.increase.
the.grain.size.of.the.crystalline.phase.in.the.binary.Zr67Cu33.alloy,.whereas.the.
grain.size.should.be.considerably.large.in.the.ternary.Zr65Al7.5Cu27.5.alloy,.due.
to.the.presence.of.fewer.nuclei..This.has.been.confirmed.experimentally.[62].

5.6	 	Crystallization	Temperatures	and	Their	
Compositional	Dependence

As.mentioned.earlier,.the.transformation.temperatures.of.glasses—glass.tran-
sition. (Tg),. crystallization. (Tx),. and. liquidus. (Tl). temperatures—are.measured.
routinely.to.determine.their.thermal.stability.and.also.to.determine.the.temper-
atures.at.which.relaxation.and.crystallization.behavior.could.be.studied,.and.
also.to.generally.conduct.heat.treatments.to.observe.microstructural.variations.

The.crystallization.temperature.(Tx).of.a.metallic.glass.is.not.a.thermody-
namic.parameter.just.as.the.melting.temperature.of.a.metal.is;.it.is.a.kinetic.
value.. Given. sufficient. time,. the. metallic. glasses. will. transform. into. the.
crystalline.stable.phase(s).at.any.temperature..But,.for.all.practical.purposes,.
metallic.glasses.can.be.considered.as.“stable”. indefinitely.at.room.temper-
ature.. Tx. is. not. a. well-defined. temperature. since. it. depends. upon. the. rate.
at. which. the. glass. is. heated. to. determine. the. crystallization. temperature..
Further,.it.is.also.dependent.upon.the.thermal.history.of.the.glass,.the.way.
the.glass.was.prepared,.and.other.parameters.. In.spite.of. this,. researchers.
have.been.reporting. the.crystallization. temperatures.of.metallic.glasses. in.
the. literature.. It. is.also. important.to.remember.that. the.Tx.value.measured.
this.way.is.not.the.safe.temperature.up.to.which.the.glass.could.be.used.with-
out.any.transformation.occurring..But.practically.it.is.only.used.to.estimate.
the.thermal.stability.of.the.glass.

It.is.easy.to.realize.that.the.higher.the.Tx.is.the.higher.is.the.thermal.sta-
bility.of.the.glass..Further,.it.is.easier.to.form.the.glass.if.its.Tg.is.also.high..
Therefore,. Inoue. [63].has. identified. the.difference.between.Tx. and.Tg. tem-
peratures,.ΔTx.(=.Tx.–.Tg),.that.is,.the.width.of.the.supercooled.liquid.region,.
as.a.measure.of.the.stability.of.the.glass.produced..Accordingly,.there.have.
been.many.investigations.to.determine.these.temperatures.
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It. was. shown. earlier. that. the. Tg. of. ternary. Zr65AlxCu35−x. glassy. alloys.
increases. with. increasing. Al. content. (Figure. 5.7).. Since. Zr-based. glassy.
alloys.happen.to.be.an.important.group.of.BMGs,.and.not.much.was.known.
about.the.effect.of.additional.alloying.elements.on.the.thermal.stability.of.the.
glassy.alloys,.Inoue.et.al..[64].had.conducted.a.systematic.study.of.the.influ-
ence.of. additional. alloying.elements. in. the.Zr65Al10Cu15Ni10. system,.which.
exhibited.a.ΔTx.value.of.107.K..The.alloying.additions.(M).chosen.were.Ti,.Hf,.
V,.Nb,.Cr,.Mo,.Fe,.Co,.Pd,.and.Ag..They.were.added.to.the.alloy.system.in.the.
pattern.of.Zr65−xAl10Cu15Ni10Mx.(for.M.=.Ti.and.Hf),.(Zr0.65Al0.1Cu0.15Ni0.1)100−xMx.
(for.M.=.V,.Nb,.Cr,.and.Mo),.Zr65Al10Cu15−xNi10Mx.(for.M.=.Fe,.Co,.Pd,.and.Ag),.
and. Zr65Al10Cu15Ni10−xMx. (where. M.=.Fe,. Co,. Pd,. or. Ag).. This. combination.
was.chosen.because.these.substitution.modes.gave.rise.to.large.ΔTx.values.in.
comparison.to.other.substitutions.

Figure.5.10.shows.the.variation.of.Tg,.Tx,.and.ΔTx.values.for.these.four.groups.
of.substitutions..From.Figure.5.10a.through.d,.it.may.be.noted.that.the.Tg.value.
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Variation. of. Tg,. Tx,. and. ΔTx. with. M. content. for. melt-spun. glassy. alloys. of. the. four. groups..
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(continued)
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increases.with.the.increasing.amount.of.the.alloying.element,.although.the.
magnitude.of.increase.was.relatively.small.when.Ti.or.Hf.was.added..The.Tx.
values.always.decreased,.with.the.caveat.that.the.magnitude.of.decrease.is.
again.dependent.on.the.type.of.solute.added..The.decrease.was.gradual.and.
small.in.most.of.the.cases,.except.when.Ti.was.added;.the.decrease.in.Tx.was.
substantial.in.this.case..The.only.exception.to.this.trend.was.an.increase.in.
the.Tx.value.when.Hf.was.added.to.the.Zr65−xAl10Cu15Ni10Mx.alloy..As.a.result.
of. these.opposing. trends. in.Tx.and.Tg.with. the.alloying.additions,. the.ΔTx.
values.always.decreased.with.an.increasing.amount.of.the.alloying.addition..
The.decrease.in.the.ΔTx.values.for.the.above.alloy.systems.can.be.attributed.
to.a.significant.decrease.in.Tx.rather.than.a.slight.increase.in.the.Tg.value.
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(c).Zr65Al10Cu15−xNi10Mx. (where.M.=.Fe,.Co,.Pd,.and.Ag),.and.(d).Zr65Al10Cu15Ni10−xMx. (where.
M.=.Fe,.Co,.Pd,.and.Ag)..The.Tg.and.Tx.values.were.measured.at.a.heating.rate.of.0.67.K s−1.
(40.K min−1)..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans., JIM,.36,.1420,.1995..With.permission.)
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According.to.the.Inoue.criteria.[63],.a.large.value.of.ΔTx.is.directly.related.
to.an. increased.GFA.of. the.alloy,.even.though.some.exceptions.have.been.
noted,. as. described. earlier. in. Chapter. 3.. The. increased. GFA. has. been.
explained.on.the.basis.of.the.existence.of.dense.randomly.packed.structures.
in.the.liquid.state..It. is.easy.to.realize.that.the.occurrence.of.such.densely.
packed.structures.requires.strong.atomic.bonding.between.the.constituent.
elements..However,.based.on. the.heats.of.mixing. [65],. it. can.be.seen. that,.
in. the.case.of.alloying.additions.considered.above,.V,.Nb,.Cr,.Mo,.Fe,.and.
Co.are.highly.repulsive.to.Cu.atoms,.while.Pd.and.Ag.with.Cu,.and.Ti.and.
Hf.with.Zr.are.only.weakly.repulsive..Thus,.none.of.the.elements.exhibits.
strong.attractive.bonds.with.any.of.the.constituents.of.the.base.alloy.system.
(Zr, Cu,.Al,.and Ni).and,.consequently,.it.is.difficult.to.form.densely.packed.
random.structures..That.is.why,.the.width.of.the.supercooled.liquid.region.
was. found. to. decrease. with. increasing. amount. of. the. above. alloying. ele-
ments..On.the.other.hand,.if.alloying.elements.are.chosen.such.that.they.have.
a.strong.attractive.force.with.the.constituents.of.the.base.alloy.system,.then.
it.is.possible.to.form.dense.random.structures.and.as.a.result.increase.the.
width.of.the.supercooled.liquid.region..Thus,.the.bonding.nature.between.
the.alloying.elements.and.the.constituents.in.the.base.alloy.could.be.a.useful.
guide.in.selecting.the.alloying.elements.to.increase.the.width.of.the.super-
cooled.liquid.region.and.eventually.the.GFA.

The.factors.that.affect.the.value.of.Tx.in.metallic.glasses.are.not.clear..A num-
ber. of. different. possibilities. have. been. proposed,. the. atomic. size. being. the.
chief.among.them..It.was.suggested.that.the.Tx.value.is.higher.when.the.atomic.
size.of.the.alloying.element.in.the.Fe–Ni-based.metal–metalloid-type.metallic.
glasses.is.larger.than.that.of.Fe.or.Ni..An.exactly.opposite.result.was.reported.
in.actinide-transition.metal.metal–metal-type.metallic.glasses..Reasons.for.a.
change.in.the.Tx.value.were.suggested.to.be.reduction.in.free.volume.and.dif-
fusivity..Other.factors.such.as.electron-to-atom.ratio,.differences.in.electroneg-
ativity,.were.also.considered.to.explain.the.variation.of.Tx.with.solute.content..
A.brief.summary.of.these.effects.on.melt-spun.ribbons.was.given.by.Scott.[7]..
No.such.systematic.investigations.have.been.carried.out.on.BMG.alloys.

The.compositional.ranges.in.which.glassy.phases.have.been.obtained.and.
the.variation.of.Tx.and.ΔTx.in.several.ternary.and.higher-order.alloy.systems.
based.on.La,.Mg,.Zr,.and.Pd.have.been.discussed.earlier.by.Inoue.[66].and.so.
they.will.not.be.repeated.here.

5.7	 Annealing	of	Bulk	Metallic	Glasses

When.a.BMG.(or. for. that.matter,. any.metallic.glass). is.annealed. (heated.
to.higher.temperatures,.maintained.at.that.temperature.for.a.given.length.
of. time. and. cooled. slowly. down. to. room. temperature),. a. number. of.
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different.reactions.can.take.place.in.the.glass..With.increasing.annealing.
temperature,.the.glass.may.exhibit.structural.relaxation,.phase.separation,.
and. then. crystallization.. While. structural. relaxation. takes. place. at. tem-
peratures.below.Tg,.phase.separation.in.the.glassy.alloy.can.take.place.at.
temperatures.around.Tg.(either.below.Tg,.at.Tg,.or.above.Tg)..On.the.other.
hand,. crystallization. generally. takes. place. at. temperatures. above. Tx.. All.
the. above. reactions. may. not. take. place. in. all. the. alloy. systems.. In. fact,.
the. observation. of. phase. separation. has. not. been. very. frequent,. as. will.
be.shown.later.in.the.chapter..The.nature.of.transformation.of.the.glassy.
phase.depends.on.the.temperature.at.which.the.glass.is.annealed.and.the.
types.of.constituents.present.in.the.alloy.system..For.example,.if.annealing.
is.carried.out.at.a.high.temperature,.above.Tx,.crystallization.will.occur.and.
it.will.not.be.possible.to.study.the.structural.relaxation.or.phase.separation.
behavior..On.the.other.hand,.if.annealing.is.carried.out.at.a.very.low.tem-
perature,.it.will.be.possible.to.study.the.structural.relaxation.in.the.glass,.
but. its. crystallization. may. take. an. unusually. long. time,. and. not. on. the.
timescale.where.experimental.observations.can.be.made..Figure.5.11.shows.
schematically.the.different.pathways.for.the.transformations.that.can.take.
place.in.a.metallic.glassy.alloy.on.heating.

It. is.clear. from.Figure.5.11.that. the.as-quenched.metallic.glass.will.start.
relaxing.on.being.heated.to.higher.temperatures.to.a.more.“stable”.or.“ideal”.
glass..As.will.be.explained.below,.this.process.of.structural.relaxation.will.
be.complete.by.the.time.the.glass.reaches.the.Tg.temperature..Therefore,.the.
relaxed.glass. is.the.starting.point.for.all. the.transformations.to.be.consid-
ered..This.relaxed.glass.will.transform.first.into.the.supercooled.liquid.state.
at.Tg,.provided.that.one.is.able.to.differentiate.between.Tg.and.Tx.tempera-
tures..This.is.the.case.in.all.BMGs,.and.is.also.true.in.some.melt-spun.ribbon.
samples,.notably.those.based.on.Pd.and.Pt.[30,31].

The.supercooled.liquid.can.undergo.phase.separation.into.two.different.
glassy.phases.with.two.different.compositions..The.phenomenon.of.phase.
separation.is.manifested.by.the.presence.of.two.Tgs.in.the.DSC.curve.of.the.
glassy.alloy.and.also.by. the.appearance.of.an. interconnected.structure. in.
the.electron.micrographs—usually.one.of.the.phases.appears.lighter.in.con-
trast.and. the.other.darker. in.appearance..These. two.different.phases.will.
have.widely.differing.compositions,.and.these.have.been.measured.in.recent.
times.with.the.help.of.a.three-dimensional.atom.probe.(3DAP).technique..It.
is.also.important.to.realize.that.phase.separation.does.not.occur.in.all.metal-
lic.glasses..In.fact,.this.is.rare.and.has.not.been.observed.very.frequently.

Depending. on. whether. we. are. starting. with. the. supercooled. liquid. or.
phase-separated.mixture.of.two.glasses,.further.transformation.to.the.crys-
talline.phases.may.take.place. in.different.ways..We.will.consider. these. in.
two.different.categories—first.starting.with.the.supercooled.liquid.and.the.
second.starting.with.the.phase-separated.glassy.phase.mixture.

Assuming.that.phase.separation.does.not.occur,.the.supercooled.liquid,.
on.further.heating,.may.directly.transform.into.a.single.crystalline.phase.
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through.a.polymorphous.mode. (Figure.5.11a),. although. this. is.very. rare.
and. has. not. been. frequently. reported. in. the. literature. so. far.. More. fre-
quently,.the.supercooled.liquid.will.transform.into.a.mixture.of.crystalline.
phases.through.the.eutectic.mode.of.crystallization.(Figure.5.11b)..It.is.also.
possible.that.the.supercooled.liquid.can.undergo.primary.crystallization.
through.which.a.solvent-rich.crystalline.phase.(or.an.intermetallic.phase).
is. formed,.which.coexists.with.a.glassy.phase.that. is.solute-rich. in.com-
parison.with.the.starting.glassy.phase..This.solute-rich.glassy.phase.can.
further.undergo.crystallization.through.either.polymorphous.or.eutectic.
modes.(Figure.5.11c).

If.phase.separation.had.occurred.into.two.(or.more).glassy.phases,. then.
these.glassy.phases.may.crystallize.into.two.(or.more).crystalline.phases.on.
further.heating.either.through.the.polymorphous.or.eutectic.modes.(Figure.
5.11d)..On.the.other.hand,.it.is.possible.that.one.of.the.glassy.phases.formed.
on. phase. separation. may. crystallize. in. a. polymorphous. mode. or. eutectic.
mode.and.the.other.glassy.phase.may.crystallize.in.the.primary.mode..Since.
primary. crystallization. results. in. the. formation. of. a. mixture. of. a. crystal-
line.phase.and.a.glassy.phase,.the.glassy.phase.may.subsequently.transform.
through. polymorphous. or. eutectic. modes. (Figure. 5.11e).. Thus,. depending.
on.the.pathway.the.as-quenched.glass.takes.to.transform.to.the.crystalline.
phases,.there.could.be.a.very.large.number.of.microstructural.variants.in.the.
final.product.

Let.us.now.look.into.the.details.of.the.different.processes.that.take.place.on.
heating.the.as-quenched.glassy.phase.to.higher.temperatures.

5.7.1 Structural Relaxation

Metallic. glasses. are. in. a. non-equilibrium. state. with. respect. to. thermo-
dynamic.stability..But,. they.are.also.not. in.configurational.equilibrium..
Accordingly,. on. annealing,. the. as-synthesized. glass. slowly. transforms.
toward. an. “ideal”. glass. of. lower. energy. through. structural. relaxation..
To. put. this. in. the. proper. perspective,. let. us. compare. an. ideal. crystal-
line.material.with.a.real.crystalline.material..The.real.crystalline.material.
contains.a.variety.of.defects,.which.include.vacancies,.dislocations,.grain.
boundaries,.stacking.faults,.etc..Thus,.a.real.material.can.be.considered.
as.an.ideal.material.containing.a.variety.of.defects,.whose.character.can.
be.identified.and.well.quantified..The.as-synthesized.glass.can.be.simi-
larly.considered.as.an.“ideal”.or.“perfect”.glass.containing.defects..But,.
the.nature.of.defects.present.in.the.glass.is.presently.unknown..Thus,.the.
structural. relaxation. of. a. quenched. glass. results. in. the. annihilation. of.
these.defects.leading.to.the.formation.of.an.ideal.glass.

In. comparison. to. the. melt-spun. glassy. ribbons,. BMGs. exhibit. a. wide.
supercooled.liquid.region,.that.is,.ΔTx.=.Tx.−.Tg.is.quite.large..This.tempera-
ture.range.provides.an.opportunity.to.quantitatively.examine.the.amount.
of. free.volume.present. in. the.glass.as.a. function.of. temperature.. It. is.also.
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possible.to.investigate.whether.the.glass.will.achieve.a.fully.relaxed.state.as.
a.result.of.annealing.it.in.the.supercooled.liquid.state..Most.importantly,.it.
allows.the.glass.(the.supercooled.liquid).to.be.investigated.near.Tg.without.
allowing.crystallization.to.take.place.

When.a.glass.is.annealed.in.the.supercooled.liquid.region,.the.amount.of.
free.volume.varies.with.the.annealing.temperature.and.reaches.an.equilib-
rium.value,.typical.of.that.temperature..The.mechanism(s).by.which.struc-
tural.relaxation.occurs.in.glasses.is.through.the.annihilation.of.“defects”.or.
free. volume,. or. recombination. of. the. defects. of. opposing. character,. or. by.
changes.in.both.topological.and.compositional.short-range.order.[67].

Let. us. now. see. what. we. mean. by. chemical. short-range. order. (CSRO).
and. topological. short-range. order. (TSRO).. Since. most. metallic. glasses.
are. alloys,. and. therefore. contain. at. least. two. components,. it. is. possible.
that.a.truly.random.distribution.of.the.constituent.atoms.is.not.obtained.
even.by.RSP.methods..That.means,. the. chemical. environment. (chemical.
composition).around. the.constituent.atoms. is.different. from. the.average.
composition..Such.a.variation.in.chemical.composition.from.point.to.point.
is. referred. to. as. CSRO.. On. the. other. hand,. when. the. atomic. configura-
tion.is.different.due.to.the.collective.motion.of.groups.of.atoms,.the.glass.
is. then. said. to. possess. TSRO.. In. a. fully. relaxed. glass,. that. has. attained.
the.“equilibrium”-free.volume.concentration,.it.is.possible.to.separate.the.
effects.due.to.CSRO.and.TSRO.

Metallic.glasses,.especially.those.that.have.been.obtained.at.high.solidi-
fication.rates.by.RSP.methods,.contain.a.large.frozen-in.structural.disorder.
and,.therefore,.possess.high.atomic.diffusivities.and.can.undergo.structural.
relaxation.even.at.low.temperatures..For.example,.Pd–Si,.Fe–B,.and.Zr–Cu.
binary.glassy.ribbons.have.been.reported.to.undergo.structural.relaxation.
just.above.room.temperature;.several.hundred.degrees.below.Tg..But.more.
commonly,.structural.relaxation.is.investigated.in.two.temperature.regimes.
below. Tg,. which. are. clearly. distinguishable. from. each. other.. Thus,. the.
relaxation.processes.are.studied.either.in.the.low.temperature.(sub-sub-Tg,.
i.e.,.Tg.–.200.K.<.Ta.<.Tg.–.100.K).or.high-temperature.(sub-Tg,. i.e.,.Ta.≥.Tg.−.100.K).
regimes,.where.Ta.is.the.annealing.temperature.

Structural.relaxation.in.metallic.glasses.can.be.achieved.by.a.low-temper-
ature.annealing.process,.which.does.not.cause.crystallization..But,.significant.
changes.in.physical.properties.(and.mechanical.properties.in.some.cases).have.
been.reported..For.example,.relaxed.glasses.exhibit.a.decreased.specific.heat,.
reduced.diffusivity,.reduced.magnetic.anisotropy,.increased.elastic.constants.
(by.about.7%),.significantly.increased.viscosity.(by.more.than.5.orders.of.mag-
nitude).and.loss.of.(bend).ductility.in.some.glasses,.in.addition.to.changes.in.
electrical.resistivity.(by.about.2%),.Curie.temperature.(by.as.much.as.40.K),.
enthalpy. (by.about.200–300.cal.mol−1),. superconductivity,. and. several.other.
structure-sensitive.properties.[67]..Another.important.property.that.changes.
on.structural.relaxation.is.the.density..A.small.increase.in.density.(about.0.5%.
for.melt-spun.ribbons.[68].and.a.smaller.value.of.about.0.1%–0.15%.for.BMG.
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alloys.[69,70]).was.also.reported.to.occur.due.to.structural.relaxation.in.metal-
lic.glasses..Table.5.3.lists.the.differences.in.the.densities.of.as-solidified.and.
structurally.relaxed.metallic.glasses.based.on.Pd.and.Zr.

Structural.relaxation.in.metallic.glasses.has.been.investigated.using.DSC,.
XRD,. electrical. resistivity,. magnetic. measurements,. creep. experiments,.
internal. friction. measurements. using. a. torsion. pendulum,. Mössbauer.
spectroscopy,.and.dynamic.mechanical.analysis.methods..Amongst.these,.
electrical. resistivity. measurements. and. DSC. have. been. the. most. popu-
lar. techniques,. while. Mössbauer. spectroscopy. methods. have. been. used.
to.determine.the.atomic.environments..It.has.been.reported.that.the.con-
tribution. of. CSRO. processes. toward. the. electrical. resistance. is. relatively.
small.and.that.it.is.TSRO.that.essentially.determines.the.resistance.curve.
[71]..Egami.[72].has.summarized.the.use.of.diffraction.techniques.(x-ray,.
neutron,.and.electron.scattering.methods).to.study.structural.relaxation.in.
metallic.glasses.

Dmowski. et. al.. [73]. investigated. the. structural. relaxation.behavior.of.
a.Zr52.5Cu17.9Ni14.6Al10.0Ti5.0.BMG.alloy.through.a.combination.of.hardness.
measurement,. DSC,. and. time-of-flight. neutron. diffraction. techniques..
The.authors.had.annealed.the.as-quenched.BMG.sample.at.630.K.(Tg.and.
Tx. for. this. glass. were. reported. to. be. ~670. and. ~720.K,. respectively). for.
different.times.and.also.at.and.above.Tx..It.was.noted.that.the.hardness.
of.the.as-quenched.sample.increased.quickly.on.annealing.at.630.K.and.
remained.constant. for.up. to.40.min.of.annealing..Another.small. rise. in.
hardness.was.noted.at.60.min.of.annealing.and.also.after.the.sample.had.
crystallized..DSC.scans.of.these.samples.confirmed.structural.relaxation.
in. these. samples,. indicated. by. an. exothermic. relaxation. peak. (loss. of.

Table 5.3

Changes.in.the.Bulk.Densities,.ρ.(g.cm−3).of.Metallic.Glassy.Alloys.in.the.
As-Solidified.and.Structurally.Relaxed.Conditions

Alloy	
Composition

Synthesis	
Method

Rod	Diameter	
(mm)/Ribbon	

Thickness ρas-solidified ρrelaxed

Δρrelaxed	
(%) Reference

Pd77.5Cu6Si16.5 Melt.
spinning

30.μm.thick.
ribbon

10.46 10.51 0.48 [68]

Pd40Cu30Ni10P20 Melt.
spinning

40.μm.thick.
ribbon

9.318 9.337 0.2 [69]

Pd77.5Cu6Si16.5 Water.
quenching

2.mm.dia.rod 10.48 10.51 0.29 [68]

Pd40Cu30Ni10P20 Cu-mold.
casting

5.mm.dia.rod 9.27 9.28 0.11 [70]

Zr55Cu30Al10Ni5 Cu-mold.
casting

5.mm.dia.rod 6.82 6.83 0.15 [70]

Note:
.

∆ρ ρ ρ
ρrelaxed

relaxed as-solidified

as-solidified
= −

.
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enthalpy)..By.measuring.the.area.under.the.peak,.the.authors.concluded.
that. most. of. the. structural. relaxation. was. completed. within. 20.min. of.
annealing.at.630.K.

By.analyzing.the.atomic.pair.distribution.functions.(PDF),.the.authors.had.
directly. examined. the. structural. relaxation. behavior. in. these. glasses. and.
suggested.that.structural.relaxation.takes.place.in.two.stages..The.process.
of.structural.relaxation.was.inferred.from.the.sharpening.of.the.PDF.peaks,.
without. shifting. their. positions.. By. observing. the. profiles. of. the. left. and.
right.shoulders.of.the.main.peak,.they.suggested.that.the.free.volume.was.
not.annihilated.at.short.durations.of.annealing..Instead,.they.interpreted.the.
increase. in.peak.height.and. the. sharpening.of. left. and. right. shoulders.as.
changes.in.topological.order.and.that.they.did.not.involve.significant.atomic.
transport,. which. could. occur. on. annealing. at. higher. temperatures.. Thus,.
the.first.stage.of.relaxation.was.suggested. to.be.related. to. the.elimination.
of. short.and. long. inter-atomic.distances.and. the. second.stage. to. the. local.
chemical.reordering.in.the.glassy.phase..The.observed.chemical.ordering.on.
annealing.the.samples.for.longer.times.was.suggested.as.a.possible.reason.
for.the.observed.phase.separation.and.nanocrystallization.after.annealing.at.
higher.temperatures.

A.common.procedure.that.is.followed.to.investigate.structural.relaxation.
in.metallic.glasses. is.as. follows..The.glassy.alloy. is.first.equilibrated.for.a.
given. length. of. time. at. a. temperature. above. Tg. in. the. supercooled. liquid.
region..This.is.considered.as.the.reference.sample.since.no.more.structural.
relaxation.takes.place.in.this.sample.on.subsequent.annealing..The.time.is.
chosen. in. such. a. way. that. it. is. about. 10τr,. where. τr. is. the. relaxation. time.
defined.as.τr.=.ΔTg/β,.where.ΔTg. is. the.temperature. interval,.defined.as. the.
temperature.range.between.the.onset.and.the.end.of.the.endothermic.glass.
transition.event,.and.β.is.the.heating.rate..This.is.because,.at.10τr,.the.samples.
are.expected.to.be.fully.relaxed.[74]..(However,.a.fully.relaxed.structure.was.
not.obtained.even.after.annealing.a.melt-spun.Pd40Cu30Ni9Fe1P20.glassy.rib-
bon.for.(3.×.106.s.=).35.days.at.540.K,.which.is.only.34.K.below.the.Tg.value.for.
this.alloy.[71].).The.variation.of.Cp.for.this.reference.sample.is.then.plotted.
as.a.function.of.temperature..Other.samples.are.then.annealed.at.different.
temperatures.below.Tg.for.the.same.length.of.time.as.the.reference.sample,.
and.the.variation.of.their.Cp.with.temperature.is.again.determined.and.plot-
ted.for.comparison.purposes.

Figure.5.12.shows.the.variation.of.the.specific.heat,.Cp,.with.temperature.
for.a.Zr65Al7.5Cu27.5.glassy.alloy.annealed.at.different.temperatures,.Ta,.for.an.
annealing. period. of. ta.=.12.h. [75].. On. heating. the. as-quenched. sample,. the.
specific. heat. Cp,q. begins. to. decrease,. indicative. of. structural. relaxation. at.
about.380.K,.and.reaches.a.minimum.value.at.a.temperature.of.about.575.K..
With.further. increase. in. temperature,.Cp,q. increases.gradually.up.to.about.
620.K.and.then.rapidly.in.the.glass.transition.range.from.630.to.675.K,.reach-
ing.a.maximum.value.of.47.4.J.mol−1.K−1.for.the.supercooled.liquid.at.around.
680.K..It.then.decreases.rapidly.due.to.crystallization.at.731.K..The.variation.
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of.Cp.for.the.pre-annealed.samples.shows.a.Cp,a(T).behavior,.which.closely.
follows.the.Cp.curve.of.the.reference.sample,.Cp,s,.(specimen.annealed.at.690.K).
up.to.each.Ta.and.then.exhibits.an.excess.specific.heat.relative.to.the.reference.
sample.before.merging.with. that.of. the.as-quenched.sample. in. the.super-
cooled.liquid.region.above.642.K.

The.main.features.of.Figure.5.12.may.be.summarized.as.follows:

. 1..The.sample.annealed.at.Tg.(reported.as.646.K.for.this.alloy).shows.
an.excess.endothermic.specific.heat.beginning.at.Ta,. implying.that.
the.Cp.value.in.the.temperature.range.above.Ta.is.dependent.on.the.
thermal.history.of.the.sample.and.consists.of.configurational.contri-
bution.as.well.as.the.contribution.from.purely.thermal.vibrations.

. 2..The.magnitude.of.the.endothermic.peak.increases.rapidly.at.anneal-
ing.temperatures.just.below.Tg.

. 3..The.excess.endothermic.peak. is. recoverable,.while. the.exothermic.
broad.peak.is.irrecoverable.

Thus,.the.Cp,a(T).curves.for.the.annealed.samples.are.due.to.a.combination.of.
the.recoverable.endothermic.and.irrecoverable.exothermic.reactions..Chen.
[76].suggested.that.the.excess.endothermic.peak.occurs.because.of.a.relaxed.
atomic.configuration.achieved.due.to.the.rearrangement.of.atoms.on.anneal-
ing,. which. is. more. stable. (but. still. metastable). at. temperatures. above  Ta..
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Thus,  the. excess. endothermic. reaction. reflects. the. atomic. configuration.
achieved.by.annealing.and.hence.we.can.obtain.information.on.structural.
relaxation.during.annealing.by.examining.the.change. in. the.excess.endo-
thermic.peak.with.Ta.and.ta.

The.temperature.dependence.of.the.difference.in.Cp.between.the.annealed.
and.the.reference.states.[ΔCp,endo.=.Cp,a(T).−.Cp,s(T)].for.the.La55Al25Ni20.and.
Zr65Al7.5Cu27.5.glassy.alloys.annealed. for.different. times.at.different. tem-
peratures.is.shown.in.Figure.5.13.[75]..With.increasing.Ta,. the.maximum.
in. ΔCp,endo. for. the. two. alloys. initially. increases. gradually,. followed. by. a.
rapid. increase. at. temperatures. just. below. Tg,. and. then. a. rapid. decrease.
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above.Tg..The.rapid.increase.in.the.maximum.of.ΔCp,endo.as.a.function.of.
Ta. is. interpreted. as. corresponding. to. the. glass. transition. phenomenon..
Similarly,.the.rapid.decrease.in.the.maximum.of.ΔCp,endo.above.Tg.is.inter-
preted.to.be.due.to.the.achievement.of.internal.equilibrium.resulting.from.
the.very.short.relaxation.times.in.the.supercooled.liquid.region..Although.
the. change. in. the. maximum. in. ΔCp,endo. as. a. function. of. Ta. is. similar. to.
that.for.the.metal–metal-type.Zr–Cu.and.Zr–Ni.glassy.alloys.[77],.it.is.sig-
nificantly.different.from.the.two-stage.change.that.has.been.observed.for.
the.metal–metalloid-type.glassy.alloys.containing.more.than.two.types.of.
metallic.elements. [78]..The.appearance.of.a. two-stage.relaxation.process.
was.suggested.to.be.due.to.the.difference.in.the.relaxation.times.between.
the.metal–metal.atom.pairs.with.weaker.bonding,.and. the.metal–metal-
loid.atom.pairs.with.stronger.bonding..Since.no.splitting.of.the.maximum.
in.ΔCp,endo.into.two.stages.is.seen.as.a.function.of.Ta.for.the.La–Al–Ni.and.
Zr–Al–Cu. amorphous. alloys,. it. was. concluded. that. the. relaxation. times.
are.nearly.the.same.for.the.La–Al,.Al–Ni.and.La–Ni.atom.pairs.and.also.for.
the.Zr–Al,.Al–Cu.and.Zr–Cu.atom.pairs,.which.have.large.negative.enthal-
pies.of.mixing..This.result.suggests.that.there.is.no.appreciable.difference.
in.the.attractive.bonding.between.the.atomic.pairs.and.that.the.constituent.
atoms.in.these.glassy.alloys.are. in.an.optimum.bonding.state..The.opti-
mum. bonding. state. prevents. easy. atomic. movement,. even. in. the. super-
cooled.liquid,.and.suppresses.the.nucleation.and.growth.of.a.crystalline.
phase,.leading.to.the.appearance.of.a.very.wide.supercooled.liquid.region.

The. mechanical. properties. of. metallic. glasses. (including. the. BMGs). are.
affected.by.the.magnitude.of.free.volume.present.in.them.[79–81]..Hence,.it.
becomes. important. to.be.able. to.quantitatively.determine. the. free.volume.
present.in.the.glass.to.relate.the.magnitude.of.free.volume.to.the.changes.in.
mechanical.properties..Accordingly,.Launey.et.al.. [82].used. the.DSC.tech-
nique. to. quantify. the. free. volume. changes. in. a. Zr44Ti11Ni10Cu10Be25. glassy.
alloy. with. structural. relaxation.. Assuming. that. the. change. in. enthalpy. is.
entirely.due.to.structural.changes.in.the.glassy.state.and.not.in.the.crystal.
and.that.the.average.free.volume.per.atom.(=.Vf/Vm,.where.Vf.is.the.free.vol-
ume.and.Vm.is.the.atomic.volume).is.proportional.to.the.change.in.enthalpy:

.

V
V

C Hf

m
= ∆ . (5.5)

where.C.is.a.constant..The.proportionality.constant.C.is.determined.by.first.
calculating.Vf.using.the.Grest.and.Cohen.model.[83]:
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where. k. is. the. Boltzmann. constant.. The. appropriate. fit. parameters. for.
the. above. alloy. were. reported. to. be:. bVms0/k.=.4933.K. with. b.=.0.105,.
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4Vas0/k.=.162.K,.T0.=.672.K..Vm.for.this.alloy.has.been.reported.to.be.1.67.×.10−29.
m3. near. the. liquidus. temperature.. Thus,. by. calculating. Vf. from. Equation.
5.6,.Vf/Vm.can.be.calculated..Further,.by.matching.the.curves.of. the.aver-
age. free. volume. from. Equation. 5.6. and. enthalpy. from. Equation. 5.5. with.
temperature,.the.constant.C.in.Equation.5.5.can.be.determined..The.Grest.
and.Cohen.model.is.capable.of.estimating.the.average.free.volume.in.the.
supercooled.liquid.at.substantially.lower.temperatures.than.is.possible.by.
relaxation.experiments..It.is.also.important.to.remember.that.even.though.
the.free.volume.varies.locally.from.one.place.in.the.sample.to.another,.the.
globally.averaged.macroscopic.free.volume.could.be.determined.from.the.
DSC.measurements.

5.7.2 Glass Transition

The.variation.of.Cp.with.temperature,.described.in.Figure.5.12,.is.typical.of.all.
metallic.glasses..The.Cp.value.slowly.increases.with.increasing.temperature,.
and.then.begins.to.decrease.suggesting.the.onset.of. irreversible.structural.
relaxation..With.further.increase.in.temperature,.the.Cp.value.reaches.a.mini-
mum.and.then.increases.rapidly.in.the.glass.transition.range..The.Cp.value.
reaches.a.maximum.for.the.supercooled.liquid,.and.then.starts.to.decrease.
first.gradually.and.then.rapidly.once.crystallization.has.set.in..These.obser-
vations.suggest.that.the.transition.from.the.glassy.(g).state.to.the.supercooled.
liquid.(scl).condition.is.accompanied.by.a.large.increase.in.the.specific.heat,.
ΔCp,g.→ scl..The.magnitude.of. this. increase. is.different. for.different. types.of.
glasses;.the.values.for.some.of.the.glasses.are.listed.in.Table.5.4.

The.ΔCp,s.of.the.reference.sample.consists.of.configurational.contributions.
as.well.as.those.arising.from.purely.thermal.vibrations..Because.of.the.linear.
variation.of.Cp.of.the.reference.sample.with.temperature,.one.could.obtain.
the.specific.heat,.purely.due.to.thermal.vibrations,.Cp,v.by.extrapolating.the.

Table 5.4

Increase.in.Specific.Heat.from.the.As-Quenched.Glassy.(g).State.
to the.Supercooled.Liquid.(scl).Condition,.ΔCp,g→scl.for.Different.
Metallic.Glasses.Synthesized.by.Melt.Spinning,.and.Measured.
at.a.Heating.Rate.of.0.67.K.s−1.(40.K.min−1)

Composition ΔCp,g→scl	(J	mol−1	K−1) ΔTx	(K) Reference

La55Al20Cu25 11.5 59 [84]
La55Al25Ni20 14.0 69 [85]
Mg50Ni30La20 17.4 58 [86]
Zr60Al15Ni25 6.25 77 [87]
Zr65Cu27.5Al7.5 — 88 [75]
Zr65Cu17.5Ni10Al7.5 14.5 127 [15]

Note:. ΔTx.represents.the.width.of.the.supercooled.liquid.region.
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Cp. values. in. the. low-temperature. region.. For. example,. for. the.Zr60Ni25Al15.
glassy.alloy.the.relationship.is

. C T Tp v
223 9 1 29 1 34 at 34 620 K, . .= + × −( ) ≤ ≤−0 0 0 . (5.7)

Similarly,.the.equilibrium.specific.heat.of.the.supercooled.liquid.Cp,scl,.includ-
ing.the.vibrational.and.configurational-specific.heat.can.be.expressed.by.the.
equation

. C T Tp e
233 7 2 59 1 735 at 735 76  K, . .= − × −( ) ≤ ≤−0 0 . (5.8)

The.difference.between.these.two.values.at.the.temperature.of.interest.will.
give. us. the. ΔCp,g→scl. value.. It. was. suggested. that. there. is. a. tendency. for.
the. value. of. ΔCp,g→scl. to. scale. with. ΔTx. and. ΔHx,. the. enthalpy. of. crystal-
lization.[66],.and.results.on.Zr-based.alloy.glasses.support.this.(Table.5.4)..
However,.it.does.not.appear.to.be.true.when.all.the.results.are.taken.into.
consideration.

The. ΔCp,g→scl. values. for. the. Zr-based. metallic. glasses. are. considerably.
smaller.than.those.of.Pd–Ni–P.and.Pt–Ni–P.glasses..Even.though.the.reasons.
for.this.difference.are.not.clearly.known.at.the.moment,.it.is.possible.that.it.
is.related.to.(1).the.higher.packing.fraction.of.atoms.in.the.glassy.Zr-alloys,.
which.require.a.lower.cooling.rate.to.form.the.glassy.structure,.(2).the.possi-
bility.of.the.atomic.configuration.in.the.glassy.and.supercooled.liquid.struc-
tures.being.similar,.and.(3).the.higher.Tg.values.in.comparison.to.those.of.
La-,.Mg-,.Pd-,.and.Pt-based.glassy.alloys.

5.7.3 Phase Separation

Phase.separation.is.the.process.in.which.a.homogeneous.glassy.phase.of.a.
given. composition. is. separated. into. two. different. glassy. phases. of. differ-
ent.compositions..(Even.though.a.more.accurate.description.of.this.process.
would.be.to.refer.to.it.as.glassy.[or.amorphous].phase.separation,.in.the.fol-
lowing.paragraphs.we.will.simply.use.the.expression.“phase.separation”.to.
denote.that.it.is.the.glassy.phase.that.is.separating.into.two.glassy.phases.).
Phase.separation.occurring.by.a.nucleation.and.growth.process.or.by.spi-
nodal.decomposition.without.any.barrier. to. the.nucleation.process. is.well.
known.to.occur.in.oxide.glasses.[88]..Phase.separation.was.also.reported.to.
occur.in.metallic.glassy.alloy.ribbons.of.Pd74Au8Si18.[31],.(Pd0.5Ni0.5)81.P19 [34],.
and. Zr36Ti24Be40. [89],. among. other. alloy. systems.. The. phase. separation. in.
melt-spun. ribbons. was. noted. mostly. during. the. reheating. of. the. glassy.
alloy.ribbon.specimen.to.higher.temperatures,.even.though.it.was.reported.
to. occur. in. the. as-quenched. condition. in. the. Zr36Ti24Be40. alloy.. Evidence.
for.phase.separation.in.these.systems.was.gathered.from.small-angle.x-ray.
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scattering. (SAXS),. TEM,. and. DSC. techniques.. The. presence. of. two. glass.
transition.temperatures.in.the.DSC.plot.was.considered.as.a.clear.indication.
of.the.existence.of.two.glassy.phases.in.the.sample..In.the.TEM.micrographs,.
phase.separation.is.manifested.by.the.presence.of.multiphase.light.and.dark.
structures. with. a. characteristic. interconnected. morphology,. often. seen. in.
ceramic.glasses.or.isolated.droplet.structures.

The.study.of.phase.separation.in.metallic.glasses.is.important.for.two.rea-
sons.. First,. it. will. provide. us. with. an. opportunity. to. synthesize. different.
types.of. composites. (glass.+.glass.or.glass.+.crystals).with.widely.differing.
mechanical.properties.and.performance..By.annealing.the.metallic.glasses.
at.different. temperatures.and. for.different. times,. it. is.possible. to.obtain.a.
variety.of.microstructures.and,.therefore,.different.properties..Second,.it.is.of.
scientific.interest.to.be.able.to.study.the.decomposition.behavior.of.glass.over.
a.wide.temperature.range.(in.the.supercooled.liquid.range)..This.is.possible.
only.in.BMGs.because.they.exhibit.a.wide.supercooled.liquid.region.

At.this.stage,.it.is.important.to.differentiate.between.two.clearly.different.
situations..One.is.that.the.as-solidified.glassy.rods.(especially.in.the.case.of.
binary.BMGs).contain.very.fine.crystals,.often.with.nanometer.dimensions,.
dispersed. in. a. glassy. matrix.. The. presence. of. such. tiny. crystals. could. be.
due.to.the.relatively.low.GFA.of.the.alloy..That.is,.if.the.sample.contains.a.
crystalline.phase,.then.it.could.be.that.the.critical.cooling.rate.for.glass.for-
mation.is.not.exceeded.and.that.is.why.the.specimen.contains.both.glassy.
and. crystalline. phases.. Therefore,. if. the. critical. cooling. rate. has. not. been.
exceeded.throughout.the.cross.section.of.the.sample,.then.a.crystalline.phase.
will.be.present. in. the.sample..To.check.whether. this. is. the. reason. for. the.
presence.of.these.tiny.crystals,.rods.of.smaller.and.smaller.diameter.could.
be. cast. to. check. whether. they. are. fully. glassy.. It. is. also. possible. that. the.
as-solidified samples.sometimes.contain.crystalline.particles.on.the.surface.
as,. for. example,. in. the. arc-melted. ingots. [64].. If. this. is. the. situation,. then.
it.may.be.due.to.heterogeneous.nucleation.occurring.on.the.surface.of.the.
sample,.or.on.those.parts.that.are.in.contact.with.a.metallic.substrate..Also,.
during.heating.of.the.glassy.sample.to.higher.temperatures,.primary.crystal-
lization.could.occur.with.the.formation.of.a.solid.solution.phase.in.a.glassy.
matrix.with.a.composition.that.is.solvent.rich..In.this.case,.it.is.the.process.
of.precipitation.that.resulted.in.the.formation.of.a.glass.+.crystal.composite..
In.all.these.situations,.it.is.not.proper.to.refer.to.the.process.that.occurs.as.
(glassy).phase.separation,.even.though.two.different.phases.are.present;.but.
they.are.not.two.different.glassy.phases.

The.second.situation. is.when.two.different.glassy.phases.are. formed. in.
the. supercooled. melt. either. during. the. process. of. solidification. or. during.
the.reheating.of.a.homogeneous.glassy.phase..In.these.situations,.it.is.most.
appropriate.to.refer.to.the.process.that.occurs.as.(glassy).phase.separation.

It. is. well. known. that. phase. separation. occurs. in. alloy. systems. whose.
phase.diagrams.feature.a.miscibility.gap.between.two.phases.that.are.ther-
modynamically. stable.. Such. a. situation. arises. when. the. two. constituent.
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elements. in. the. binary. alloy. have. a. zero. or. positive. heat. of. mixing.. (The.
heats.of.mixing.for.different.binary.combinations.of.metals.have.been.cal-
culated. by.Miedema. et. al.. and. are. available. in. Refs.. [65,90].). Examples. of.
such..miscibility.gaps.may.be.found.in.binary.alloy.systems.such.as.Cu–Ni,.
Cu–Rh,.Au–Pt,.Cr–Mo,.and.As–Sb.[91].

Figure.5.14a.shows.the.schematic.of.a.hypothetical.binary.phase.diagram.
featuring.a.miscibility.gap;. the.corresponding.variation.of.free.energy.(G).
with. composition. at. a. temperature. T2. is. shown. in. Figure. 5.14b.. Note. that.
the.free.energy.curve.shows.a.convex.upward.shape.with.two.minima,.cor-
responding.to.compositions.C1.and.C2..When.an.alloy.with.a.composition.
between.C1.and.C2,.say.C0,.is.solution.treated.at.a.temperature.T1.and.then.
quenched. to. a. lower. temperature,. T2,. into. the. miscibility. gap. region,. it. is.
in.a.metastable.high.energy.state.and,. therefore,.can. lower. its. free.energy.
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G0́
G (T2)

δ2G
δC2

C2́
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FIGURe 5.14
(a).Typical.phase.diagram.showing.a.miscibility.gap.in.the.solid.state..(b).The.corresponding.
free-energy.vs..composition.diagram.featuring.two.minima..Phase.separation.is.possible. in.
such.an.alloy.system.either.by.a.nucleation.and.growth.process.or.by.a.spinodal.decomposi-
tion.process.
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by.decomposing.into.two.phases..The.lowest.energy.state.is.obtained.when.
the.metastable.solid.solution.decomposes.into.two.phases.with.the.composi-
tions.C1.and.C2..However,.if.an.alloy.with.the.composition. ′C0 .is.quenched.
from.temperature.T1.to.temperature.T2,.the.alloy.has.a.free.energy. ′G0 ..This.
alloy.is.now.in.an.unstable.situation,.since.any.small.changes.in.composition.
will.result.in.a.decrease.in.the.free.energy.of.the.system..This.will.be.true.
for.any.alloy.with.its.composition.from. ′C1.to. ′C2..Such.a.type.of.spontaneous.
transformation.is.referred.to.as.spinodal.transformation..Thus,.the.decom-
position.of.the.supersaturated.solid.solution.can.occur.either.by.a.nucleation.
and.growth.process.(which.requires.a.nucleation.barrier.to.be.overcome).or.
by.a.spinodal.process.(which.does.not.have.any.nucleation.barrier)..The spi-
nodal.points. in.the.free.energy.vs..composition.curve.(and.the.miscibility.
gap).correspond.to.those.compositions.at.which.∂2G/∂C2.=.0,.and.these.are.
marked.as. ′C1.and. ′C2..That.is,.if.the.alloy.has.a.composition.between.C1.and.

′C1,. or. between. ′C2. and. C2,. it. will. decompose. by. a. nucleation. and. growth.
process..On.the.other.hand,.if.the.alloy.composition.lies.between. ′C1.and. ′C2,.
it.will.decompose.spinodally..The.formation.of.spinodal.structures.in.metal-
lic.alloys.in.the.solid.state.has.been.known.for.a.long.time.[92]..The.process.
of. phase. separation. in. a. glassy. alloy. can. also. be. understood. in. a. similar.
manner.if.the.high.temperature.phase.in.the.hypothetical.phase.diagram.is.
assumed.to.be.a.glassy.phase.and.the.low-temperature.“stable”.phases.are.
also.glassy.phases.with.different.compositions.

But,.let.us.recall.that.it.has.been.frequently.emphasized.in.the.literature.
that.a.negative.heat.of.mixing.among.the.constituent.elements.in.the.alloy.
is.a.prerequisite.for.the.formation.of.BMGs.[63]..Therefore,.these.two.criteria.
seem.to.be.apparently.contradictory.to.each.other,.that.is,.a.large.negative.
heat.of.mixing.is.required.to.synthesize.a.BMG,.but.a.positive.heat.of.mix-
ing. is. a. prerequisite. to. observe. phase. separation. in. the. glass. that. is. pro-
duced..Thus,.it.appears.to.be.impossible.to.imagine.that.one.would.observe.
phase.separation.in.BMGs..But,.as.will.be.shown.later,.phase.separation.in.
BMGs.has.been.reported.to.occur.in.alloy.systems.even.when.the.constitu-
ent.elements.have.a.negative.heat.of.mixing..But,.it.is.much.easier.to.observe.
phase.separation.when.the.alloy.contains.at.least.two.elements.that.have.a.
positive.heat.of.mixing..Table.5.5.summarizes.the.results.of.phase.separation.
reported.in.both.melt-spun.glassy.ribbons.and.BMG.alloys..Let.us.now.look.
at.the.details.of.the.reports.of.phase.separation.in.some.of.the.alloy.systems.
and.the.types.of.microstructures.that.could.be.developed.

Zr60Al15Ni25. with. a. ΔTx. of. 77.K. and. a. Trg. of. 0.64. is. a. good. glass-form-
ing.alloy.[87]..It.was.later.discovered.that.Y60Al15Ni25.is.also.a.reasonably.
good.glass.former,.but.with.the.ΔTx.of.only.22.K.[111]..Since.Zr.and.Y.are.
immiscible.in.the.solid.state.(they.have.a.positive.heat.of.mixing.of.+35.kJ.
mol−1),.it.was.decided.to.combine.these.two.alloy.systems.and.determine.
the. GFA. and. also. if. any. unusual. phenomena. occur.. By. solidification,.
Zr60−xYxAl15Ni25.alloys.(with.x.=.15,.21,.27,.and.30).were.found.to.be.glassy,.
as.determined.from.their.XRD.patterns.[111,112]..But,.an.unusual.behavior.
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was.also.noted..This.quaternary.glassy.alloy.exhibited.two.glass.transition.
temperatures.and.two.supercooled.liquid.regions.before.the.completion.of.
crystallization.

Figure.5.15. shows. the.DSC.curves.of. the.Zr60−xYxAl15Ni25. (x.=.15,.21,.27.
and.30).glassy.alloys.recorded.at.a.heating.rate.of.0.67.K.s−1.(40.K.min−1)..
As.marked.by.Tg1,.Tx1,.Tg2.and.Tx2,.these.glassy.alloys.exhibited.the.sequen-
tial. phase. transitions:. the. first-stage. glass. transition. at. Tg1,. followed. by.
the. first-stage. exothermic. crystallization. reaction. at. Tx1,. the. second-
stage. glass. transition. at. Tg2. and. then. the. second-stage. crystallization.
at.Tx2..Although.Tg1. and.Tx1. tend. to.decrease.with. increasing.Y.content,.
Tg2. and. Tx2. remained. almost. constant.. Since. the. Tg. and. Tx. values. were.
626. and. 648.K,. respectively,. for. the. Y60Al15Ni25. alloy. and. 699. and. 766.K,.
respectively,.for.the.Zr60Al15Ni25.alloy,.it.was.concluded.that.the.first-stage.
reactions.of.glass.transition.and.crystallization.resulted.from.the.Y-rich.
Y–Al–Ni. glassy. phase,. and. that. the. second-stage. reactions. were. due. to.
the.Zr-rich.Zr–Al–Ni.glassy.phase..The.distinct.split.of.the.glass.transi-
tion.and.crystallization.reactions.into.two.stages.seems.to.originate.from.
the.immiscibility.between.Zr.and.Y..The.temperature.intervals.of.the.two.
supercooled.liquid.regions,.ΔTx1.and.ΔTx2,.were.examined.as.a.function.of.
Y.content..ΔTx1.decreased.monotonically.from.26 to.19.K.with.increasing.
Y.content.while.ΔTx2.was.in.the.range.of.31–40.K.and.had.the.maximum.
value.around.25.at.%Y..It.was.therefore.concluded.that.the.stability.of.the.
supercooled. liquid. against. the. completion. of. crystallization. was. maxi-
mum.in.the.vicinity.of.Zr35Y25Al15Ni25.
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FIGURe 5.15
DSC. curves. of. the. glassy. Zr60−xYxAl15Ni25. (x.=.15,. 21,. 27. and. 30). alloys. obtained. at. a. heating.
rate.of.0.67.K.s−1(40.K.min−1)..Note.the.presence.of.two.Tgs.and.two.Txs.in.all.the.alloys.studied..
(Reprinted.from.Inoue,.A..et.al.,.Mater. Sci. Eng. A,.179/180,.346,.1994..With.permission.)
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In.order.to.evaluate.the.thermal.stability.of.the.supercooled.liquid.against.
the.completion.of.crystallization,.the.Zr33Y27Al15Ni25.glassy.alloy.was.chosen.
for.a.detailed.study..When.this.glassy.alloy.was.pre-annealed.for.30.s.at.773.K,.
the.DSC.curve.showed.that.the.ΔTx.value.increased.significantly.from.40.to.
104.K.by.the.pre-annealing.treatment.(Figure.5.16)..This.result.clearly.indi-
cates.that.the.glassy.phase,.remaining.after.the.Y-rich.Y–Al–Ni.components.
were.removed.in.the.form.of.a.crystalline.phase,.has.a.much.higher.thermal.
stability.than.the.as-quenched.Zr33Y27Al15Ni25.glassy.phase..This.is.even.more.
surprising. considering. that. this. glassy. phase. coexisted. with. a. crystalline.
Y–Al–Ni.phase,.which.may.act.as.heterogeneous.nucleation.sites..Therefore,.
further.investigations.were.carried.out.on.this.remaining.glassy.phase.

XRD. patterns. from. the. pre-annealed. glassy. phase. continued. to. show.
the.presence.of.broad.peaks.indicative.of.the.presence.of.the.glassy.phase;.
however,.the.peak.widths.were.smaller.than.in.the.as-quenched.condition..
TEM. investigations. showed. that.a. featureless.modulated.contrast.without.
any.appreciable.periodicity.was.seen.in.the.as-quenched.sample,.indicating.
that.the.as-quenched.sample.consisted.of.a.homogeneous.glassy.phase..On.
the.other.hand,.TEM.micrographs.of.the.pre-annealed.samples.showed.that.
the. pre-annealing. treatment. has. generated. a. distinct. modulation. contrast.
with.a.size.of.about.3–5.nm..Additionally,.the.selected.area.diffraction.(SAD).
patterns.showed.that.the.first.broad.peak.has.split.into.two.rings..Coupled.
with. the.DSC.data,. these.observations. suggested. that. the.modulated.con-
trast.observed.in.the.TEM.micrographs.was.due.to.the.presence.of.the.crys-
talline.Y-rich.Y–Ni–Al.phase..That.is,.the.homogeneous.glassy.phase.in.the.
as-quenched.state.had.transformed.into.a.mixed.structure.consisting.of.the.
Zr-rich.Zr–Al–Ni.glassy.phase.and.the.Y-rich.Y–Al–Ni.crystalline.phase.
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FIGURe 5.16
DSC.curve.of. the.glassy.Zr33Y27Al15Ni25. alloy.pre-annealed. for.30.s.at. 773.K..The.width.of. the.
supercooled.liquid.region,.ΔTx.(=.Tx.−.Tg),.has.now.increased.to.104.K.from.40.K.in.the.as-solidified.
condition..(Reprinted.from.Inoue,.A..et.al.,.Mater. Sci. Eng. A,.179/180,.346,.1994..With.permission.)
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To. confirm. the. above. hypothesis,. high-resolution. TEM. images. of. the.
Zr33Y27Al15Ni25.glassy.alloy.both.in.the.as-quenched.and.in.pre-annealed.con-
ditions.were.recorded..A.featureless.modulated.contrast.without.any.appre-
ciable.periodicity.was.seen.in.the.as-quenched.sample,. indicating.that.the.
as-quenched.sample.consisted.of.a.homogeneous.glassy.phase..However,.in.
the.pre-annealed.sample,.one.could.see.a.homogeneous.distribution.of.very.
fine. spherical. particles. with. a. distinct. periodic. contrast. embedded. in. the.
glassy.matrix..The.size.of.these.spherical.particles.with.periodic.contrast.was.
as.small.as.about.3.nm..This.result. indicated.clearly.that. the.pre-annealed.
alloy.had.a.mixed.structure.consisting.of.nanoscale.Y-rich.crystalline.par-
ticles.embedded.in.the.Zr-rich.glassy.phase..It.could.therefore.be.concluded.
that.the.small.first-stage.exothermic.reaction.at.Tx1.was.due.to.precipitation.
of.the.nanoscale.crystalline.phase..The.crystalline.particles.were.too.small.
for.the.crystal.structure.to.be.identified,.due.to.the.limited.resolution.of.the.
TEM.instruments.at.that.time.

It.is.now.possible.to.understand.the.reason.for.the.significant.extension.of.
the.supercooled.liquid.region.for.the.remaining.glassy.phase.after.the.pre-
cipitation.of.the.nanoscale.crystalline.particles..From.the.DSC.data.and.the.
TEM.micrographs,.it.could.be.inferred.that.the.nanoscale.crystalline.particles.
were.mainly.composed.of.the.Y-rich.Y–Al–Ni.alloy.phase,.which.had.precipi-
tated.homogeneously.by.the.primary.mode.in.the.glassy.matrix..This.result.
implies.that.Y-rich.Y–Al–Ni.units.have.been.distributed.homogeneously.in.
the.as-quenched.glassy.phase..It.is.therefore.reasonable.to.presume.that.the.
remaining. glassy. phase. is. composed. mainly. of. Zr-rich. Zr–Al–Ni. compo-
nents..Therefore,.if.the.exact.composition.of.the.remaining.glassy.phase.is.
determined,. it. should. be. possible. to. produce. a. glassy. alloy. with. a. ∆Tx. of.
104.K.as.a.single.homogeneous.glassy.phase.

Thus,.even.though.the.DSC.plots.indicate.the.presence.of.two.Tgs,.it.is.not.
conclusive.that.(glassy).phase.separation.has.occurred.in.this.glassy.alloy..
This. is. because. the. second. phase. observed. is. crystalline,. and. it. was. only.
indirectly. that. it. could.be. inferred. that. the.origin.of. the.Y-rich.crystalline.
phase.was.a.Y-rich.glassy.phase.

Sugiyama. et. al.. [113]. had. used. anomalous. SAXS. method. to. investigate.
the. origin. of. structural. inhomogeneity. in. the. glassy. Zr33Y27Al15Ni25. alloy.
annealed.for.300.s.(5.min).at.773.K,.a.temperature.higher.than.the.first.exo-
thermic. reaction. temperature.. By. observing. the. anomalous. SAXS. inten-
sity.as.a.function.of.energy.near.the.absorption.edges.of.Zr,.Y,.and.Ni,.the.
authors.concluded.that.the.glassy.alloy.annealed.at.773.K.for.5.min.possibly.
contained.a.Y-rich.phase.corresponding.to.the.composition.Y60Al15Ni25..This.
observation.suggested.that.the.homogeneous.glassy.alloy.underwent.phase.
separation.before.the.formation.of.the.Zr5Al3.phase.on.annealing.the.glassy.
alloy.for.more.than.15.min.at.773.K.

Let.us.now.look.at.some.of.the.other.alloy.systems.that.have.been.shown.
to.exhibit.the.phenomenon.of.phase.separation..As.mentioned.earlier,.phase.
separation.was.reported.to.occur.in.Zr36Ti24Be40.glassy.ribbons.produced.by.
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melt. spinning..The.occurrence.of.phase. separation.was. inferred. from. the.
presence.of.two.Tgs.in.the.DSC.curve.and.the.formation.of.an.interconnected.
microstructure.as.observed.by.TEM.[89]..Nagahama.et.al..[104].had.reinvesti-
gated.the.microstructure.of.melt-spun.ribbons.of.the.Zr36Ti24Be40.glassy.alloy.
by.advanced.analytical. techniques. in. the.as-quenched.condition.and.also.
during. early. crystallization. process. by. TEM. and. three-dimensional. atom.
probe.(3DAP).techniques..They.prepared.thin.foil.specimens.of.the.glassy.
alloy.for.TEM.both.by.electropolishing.and.Ar-ion.milling.methods.(to.avoid.
the. effect. of. artifacts. introduced. by. the. electropolishing. technique). and.
concluded. that. the. contrast. attributed. to. phase. separation. by. Tanner. and.
Ray.[89].was.due.to.pitting.corrosion.from.the.overcurrent.during.the.elec-
tropolishing.process..From.the.3DAP.elemental.maps,.they.had.concluded.
that.there.was.no.detectable.fluctuation.in.the.chemical.composition.in.the.
sample.and.that.excellent.match.was.obtained.with.the.random.distribution.
of.the.constituent.elements..These.authors.concluded.that,.on.annealing.the.
glassy.sample.at.440°C,.it.crystallized.in.a.eutectic.mode.by.the.formation.of.
β-(Ti,Zr).solid.solution.and.Be2(Ti,Zr).phases.

Johnson. and. coworkers. [107–109]. had. investigated. the. decomposition.
behavior.of.Zr41.2Ti13.8Cu12.5Ni10Be22.5.glassy.alloy.using.different.techniques.
such.as.small.angle.neutron.scattering.(SANS),.TEM,.DSC,.and.atom.probe.
field.ion.microscopy.(AP-FIM)..They.noted.that.the.as-solidified.glassy.alloy.
showed. both. bright. and. dark. areas.. By. conducting. atom. probe. analysis,.
the.authors.had.identified.the.dark.areas.to.be.Be-rich.and.the.bright.areas.
to. be. Zr-rich.. The. concentration. of. Ti,. Cu,. and. Ni. was. about. the. same. in.
both.the.areas.[107]..Because.of.the.change.in.composition,.the.Tg and Tx.are.
expected.to.be.different.for.the.two.regions..Therefore,.by.conducting.SANS.
investigations.on.the.glassy.alloy.annealed.at.621,.631,.and.641.K,.the.authors.
predicted. that. the. formation. of. spatially. periodically. arranged. Cu–Ti-rich.
nanocrystals. was. preceded. by. a. modulated. chemical. decomposition. pro-
cess..From.these.observations,.they.concluded.that.the.homogeneous.glassy.
alloy.decomposed.during.cooling.in.the.liquid.state.to.a.two-phase.mixture.
of.Be-rich.and.Zr-rich.glassy.regions.with.a.typical. length.scale.of.tens.of.
nanometers..Since.the.Zr-rich.glassy.phase.has.a.lower.crystallization.tem-
perature,.the.crystallization.of.the.reheated.glassy.alloy.is.expected.to.start.
in.the.Zr-rich.regions.of.the.microstructure..Accordingly,.on.reheating.the.
phase-separated.alloy. into. the.supercooled. liquid.region,.primary.crystal-
lization.(of.a.Zr-rich.phase).had.occurred..The.microstructure.consisted.of.a.
high.number.density.of.crystals.embedded.in.a.glassy.matrix.

Martin.et. al.. [114].had. reinvestigated. the.decomposition.behavior.of. the.
Zr41.2Ti13.8Cu12.5Ni10Be22.5. alloy. using. 3DAP,. TEM,. and. SAXS. techniques.. By.
annealing.the.glassy.alloy.at.a.temperature.slightly.above.the.Tg,.they.observed.
that.an. icosahedral. (i).phase.had.precipitated. from.a.single.homogeneous.
glassy.phase,.and.this.was.followed.by.the.precipitation.of.Be2Zr.and.CuZr2.
phases..Only.a.uniform,.featureless,.glass-like.contrast.was.observed.before.
the.i-phase.particles.were.detected..The.Ti-rich.and.Be-depleted.regions.that.
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appeared.in.the.early.stage.of.annealing.were.explained.to.have.formed.due.
to.the.partitioning.of.alloying.elements.accompanied.by.the.crystallization.
reaction..These.authors.did.not.see.any.evidence.for.prior.decomposition.in.
the.glassy.phase.

Phase.separation.was.reported.to.occur.in.the.Pd74Si18Au8.system.[30]..But,.
by.employing.a.combination.of.techniques.such.as.SAXS,.HRTEM,.and.3DAP,.
it.was.shown.[115].that.the.as-quenched.glassy.phase.crystallized.near.Tg.by.
the.primary.crystallization.process.through.the.formation.of.an.Au-enriched.
Pd-based.FCC.solid.solution.and. that.at.higher. temperatures,. the. remain-
ing.glassy.phase.crystallized.in.a.polymorphous.mode.by.forming.the.Pd3Si.
phase..Similarly,.the.reported.phase.separation.in.the.Zr52.5Cu17.9Ni14.6Al10Ti5.
glassy.alloy.[105].was.also.explained.to.be.due.to.the.primary.crystallization.
of.the.NiTi2-type.big.cube.phase.[106]..Using.advanced.electron.microscopy.
techniques,.Hirotsu.et.al..[116].reported.nanoscale.phase.separation.in.melt-
spun. ribbons. of. Fe70Nb10B20. and. Fe73.5Nb3Si13.5Cu1B9. and. in. a. copper-mold-
cast.Zr71Cu13Ni10Ti3Al3.alloy.

On.centrifugal.spinning.of.Pd40.5Ni40.5P19.alloy.melts,.a.glassy.phase.was.
found. to. form..DSC.curves.of. this.glassy.phase. indicated. the.presence.of.
two.exothermic.peaks,. the.first.corresponding.to. the.formation.of.an.FCC.
phase. (Pd-based. solid. solution). and. the. second. due. to. the. formation. of. a.
phosphide.phase..When.the.samples.were.first.scanned.to.the.end.of.the.first.
exothermic.peak.and.then.cooled.quickly.to.lower.temperatures,.the.second.
thermogram.showed.double.glass. transitions.suggesting.phase.separation.
in.these.glasses. [34]..Madge.et.al.. [117].reinvestigated.the.structure.of. this.
glassy.alloy.using.the.energy-filtered.TEM.technique..They.did.not.observe.
any.compositional. inhomogeneities.and.concluded.that. the.second.Tg.was.
not.attributable.to.phase.separation.in.the.material..Even.though.the.origin.
of.the.Tg-like.signals.was.not.clear,.they.suggested.that.these.could.be.related.
to.changes.in.the.SRO.in.the.supercooled.liquid.

It.is.known.that.phase.separation.in.alloy.systems.is.facilitated.when.the.
constituent.elements.in.an.alloy.system.have.a.zero.or.positive.heat.of.mixing.
between.them..Similar.to.the.case.of.the.Zr–Y–Al–Ni.system.[112],.Kündig.
et  al.. [96]. also. combined. two. good. glass-forming. alloys. and. showed. that.
phase.separation.is.possible.in.such.an.alloy.system.during.cooling.in.the.
supercooled.liquid.state.

La–Al–Cu–Ni.[25].and.Zr–Al–Cu–Ni.[16].are.two.well-known.good.bulk.
glass–forming. alloy. systems.. That. is,. the. enthalpies. of. mixing. of. Zr. with.
Al,. Cu,. and. Ni. and. also. of. La. with. Al,. Cu,. and. Ni. are. negative.. But,. the.
enthalpy.of.mixing.between.La.and.Zr.is.positive.(+74.kJ.mol−1)..Therefore,.by.
combining.these.two.systems.and.forming.a.La–Zr–Al–Cu–Ni.quinary.alloy,.
Kündig.et.al.. [96].produced.BMG.alloys.of.different.compositions..A typi-
cal. alloy. investigated. had. the. composition. La27.5Zr27.5Al25Cu10Ni10.. Similar.
to.the.Zr60−xYxAl15Ni25.(x.=.15,.21,.27.and.30).glassy.alloys.[107,108],.this.alloy.
also. exhibited. a. DSC. plot,. which. could. be. interpreted. as. a. superimposi-
tion. of. two. separate. DSC. traces—one. for. the. La-based. metallic. glass. and.
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the.other. for. the.Zr-based.metallic.glass..Thus,. it. could.be.concluded. that.
this.alloy.also.exhibited.phase.separation.during.quenching.from.the.melt..
SEM.examination.showed.that.the.phases.exhibited.rounded.boundaries.as.
expected.from.a.phase-separated.liquid..Both.the.phases.have.an.upper.size.
limit.of.about.20.μm..The.second.phase.formed.in.a.spherical.shape.inside.
the.spheres.of.the.first.phase.and.therefore.there.was.no.characteristic.size.
for.the.two.phases,.but.their.length.scales.varied.from.a.few.nanometers.to.
a.few.tens.of.micrometers..By.conducting.EDS.investigations,.it.was.noted.
that.the.two.phases.were.(La–Cu)-rich.and.(Zr–Ni)-rich.glassy.phases..The.
(Zr–Ni)-rich.phase.had.a.composition.corresponding.to.Zr50La7Cu3.6Ni22.4Al17..
The.two.glassy.phases.had.different.Tg.temperatures,.and.several.self-similar.
generations.of.spheres.in.spheres.were.observed.using.SEM.and.TEM.tech-
niques..The.presence.of.the.two.glassy.phases.was.confirmed.using.a.variety.
of.experimental.techniques.including.SEM,.TEM,.and.SAXS..This.was.per-
haps.the.first.direct.evidence.for.phase.separation.in.a.metallic.glass.during.
cooling.from.the.liquid.state.

Figure. 5.17. shows. a. schematic. of. the. miscibility. gap. and. the. sequence.
of. phase. separation. in. the. La–Zr–Al–Cu–Ni. BMG. alloy. during. cooling..
Since. the. homogeneous. glassy. alloy. phase. separates. into. Zr–Ni-rich. and.
La–Cu-rich.phases,. the. two.ends.of. the.miscibility.gap.have.been.marked.
accordingly..When.the.homogeneous.melt.of.composition.C0.is.cooled.from.
high. temperatures. into. the. miscibility. gap. region,. the. liquid. gets. under-
cooled.. Immediately. after. the. liquid. is. undercooled. to. a. temperature. T,.
below.the.critical.temperature.for.phase.separation,.the.homogeneous.glassy.
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Zr/Ni-rich La/Cu-rich
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FIGURe 5.17
Schematic.of.the.miscibility.gap.and.the.sequence.of.phase.formation.during.cooling.in.the.
La–Zr–Al–Cu–Ni.system..The.positions.of. letters.(a). to.(d). in.the.diagram.on.the.left.corre-
spond.to.the.schematic.microstructures.(a).to.(d).on.the.right..(Reprinted.from.Kündig,.A.A..et.al.,.
Acta Mater.,.52,.2441,.2004..With.permission.)
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structure.does.not.undergo.any.phase.separation..The.microstructure.of.the.
alloy.without.undergoing.any.phase.separation.is.depicted.in.Figure.5.17a..
But,.since. the.glass. is.unstable,.and.is.sufficiently.undercooled,. it. tends.to.
get.separated.into.Zr–Ni-rich.and.La–Cu-rich.phases.with.the.compositions.
C1.and. ′C1 ,.respectively..This.microstructure.is.represented.in.Figure.5.17b..
The. area. showing. dark. contrast. represents. the. La–Cu-rich. phase. and. the.
area.with.the.gray.contrast.represents.the.Zr–Ni-rich.phase.. If. the.alloy.is.
now.further.cooled.down.to.a.temperature.low.enough.for.one.of.the.newly.
formed.phases.( ′C1).to.separate.again.into.compositions.C2.and. ′C2,.while.the.
other.phase. (with. the.composition.C1). remains.as. is,. the.microstructure. is.
represented.in.Figure.5.17c..Such.a.phase.separation.process.continues.until.
the.alloy.is.cooled.to.the.Tgs.of.the.individual.glassy.phases,.below.which.
there. is. no. more. transformation. and. the. microstructure. is. preserved.. In.
this.sense,.it.is.very.similar.to.a.situation.where.a.solid.phase.undergoes.a.
eutectoid.reaction,.and.one.of.the.newly.formed.solid.phases.transforms.by.
another.eutectoid.reaction,.and.so.on..But,.since. the. transformation. in. the.
present.case.is.taking.place.in.the.glassy.state,.the.phase.formed.has.a.spheri-
cal.shape.to.minimize.the.surface.energy..Further,.the.phase.is.also.forming.
in.an.isotropic.medium..That.is.why.the.final.microstructure.will.consist.of.
spheres.in.spheres.of.decreasing.dimensions.

It. is. also. important. to. note. that. the. compositions. of. the. Zr–Ni-rich. and.
La–Cu-rich.phases.are.not.fixed,.but.vary.according.to.the.slope.of.the.misci-
bility.gap.curve.on.either.side..Accordingly,.the.size.of.the.spheres.and.their.
compositions.will.be.different.depending.upon.the.temperature.at.which.the.
phase.has.formed..The.two.phases.that.form.in.the.early.stages.of.cooling.
sequence.will.be.larger.in.size.and.have.compositions.that.are.closer.to.the.
initial.composition..On.the.other.hand,.the.phases.that.have.formed.at.a.later.
stage.of.cooling.will.have.smaller.sizes.and.compositions.that.are.far.from.
the.original.alloy.composition..Since.the.viscosity.is.low.in.the.undercooled.
liquid,.equilibrium.shapes.with.the.lowest.interfacial.energy,.that.is,.spheres.
will.be.produced.due.to.the.availability.of.sufficient.time.

Figure.5.18.shows.two.scanning.electron.micrographs.of.the.as-solidified.
La27.5Zr27.5Al25Cu10Ni10. glassy. alloy. showing. the. spherical. particles. of. the.
glassy.phases.of.different.sizes..Since.the.microstructure.is.composed.of.sev-
eral.self-similar.generations.of.spheres,.it.can.be.considered.a.surface.fractal.
with.dimension.of.2.6.

Figure.5.19.shows.a.transmission.electron.micrograph.and.the.correspond-
ing. selected. area. diffraction. patterns. showing. the. presence. of. two. glassy.
phases.in.the.Nd30Zr30Co30Al10.alloy.[97].

Phase. separation. in. the. as-cast. Cu43Zr43Al7Ag7. [94],. Ni58.5Nb202.25Y21.25.
[98,99],.Ag20Cu48Zr32.[93],.and.Y28Ti28Al24Co20.[101].alloys.was.also.reported..
In. all. these. systems,. two. of. the. elements. in. each. system. had. a. positive.
heat.of.mixing,. for.example,.Cu–Ag. (+5.kJ.mol−1),.Nb–Y. (+30.kJ.mol−1),. and.
Ti–Y. (+58.kJ. mol−1).. Using. the. computational. thermodynamic. approach,.
Du. et  al.. [103]. identified. the. chemical. composition. of. an. alloy. system.
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exhibiting.the.two-liquid.miscibility.region.in.the.Zr–Cu–Ni–Al.alloy.sys-
tem.. Since. this. alloy. is. expected. to. show. phase. separation. on. solidifica-
tion,.the.authors.produced.2.mm.diameter.rods.of.Zr63.8Ni16.2Cu15Al5.glassy.
alloy. by. the. copper-mold. casting. method.. TEM. examination. showed. that.
the.as-quenched.alloy.showed.the.presence.of.two.glassy.phases..Coupled.
with. the. EDS. method,. they. identified. the. darker-appearing. phase. to. be.
Ni-enriched.(Zr68.5Cu8.1Ni21.3Al2.1).and.the. lighter.matrix. to.be.Cu-enriched.
(Zr62.4Cu16.7Ni14.6Al6.3).. The. important. characteristic. of. this. phase-separated.
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FIGURe 5.18
(a). Scanning. electron. micrograph. of. the. cross. section. of. a. melt-spun. ribbon. of.
La27.5Zr27.5Cu10Ni10Al25. and. the. XRD. pattern. taken. from. the. wheel. side. of. the. ribbon. (inset)..
(b).SEM. image. from. the.La-rich. spheres. in.a.100.μm.sphere.of.Zr-rich. phase. in.a.wedge. of.
La27.5Zr27.5Cu10Ni10Al25.alloy.at.1.mm.sample.thickness..(Reprinted.from.Kündig,.A.A..et.al.,.Acta 
Mater.,.52,.2441,.2004..With.permission.)
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glassy.alloy.is.that.it.exhibited.remarkable.plasticity.in.compression.exceed-
ing.30%.strain.to.failure.

Even.though.it.is.expected.that.BMGs.are.good.glass.formers.and.there-
fore. the. constituent. elements. should. have. a. negative. heat. of. mixing,. it. is.
still.theoretically.possible.to.have.phase.separation.in.such.systems,.which.
usually.contain.three.or.more.elements..According.to.Meijering.[118,119],.a.
ternary.alloy.phase.can.decompose.into.two.phases.with.different.composi-
tions.even.when.the.enthalpy.of.mixing.is.negative..This.is.possible.when.
the.enthalpy.of.mixing.for.one.of.the.three.possible.binary.alloy.systems.is.
significantly.more.negative.than.the.others..This.suggests.that.a.miscibility.
gap.could.be.present.in.a.ternary.(or.higher-order).BMG.alloy.system.(even.
when.all. the.constituent.elements.have.a.negative.enthalpy.of.mixing).. In.
other.words,.phase.separation.is.possible.even.in.an.alloy.with.good.GFA..
But,. there. have. not. been. any. reports. on. the. experimental. observations. of.
phase.separation.in.systems.that.contain.elements.that.have.only.negative.
heat.of.mixing.

Phase. separation. was. observed. in. Pd–Si. and. Pd–M–Si. (M.=.Cu,. Ag,. or.
Au). alloys. by. Chen. and. Turnbull. [30]. even. though. the. heats. of. mixing. of.
the.pure.liquid.metals.were.negative..They.agreed.that.this.was.contrary.to.
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(c) (d) 200 nm

FIGURe 5.19
Selected. area. diffraction. patterns. and. dark-field. electron. micrograph. of. BMG. alloys.. (a).
Nd60Al10Co30,.(b).Nd30Zr30Co30Al10,.(c).Zr60Al10Co30,.and.(d).is.the.dark-field.electron.micrograph.
of. the. two-phase. glassy. Nd30Zr30Co30Al10. alloy. recorded. with. an. objective. aperture. on. the.
inner.halo.ring.as.shown.in.(b)..(Reprinted.from.Park,.E.S..et.al.,.Scr. Mater.,.56,.197,.2007..With.
permission.)
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the.predictions.of.the.regular.solution.model,.but.suggested.that.it.may.be.
accounted.for.qualitatively.by.supposing.that.the.homogeneous.system.low-
ers.its.energy.further.by.splitting.into.two.liquid.phases,.each.with.a.high.
degree.of.unique.local.order..Abe.et.al..[120].had.calculated.the.liquid.phase.
miscibility.gaps.in.ternary.glass-forming.systems.using.the.sub-regular.solu-
tion.model..They.noted.that.liquid.miscibility.gaps.existed.at.low.tempera-
tures.in.most.of.the.reported.ternary.bulk.glass-forming.alloy.systems,.even.
though.the.enthalpies.of.mixing.of.the.constituent.elements.were.all.negative..
But,.these.miscibility.gaps.did.not.overlap.with.the.glass-forming.composi-
tions,.except.in.the.Cu–Ti–Zr.system..The.main.conclusion.of.this.study.was.
that.the.GFA.of.the.system.would.be.low.at.compositions,.which.show.phase.
separation.

An. alloy. quenched. from. the. high-temperature. single. phase. region. into.
the. miscibility. gap. can. decompose. into. the. equilibrium. phases. either. by.
nucleation.and.growth.or.spinodal.processes..If.the.transformation.occurs.
by.the.nucleation.and.growth.processes,.the.interface.between.the.constitu-
ent.phases.is.expected.to.be.sharp..On.the.other.hand,.if.the.transformation.
occurs.by.the.spinodal.process,.the.interface.is.diffuse.at.the.beginning.but.
becomes.sharp.with.increasing.time..Eventually,.of.course,.it.will.be.difficult.
to. distinguish. between. the. microstructures. formed. by. the. two. processes,.
solely.based.on.the.nature.of.the.interfaces..An.important.point.to.remember.
also.is.that.the.size.of.the.phases.in.the.spinodal.process.depends.on.the.spi-
nodal.wavelength,.which.in.turn.can.be.controlled.by.the.solidification.rate.
during.the.formation.of.the.glassy.phase..Figure.5.20.shows.two.bright-field.
TEM.micrographs.one.from.the.air-side.of.the.ribbon.and.the.other.from.the.
wheel-side..Since.the.ribbon.on.the.wheel-side.would.have.solidified.faster,.
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FIGURe 5.20
Transmission.electron.micrographs.from.rapidly.solidified.Y28Ti28Al24Co20.alloy.showing.that.
the.size.of.the.glassy.phase.is.dependent.upon.the.solidification.rate.experienced.by.the.ribbon..
(a).Microstructure.on.the.wheel-side.of.the.ribbon.with.about.25.nm.size.and.(b).microstruc-
ture. from.the.region.near. the.air-side.of. the.ribbon.with.about.250.nm.size.. (A).Bright-field.
micrograph,. (B). corresponding. selected. area. diffraction. pattern,. and. (C). dark-field. image.
obtained.using.the.inner.diffuse.halo.ring.marked.in.(B)..(Reprinted.from.Park,.B.J..et.al.,.Appl. 
Phys. Lett.,.85,.6353,.2004..With.permission.)
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the.electron.micrograph.(Figure.5.20a).shows.that.the.glassy.phase.is.about.
25.nm.in.size,.while.that.on.the.air-side.(Figure.5.20b).shows.the.phase.to.be.
about.250.nm.in.size.[101]..Therefore,. it. is.possible.to.tailor.the.sizes.of.the.
glassy.phases.by.varying.the.solidification.rate.during.cooling.

It.was.mentioned.earlier.that.phase.separation.in.metallic.glasses.is.usu-
ally.manifested.by.the.presence.of.two.Tgs.in.the.DSC.plot..But,.such.clear.Tgs.
may.not.always.be.observed..The.measurement.of.the.viscosity.of.the.glass.as.
a.function.of.temperature.can.conclusively.prove.whether.phase.separation.
has.occurred.in.the.glassy.alloy,.irrespective.of.whether.two.Tgs.are.observed.
in.the.DSC.plot.or.not..Inoue.et.al..[121].noted.that.the.Zr33Y27Ni25Al15.glass.
exhibited.two.Tgs. in.the.DSC.plot.and.so.concluded.that.phase.separation.
had.occurred.in.this.alloy..By.measuring.the.viscosity.of.the.glass.as.a.func-
tion.of.temperature,.they.observed.that.the.viscosity.started.increasing.rap-
idly. just.above. the.Tg.and.this.was. followed.by.a.small.decrease.up.to.Tx..
Measurements.at.higher.temperatures.showed.one.more.set.of.such.varia-
tions. indicating. that.another.Tg. followed.by.another.Tx.were.also.present..
In.the.case.of.a.Nd30Zr30Co30Al10.alloy.glass,.the.DSC.plot.did.not.show.the.
presence.of.two.Tgs.[97]..But,.this.glass.was.expected.to.show.phase.separa-
tion.since.Nd.and.Zr.have.a.positive.heat.of.mixing.(+10.kJ.mol−1)..TEM.stud-
ies.have.also.confirmed.phase.separation..By.measuring.the.viscosity.as.a.
function.of.temperature,.and.noting.that.the.viscosity.showed.a.significant.
decrease. in. two.different. temperature.regimes,. these.authors.were.able. to.
conclude.that.this.glass.has.phase.separated.into.Nd-rich.and.Zr-rich.glasses.

Most.of.the.reports.of.phase.separation.have.been.concerned.with.a.homo-
geneous.glass.phase.separating.into.two.glasses.with.different.compositions..
But,.Park.[122].has.shown.that.by.combining.elements.that.possess.positive.
heats.of.mixing,.it.should.be.possible.to.separate.a.homogeneous.glass.into.
three.different.glassy.phases..The.Ti24Y18La18Al22Co18.BMG.alloy.contains.ele-
ments. that. have. zero. or. positive. heats. of. mixing. (Ti–Y:. 58.kJ. mol−1;. La–Ti:.
20.kJ. mol−1;. Y–La:. 0.kJ. mol−1).. Accordingly,. the. XRD. pattern. of. the. rapidly.
solidified.Ti24Y18La18Al22Co18.BMG.alloy.showed.three.diffuse.peaks.located.
at.~29.5°,.~32.1°,.and.~41.2°,.corresponding.to.the.Y-rich,.La-rich,.and.Ti-rich.
glassy.phases,.respectively..The.compositions.of. the.three.different.glassy.
phases. were. determined. by. the. EDS. method. to. be. Y40.5La30.2Ti5.7Al31.7Co1.9.
(Y-rich),.La48.4Y27.9Ti14.5Al16.5Co2.7.(La-rich),.and.Ti53.5Y1.6La0.6Al7.5Co36.8.(Ti-rich)..
TEM.studies.helped.in.understanding.the.microstructural.evolution.

5.7.4 Crystallization

The.crystallization.of.metallic.glasses.starts.when.the.glassy.alloy.is.heated.
to.a.temperature.Tx.or.above..This.Tx.is.a.kinetic.temperature.and.its.value.
depends.on.the.heating.rate.employed.to.determine.it..The.higher.the.heat-
ing.rate,.the.higher.is.the.Tx.value..The.crystallization.temperature,.Tx.is.iden-
tified.in.the.DSC.curve.as.the.starting.temperature.of.the.first.exothermic.
peak..The.crystallization.temperatures.of.some.of.the.BMG.alloys.are.listed.
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in. Table. 5.1.. But,. crystallization. of. metallic. glasses. can. also. occur. at. tem-
peratures. lower. than.Tx,. for.example,.above.Tg,. that. is,. in. the. supercooled.
liquid. region. of. the. glass,. or,. in. principle,. at. temperatures. even. below. Tg..
Theoretically,. it. is.possible. for.a.metallic.glass. to. crystallize.even.at. room.
temperature,.but.for.all.practical.purposes,.most.of.the.metallic.glasses.can.
be.considered.to.be.“stable,”.that.is,.do.not.undergo.any.transformation.at.
room. temperature..But,. the.kinetics.of. crystallization.at. low. temperatures.
will.be.so.slow.that.it.will.be.impractical.(and.almost.impossible).to.study.the.
crystallization.behavior.in.a.reasonable.amount.of.time.

Some.of.the.glassy.alloys.exhibit.more.than.one.exothermic.peak.in.their.
DSC.plots..And.each.exothermic.peak.corresponds.to.the.heat.evolved.due.
to.the.formation.of.a.crystalline.phase..Therefore,.to.identify.the.crystalline.
phase.that.has.formed.at.each.exothermic.peak,.the.glassy.alloy.is.continu-
ously.heated.to.a.temperature. just.beyond.the.exothermic.peak,.quenched.
from.that.temperature,.and.subjected.to.XRD.and/or.TEM.studies.to.deter-
mine.the.nature.(crystal.structure.and.lattice.parameters).of.the.phase..As.
mentioned.earlier,. the.presence.of.a.single.peak. in. the.DSC.plot.may.also.
correspond.to.the.eutectic.crystallization.taking.place.in.the.alloy.resulting.
in.the.formation.of.more.than.one.phase.

Isothermal. crystallization. studies. were. conducted. on. melt-spun.
Zr65Al7.5Cu27.5.glassy.ribbons.at.different.temperatures,.Ta.between.663.and.
723.K,. in. the.supercooled. liquid. region..These. temperatures.are.above. the.
glass.transition.temperature,.Tg.of.646.K.but.below.the.crystallization.tem-
perature,.Tx.of.731.K..The.variation.of.the.fraction.crystallized,.X.as.a.func-
tion.of.time,.ta.at.each.temperature.showed.a.typical.sigmoid.curve.in.the.
temperature.range.investigated.and.a.linear.relationship.was.observed.in.the.
Johnson–Mehl–Avrami.(JMA).plots.when.ln[−ln{1.−.x(t)}].was.plotted.against.
ln(ta)..In.Figure.5.21,.the.Avrami.exponent.(n).calculated.from.the.slope.of.the.
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FIGURe 5.21
Variation. of. the. Avrami. exponent,. n. with. annealing. temperature,. Ta. during. the. isothermal.
annealing.of.glassy.Zr65Al7.5Cu27.5.alloy.
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linear.JMA.plots.is.plotted.as.a.function.of.the.annealing.temperature..It.may.
be.noted.that.the.n.value.is.not.constant,.but.is.increasing.continuously.from.
3.0.to.3.7.with.increasing.Ta.

It.was.also.noted.that.the.nature.of.the.crystalline.phase.produced.on.long-
time.annealing.was.different.depending.on.whether.the.annealing.tempera-
ture.was.below.Tg.or.above.Tg..For.example,.annealing.for.2.5.h.at.613.K.(below.Tg).
resulted.in.the.formation.of.a.BCT.Zr2Cu.phase,.while.annealing.for.20.min.
at.713.K.(above.Tg).led.to.the.formation.of.BCT.ZrAl.phase..This.behavior.was.
independent.of.the.actual.temperature,.as.long.as.the.temperature.was.main-
tained.below.(i.e.,.in.the.glassy.state).or.above.Tg.(i.e.,.in.the.supercooled.liquid.
state)..Since.the.crystalline.phase.formed.is.the.same.and.independent.of.the.
annealing.temperature,.but.the.Avrami.exponent,.n.changes.continuously,.it.
was.concluded.that.the.mechanism.of.crystallization.was.different.in.the.two.
temperature.regimes..In.the.glassy.state,.the.number.of.crystalline.nuclei.is.
constant,.while.in.the.supercooled.liquid.state,.the.nucleation.rate.is.constant..
In. both. the. cases,. the. crystal. nuclei. grow. through. an. interfacial. reaction-
controlling.process..Further,.the.n.value.of.near.4.at.temperatures.above.Tg.
suggested.that.the.nucleation.rate.had.a.distinct.temperature.dependence.

The.nucleation.rate.is.a.function.of.both.ta.and.Ta..For.isothermal.anneal-
ing,.the.nucleation.rate,.I(ta).as.a.function.of.annealing.time,.ta,.at.any.tem-
perature.can.be.expressed.according.to.the.equation

.
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where
I0.is.the.steady-state.homogeneous.nucleation.rate
τ.is.the.incubation.time

From. the. experimentally. determined. values. of. the. incubation. time,. τ,. the.
variation.of.I(ta)/I0.at.different.temperatures.both.below.and.above.Tg..is.plot-
ted.against.ta.in.Figure.5.22..The.nucleation.rate.increases.after.an.incubation.
time.and.then.gets.saturated..It.may.also.be.noted.that.the.increase.in.I(ta)/I0.
becomes.significant.in.the.temperature.range.above.Tg.

By.plotting.the.variation.of.the.incubation.time.as.a.function.of.the.recipro-
cal.of.the.annealing.temperature,.and.noting.its.deviation.from.linearity.for.
the.Zr65Al7.5Cu27.5.glassy.alloy,.it.was.noted.that.nucleation.occurred.through.
a.non-Arrhenius-type.thermal.activation.process..The.activation.energy.was.
calculated.to.change.from.400.kJ.mol−1.in.the.glassy.solid.to.260.kJ.mol−1.in.
the.supercooled.liquid.state.for.the.nucleation.of.the.Zr2Cu.and.ZrAl.phases,.
and.from.370.kJ.mol−1.in.the.glassy.solid.to.230.kJ.mol−1.in.the.supercooled.
liquid.state.for.crystallization..This.difference.in.the.crystallization.kinetics.
was.thought.to.originate.from.the.differences.in.the.atomic.mobility.and/or.
viscosity.in.the.two.different.conditions.of.the.alloy.
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Since. the. nucleation. and. growth. of. the. crystalline. phases. are. found. to.
obey.a.non-Arrhenius.behavior,.it.is.expected.that.the.crystallization.behav-
ior. is. strongly. affected. by. the. ΔTx. value.. To. test. this. hypothesis,. the. crys-
tallization. behavior. of. binary. Zr–Cu. and. ternary. Zr–Cu–Al. glassy. alloys.
with.different.ΔTx.values.was.investigated..Figure.5.23a.shows.the.DSC.plot.
of  the  Zr65Al7.5Cu27.5. glassy. alloy. heated. at. a. rate. of. 0.67.K. s−1. (40.K. min−1)..
The. Tg. and. Tx. values. are. indicated. in. Figure. 5.23a.. The. value. of. the. peak.
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Zr65Al7.5Cu27.5.alloy.annealed.at.658,.683,.and.723.K.
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crystallization. temperature,. Tp. is. also. noted.. By. continuously. heating. the.
glassy.alloy.to.a.temperature,.Ta,.and.cooling.from.that.temperature.down.to.
room.temperature,.the.DSC.curve.is.obtained.again,.and.the.Tp.values.noted..
Figure.5.23b.shows.the.variation.of.Tp.as.a.function.of.the.annealing.tempera-
ture,.Ta..It.may.be.noted.that.the.value.of.Tp.remained.unchanged.from.the.as-
quenched.value.as.long.as.Ta.<.Tg..But,.in.the.supercooled.liquid.region,.that is,.
when.Ta.>.Tg,.the.peak.temperature.Tp.decreased.in.two.stages,.attributed.to.
increased.nucleation.rate.resulting.from.a.rapid.decrease.in.viscosity..A simi-
lar.trend.was.observed.for.the.binary.Zr67Cu33.glassy.alloy,.while.for.the.Zr–
Fe.alloy.that.did.not.exhibit.a.glass.transition,.the.Tp.decreased.sharply.just.
below.the.crystallization.temperature,.Tx..This.result.clearly.indicates.that.the.
peak.temperatures.for.nucleation.and.growth.are.well.separated.for.glassy.
alloys.exhibiting.a.significant.width.of. the.supercooled.liquid.region.(ΔTx),.
whereas.for.glassy.alloys.that.do.not.show.a.Tg,.these.two.peak.temperatures.
overlap..This.difference.is.expected.to.reflect.in.the.nature.of.the.crystallized.
product.obtained.from.the.supercooled.liquid.region..Accordingly,.the.crys-
tallized.structure.was.examined.as.a.function.of.the.heating.rate.

The.activation.energy.for.crystallization.was.evaluated.from.the.Kissinger.
plot.as.230.kJ.mol−1.for.Zr65Al7.5Cu27.5.with.ΔTx.=.90.K,.360.kJ.mol−1.for.Zr67Cu33.
with.ΔTx.=.50.K,.and.390.kJ.mol−1.for.Zr67Fe33.without.a.glass.transition..The.
grain.size.of.the.Zr2(Cu,Al).phase.of.the.Zr65Al7.5Cu27.5.alloy.heated.at.a.rate.
of.2.7.K.s−1. (160.K.min−1). is.about.five. times.as. large.as. that.of. the.sample.
heated.at.a.rate.of.0.17.K.s−1.(10.K.min−1)..This.result.suggests.that.the.con-
tribution.to.the.growth.rate.increases.with.increasing.heating.rate.as.com-
pared.with.the.contribution.to.the.nucleation.rate..However,.no.significant.
change.in.the.grain.size.of.the.Zr2Cu.phase.with.heating.rate.is.seen.for.the.
Zr67Cu33. alloy.with. the.much. smaller.ΔTx.value..Thus,. the. increase. in. the.
contribution. to. the.growth.rate.with. increasing.heating.rate.becomes.sig-
nificant.at.temperatures.just.below.Tx.in.the.wide.supercooled.liquid.region..
This.result.also.supports.that.the.peak.temperatures.for.the.nucleation.and.
growth.reactions.are.well.separated.for. the.Zr–Al–Cu.glassy.alloy.with.a.
wide.supercooled.liquid.region.

The.crystallized.Zr65Al7.5Cu27.5.alloy.consists.of.the.Zr2Cu.and.ZrAl.phases..
However,.the.significant.changes.in.the.n.value.and.the.activation.energies.
for.the.nucleation.and.crystallization.of.the.Zr2Cu.phase.allow.us.to.expect.
the.morphology.of.the.Zr2Cu.phase.to.be.dependent.on.the.annealing.tem-
perature..Bright-field.electron.micrographs.of.the.Zr65Al7.5Cu27.5.glassy.alloy.
annealed.for.1020.s.(17.min).at.693.K.(above.Tg).and.for.780.ks.(9.days).at.613.K.
(below.Tg).showed.significant.differences.in.the.morphology,.size,.and.dis-
tribution.of.the.Zr2Cu.phase.in.these.samples..The.Zr2Cu.phase.precipitated.
from. the. supercooled. liquid. has. a. dendritic. morphology. with. a. preferen-
tial. growth. direction,. indicating. that. the. redistribution. of. the. constituent.
elements.at. the. liquid–solid. interface.was.necessary. for. the.growth.of. the.
crystalline.phase..However,. the.Zr2Cu.phase,.which. precipitated. from. the.
glassy.solid,.has.a.nearly.spherical.morphology.with.rather.smooth.interface,.



246	 Bulk	Metallic	Glasses

suggesting.that.the.growth.of.the.Zr2Cu.phase.took.place.in.the.absence.of.
significant.redistribution.of.the.constituent.elements.at.the.interface.between.
Zr2Cu.and. the.glassy.phases..Further,. the.distribution.of. the.Zr2Cu.phase.
appears.to.be.more.homogeneous.when.formed.from.the.glassy.solid.

The.preferential.growth.direction.of.the.BCT.Zr2Cu.phase.is.[110].and.the.
facet.plane.lies.along.the.(100).plane,.expected.for.dendritic.precipitates.with.a.
BCT.structure..The.result.also.confirms.that.the.BCT.Zr2Cu.phase.precipitates.
with.a.typical.dendritic.mode,.when.formed.from.the.supercooled.liquid.

The.structure.and.morphology.of.the.crystallized.phases.also.appear.to.be.
a.function.of.the.Al.content.in.the.alloy..Accordingly,.when.the.crystallized.
structures.in.the.binary.Zr67Cu33,.and.ternary.Zr65Al7.5Cu27.5.and.Zr65Al20Cu15.
alloys.were.investigated.by.TEM.methods,.it.was.noted.that.the.Zr2Cu.phase.
in.the.binary.Zr–Cu.alloy.had.a.smooth.interface,.and.growth.appeared.to.
have.occurred.in.a.polymorphous.mode.without.the.necessity.for.redistribu-
tion.of.the.solute.atoms..On.the.other.hand,.the.alloy.containing.7.5.at.%.Al.
grew.with.a.dendritic.morphology.accompanied.by.significant.ruggedness.of.
the.interface,.suggesting.that.solute.redistribution.(particularly.Al).occurred.
at.the.solid–liquid.interface.for.the.growth.of.the.Zr2(Cu,Al).phase..A.further.
increase.in.Al.content.to.20.at.%.caused.the.formation.of.a.much.finer.struc-
ture.consisting.of.Zr2Cu.and.Zr2Al.phases.by.simultaneous.precipitation.

5.8	 Effect	of	Environment

It.is.well.known.that.the.crystallization.behavior.of.metallic.glasses.depends.
on.the.environment,.and.this.has.been.shown.to.be.true.especially.in.the.case.
of.reactive.glasses,.for.example,.those.based.on.Zr.and.Fe..By.studying.the.
isothermal.crystallization.behavior.of.Fe77Gd3B20.melt-spun.ribbons.both.in.
air.and.vacuum,.Mihalca.et.al..[123].noted.that,.on.annealing.at.828.K,.the.vol-
ume.fraction.of.the.crystalline.phase.was.0.7.in.air.and.only.0.4.in.vacuum..
This.significant.difference.in.the.crystallization.behavior.was.attributed.to.
surface.oxidation,.which.reduces.their.thermal.stability.

The.isothermal.crystallization.kinetics.of.Zr41Ti14Cu12.5Ni10Be22.5.were.stud-
ied.by.Wong.and.Shek.[124].under.different.air.pressures..With.increasing.
annealing.time.at.653.K,.they.noted.that.the.time.required.for.the.appear-
ance.of.sharp.crystalline.peaks.in.the.XRD.patterns.was.different.and.were.
3,.8,.and.20.min.corresponding.to. the.air.pressure.of.5,.260,.and.760.Torr,.
respectively.. These. results. suggest. that. the. crystallization. of. the. glassy.
phase.started.earlier.with.decreasing.air.pressure.during.annealing..X-ray.
photoelectron.spectroscopy.(XPS).investigations.on.these.samples.showed.
that.the.sample.surfaces.were.enriched.in.oxygen.and.that.the.oxygen.pen-
etrated.deeper.into.the.sample.that.was.annealed.at.5.Torr.pressure..A.simi-
lar.result.was.also.reported.by.Kiene.et.al..[125]..Oxygen.is.known.to.speed.
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up.the.crystallization.process.by.promoting.extra.heterogeneous.sites. for.
nucleation..When.the.samples.were.annealed.under.atmospheric.pressure.
(760.Torr),.a.thick.surface.oxide.layer.had.formed,.which.prevented.further.
ingress.of.oxygen.into.the.sample..This.delayed.the.formation.of.heteroge-
neous.sites.and.consequently.the.amount.of.the.crystalline.phase..On.the.
other.hand,.when.the.oxygen.pressure.was.low.(say.5.Torr),.the.thickness.
of.the.surface.oxide.layer.was.small.and.therefore.more.oxygen.could.dif-
fuse. inside. and. accelerate. the. crystallization. process.. Hence,. it. was. con-
cluded.that.the.crystallization.kinetics.were.faster.at.low.partial.pressure.
of.oxygen.

If.this.were.the.mechanism.by.which.the.crystallization.kinetics.are.altered,.
then. the.nature.of. the.oxide.film.should.also.play.an. important. role.. It. is.
known.that.the.oxide.layer.formed.on.Al.is.impervious.to.oxygen.and.that.
is.why.Al.and.its.alloys.are.oxidation.resistant..Therefore,.if.the.above.inves-
tigations.are.carried.out.on.Al.alloys,.one.should.not.observe.any.effect.of.
the.partial.pressure.of.oxygen.on.the.crystallization.behavior..Unfortunately,.
however,.we.do.not.have.any.Al-based.BMGs.at.present.

de.Olieveira.et.al.. [126]. investigated.the.crystallization.behavior.of.melt-
spun.ribbons.and.copper-mold-cast.5.mm.diameter.rods.in.the.Zr55Al10Ni5Cu30.
system..While.the.melt-spun.ribbons.were.fully.glassy,.the.bulk.rods.con-
tained. about. 20. vol.%. of. a. crystalline. phase,. identified. as. a. big-cube. FCC.
oxide.with.Ti2Ni-type.structure.and.lattice.parameters.near.that.of.Zr4Cu2O..
Since.a.fully.glassy.phase.was.not.obtained,.the.authors.concluded.that.their.
alloys.probably.contained.oxygen..This.was.inferred.based.on.the.fact.that.
the.observed.ΔTx.was.only.60.K,.smaller.than.the.expected.value.of.90.K.[127]..
Second,.formation.of.the.big-cube.structure.could.also.be.attributed.to.the.
presence.of.oxygen.[128]..Furthermore,.the.nature.of.the.crystalline.phases.
formed.was.also.different.in.the.alloys.containing.oxygen.

Sordelet. et. al.. [129]. had. conducted. a. systematic. study. of. the. measured.
oxygen. contents,. in. the. range. of. 184–4737.ppm. by. weight,. on. the. struc-
ture. of. melt-spun. Zr80Pt20. ribbons.. They. reported. that. ribbons. containing.
<500.ppm.of.oxygen.were.fully.crystalline.and.consisted.predominantly.of.
a.metastable.β-Zr.phase..With.increasing.oxygen.content,.the.ribbons.were.
fully.glassy.(at 1053.ppm.oxygen).and.mixed.glassy.+.quasicrystalline.phases.
(at 1547.ppm.oxygen)..At.the.highest.oxygen.content.of.4737.ppm,.the.ribbon.
contained.glassy.and.nanocrystalline.phases..From.these.studies,.it.becomes.
clear.that.the.presence.of.oxygen.in.the.alloys.has.a.significant.effect.on.the.
nature.of.the.phases.formed.after.quenching.and.also.those.formed.on.crys-
tallization..Therefore,. it. is.essential.that.the.alloys.are.clean.and.devoid.of.
impurities,. especially. in. reactive. metals.. Otherwise. comparison. between.
results.by.different.investigators.becomes.difficult.

Köster. et. al.. [130–132]. reported. the. formation. of. quasicrystalline. phases.
during. the. crystallization. of. melt-spun. glassy. Zr65Cu17.5Ni10Al7.5. and.
Zr69.5Cu12Ni11Al7.5.alloys..The.DSC.plots.of.these.glassy.alloys.exhibited.the.
glass.transition.temperature.(Tg).in.addition.to.the.exothermic.crystallization.
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temperatures.(one.at.734.K.in.the.case.of.Zr65Cu17.5Ni10Al7.5.and.two.at.695.and.
740.K. in. the. case. of. the. Zr69.5Cu12Ni11Al7.5. alloy).. By. conducting. isothermal.
crystallization.studies.at.temperatures.close.to.Tg,.for.example,.at.633.K.for.
1.h.in.the.Zr69.5Cu12Ni11Al7.5.glassy.alloy.(Tg.=.645.K),.they.observed.the.forma-
tion.of.quasicrystals.by.a.primary.crystallization.mechanism..They.deter-
mined.the.structure.of.the.quasicrystals.to.be.primitive.icosahedral.with.a.
quasilattice.constant.of.a.=.0.253.nm..The.two.exothermic.peaks.in.the.case.
of.the.Zr69.5Cu12Ni11Al7.5.alloy.were.attributed.to.the.formation.of.quasicrys-
tals.and.the.decomposition.of.the.quasicrystals,.respectively.[132]..Since.the.
formation.of.quasicrystals.was.by.a.primary.crystallization.mode.and.that.
growth.of.the.quasicrystals.was.time.dependent.(r ∝ t1/2),.the.authors.con-
cluded.that.solute.diffusion.was.involved.

Quasicrystal. formation. was. not. reported. during. the. decomposition. of.
Zr-based. glassy. alloys. in. earlier. investigations. [133–135].. It. was. pointed.
out.by.Eckert.et.al..[128].that.the.quasicrystals.had.formed.only.in.the.early.
stages.of.crystallization.and.that. their. formation.was.very.sensitive.to.the.
oxygen. concentration. in. the. alloy.. For. example,. at. low. oxygen. concentra-
tions. of. 0.2.at.%. in. the. Zr65Cu17.5Ni10Al7.5. alloy,. the. decomposition. products.
consisted. of. the. quasicrystalline,. tetragonal. Cu(Al,Ni)Zr2. and. hexagonal.
Zr6NiAl2.phases..Increasing.oxygen.concentration.(up.to.0.8.at.%).led.to.the.
formation. of. quasicrystalline. and. metastable. FCC-Zr2Ni. phases. and. these.
formed.at.lower.temperatures.and.at.shorter.times..The.quasicrystal.phase.
was.reported.to.have.a.quasilattice.constant.of.a.=.0.4846.nm..This.observa-
tion.has.brought.out.the.importance.of.controlling.the.oxygen.content.in.the.
alloy.to.control.its.crystallization.behavior.

Chen. et. al.. [136]. studied. the. crystallization. behavior. of. the. Zr65Al7.5Ni10.

Cu12.5Ag5.glassy.alloy.in.the.supercooled.liquid.region.and.observed.the.for-
mation. of. icosahedral. quasicrystals. through. a. systematic. TEM. diffraction.
analysis..It.was.concluded.that.Ag.addition.to.the.Zr-based.alloy.promoted.
the.formation.of.the.quasicrystalline.phase.. It.has.been.reported.that.Zr–
Al–Ni.ternary.alloys.have.a.high.GFA.[87].and.that.they.crystallize.through.a.
single.exothermic.reaction.with.the.simultaneous.precipitation.of.Zr4Al3.and.
Zr2Ni.phases.[58]..However,.when.noble.metals.such.as.Ag,.Au,.Pd,.or.Pt.were.
added.to.the.Zr–Al–Ni.alloys,.the.crystallization.mechanism.was.changed..
The.glassy.phase.in.these.noble.metal-containing.alloys.transformed.into.the.
crystalline.state.in.a.two-stage.process..The.annealing.of.the.glassy.alloy.at.the.
first.exothermic.peak.resulted.in.the.formation.of.a.quasicrystalline.phase..The.
second.stage.of.crystallization.led.to.the.formation.of.Zr4Al3.+.Zr2Ni.+.Zr2Pd.
(or.Zr2Au.or.ZrPt). from.the.quasicrystalline.phase  [137]..Alloys.containing.
the.quasicrystalline.phases.were.also.reported.to.be.ductile..The.formation.
of.icosahedral.quasicrystalline.phases.in.these.noble.metal-containing.alloys.
has.been.attributed.to.the.positive.heat.of.mixing.of.the.noble.metals.with.Ni.

Murty. et. al.. [138]. confirmed. that. a. quasicrystalline. phase. had. formed.
during. the. crystallization. of. a. Zr65−xCu27.5Al7.5Ox. (with. x.=.0.14,. 0.43,. and.
0.82).glassy.alloy.and.that.there.was.significant.oxygen.enrichment.in.the.
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quasicrystalline.phase,.as.revealed.by.their.3DAP.studies..Since.no.quasi-
crystalline.phase.had.formed.in.the.alloy.with.an.oxygen.content.0.14.at.%,.
the.authors.concluded.that. the.quasicrystalline.phase. in.Zr-based.glasses.
was.stabilized.by.oxygen..It.was.also.shown.that.while.the.oxygen-rich.alloys.
crystallized.through.two.stages.(the.initial.precipitation.of.a.quasicrystalline.
phase.followed.by.the.precipitation.of.the.stable.Zr2(Cu,Al).phase),.the.low-
oxygen.(0.14.at.%).alloy.crystallized.through.a.polymorphous.mode..Chen.
et al..[139].also.studied.the.oxygen.redistribution.in.a.Zr65Cu15Al10Pd10.glassy.
alloy.annealed.at.730.K.for.1.h.(Tg.of.the.glass.is.709.K)..They.reported.that.
nanocrystals.of.metastable.phases. formed.during.crystallization.and.that.
there.was.significant.oxygen.enrichment.(up.to.4.at.%).in.these.metastable.
phases..On.the.other.hand,.there.was.virtually.no.oxygen.in.the.remaining.
glassy.phase..Thus,.they.were.able.to.show.that.impurity.oxygen.promotes.
crystallization.by.forming.metastable.phases.enriched.in.oxygen.

Different.investigators.had.reported.different.quasilattice.constants.for.the.
icosahedral.quasicrystalline.phases..While.Köster.et.al..[130].reported.the.qua-
sicrystals.to.be.primitive.with.a.quasilattice.constant.of.0.253.nm,.Wollgarten.
et.al.. [140].also.reported. them.to.be.primitive,.but.with.a.quasilattice.con-
stant.of.0.753.nm..Even.though.the.importance.of.this.quasilattice.constant.
is.not.clear.at.this.stage,.Jiang.et.al..[141].monitored.the.quasilattice.constant.
during.the.glass.→.quasicrystalline.phase.transformation..By.annealing.the.
Zr65Al7.5Ni10Cu7.5Ag10.metallic.glassy.ribbons.at.663.K.(between.the.Tg.of.628.K.
and.the.first.Tx.of.672.K),.the.authors.noted.that.the.average.quasilattice.con-
stant.for.the.primitive.icosahedral.phase.decreased.from.0.4843.nm.at.15.min.
of. annealing. to. about. 0.482.nm. at. 90.min. of. annealing. and. then. remained.
constant..The.authors.speculated.that.the.quasicrystalline.phase.had.formed.
initially.over.a. composition. range,. and. that.during.annealing. there.was.a.
redistribution.of.atoms..Since.the.Zr.atom.is.quite.large.in.size,.it.was.sug-
gested.that.the.Zr.atoms.diffused.out.of.the.quasicrystalline.phase.during.
the.annealing.process..Chemical.analysis.by.EDS.methods.indicated.that.the.
average.Zr.content.in.the.quasicrystalline.phase.was.62.1.at.%.on.annealing.
for.10.min.and.that.it.was.58.4.at.%.on.annealing.for.60.min.

Since. there. has. been. confusion. in. the. literature. regarding. whether. the.
glass-to-quasicrystal. formation. is. polymorphous. [142]. or. primary. [143]. in.
nature,.Liu.et.al..[144].undertook.detailed.investigations.on.a.2.mm.diameter.
rod.of.Zr65Ni10Cu7.5Al7.5Ag10.glassy.alloy.samples.using.TEM.(including.high-
resolution).methods..The.Tg.and.Tx.for.this.glass.were.reported.to.be.631.and.
669.K,.respectively,.measured.at.a.heating.rate.of.5.K.min−1.and.the.oxygen.
content.in.the.glass.was.1200.ppm..They.noted.that.the.glass-to-quasicrystal.
transformation.did.involve.atomic.diffusion.and.therefore,.the.transforma-
tion.was.concluded.to.be.not.polymorphous.in.nature..Further,.they.reported.
that. this. system. underwent. a. series. of. interprocesses. and. followed. the.
sequence.glass.→.FCC.Zr2Ni.→.Tetragonal.Zr2Ni.→.Tetragonal.Zr2Ni.with.
a.domain.structure.→.Quasicrystal..It.is.important.to.note.that.the.forma-
tion.of.quasicrystals.took.place.after.the.completion.of.the.first.exothermic.
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crystallization. peak. and. that. the. quasicrystals. did. not. form. in. the. early.
stages.. In. fact,. quite. surprisingly,. some. metastable. and. stable. phases. had.
formed.prior.to.the.formation.of.the.quasicrystalline.phase.

5.9	 Effect	of	Pressure	during	Annealing

Metallic.glasses.were.generally.produced.in.a.ribbon,.wire,.or.powder.form,.
due.to.the.requirement.of.high.critical.cooling.rates..Even.though.the.situa-
tion.has.now.changed.with.the.production.of.BMGs,.it.was.noted.in.Chapter.
3.that there.is.a.limit.to.the.section.thickness.of.BMGs.in.some.cases..Hence,.if.
one.is.interested.in.obtaining.bulk.samples.for.“real”.applications,.it.becomes.
necessary.to.consolidate.these.ribbon,.wire,.or.powder.forms.to.full.density.
by. applying. high. pressures. and. temperatures.. Some. of. the. methods. com-
monly.used.for.such.purposes.are.hot.pressing,.hot.extrusion,.hot.isostatic.
pressing,.and.other.recently.developed.methods.such.as.spark.plasma.sinter-
ing..It.is.also.important.to.remember.that.the.properties.of.the.glasses.could.
be.retained.only.when.crystallization.did.not.occur.in.them.as.a.result.of.the.
application.of.pressure..Thus,.it.becomes.useful.to.evaluate.the.thermal.stabil-
ity.of.glasses.when.exposed.to.high.pressures..This.happens.to.be.critical.for.
optimizing.the.consolidation.process.parameters. to.obtain.fully.dense.and.
bulk.samples.with.the.desired.structure.and.properties..Study.of.the.effect.of.
pressure.on.the.crystallization.of.metallic.glasses.is.not.only.of.scientific.inter-
est.from.a.fundamental.point.of.view,.but.also.will.be.commercially.useful.to.
understand.the.deformation.of.these.glasses.in.the.supercooled.liquid.region.

The.application.of.pressure.during.crystallization.is.known.to.affect.the.
kinetics.of. transformation.and.also. the.nature.of. the.crystallization.prod-
uct.[145–147]..The.application.of.pressure.during.crystallization.of.metallic.
glasses.may.lead.to.four.different.effects.

. 1..Since.there.is.an.increase.in.the.density.of.the.product.on.crystalliza-
tion.(the.glassy.alloys.are.about.1%–2%.less.dense.than.their.crystalline.
counterparts),. it. is.natural.to.expect.that.the.application.of.pressure.
would.reduce.the.free.volume.in.the.glassy.phase.and.therefore.it.is.
expected.that.crystallization.will.be.accelerated..Such.a.process.could.
easily.happen.when.the.glass.crystallizes.by.a.polymorphous.mode.

. 2..Due.to.the.retarded.mobility.of.atoms.(diffusivity).under.high.pres-
sures,. atomic. diffusion. is. reduced. and. therefore. crystallization. is.
retarded.as.evidenced.by.the.increase.of.crystallization.temperatures..
Since.atomic.diffusion.is.required.for.primary.and.eutectic-type.crys-
tallization.modes,.the.application.of.pressure.is.expected.to.retard.the.
crystallization.of.metallic.glasses.when.the.transformation.takes.place.
by.any.of.these.modes.
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. 3..The.relative.Gibbs.free.energies.of.the.glassy.and.other.competing.
crystalline.phases.and.also.the.activation.barriers.could.be.altered.by.
the.application.of.pressure..Consequently,.metastable.phases.could.
form,.the.relative.amounts.of.the.different.phases.could.be.different,.
or.alternately,.different.crystallization.paths.could.be.followed..The.
situation.will.be.decided.by.the.sign.and.magnitude.of.the.variation.
of.the.crystallization.temperature.with.pressure,.that.is,.dTx/dP.
. .As.an.example,.during.the.primary.crystallization.of.Fe–B.glassy.
alloys,.α-Fe.is.formed.at.atmospheric.pressure..However,.when.crys-
tallization. is.conducted.at.pressures.above.100.kbar,. the. formation.
of.the.metastable.hcp.ε-Fe.phase.was.found.to.form.[148]..Similarly,.
instead. of. the. equilibrium. tetragonal. Nb3Si. phase,. the. cubic. A15.
Nb3Si.phase. formed. in. the.Nb–Si.system.during.crystallization.at.
high.pressures.in.the.glassy.Nb–Si.alloys.[149]..Again,.in.the.case.of.
the.crystallization.of.the.Zr41Ti14Cu12.5Ni10Be22.5.glassy.alloy,.Yang.et.al..
[150].reported.that.the.primary.crystallized.phase.was.the.same.at.
all.pressures.studied,.but.the.subsequent.phase-formation.sequence.
was.different.at.different.temperatures.

. 4..The.last.effect.of.the.application.of.pressure.to.metallic.alloys.is.that.
amorphization. could. occur,. that. is,. pressure-induced. amorphiza-
tion. takes. place. [151–153].. For. example,. Wang. et. al.. [151]. reported.
that.by.cooling.the.Zr41Ti14Cu12.5Ni10Be22.5.liquid.at.a.high.pressure.of.
6.GPa,.they.were.able.to.obtain.a.high-density.glassy.alloy.that.had.a.
structure.and.properties.different.from.the.low-density.glassy.alloy.
obtained.by.water.quenching.the.melt.

A.few.investigations.have.been.carried.out.on.the.effects.of.high.pressure.
on.the.crystallization.of.metallic.glasses.and.BMGs,.listed.in.Table.5.6.

An.important.observation.that.can.be.made.is.that.generally.the.crystal-
lization.temperature.of.the.glassy.alloy.increases.with.increasing.pressure,.
noting.that.the.rate.of.increase.is.different.for.different.alloy.systems,.and.
ranged. from. as. low. as. 9.K. GPa−1. in. a. Zr48Nb8Cu14Ni12Be18. glass. to. as. high.
as.30.K.GPa−1.in.an.Fe72P11C6Al5B4Ga2.glass..There.have.also.been.instances.
where.the.Tx.decreased.with.increasing.pressure.and.has.either.increased.or.
remained.almost.constant.with.further.application.of.pressure..Figure.5.24.
shows.the.possible.variations.of.Tx.with.pressure.

The.effect.of.pressure.on. the.change.of.crystallization. temperature.can.be.
rationalized.in.the.following.way..Crystallization.can.be.considered.as.a.process.
involving.the.nucleation.of.a.crystal.with.a.size.larger.than.the.embryo.and.its.
subsequent.growth..The.rate.of.nucleation,.I.can.be.represented.by.the.equation

. I I
G G
RT

= − +
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exp
*∆ ∆
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where
I0.is.a.constant
ΔG*.is.the.thermodynamic.activation.barrier,.that.is,.free.energy.required.

to.form.the.critical.nucleus
ΔGd. is.the.activation.energy.for.diffusion.(to.transport.atoms.across.the.

interface)
R.is.the.universal.gas.constant
T.is.the.temperature

The.sum.of.ΔG*.+.ΔGd.=.ΔG.is.the.total.energy.required.for.the.nucleation.pro-
cess,.and.this.value.is.responsible.for.the.change.of.the.crystallization.tem-
perature..ΔG*.can.be.expressed.as

.
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∆
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where
σ.is.the.interfacial.energy.between.the.amorphous.and.crystalline.phases
Gc.and.Ga.are.the.Gibbs.free.energies.of.the.crystalline.and.amorphous.

phases,.respectively

Table 5.6

Effect.of.Pressure.in.Increasing.the.Crystallization.Temperature.
of Bulk Metallic Glasses

Composition
Pressure	Range	

Used	(GPa) Rate	of	Increase	of	Tx(K	GPa−1) Reference

Al89La6Ni5 0–4 Decrease.at.a.rate.of.50.between.0.
and.1.GPa.and.then.increase.at.a.
rate.of.25

[154]

Fe72P11C6Al5B4Ga2 0–2.4 30.(Tx.dropped.at.higher.pressures.
between.2.4.and.3.2)

[147]

Mg60Cu30Y10 0–4 16 [155]
Pd40Ni40P20 0–4.2 11 [156]
Pd40Cu30Ni10P20 0–4 11 [157]
Zr66.7Pd33.3 0–4 22 [135]
Zr70Pd30 0–3 11.±.3.for.quasicrystalline.phase

9.±.4.for.intermetallic.phase
[158]

Zr65Al7.5Ni10Cu7.5Ag10 0–4.2 9.4.for.Tx1

No.change.for.Tx2

[159]

Zr48Nb8Cu14Ni12Be18 0–4.4 9.5 [160]
Zr41.2Ti13.8Cu12.5Ni10Be22.5 0–3 19 [161]
Zr46.8Ti8.2Cu7.5Ni10Be27.5 0–4.2 1.7 [162]
Zr41Ti14Cu12.5Ni10Be22.5 0.5–6.5 12.8.(a.sudden.drop.occurred.at.

5.6.GPa)
[150]
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At.a.given.temperature.and.pressure,.ΔG*.can.be.expressed.as
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where
Vc.and.Va.are.the.molar.volumes.of.the.crystalline.and.amorphous.phases,.

respectively
ΔGa→c.=.Gc.−.Ga

E. is. the. elastic. energy. induced. by. the. volume. change. when. the. phase.
transformed.from.the.amorphous.to.the.crystalline.state

Assuming.a.negligible.pressure.dependence.of.ΔGa→c,.E,.and.σ,.we.can.see.
that.ΔG*.decreases.with.increasing.pressure.and.therefore.crystallization.is.
favored..By.combining.the.above.equations,.and.assuming.that.σ. is.a.con-
stant,.the.variation.of.G.with.pressure,.P.at.a.constant.temperature,.T.can.be.
expressed.as
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FIGURe 5.24
Variation.of.Tx.with.pressure.in.bulk.metallic.glassy.alloys..Note.that.the.Tx.usually.increases.
with.increasing.pressure.although.there.are.cases.where.either.a.decrease.or.no.change.has.also.
been.observed..Three.typical.examples.are.shown.in.(a).Pd40Cu30Ni10P20.glass,.(b) Al89La6Ni5.
glass,.and.(c).Fe72P11C6Al5B4Ga2.glass..(Reprinted.from.Jiang,.J.Z..et.al.,.J. Appl. Phys.,.87,.2664,.
2000..With.permission.)
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Since.the.crystalline.phase.is.more.dense.than.the.corresponding.amorphous.
phase,.Vc.<.Va,.and.since.it.is.more.stable.than.the.amorphous.phase,.ΔGa→c.
is.negative..Consequently,.the.first.term.in.Equation.5.13.is.always.negative.
and.therefore.crystallization.will.be.promoted..On.the.other.hand,.the.varia-
tion. of. the. activation. energy. increases. with. pressure. (the. atomic. mobility.
is.reduced.with.pressure.and.hence.the.diffusivity. is.reduced),.and.there-
fore,.the.second.term.in.Equation.5.13.is.always.positive.and,.consequently,.
crystallization.is.retarded..Thus,.whether. increasing.pressure.promotes.or.
retards.crystallization.is.determined.by.the.magnitudes.of.the.two.terms.in.
Equation.5.13.

When.the.glassy.alloy.crystallizes.in.a.polymorphous.mode,.atomic.redis-
tribution.is.not.involved.and,.therefore,.the.second.term.becomes.negligible..
Therefore,.increasing.pressure.always.promotes.crystallization..For.the.eutec-
tic.and.primary.crystallization,.atomic.rearrangement.is.necessary.and.there-
fore,. the. increase. of. ΔGd. with. pressure. retards. the. crystallization. process..
Thus,.the.sum.of.the.two.terms.is.likely.to.have.a.minimum.at.some.value.
of.the.pressure.and.this.could.explain.the.minimum.observed.in.the.Tx.vs..P.
plots.in.the.Al89La6Ni5.[154].and.Fe72P11C6Al5B4Ga2.[147].glassy.alloy.systems.

5.10	 Concluding	Remarks

The. transformation.of. BMGs. to. their. equilibrium. state,. that. is,. their. crys-
tallization.behavior,.has.been.discussed.. It.has.been.pointed.out.that.only.
a. few. detailed. studies. of. the. crystallization. behavior. of. BMGs. have. been.
undertaken.and.that.most.investigators.have.been.conducting.the.crystalli-
zation.behavior.on.melt-spun.ribbons.of.the.same.composition.as.that.of.the.
BMGs..Even.though.the.departure.from.equilibrium.is.expected.to.be.differ-
ent.between.the.BMGs.and.the.melt-spun.metallic.glasses,.the.crystallization.
behavior.(nature.of.the.crystalline.phases.and.the.kinetics.of.their.formation).
has.been.found.to.be.the.same.in.both.the.cases..Further,.the.types.of.trans-
formations.occurring.in.thin.metallic.glass.ribbons.(even.with.a.low.GFA).
and.BMGs.(with.a.high.GFA).have.also.been.found.to.be.the.same..This.is.
because.the.state.of.the.BMG.after.it.is.heated.to.a.temperature.beyond.the.
glass.transition.temperature.is.the.same.as.that.of.the.melt-spun.glass.with-
out.exhibiting.the.glass.transition.temperature.

On.annealing.the.BMG,.it.has.been.shown.that.the.glass.first.undergoes.
structural.relaxation.and.then.phase.separation.(though.not.in.every.case).
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followed.by.crystallization..Similar.to.the.case.of.melt-spun.metallic.glasses,.
polymorphous,. eutectic,. and. primary. crystallization. modes. have. been.
observed.in.the.case.of.BMGs.also..In.contrast.to.the.situation.in.melt-spun.
ribbons,.the.question.of.phase.separation.has.been.discussed.at.some.length.
in.view.of.the.large.number.of.reports..The.effect.of.environmental.(oxygen.
content).and.external.variables,.for.example,.pressure,.on.the.crystallization.
behavior.of.BMGs.has.also.been.studied.in.detail.
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6
Physical	Properties

6.1	 Introduction

For.the.successful.exploitation.of.bulk.metallic.glasses.(BMGs),. it. is.neces-
sary. to. characterize. them. for. their. structure,. their. thermal. stability,. and.
their.different.properties..The.structure.and.thermal.stability.of.BMGs.were.
discussed.in.Chapter.5..The.chemical,.mechanical,.and.magnetic.properties.
of.BMGs.will.be.discussed. in.Chapters.7. through.9,. respectively..The.dif-
ferent.physical.properties.of.BMGs.such.as.density,.specific.heat,.viscosity,.
electrical. resistivity,. thermal. expansion,. and. diffusivity. will. be. discussed.
in.this.chapter..A.measurement.of.these.physical.properties.will.greatly.aid.
in.understanding.the.structural.relaxation.and.the.crystallization.processes.
occurring.in.these.metastable.materials.and.their.effect.on.properties.

6.2	 Density

It.has.been.known.for.a.long.time.that.metallic.glasses.are.less.dense.than.
their. crystalline. counterparts.. The. densities. of. both. metallic. glassy. rib-
bons.and.BMG.alloys.have.been.measured.mostly.by.using.the.Archimedes.
principle.. The. working. fluids. used. are. different. and. include. n-tridecane.
[CH3(CH2)11CH3].because. it.has.a. low.vapor.pressure.and. low.surface. ten-
sion.at. room.temperature,.CCl4,.buromethane,.dodecane. (C12H26),.and.dis-
tilled.water..Although.different.estimates.were.made.by.different.research.
groups,. it. is. now. well. accepted. that. metallic. glassy. ribbons. produced. by.
rapid.solidification.processing.(RSP).methods.are.about.2%–3%.less.dense.
than.their.crystalline.counterparts.[1]..This.conclusion.was.reached.by.mea-
suring.the.density.of.the.alloy.ribbons.both.in.the.glassy.condition.and.after.
fully.crystallizing.them..For.example,.Masumoto.et.al..[2].reported.that.the.
density.of.a.Pd80Si20.alloy.increased.with.annealing.time.when.the.melt-spun.
glassy.ribbon.was.isothermally.annealed.at.200°C..The.large.density.differ-
ence.between.the.glassy.and.the.crystalline.conditions.was.attributed.to.the.
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presence. of. free. volume. retained. in. the. glassy. ribbons.. On. annealing. the.
glassy.ribbons,.this.free.volume.gets.annihilated,.leading.to.an.increase.in.
the.density.

Bulk.metallic.glasses.are.synthesized.at.relatively.lower.solidification.rates.
than.melt-spun.ribbons.and,.therefore,.the.free.volume.content.in.the.BMG.
alloys. is. expected. to.be. lower. than. in.melt-spun.ribbons.. It.has.also.been.
suggested.that.under.appropriate.conditions,.e.g.,.when.the.three.empirical.
rules.for.BMG.formation.as.suggested.by.Inoue.[3].are.satisfied,.the.liquid.
possesses.a.higher.degree.of.dense.random-packed.structures..Additionally,.
the.short-range.atomic.configurations.are.also.expected.to.be.different.from.
those.in.the.corresponding.crystalline.alloys..These.points.suggest.that.the.
supercooled. liquid. in.a.multicomponent.alloy.system.exhibits.new.atomic.
configurations.that.have.not.been.realized.in.any.other.kind.of.metallic.alloy..
Thus,. the. formation. of. unique. atomic. configurations. leads. to. a. change. in.
the.density.of.BMGs..Accordingly,. it.has.been.reported.that.the.density.of.
the.BMG.alloys.is.about.0.5%.lower.than.that.of.the.crystalline.counterpart..
Since.the.density.of.a.material.is.often.a.reflection.of.the.packing.state.of.the.
constituent.elements,.measurement.of.density.values.can.provide.an.under-
standing.of.the.random.atomic.configurations.in.BMGs.

Frequently,.the.relative.change.of.density.Δρ,.of.the.alloy.is.reported.in.the.
literature,.which.is.defined.as

.
Percentage relative change of density, crystallized%∆ρ

ρ ρ
=

− aas-cast

as-castρ
× 100 . (6.1)

where
ρ.is.the.density
the. subscripts,. crystallized. and. as-cast,. represent. the. fully. crystallized.

and.the.as-cast.glassy.conditions.of.the.sample,.respectively

The.relative.change.of.density.between.the.structurally.relaxed.and.the.as-
cast.glassy.conditions.has.also.been.occasionally.reported..But,.this.value.is.
usually.much.smaller.than.the.relative.change.of.density.between.the.crys-
tallized.and.the.as-cast.conditions.

Table.6.1.lists.the.densities.of.some.of.the.BMGs.that.have.been.reported.
in. the. literature.. A. majority. of. the. BMG. samples. listed. were. obtained. by.
the.copper-mold.or.squeeze-casting.technique,.except.the.Pd-Ni-Fe-P.BMG.
alloys. that. were. obtained. by. water. quenching.. As. anticipated,. the. densi-
ties.of.the.glassy.alloys.are.lower.than.those.in.the.crystallized.state,.typi-
cally.by.about.0.5%,.but.the.differences.are.occasionally.as.large.as.1%..The.
water-quenched.Pd-Ni-Fe-P.samples,.however,.appear.to.show.even.larger.
differences.in.the.density.between.the.glassy.and.the.crystallized.states.[9]..
No. reasons. were. given. for. this. larger. difference.. Therefore,. it. is. not. clear.
whether.the.technique.used.to.synthesize.the.glassy.alloy.(since.the.cooling.
rate.will.be.different).will.also.have.any.effect.on.the.density.of.the.glass.
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It.is.well.known.that.the.cooling.rates.obtained.in.different.techniques.are.
different.and,.therefore,.it.is.expected.that.the.free.volume.will.be.different.in.
samples.produced.by.different.methods..And,.since.it.is.the.free.volume.that.
determines.the.density.of.the.material,.it.is.possible.that.the.density.of.samples.
obtained.by.different.techniques.would.be.different..However,.the.differences.
in.the.densities.between.BMGs.produced.by.different.methods.are.expected.
to.be.small..It.is.also.possible.that.this.difference.in.density.(and.free.volume).
may.lead.to.differences.in.the.kinetics.of.the.crystallization.and.the.mechani-
cal.behavior.of.the.glassy.alloys.prepared.by.different.synthesis.methods.

Hu.et.al.. [8].had.solidified.Pd40Cu30Ni10P20.alloy.melts. in.2.mm.diameter.
quartz.capillaries.at.cooling.rates.varying.from.0.63.to.75.4.K.s−1..One.alloy.
was.also.chill.cast.where.the.cooling.rate.was.estimated.to.be.about.500.K.s−1..
Since.the.alloys.solidified.at.rates.<1.98.K.s−1.contained.crystalline.phases.and.
those.above.this.value.were.fully.glassy,. it.was.concluded.that. the.critical.
cooling.rate.for.glass.formation.in.this.system.was.1.98.K.s−1..The.densities.of.
the.BMGs.were.measured.by.the.Archimedes.principle.as.a.function.of.the.
cooling.rate.and.these.density.values.are.plotted.as.a.function.of.the.cooling.
rate.in.Figure.6.1..The.density.of.the.fully.crystallized.alloy.has.been.reported.
to.be.9.31.[6,7].or.9.341.g.cm−3.[8]..The.trend.of.variation.of.density.with.the.
cooling.rate.is.as.expected..For.example,.it.may.be.noted.from.Figure.6.1.that.
the.density.of.the.alloy.decreased.very.rapidly.when.the.alloy.was.solidified.
at.relatively.slow.cooling.rates,.suggesting.that.the.density.is.highly.sensitive.
to.the.cooling.rate,.especially.when.the.cooling.rates.are.low..In.other.words,.
even.though.the.difference.in.the.density.between.the.BMG.alloy.solidified.
at.very.slow.cooling.rates.and.the.crystalline.alloy.is.very.small,.its.sensitiv-
ity.to.the.cooling.rate.is.very.high..But,.when.the.liquid.alloy.is.solidified.at.
higher.rates,.the.density.difference.between.the.as-solidified.and.the.crystal-
lized.states.is.larger.suggesting.that.the.free.volume.retained.in.the.liquid.
as.a.result.of.faster.solidification.is.higher..But,.at.cooling.rates.higher.than.
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FIGURe 6.1
Density.as.a.function.of.the.cooling.rate.for.the.Pd40Cu30Ni10P20.BMG.alloy.
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about.50–75.K.s−1.the.density.is.much.lower.than.that.of.the.crystalline.alloy,.
and.also.seems.to.be.almost.independent.of.the.cooling.rate..This.observa-
tion. suggests. that. the. constituent. atoms. have. sufficient. time. to. rearrange.
themselves.into.dense.atomic.configurations.when.the.melt.is.solidified.at.
relatively.low.cooling.rates,.and.that.the.higher.the.density.of.the.BMG.(and.
closer. to.that.of. the.crystalline.alloy),. the.slower.the.cooling.rate..By.com-
paring.the.density.of.the.BMG.alloy.with.that.of.the.fully.crystalline.alloy,.
the.authors.noted.that.the.difference.between.these.two.states.is.only.about.
0.6%..Compared.with.the.density.changes.between.the.melt-spun.glassy.rib-
bons.and.the.fully.crystallized.alloys,.where.the.differences.were.reported.to.
be.as.large.as.1%–2%.[1,2],.these.values.are.much.smaller.

The.small.differences.in.the.densities.between.the.crystalline.and.the.glassy.
alloys.clearly.indicate.that.BMG.alloys.have.a.higher.degree.of.dense.random-
packing.state.of.the.constituent.atoms.as.compared.with.those.of.melt-spun.
ribbons,.which.require.higher.cooling.rates.for.glass.formation..This.result.is.
consistent.with.the.trend.obtained.from.the.structural.analyses..The.dense.
packing.of. atoms. results. in.a.decreased.atomic.mobility.and.an. increased.
viscosity..Further,.the.frequency.with.which.atoms.are.trapped.at.the.liquid/
solid.interface.decreases.in.the.higher.degree.of.dense.random-packing.state,.
leading. to. a. decrease. in. the. nucleation. frequency. of. the. crystalline. phase..
These. changes. in. the. atomic. mobility. and. the. viscosity. can. be. reasonably.
expected.to.lead.to.an.increase.in.the.reduced.glass.transition.temperature,.
Trg.=.Tg/Tm,.and.also.to.a.decrease.in.the.growth.rate.of.the.crystalline.phase.

The.relative.change.of.density.of.BMGs.has.also.been.measured.on.anneal-
ing.the.as-cast.BMG.alloy.at.different.temperatures..Figure.6.2.shows.the.den-
sities.of.Pd40Cu30Ni10P20.and.Zr55Cu30Al10Ni5.BMG.alloys.isochronally.annealed.
for.15.min.as.a.function.of.the.annealing.temperature,.Ta..The.densities.of.these.
alloys.in.the.as-cast.glassy.condition.were.measured.to.be.9.27.and.6.82.g.cm−3,.
respectively..It.may.be.noted.that.the.density.slowly.increases.with.the.anneal-
ing.temperature,.as.a.result.of.the.annihilation.of.the.excess.free.volume,.and.
this.trend.continues.till.the.glass.transition.temperature,.Tg..But,.the.density.
of.the.BMG.is.much.higher.when.the.glass.is.annealed.at.temperatures.higher.
than.the.crystallization.temperature,.Tx..This.is.because.the.glass.crystallizes.
under.these.conditions.and.approaches.equilibrium..Therefore,.the.difference.
in.density.between.the.annealed.glass.and.the.equilibrium.value.is.reduced..
Similar.results.have.been.reported.for.other.BMG.alloys.as.well.[12].

The.densities.of.Pd40Cu30Ni10P20.and.Zr55Cu30Al10Ni5.glassy.alloys.were.also.
measured.in.the.structurally.fully.relaxed.condition.[6–8]..It.was.noted.that.
the.difference.in.the.densities.between.the.structurally.relaxed.and.the.fully.
glassy.states.was.about.0.11%.[6,7].or.0.26%.[8]. for. the.Pd40Cu30Ni10P20.glass,.
0.15%.for.the.Zr55Cu30Al10Ni5.glass.[6,7],.and.0.1%.for.the.Zr46.7Ti8.3Cu7.5Ni10Be27.5.
glass.[12]..Since.the.formation.of.equilibrium.crystalline.phases.as.the.glassy.
alloy. is. progressively. annealed. at. higher. temperatures. involves. structural.
relaxation.and.crystallization.of.the.metallic.glass,.it.can.be.inferred.that.the.
total.difference.in.density.between.the.as-solidified.and.the.fully.crystallized.
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condition.is.due.to.the.combined.effects.of.structural.relaxation.and.crystal-
lization.of.the.glassy.phase..Since.BMGs.are.produced.at.much.lower.cooling.
rates.than.the.melt-spun.ribbons,.it.is.only.natural.that.the.BMG.alloys.contain.
a.much.lower.fraction.of.free.volume.and.therefore.their.density.is.higher,.but.
the.difference.in.density.between.the.as-solidified.and.crystallized.conditions.
is.lower.in.the.BMGs.than.in.that.of.the.melt-spun.ribbons.

An. ideal. glass. is. expected. to. form. at. TK. (the. Kauzmann. temperature),.
at. which. the. free. volume. or. the. configurational. entropy. disappears..
Experimentally,.it.is.observed.that.TK.is.slightly.lower.than.the.glass.transi-
tion.temperature,.Tg..Therefore,.the.density.of.such.an.“ideal”.glass,.ρi.can.be.
estimated.from.the.relationship

. ρ ρ βi g= + ∆ ∆( )1 T . (6.2)

where
ρg.is.the.density.of.the.fully.relaxed.glassy.alloy
Δβ.=.βL.−.βg. is.the.difference.between.the.volumetric.thermal.expansion.

coefficients.of.the.supercooled.liquid.and.the.glassy.conditions
ΔT.=.Tg.−.TK

These.ideal.glasses.seem.to.have.a.density.about.0.5%.higher.than.the.fully.
relaxed.glass.(or.the.crystalline.value).
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Harms.et.al..[14].reported.that.the.density.of.the.Pd40Cu30Ni10P20.BMG.alloy.
was.reduced.on.plastically.deforming.it..It.was.suggested.that.plastic.defor-
mation.reduced.the.short-range.order.(SRO).and.increased.the.free.volume.
and,.consequently,.the.density.had.decreased..Annealing,.on.the.other.hand,.
had.the.opposite.effect.

The.free.volume.model.of.Turnbull.and.Cohen.[15].has.been.widely.used.
to.explain.the.properties.of.metallic.glasses..BMG.alloys.provide.an.excellent.
opportunity.to.study.the.structural.relaxation.behavior.in.the.sub-Tg.range..
This.has.been.done,.for.example,.through.density.measurements..Structural.
relaxation.occurs.on.annealing.the.glassy.alloy.below.Tg.and.this.involves.
the.annihilation.(and/or.the.creation).of.free.volume..These.processes.have.
been. most. efficiently. studied. by. measuring. the. density. very. accurately.
[12,16–18].. Through. such. measurements,. it. was. reported. that. structural.
relaxation.in.some.of.the.BMG.alloys.takes.place.in.two.steps,.and.that.the.
density.changes.of.the.glassy.alloy.are.directly.connected.with.changes.in.
the. free.volume..Russew.and.Sommer. [16].established.a.quantitative. rela-
tionship.between. the.density. changes.and. the. length.changes. in.metallic.
glass.samples.as

.
∆

∆
∆
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. (6.3)

where
ρ(t).is.the.density.as.a.function.of.time
ρ0.is.the.initial.sample.density
W.is.the.sample.weight
ΔLf.is.the.change.in.length.of.the.sample
L0.is.the.initial.edge.length

They.measured.the.relative.density.changes.Δρ/ρ0.as.a.function.of.anneal-
ing.time.at.different.temperatures.and.related.these.to.the.non-isothermal.
length. changes. of. the. glassy. alloy. ribbons.. Both. the. experimental. results.
(density. changes. and. length. changes). could. be. described. using. the. same.
set.of.free.volume.model.parameters..Figure.6.3.shows.the.relative.density.
changes,.Δρ/ρ0.of.the.Pd40Cu30Ni10P20.BMG.alloy.as.a.function.of.annealing.
time.at.different.temperatures,.ranging.from.500.to.593.K..It.may.be.noted.
that.the.density.increases.with.an.increasing.annealing.time.and.is.expected.
to.reach.a.saturation.value.once.equilibrium.is.established..From.the.data,.it.
is.clear.that.while.the.samples.annealed.at.573.and.593.K.showed.saturation.
values. for.annealing.times.of.about.2.5.×.103.and.6.×.102..s,. respectively,. the.
samples.annealed.at.lower.temperatures.showed.a.monotonic.increase.and.
did. not. exhibit. any. tendency. toward. saturation. in. the. times. investigated..
The.plateau.data.could.be.assigned.to.the.quasi-equilibrium.density.value.at.
these.temperatures.
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It.is.useful.to.remember.one.important.point.while.trying.to.study.struc-
tural. relaxation. through. density. measurements.. Structural. relaxation. is.
associated.with.the.annihilation.of.excess.free.volume..It.has.been.reported.
that.the.distribution.of.the.quenched-in.free.volume.was.nonuniform.in.a.
rod-shaped.Zr50Cu40Al10.BMG.alloy..The.free.volume.was.more.at.the.surface.
of. the. rod. than. in. the. interior,. mainly. because. of. the. higher. cooling. rate.
experienced.by.the.sample.at.the.surface.[18]..But,.density.is.the.bulk.prop-
erty.of. the.alloy.and,. therefore,. relaxation.studies.using.density.measure-
ments.should.be.conducted.only.after.the.quenched.glass.is.homogenized.
by. pre-annealing. treatments.. This. should,. of. course,. ensure. that. the. total.
amount.of.free.volume.has.not.changed.by.this.treatment.

6.3	 Thermal	Expansion

Measurement. of. thermal. expansion. in. metallic. glassy. alloy. samples,. just.
like.density,.can.provide.useful.information.about.the.structural.relaxation.
behavior. of. glasses.. The. coefficient. of. thermal. expansion. (CTE). has. been.
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Relative.change.of.density,.Δρ/ρ0.(in.%),.as.a.function.of.the.isothermal.annealing.time.at.dif-
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and.Sommer,.F.,.J. Non-Cryst. Solids,.319,.289,.2003..With.permission.)
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measured.in.the.fully.glassy.state,.the.structurally.relaxed.glassy.state,.the.
supercooled. liquid.state,.and. in. the.crystallized.conditions..A.dilatometer.
is.typically.used.to.measure.the.CTE.although.other.techniques.have.also.
been. used.. For. example,. Yavari. et. al.. [19–21]. measured. the. change. in. the.
wave.vector

.
Qmax

sin= 4π θ
λ

. (6.4)

where
θ.is.the.angular.position.corresponding.to.the.maximum.of.the.diffracted.

intensity
λ.is.the.wavelength.of.the.radiation.used

and.obtained.information.about.the.s1tructural.relaxation.of.metallic.glasses.
The. wave. vector. is. related. to. the. mean. interatomic. distance. in. the. first.

coordination.shell..By.measuring.the.change.in.the.Qmax.vector.as.a.function.
of.temperature,.the.volume.coefficient.of.the.thermal.expansion.was.deter-
mined.using.the.relationship
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where
T0.is.a.reference.temperature
αth.is.the.volume.coefficient.of.the.thermal.expansion

It.is.important.to.remember.that.the.CTE.values.in.these.samples.are.mea-
sured.usually.under.a.small.tensile.load..Accordingly,.the.CTE.value.may.be.
overestimated,.since.it.contains.the.contributions.due.to.creep.in.addition.to.
the. true. thermal.expansion..From.such.observations,. it.has.been.reported.
that. the.CTE.values,. at. least. in. the. supercooled. liquid.state,.may.be.over-
estimated.by.about.one.order.of.magnitude..The.true.value.of.CTE.may.be.
obtained.by.performing.these.experiments.at.different.stress.levels.and.then.
extrapolating.the.observed.CTE.values.to.a.zero.stress.value.

The. CTE. values. measured. for. different. BMG. alloys. are. listed. in. Table.
6.2..A.few.general.comments.can.be.made.from.these.values..The.CTE.val-
ues.of.samples.in.the.fully.glassy.state.are.typically.in.the.range.of.10.to.
15.×.10−6.K−1,.except.in.the.case.of.Sm-based.BMGs,.where.it.was.reported.to.
be.about.125.×.10−6.K−1..The.CTE.values.in.the.glassy.state.are.usually.larger.
than.those.of.the.crystalline.pure.metals.on.which.they.are.based.[22]..One.
exception.appears.to.be.Cu,.where.the.glassy.alloy.exhibits.a.smaller.CTE.
than. the. crystalline. Cu. metal.. In. comparison. to. the. as-quenched. glassy.
state,. the. CTE. value. of. the. glass. in. the. structurally. relaxed. condition. is.
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Table 6.2

Linear.Coefficients.of.Thermal.Expansion.(CTE).Measured.
for.Different BMG.Alloys

Alloy	Composition	
(at.%)

Temperature	
Range	(K) Condition	of	the	Alloy

Linear	CTE	
(×10−6	K−1) References

Pure.metal.Cu 300 Crystalline 16.5 [22]
Cu55Hf25Ti15Pd5 300–600 Glassy.(before.

structural.relaxation)
12 [23]

650–750 After.structural.
relaxation

14 [21,23]

Supercooled.liquid 42 [23]
300–530 Glassy 15.(TMA) [23]

Cu47Ti33Zr11Ni8Si1 Up.to.373 Glassy 13.6 [24]
Cu60Zr30Ti10 Up.to.373 Glassy 10.9 [24]
Cu55Zr30Ti10Ni5 300–600 Glassy.(before.

structural.relaxation)
12.7 [23]

Cu55Zr30Ti10Ni5 300–600 Glassy.(after.structural.
relaxation)

13.7 [23]

Cu55Zr30Ti10Ni5 300–600 Glassy 13.(TMA) [23]
Cu55Zr30Ti10Ni5 Supercooled.liquid 30 [23]
Pure.metal.Mg 300 Crystalline 26.1 [22]
Mg65Cu25Tb10 350–487 Glassy 44 [25]
Pure.metal.Pd 300 Crystalline 11.2 [22]
Pd43Cu27Ni10P20 Glassy 12.3 [26]

Supercooled.liquid 30 [26]
Liquid 30 [27]
Glassy 17 [27]
Crystalline 14.7 [27]

Pd40Cu30Ni10P20 323–523 Relaxed.glassy 17 [28]
Supercooled.liquid 27 [28]

323–673 Crystallized 14.2 [28]
873–1223 Liquid 39.9 [28]

Pd40Cu30Ni10P20 Glassy 16.5 [8]
Supercooled.liquid 34.8 [8]

Pd40Cu30Ni10P20 Glassy 18.6 [16]
Pd40Cu30Ni10P20 300–500 Glassy 8 [29]
Pd40Cu30Ni10P20 602–613 Supercooled.liquid 26,000 [29]
Pd40Ni40P20 Glassy 13–17 [26]

Supercooled.liquid 30 [26]
Pure.metal.Sm 300 Crystalline 10.4 [22]
Sm55Al25Cu10Co10 up.to.450 Glassy 125 [30]
Pure.metal.Zr 300 Crystalline 5.78 [22]
Zr65Al10Cu15Ni10 Up.to.553 Glassy 12.2 [20]

(continued)
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higher..The.CTE.values.are.much.higher.in.the.supercooled.liquid.condi-
tion.and. lower. in. the.crystallized.condition,. lower. than.even. that. in. the.
glassy.state.

A.typical.plot.of.thermal.expansion.vs..temperature.is.shown.in.Figure.6.4..
The.glassy.material.expands.on.heating.to.higher.temperatures,.at.a.particu-
lar. rate.of.CTE,.near.up. to. the.glass. transition. temperature,.Tg..But,.when.

Table 6.2 (continued)

Linear.Coefficients.of.Thermal.Expansion.(CTE).Measured.
for Different BMG.Alloys

Alloy	Composition	
(at.%)

Temperature	
Range	(K) Condition	of	the	Alloy

Linear	CTE	
(×10−6	K−1) References

Zr60Ni10Cu20Al10 Up.to.650 Glassy 10 [20]
Zr60Ti2Ni8Cu20Al10 Glassy 11 [11]

Supercooled.liquid 57 [11]
Crystalline 12 [11]

Zr52Ti5Ni15Cu18Al10 Glassy 12 [11]
Crystalline 14 [11]

Zr41Ti14Cu12.5Ni10Be22.5 Up.to.473 Glassy 9.26 [31]
Glassy 8.51 [32]
Crystalline 9.24 [31]

Note:. TMA,.Thermo-mechanical.analysis.
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the.specimen.approaches.Tg,.structural.relaxation.takes.place.and.the.CTE.
value.increases.more.rapidly..In.those.cases.where.a.stress.is.applied.to.the.
specimen.during.measurement,.the.actual.temperature.to.which.the.thermal.
expansion.is.linear.may.be.a.little.lower..But,.once.the.specimen.enters.the.
supercooled.liquid.region,.i.e.,.the.temperature.region.between.Tg.and.Tx,.the.
CTE.is.much.larger.than.in.the.as-quenched.glassy.condition.or.after.struc-
tural.relaxation..In.the.crystallized.condition,.the.CTE.is.again.reduced.and.
its.value.is.quite.similar.to.that.of.the.glassy.alloy.

As.mentioned.earlier,.the.glass.prepared.by.quenching.the.melt.(whether.
at. slow. rates. or. faster. rates). contains. an. excess. quenched-in. free. volume.
and.its.amount.increases.with.increasing.solidification.rate..On.reheating.
the.glassy.sample.to.a. temperature.below.Tg,.structural.relaxation.occurs.
through. chemical. short-range. order. (CSRO). and. topological. short-range.
order.(TSRO)..The.CSRO.involves.slight.changes.in.the.local.chemical.envi-
ronment.and.is.sometimes.reversible..On.the.other.hand,.the.TSRO.involves.
a.long-range.rearrangement.of.all.the.atoms.and.is.an.irreversible.process..
That.means,.the.process.of.structural.relaxation.is.associated.with.the.redis-
tribution. and. the. reduction. of. excess. quenched-in. free. volume. that. will.
result. in.a.decrease. in.volume,.and.consequently.an.increase. in.the.density..
This.will.also.have.an.effect.on.the.thermal.expansion.of.the.material.

The.relative.length.change.during.annealing.of.a.BMG.sample.is.directly.
related.to.the.annihilation.of.excess.quenched-in.free.volume.and,.therefore,.
this.occurs.due. to.TSRO..The.disappearance.of. free-volume.will. lead. to.a.
decrease.in.the.length.of.the.sample.and.therefore.in.the.CTE.as.well..This.
is.a.nonreversible.process..But,.when.the.glassy.sample.is.heated.to.tempera-
tures.below.Tg,.where.structural.relaxation.also.occurs.but.through.CSRO,.
the.process.is.reversible..That.is,.the.same.value.of.CTE.is.obtained.during.
thermal.cycling.by.cooling.and.through.subsequent.reheating,.but.only.up.
to.temperatures.just.below.Tg.

The.CTE.value.appears.to.be.independent.of.the.heating.rate.at.which.the.
sample.is.heated.to.high.temperatures.[24]..Figure.6.5a.shows.the.variation.
of.the.thermal.dilatation.(ΔL/L).as.a.function.of.temperature.for.different.Cu.
contents. in. the.melt-spun.Pd40Ni40−xCuxP20.glassy.alloy.ribbons..No.appre-
ciable.change.in.ΔL/L.is.seen.in.the.temperature.range.below.Tg,.indicating.
that.the.alloy.has.an.extremely.low.CTE.in.the.glassy.state..With.a.further.
increase.in.temperature,.the.alloy.begins.to.elongate.and.this.is.followed.by.
a.rapid.increase.in.elongation.in.the.supercooled.liquid.range..But.once.the.
sample.reaches.the.crystallization.temperature.range.(600–615.K),.elongation.
stops.. This. trend. is. observed. in. most. BMG. alloys,. with. a. few. exceptions..
Figure.6.5b.shows.the.variation.of.CTE.as.a. function.of. the.Cu.content. in.
the.Pd40Ni40−xCuxP20.glassy.alloy.ribbons..The.CTE.decreases.with.increas-
ing.Cu.content.up.to.about.10.at.%.Cu.and.then.increases.with. increasing.
Cu content.

The.thermal.expansion.behavior.of.Sm-based.BMGs.and.Cu-based.BMGs.
appears. to. be. quite. different. above. Tg.. At. temperatures. higher. than. Tg,.
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the.CTE.for.the.Cu-based.BMG.alloy.increases.initially.and.then.a.slight.
contraction.follows..A.similar.behavior.is.seen.in.some.Zr-.and.Pd-based.
BMGs.as.well..But,. in.the.case.of.Sm-based.BMGs,.no.increase.in.CTE.is.
observed.above.Tg,.in.the.supercooled.liquid.region..This.apparent.anom-
aly.has.been.explained.on.the.basis.of.the.following.differences.between.
the.two.glasses.[30].

The.change.in.CTE,.above.Tg,.can.be.expressed.as.a.combination.of.two.
parts,.i.e.,

. ∆ = ∆ + ∆α α α1 2 . (6.6)

Here.Δα1.is.due.to.the.transition.from.the.glassy.to.the.supercooled.liquid.
state.and. is.always.positive..When.a. compressive. load. is.used.during. the.
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FIGURe 6.5
(a).Variation.of.thermal.dilatation,.ΔL/L,.as.a.function.of.temperature.for.different.Cu.contents.
in.the.melt-spun.Pd40Ni40−xCuxP20.ribbons..While.ΔL/L.remains.almost.unchanged.in.the.glassy.
state,.it.increases.with.an.increasing.temperature.in.the.supercooled.liquid.state.and.stops.after.
the.sample.is.crystallized..(b).Variation.of.CTE.as.a.function.of.Cu.content.in.the.melt-spun.
Pd40Ni40−xCuxP20.glassy.alloys.with.x.=.0,.10,.30,.and.40.at.%.Cu)..A.tensile.stress.of.0.7–1.3.MPa.
was.applied.during.the.test.
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length-change. measurement,. Δα2. is. negative.. Depending. on. the. relative.
magnitudes.of.Δα1.and.Δα2,.the.Δα.value.may.be.positive.or.negative..In.the.
case.of.Sm-based.BMGs,.the.specific.amount.of.contraction.was.found.to.
be.an.order.of.magnitude.larger.than.in.the.case.of.Cu-based.BMGs.under.
the.action.of.the.compressive.load..In.other.words,.Δα2. is.much.more.nega-
tive.than.Δα1..That.is.why.the.Sm-based.BMGs.exhibited.a.decrease.in.CTE.
in  the.supercooled. liquid.region..Whether. this.difference. in.CTE.between.
the.Cu-based.and.the.Sm-based.BMGs.is.real.can.easily.be.resolved.by.mea-
suring.the.CTE.values.under.a.tensile.load.and.seeing.whether.the.behavior.
is.any.different.

6.4	 Diffusion

Studies.of.diffusion.are.very.important.in.the.field.of.metallic.glasses—both.
ribbons.and.BMGs..It.is.scientifically.interesting.to.determine.whether.the.
mechanism. of. diffusion. in. metallic. glasses. is. different. from. that. in. crys-
talline.materials..More.specifically,. it.will.be. important. to.decide.whether.
the.single-atom.jumps.observed. in.crystalline.materials.are. true. in.metal-
lic. glasses. as. well.. Increasing. evidence. suggests. that. it. is. not. true,. partic-
ularly. in. the.supercooled. liquid.region..Further,. since.metallic.glasses.are.
nonequilibrium. materials,. they. transform. to. the. equilibrium. constitution.
on.annealing.them.at.sufficiently.high.temperatures.and/or.for.a.long.time..
During.annealing,.depending.on. the. temperature.at.which. it. is.done,. the.
glass.undergoes.structural.relaxation,.phase.separation,.and.crystallization..
All.these.processes.involve.diffusion.and.therefore.the.thermal.stability.of.
the.metallic.glasses.is.determined.by.their.diffusion.behavior..Thus,.a.study.
of.the.diffusion.behavior.in.metallic.glasses.is.important.both.scientifically.
and.technologically.

Diffusion. studies. were. conducted. earlier. on. melt-spun. metallic. glass.
ribbons. [33,34],. but. mostly. in. the. glassy. state,. at. temperatures. below. the.
crystallization.temperature,.Tx..The.width.of.the.supercooled.liquid.region.
(ΔTx.=.Tx.−.Tg).is.very.small.in.these.melt-spun.metallic.glasses,.if.observed.at.
all,.and.therefore.it.was.not.possible.to.study.the.diffusion.behavior.in.the.
supercooled. liquid. condition. in. these. materials.. But,. the. advent. of. BMGs,.
which.show.a.significantly. large.ΔTx. range,.has.changed. the.situation.sig-
nificantly..Since.ΔTx.in.BMGs.is.a.few.tens.of.degrees.wide,.or.in.some.cases.
even.over.100.K,.detailed.diffusion.studies.have.been.conducted.in.the.super-
cooled. liquid.region. in.BMGs..Such. temperature. regimes.were.previously.
not.accessible..A.number.of.studies.are.available.now.and.the.results.up.to.
2003.have.been.summarized.in.a.succinct.review.[35].

Generally,. radiotracer. techniques. have. been. used. to. study. the. diffu-
sion.behavior.in.BMG.alloys.due.to.their.high.sensitivity.and.also.because.
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self-diffusion.can.be.very.conveniently.investigated..The.procedure.for.these.
studies.is.rather.simple..A.thin.layer.of.the.radiotracer.atoms.is.deposited.on.
a.well-polished.flat.surface.of.the.sample.and.then.an.isothermal.diffusion.
anneal.is.performed.at.the.desired.temperature.and.for.the.required.length.
of.time..The.concentration/depth.profile.is.then.obtained.by.sectioning.the.
sample.and.determining.the.number.of.tracer.atoms..The.diffusion.condition.
is.equivalent.to.an.infinitely.thin.source.diffusing.into.a.semi-infinite.cylin-
der.and.therefore.the.concentration.profile.with.distance.can.be.described.by.
the.thin.film.solution.of.Fick’s.second.law.of.diffusion.as

.
C x t

M
Dt

x
Dt

( , ) exp= −








π

2

4
. (6.7)

where
C(x,.t).is.the.tracer.concentration.measured.at.time.t
M.is.the.initial.amount.of.the.tracer.at.the.surface
D.is.the.diffusion.coefficient
x.is.the.penetration.depth

Thus,.by.plotting.ln.C(x,.t).against.x2,.a.straight.line.with.the.slope.−1/4Dt.is.
obtained,.from.which.the.value.of.D.is.determined.

The.diffusion.behavior.of.melt-spun.glassy.ribbons.is.known.to.be.sensi-
tive.to.structural.relaxation..Accordingly,.in.the.as-quenched.ribbon.(i.e.,.in.
the.unrelaxed.sample),. the.diffusivity.decreases.as.a. function.of. time.due.
to.structural.relaxation.and.annealing.out.of.excess.free.volume..The.diffu-
sivity.reaches.a.constant.value.only.when.the.sample.is.fully.relaxed..Such.
a.situation. is.not.obtained. in. the.BMG.alloy.samples.due. to. the.relatively.
slow.solidification.rates.at.which.these.glassy.alloys.are.produced..Therefore,.
whenever.diffusion.studies.are.carried.out.on.thin.ribbon.specimens,.they.
are.given.a.pre-annealing.relaxation.treatment.before.the.diffusion.measure-
ments.are.made.

Figure.6.6.shows.the.penetration.profiles.for.the.diffusion.of.63Ni.in.the.glassy.
and.the.supercooled.liquid.phases,.respectively,.of.the.Zr55Al10Ni10Cu25BMG.
alloy.[36]..All.the.diffusion.profiles.are.Gaussian.without.a.serious.surface.
hold-up. or. noticeable. non-Gaussian. tails.. The. very. first. data. points. are.
affected. by. surface. effects. and. so. are. not. taken. into. account.. Data. points.
at. large.penetration.depths.are.influenced.by.the.background.activity.and.
therefore.they.are.also.neglected..By.analyzing.the.penetration.profiles.using.
a.least.squares.fitting.to.Equation.6.7,.the.D.values.are.calculated.at.different.
temperatures..Figure.6.7.shows.the.temperature.dependence.of.diffusivity.of.
Ni.in.the.Zr55Al10Ni10Cu25.BMG.alloy.

The. important. feature. to.be.noted. in.Figure.6.7. is. the.nonlinearity..The.
data,.however,.can.be.divided.into.two.subsets,.each.described.by.a.different.
Arrhenius.equation..The.first.region. is. for. temperatures.below.the.“kink”.
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temperature,.and.the.other.is.for.temperatures.above.the.“kink.”.This.kink.
temperature,.which.represents. the.change. in. the. temperature.dependence.
of.diffusivity,.is.frequently.identified.as.the.glass.transition.temperature,.Tg..
That.is,.the.Arrhenius.behavior.above.Tg.represents.the.diffusion.behavior.
in.the.supercooled.liquid.state.and.that.below.Tg,.the.behavior.in.the.glassy.
state..Accordingly,.the.pre-exponential.factor.D0.and.the.activation.energy.
for.diffusion.are.different.in.these.two.regions..The.diffusivity.in.the.super-
cooled.liquid.phase.is.much.higher.than.that.obtained.by.extrapolation.from.
the. low-temperature.data. in. the.glassy.phase..This.behavior. is. in.contrast.
to.melt-spun.ribbons.that.show.a.single.straight.line.described.by.a.unique.
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FIGURe 6.6
Depth.penetration.profiles.for.diffusion.of.63Ni.in.the.glassy.phase.(a).and.in the.supercooled.
liquid.condition.(b).for.the.Zr55Al10Ni10Cu25.BMG.alloy.
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FIGURe 6.7
Temperature.dependence.of.diffusivity.of.63Ni.in.the.Zr55Al10Ni10Cu25.BMG.alloy.
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Arrhenius.equation..This.is.essentially.because.the.supercooled.region.is.not.
easily.accessible.in.the.case.of.melt-spun.glassy.ribbons.

Fitting. the. data. to. two. different. Arrhenius. equations,. the. temperature.
dependence. of. diffusivity. of. Ni. in. the. Zr55Al10Ni10Cu25. BMG. alloy. was.
expressed.as

.
D

RT
glass

kJ mol
m s in the glassy sta= × − ±









−
−

−6 8 10
59 215

1
2 1. exp tte, . (6.8)

and

.

D

RT

supercooled

 kJ mol
m s in the= × − ±





−
−4 5 10

363 329
1

2 1. exp   super-cooled state.
.

(6.9)

The.diffusion.data.available.for.different.species.in.different.BMG.alloys.are.
summarized.in.Table.6.3.

It.is.clear.from.Table.6.3.that.both.the.pre-exponential.factor,.D0,.and.the.
effective.activation.energy,.Q,.for.BMG.alloys.in.the.high-temperature.region.
(supercooled.liquid.region).are.much.higher.than.those.in.the.low-tempera-
ture.region.(glassy.state)..These.differences.indicate.that.the.operative.mech-
anisms.are.different.in.these.two.regions..It.has.been.suggested.that.single.
atom.hopping.is.effective.in.explaining.the.diffusion.behavior.in.the.glassy.
state.(like.in.the.crystalline.state)..But,.in.the.supercooled.liquid.state,.diffu-
sion.is.envisaged.as.a.medium-assisted,.highly.collective.hopping.process,.in.
which.groups.of.atoms.(typically.about.10).perform.thermally.activated.tran-
sitions.into.new.configurations.[47]..That.is,.the.diffusion.mechanism.at.high.
temperatures.is.cooperative.and.at.lower.temperatures.it.is.noncooperative.

The. above. suggestion. of. different. diffusion. mechanisms. has. been. con-
firmed. by. measuring. the. mass. dependence. of. diffusion. described. by. the.
isotope.effect..The.isotope.effect.parameter,.E.is.defined.as

.
E

D D

m m
α β

α β

β α
, ≡ ( ) −

−
1
1

.
(6.10)

where.D.and.m. represent. the.diffusivity.and.the.mass.of. the. isotope.pair.
α.and.β,.respectively..In.ordinary.liquids,.diffusion.is.governed.by.viscous.
flow,. which. can. be. described. by. uncorrelated. binary. collisions.. Since. all.
atoms.contribute.continually.to.the.viscous.flow,.the.1/√m.dependence.of.the.
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diffusivity.yields.E.=.1..On.the.other.hand,.a.highly.collective.jump.process.
leads.to.a.very.small.isotope.effect.since.the.contribution.of.the.individual.
mass.is.diluted.[48]..Since.E.has.been.found.to.be.very.small.(ranging.from.
0.to.0.1).in.the.case.of.multicomponent.BMG.alloys,.it.is.suggested.that.the.
diffusion.mechanism.in.the.supercooled.liquid.state.is.completely.different.
from.the.uncorrelated.single-atom.jumps.in.the.ordinary.viscous.flow.[42].

As.mentioned.above,.both.the.Q.and.D0.values.are.much.higher,.typically.
by.several.orders.of.magnitude,. in. the.supercooled. liquid.region,. than. in.
the.glassy.condition..The.small.values.in.the.glassy.state.suggest.a.single.
jump.motion.of.the.atoms,.while.the.larger.values.in.the.supercooled.liq-
uid.state.might.reflect.a.highly.cooperative.motion.of.a.number.of.atoms..
Distinct.changes.were.observed.in.the.apparent.activation.energies.for.Be.
diffusion.at.high.and.low.temperatures,.with.a.crossover.at.the.laboratory.
glass.transition.temperature..Geyer.et.al..[40].suggested.that.this.could.be.
attributed.to.a.change.in.the.diffusion.behavior..At.low.temperatures,.in.an.
essentially.solid.environment,.diffusion.occurs. through.hopping.of.small.
Be. atoms,. whereas. at. high. temperatures,. in. the. supercooled. liquid. state,.
Be.transport.occurs.through.a.superposition.of.single.atomic.jumps.and.a.
cooperative. motion. of. neighbor. atoms. that. support. diffusion. by. increas-
ing. the. frequency.of. critical. free.volume.fluctuations..From.nuclear.mag-
netic.resonance.experiments.it.was.concluded.that.the.hopping.of.Be.atoms.
extends.into.the.supercooled.liquid.state,.but.is.less.dominant.there.than.the.
cooperative.motion.of.the.atoms.[49]..In.contrast.to.the.diffusion.of.small.Be.
atom,.no.crossover.was.observed.for.the.diffusion.of.larger.size.atoms.such.
as.Al,.Co,.and.Ni,.as.well.as.for.some.other.elements.[50,51]..Diffusion.data.
were.also.used.to.explain.the.nature.of. the.glass. transition.by.the.mode-
coupling.theory.[52].

Combining. the.measurements.on.viscosity.and.diffusion,.Masuhr.et. al..
[53].defined.a.characteristic.jump.time.for.atomic.diffusion.as

.
τD = l

D

2

6
. (6.11)

where
l.is.the.atomic.diameter

D.is.the.diffusion.coefficient

and.compared.it.with.the.structural.relaxation.time

.
τ η

η
η

=
G

. (6.12)

where
η.is.the.viscosity
Gη.is.the.high-frequency.shear.modulus
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They. observed. that. the. temperature. dependence. of. the. Al. self-diffusion.
compares.well.with.the.temperature.dependence.of.the.equilibrium.viscos-
ity.(τD,Al.=.τη/14)..In.contrast,.the.self-diffusion.coefficients.of.Be.and.Ni.dif-
fer.by.three.orders.of.magnitude.at.low.temperatures,.but.tend.to.merge.at.
higher.temperatures..The.authors.concluded.that.the.mobilities.of.small.and.
medium-size.atoms,.which.have.small.characteristic.jump.times,.decouple.at.
low.temperatures.from.the.cooperative.liquid-like.mobility.determined.by.
the.viscosity..With.increasing.temperature,.the.time.scale.for.shear.becomes.
comparable.to.the.hopping.times.until,.eventually,.a.cooperative,.liquid-like.
motion.predominates.at.high.temperatures.

Geyer.et.al..[40,41].tried.to.explain.the.temperature.dependence.of.diffu-
sivity. in. the.whole. temperature. range. (covering.both. the.glassy.solid.and.
the.supercooled.liquid.state).by.a.single.Arrhenius-type.equation.by.taking.
into.account.the.temperature-dependent.entropy.change.per.atom,.ΔSSLS(T).
due.to.the.glass.transition..Using.this.approach,.the.diffusivity.in.the.super-
cooled.liquid.state.(SLS),.DSLS(T).was.expressed.as

.
D T D

H
k T
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SLS

SLS

B
( ) = −







exp
∆ . (6.13)

where
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and.ΔSSLS,.the.change.of.entropy.per.atom.in.the.supercooled.liquid.(above.Tg).
can.be.expressed.as
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In.the.above.equation,.the.symbols.NA.and.Cp.represent.Avogadro’s.number.
and.the.specific.heat,.respectively..Since.ΔCp(Tg)/NA.has.been.experimentally.
found.to.be.2.9kB,.where.kB.is.the.Boltzmann.constant,.Equation.6.13.can.be.
rewritten.as

.
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exp exp .
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2 9 . (6.16)

Since.changes.of.electronic.and.vibrational.contributions.to.ΔSSLS.are.negli-
gible.near.Tg,.ΔSSLS.is.mainly.a.configurational.(“communal”).entropy.term..
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In  Equation. 6.16,. the. product. of. the. pre-exponential. factor. and. the. first.
exponential. factor. describes. the. temperature. dependence. of. diffusivity. in.
the.glassy.region..The.second.exponential.factor.contains.the.term.N,.which.
represents. the.number.of. the.nearest.and.possibly. the.next.nearest.neigh-
bors. which. have. a. liquid-like. behavior. and. participate. in. the. cooperative.
jumps.during.diffusion.in.the.supercooled.state..The.enhanced.configura-
tional.entropy.of.this.liquid-like.cell.of.N.atoms.is.accounted.for.by.adding.
the.ΔSSLS. term.to.the.migration.entropy..The.value.of.N. is.obtained.by.fit-
ting. the.experimental.diffusivity.data.above.Tg.using.Equation.6.16..Thus,.
the.authors.[40,41].were.able.to.interpret.the.diffusion.data.in.both.the.glassy.
and.the.supercooled.liquid.states.in.terms.of.a.single.atom.jump.diffusion.
mechanism.

Bartsch.et.al..[54].evaluated.the.codiffusion.behavior.of.32P.and.57Co.trac-
ers. in. a. Pd43Cu27Ni10P20. BMG. alloy. and. noted. that. P. diffused. slower. than.
the.Co.atom;.the.diffusivity.of.32P.was.found.to.be.about.15%.smaller.than.
that.of. 57Co.diffusion..This. situation.was. found. to.be. true.not.only. in. the.
supercooled.melt.but.also.in.the.glassy.state..Measurements.of.diffusivities.
of.32P,.63Ni,.and.Cu.in.a.similar.alloy.were.performed.earlier.[55,56].and.these.
authors.found.that.the.diffusivity.of.32P.was.slower.by.about.two.orders.of.
magnitude.. This. was. explained. on. the. basis. that. P. forms. strong. covalent.
bonds.with.Ni.and.Cu.and.thus.slowed.down.its.diffusivity..But,.it.was.also.
noted.that.there.was.a.difference.of.nearly.two.orders.of.magnitude.between.
the.diffusivity.of.63Ni.measured.by.Bartsch.et.al..[54].and.that.of.63Ni.mea-
sured.by.Nakajima.et.al..[55]..Therefore,.the.situation.is.still.not.clear.

6.5	 Electrical	Resistivity

Due.to.their.intrinsic.disordered.structure,.metallic.glasses.exhibit.an.elec-
trical. resistivity.of.about. two.orders.of.magnitude.higher. than. their. crys-
talline. counterparts.. The. two. typical. characteristics. of. metallic. glasses. in.
general.are.(1).a.relatively.high.electrical.resistivity.of.>1.μΩm.and.(2).a.small.
and.sometimes.negative. temperature. coefficient.of. resistivity. (TCR)..Since.
there.is.no.essential.change.in.the.spatial.atomic.configuration.during.glass.
formation,.a.liquid.and.a.glass.belong.structurally.and.thermodynamically.
to. the.same.phase..Accordingly,.both.the. liquid.and.the.glass.of. the.same.
composition.show.similar.magnitudes.of.TCR.

A. measurement. of. electrical. resistivity. has. been. used. as. a. means. to.
study.the.glass.transition.behavior.and.the.relaxation.behavior.of.metallic.
glasses..The.electrical.resistivity.of.melt-spun.Au-Ge-Si.and.Pd-Au-Si.metal-
lic.glasses.was.measured.by.Chen.and.Turnbull.[57,58]..They.observed.that.
the.Au-Ge-Si.glassy.alloys.showed.a.negative.TCR,.while.the.Pd-Au-Si.alloys.
showed. a. positive. TCR.. Even. though. the. slope. of. the. electrical. resistivity.
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as.a. function.of. temperature. increased.after. the.glass. transition,. this.was.
attributed.to.the.precipitation.of.nanocrystalline.phases.in.the.supercooled.
liquid.region.

There.have.been.only.a.limited.number.of.investigations.on.the.electrical.
resistivity.of. the. recently.developed.BMG.alloys..The.measurements.were.
made.mostly.on.Pd-based.and.Zr-based.alloys.and.the.available.results.are.
summarized.in.Table.6.4.

Figure. 6.8. shows. the. variation. of. the. normalized. electrical. resistance,.
R(T)/R0,. where. R(T). represents. the. resistance. at. temperature. T,. and. R0. is.
the. resistance. at. 300.K,. for. the. melt-spun. Zr60Al15Ni25. glassy. alloy. [63].. It.
may.be.noted. that. the.electrical. resistance.decreases.with. increasing. tem-
perature.from.300.K.up.to.Tg;.attributed.to. the.negative.TCR..But,. the.plot.
shows.a.point.of.inflection.around.450.K,.at.which.point,.the.electrical.resis-
tance.starts.to.slowly.increase.with.increasing.temperature,.although.with.a.
smaller.(but.still.negative).slope..Structural.relaxation.begins.to.occur.at.this.
temperature..But.once.the.sample.has.reached.a.temperature.higher.than.Tg,.
i.e.,.in.the.supercooled.liquid.state,.the.alloy.exhibits.a.positive.TCR.and.the.

Table 6.4

Electrical.Resistivity.of.BMG.Alloys

Alloy ρ300	(μΩm)
[dρ300/dT]/ρ	

(×10−5)
[dρsls/dT]/ρ	

(×10−5)
TCR	

(×10−5	K−1) Reference

Au81Ge11Si8 −20 [58]
Pd82Si18 15.(unrelaxed.

glass)
[58]

40..(relaxed.
glass)

[58]

Pd81Au4Si15 0.9 15 [58]
Pd76Cu6Si18 0.81 [59]
Pd40Cu3Ni37P20 2.33 −11 [59]
Pd40Cu3Ni37P20 1.37 7.3 [60]
Pd40Cu30Ni10P20 — −8.61 −41.7 [61]
Pd40Ni40P20 1.29 12.8 24.2 [60]
Pd43Ni37P20 1.41 3.9 23.3 [60]
Zr60Ti2Cu20Ni8Al10 1.4.(g) −7.(g) [11]

—.. −13.(sls) [11]
0.73.(c) +85.(c) [11]

Zr55Al10Cu35 2.56 −6.8 [62]
Zr55Al10Cu30Ni5 2.60 −10.9 [62]
Zr55Al10Cu25Ni10 2.53 −15.9 [62]
Zr52Ti5Cu18Ni15Al10 1.6.(g) −9.(g) [11]

.— −20.(sls) [11]
1.1.(c) +10.(c) [11]

Note:. g,.glassy.state;.sls,.supercooled.liquid.state;.c,.crystalline.state.
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variation.of.the.resistivity.is.almost.linear.with.temperature,.up.to.the.crys-
tallization.temperature..Once.crystallization.sets.in,.the.electrical.resistance.
drops.rapidly..Other.Pd-based.and.Cu-based.BMG.glassy.alloys.also.show.a.
similar.behavior.except.that.the.specifics.of.TCR,.Tg,.and.Tx.are.different.for.
different.alloy.systems.[59,64–66].

The.reduced.electrical.resistivity.in.Zr60Ti2Cu18Ni15Al10.and.Zr52Ti5Cu20Ni8Al10.
BMG.alloys.was.shown.to.decrease.with.an.increasing.temperature.in.the.
glassy.region..The.variation.is.slow.to.start.with.and.shows.a.kink.near.Tg..
By.measuring.the.electrical.resistivity.as.a.function.of.temperature,.Mattern.
et.al..[11].noted.that.a.plot.of.resistivity.against.temperature.shows.a.clear.
change.in.the.slope.at.Tg.(see,.for.example,.Figure.3.in.Ref..[11])..A further.
increase.in.temperature.reduces.the.resistivity.more.rapidly.in.the.super-
cooled.region,.and.much.more.rapidly.after.crystallization.[59,64–66]..A.similar.
drop.in.resistivity.was.obtained.at.the.other.crystallization.events.also..The.
number.of.steps.in.the.decrease.of.the.reduced.electrical.resistivity.has.been.
related.to.the.number.of.crystallization.events.as.determined.from.the.DSC.
curves..From.the.strong.evidence.presented.in.a.number.of.cases,.it.has.been.
concluded.that.the.variation.of.electrical.resistivity.after.the.glass.transition.
is.an. inherent.change. in. the.electron.transport.property.of. the.alloy..That.
is,. this. change. in. electrical. resistance. at. the. glass. transition. is. real. and. is.
not,.as.interpreted.earlier,.associated.with.the.formation.of.nanocrystalline.
phases.. This. has. been. confirmed. using. transmission. electron. microscopy.
studies.[59].

Figure.6.9.shows.a.plot.of.the.temperature.coefficient.of.resistivity.(TCR).
of. Pd40Ni40−xCuxP20. BMG. alloys. as. a. function. of. the. Cu. content.. It. may. be.
noted. from. this. plot. that. the. TCR. is. negative. at. low. Cu. contents. and. it.
slowly.becomes.positive,.passing.through.a.zero.value,.as.the.Cu.content.is.
increased.[29]..Thus,.it.should.be.possible.to.obtain.a.zero.TCR.by.fine-tuning.
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FIGURe 6.8
Variation. of. reduced. electrical. resistance. with. an. increasing.annealing. temperature. for. the.
melt-spun.Zr60Al15Ni25.glassy.alloy..(Reprinted.from.Haruyama,.O..et.al.,.Mater. Trans. JIM,.37,.
1741,.1996..With.permission.)



Physical	Properties	 289

the.Cu.content.in.the.BMG.alloy..In.this.context,.it.is.interesting.to.note.that.
the.Pd40Cu30Ni10P20.alloy.has.the.highest.glass-forming.ability.(GFA).in.the.
Pd-Cu-Ni-P.alloy.system..It.is.also.the.same.composition.at.which.TCR.≈.0..
Therefore,.it.will.be.instructive.to.investigate.if.the.GFA.of.alloys.is.in.any-
way.related.to.the.zero.TCR..A.similar.situation.of.TCR.going.from.the.nega-
tive.to.the.positive.value.was.reported.to.occur.as.the.P.content.is.reduced.in.
the.melt-spun.ribbons.of.the.Pd-Ni-P.alloy.system.[67]..Even.though.all.the.
alloy.compositions.from.x.=.15–27.at.%.P.were.glassy,.the.TCR.was.close.to.
zero.at.x.=.24.at.%.P..Detailed.investigations.are.not.available.regarding.the.
GFA.of.these.alloys.

In.most.of.the.cases,.the.electrical.resistance.is.measured.on.heating.the.
glassy. samples. from. room. temperature. in. the. glassy. state,. to. the. super-
cooled.liquid.state,.and.sometimes.into.the.liquid.state.[64,65]..Measurement.
of.electrical.resistivity.at.low.temperatures.has.been.reported.only.in.a.few.
Zr-based.BMG.alloys..Okai.et.al..[62,68].measured.the.electrical.resistivity.of.
Zr55Cu30−xAl10Ni5Nbx.(x.=.0,.1,.3,.and.5.at.%).BMG.alloys.at.temperatures.from.
300.K.down.to.about.2.K..They.noted.that.the.electrical.resistivity. in.these.
alloys.increased.slowly.with.decreasing.temperature.and.that.the.resistivity.
dropped.precipitously.at.2.8.K. in. the.Zr55Cu30Al10Ni5.alloy,.suggesting. that.
the.electrical.resistivity.characteristics.of.the.Zr55Al10Cu30Ni5.alloy.are.similar.
to.those.of.glassy.superconducting.alloys.[62]..An.addition.of.1–5.at.%.of.Nb.
(an.element.which.has.a.positive.heat.of.mixing.with.Zr).to.the.above.alloy.
resulted.in.the.precipitation.of.the.nanocrystalline.superconducting.phases,.
e.g.,.Zr2Cu.and.Zr2Ni,. in.the.glassy.matrix..These.superconducting.phases.
have.a.superconducting.transition.temperature.of.2.3–2.9.K.[68].

The.crystallization.behavior.of.Zr41Ti14Cu12.5Ni10Be22.5.[69].and.Cu43Zr43Al7Ag7.
[66].BMG.alloys.was.analyzed.using.electrical.resistivity.measurements..The.
Zr41Ti14Cu12.5Ni10Be22.5.BMG.alloy.was.isothermally.annealed.at.390°C.(663.K)..
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The.measurement.of.the.electrical.resistivity.of.this.alloy,.in.which.the.resis-
tivity. decreased. with. time,. showed. that. there. were. two. distinct. stages. of.
resistivity. reduction. with. annealing. time,. suggesting. that. crystallization.
will.be.complete.in.two.stages..This.result.is.consistent.with.the.results.of.
DSC.which.also.showed.two.crystallization.peaks..The.results.of.the.electri-
cal.resistivity.were.analyzed.for.the.degree.of.crystallization,.x(t).using.the.
relationship

.
x t

t
( )

( )
( )

= −
− ∞

ρ ρ
ρ ρ

0

0
. (6.17)

where.ρ0.and.ρ(∞).are.the.electrical.resistivities.at.the.beginning.(t.=.0).and.at.
the.end.of.the.crystallization..The.results.were.analyzed.using.the.Johnson–
Mehl–Avrami–Kolmogorov.(KJMA).approach

.
x t ktn( ) exp= − −( )1 . (6.18)

where
k.is.a.kinetic.factor
n.is.the.Avrami.exponent

Since.the.crystallization.took.place.in.two.stages,.the.two.values.of.n.were.
evaluated,.and.from.these.the.mechanism.of.the.growth.of.precipitates.was.
inferred.

Since.some.applications.of.BMGs.require.good.electrical.conductivity,.and.
the.two.traditional.approaches.of.compositional.modification.and.the.reduc-
tion.of.defects.have.been.proved.unsuccessful,.Wang.et.al..[70].developed.a.
composite.of.α-brass.(Cu80Zn20).dispersed.in.a.Ni59Zr20Ti16Si2Sn3.BMG.matrix..
A. microscopic. examination. showed. that. the. brass. phase. was. uniformly.
distributed. in. both. the. longitudinal. and. transverse. cross. sections.. While.
the.room.temperature.resistivity.of. the.monolithic.BMG.was.measured.as.
1.75.×.10−6.Ωm,.the.composite.had.a.much.lower.room.temperature.resistivity.
of.1.63.×.10−7.Ωm.in.the.longitudinal.direction..The.resistivity.in.the.trans-
verse.direction.was.about.three.times.higher.than.this,.suggesting.that.the.
conductivity.is.anisotropic.and.that.it.is.sensitive.to.the.morphology.of.the.
high.conducting.phase.

6.6	 Specific	Heat

Like. the. other. physical. properties. discussed. so. far,. the. specific. heat. of.
BMG.alloys.can.also.provide.valuable.information.about.structural.relax-
ation..The.specific.heat.is.generally.measured.using.a.differential.scanning.
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calorimeter.(DSC)..The.sample.is.first.heated.to.a.certain.temperature.at.a.
constant.heating.rate.and.held.there.isothermally.for.the.desired.length.of.
time..The.heat.flux.at.this.temperature.is

.

dQ
dt
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t
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where.(∂Q/∂t)T
.
 ≠ 0.represents.the.power.required.to.heat.the.sample.and.the.

container.with.an.overall.heat.capacity.of.C.and.to.hold.it.at.a.certain.temper-
ature,.and.the.term.(∂Q/∂t)T

.
.=.0.is.the.power.needed.to.keep.the.temperature.

just.constant..The.absolute.specific.heat.capacity.of.the.sample.can.be.deter-
mined.from.a.knowledge.of.the.heat.capacity.of.the.empty.sample.container.
and.of.a.standard.sapphire.sample,.by.repeating.the.above.experiment.every.
10.or.20.K.or.so,.on. (1). the.metal.sample. in. the.sample.pan,. (2).a.sapphire.
standard.in.the.sample.pan,.and.(3).the.sample.pan.by.itself..The.absolute.
specific.heat.capacity.of.the.sample.is.then.calculated.using.the.relationship.
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where.m.and.μ.represent.the.mass.and.the.mole.mass,.respectively..This.has.
been.done.on.some.Mg-.[71],.Cu-[72],.Zr-based.[72].BMG.alloy.systems.

The.specific.heat.of.the.supercooled.liquid.can.be.described.by.the.equation

. C R aT bTp Liquid( ) = + + −3 2 . (6.21)

and.that.of.the.crystal.well.above.the.Debye.temperature.as

. C R cT dTp Crystal( ) = + +3 2 . (6.22)

where
R.is.the.universal.gas.constant
a,.b,.c,.and.d.are.the.fitting.constants

By.calculating.the.difference.in.the.specific.heats.between.the.liquid.and.the.
crystalline.states,.other. thermodynamic.parameters,. such.as.enthalpy.and.
entropy.can.be.calculated.using.the.equations

.
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where
ΔHf.and.ΔSf.represent.the.enthalpy.and.the.entropy.of.fusion,.respectively
Tf. is. the.temperature.at.which.the.Gibbs.free.energies.of. the. liquid.and.

crystal.are.equal
ℓ.and.x.represent.the.liquid.and.crystal,.respectively

ΔSf.can.be.calculated.as.ΔSf.=.ΔHf/Tf..From.these.parameters,.the.Gibbs.free-
energy.difference.between.the.crystal.and.the. liquid.phases.can.be.calcu-
lated.using.the.relationship

. ∆ ∆ ∆G T H T T S Tx x x� � �− − −( ) = ( ) − ⋅ ( ) . (6.25)

A.knowledge.of.the.free.energy.difference.between.the.crystal.and.the.liq-
uid.phases.can.provide.information.about.the.glass.forming.ability.(GFA).of.
alloys..In.general,.the.lower.the.ΔGℓ−x(T).value,.the.better.is.the.GFA..It.has.
also.been.noted.that.the.smaller.the.entropy.of.fusion,.the.higher.is.the.GFA..
The.free.energy.difference.between.the.crystal.and.the.liquid.phases.is.the.
driving.force.for.crystallization.in.the.case.of.polymorphous.crystallization.
of.metallic.glasses..But,.in.those.cases.where.crystallization.takes.place.by.
eutectic. or. primary. modes,. this. value. is. the. lower. limit. of. the. thermody-
namic.driving.force.for.crystallization.

Kauzmann.temperature,.TK,.is.the.temperature.at.which.the.entropies.of.
the.liquid.and.the.crystal.are.equal.[73]..Since.the.entropies.of.the.liquid.and.
the.crystal.are.measured.using.the.calorimetric.method.as.described.above,.
it.is.possible.to.determine.TK.using.these.results.[71,72,74]..By.extrapolating.
the.entropy.of.the.supercooled.liquid.to.low.temperatures.and.identifying.
the.temperature.at.which.the.entropy.of.the.liquid.is.the.same.as.that.of.the.
crystal,.one.can.determine.TK..The.significance.of.TK.is.that.it.is.the.lowest.
temperature.at.which.a.supercooled.liquid.can.exist..Below.this.temperature,.
the.supercooled.liquid.has.to.either.spontaneously.crystallize.or.form.a.glass.

Nishiyama.et.al.. [74].noted. that.during.continuous.cooling.of. the. liquid.
in. a. DSC. to. low. temperatures,. an. abrupt. change. in. the. specific. heat. was.
observed.at.the.glass.transition.temperature,.Tg.

As.mentioned.at.the.beginning.of.this.section,.the.measurement.of.specific.
heat.can.greatly.aid.in.understanding.the.structural.relaxation.behavior.of.
metallic.glasses..Figure.6.10.shows.the.thermograms.of.the.Zr60Al10Co3Ni9Cu18.
glassy.samples.in.three.different.conditions—in.melt-spun.ribbon.of.about.
20.μm.thickness,.a.5.mm.diameter.rod,.and.a.7.mm.diameter.rod.[75]..Here.
the.symbol.Cp,q.represents.the.specific.heat.of.the.sample.in.the.as-quenched.
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condition.and.Cp,s.denotes.the.specific.heat.of.the.structurally.relaxed.sam-
ple.(that.was.earlier.heated.to.the.supercooled.liquid.region.at.700.K)..The.
general. trend.of. the.variation.of. the.specific.heat.with.temperature.as. the.
as-quenched. sample. is. heated. to. high. temperatures. may. be. described. as.
follows.

With.reference.to.Figure.6.10,.note.that.the.value.of.Cp,q.of.the.BMG.samples.
increases.slowly.with.increasing.temperature.up.to.about.510–520.K.and.then.
begins.to.decrease.due.to.structural.relaxation..The.Cp,q.shows.a.minimum.at.
about.580.K,.and.this.is.followed.by.a.rapid.increase.due.to.the.glass.transi-
tion,.when.the.glass.reaches.a.fully.relaxed.supercooled.state..On.continued.
increase.of.temperature,.one.notices.a.gradual.decrease.in.Cp.in.the.super-
cooled.liquid.region.and.then.a.rapid.decrease.due.to.crystallization..In.com-
parison,.Cp,s.increases.continuously.in.the.temperature.range.below.Tg.and.
then.steeply.in.the.glass.transition.temperature.range..No.appreciable.differ-
ence.in.the.specific.heat.between.Cp,q.and.Cp,s.is.seen.in.the.supercooled.liq-
uid.state,.indicating.that.the.supercooled.liquid.is.in.an.internal.equilibrium.
state. and. that. the. previous. thermal. history. of. the. sample. has. completely.
disappeared..The.temperature.dependence.of.Cp,s.for.the.glassy.solid.and.the.
supercooled.liquid.can.be.expressed.as

. C T Tp s, . .= + × −( ) + −( )30 5 8 10 570 0 04 57010 . (6.26)
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Variation.of.specific.heat.as.a.function.of.temperature.for.the.Zr60Al10Co3Ni9Cu18.glassy.samples.
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rod..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans. JIM,.36,.391,.1995..With.permission.)
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for.the.glassy.solid.in.the.temperature.range.of.570–690.K,.and

. C T Tp s,
.. .= + −( ) − −( )51 2 0 05 690 690 0 5 . (6.27)

for.the.supercooled.liquid.in.the.temperature.range.of.690–760.K..Additionally,.
the.heat.of.the.structural.relaxation.(ΔHr).caused.by.continuous.heating.can.
be.determined.using.the.equation

.
∆ ∆H C dTr p= ⋅∫ . (6.28)

where.ΔCp.=.Cp,s.−.Cp,q..The.ΔHr.values.decreased.from.the.melt-spun.ribbon.
to. increasing.diameters.of. the.BMG.alloys..For.example,.ΔHr.value.for.the.
cylindrical.sample.with.a.5.mm.diameter.is.147.J.mol−1,.while.it.is.683.J mol−1.
for.the.melt-spun.ribbon,.suggesting.that.the.cylindrical.sample.has.a.much.
more. relaxed. structure. in. comparison. to. the. melt-spun. ribbon.. This. is.
directly.related.to.the.much.lower.cooling.rate.experienced.by.the.large.cyl-
inder.during.the.casting.process.

The.usefulness.of. the. specific.heat. in. studying. the. structural. relaxation.
behavior.of.metallic.glasses,.both.melt-spun.ribbons.and.cast.large-diameter.
rods,.was.discussed.in.Chapter.5.

6.7	 Viscosity

Viscosity.is.perhaps.the.most.important.physical.property.of.the.liquid.alloy.
that. determines. its. glass-forming. ability. and. flow. behavior.. Several. stud-
ies.have.been.conducted.to.evaluate.the.viscosity.of.alloys.as.a.function.of.
temperature,.the.shear.rate,.and.the.alloy.constituents.and.the.composition..
It.was.explained.in.Chapter.2,.that.if.a.liquid.could.be.undercooled.down.to.
a.temperature.below.the.glass.transition.temperature.Tg,.without.allowing.
it.to.crystallize,.then.a.glassy.phase.is.formed..The.formation.of.the.glassy.
phase.is.related.to.a.significant.increase.in.the.viscosity.of.the.undercooled.
melt.at.Tg..Whereas.the.viscosity.of.simple.alloys.is.typically.about.10−3.Pa.s.
at.the.melting.point,.it.increases.to.about.1012.Pa.s.at.Tg,.a.value.that.is.taken.
as.a.measure.to.define.Tg..That.is,.any.liquid.that.attains.a.viscosity.of.1012.Pa.
s.without.crystallization.will.be.considered.a.glass,.irrespective.of.the.alloy.
system.and.composition.

Depending.on.the.rate.of.change.of.viscosity.with. temperature,. liquids.
have.been.traditionally.classified.into.two.categories—strong.and.fragile.[76]..
In.the.case.of.a.strong.liquid,.the.viscosity.is.high.near.the.melting.point.and.
increases.gradually.with.a.decreasing.temperature.following.an.Arrhenius.
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behavior..In.a.fragile.liquid,.on.the.other.hand,.the.viscosity.is.low.at.the.
melting.temperature,.and.increases.slowly.with.a.decreasing.temperature.
in. a. non-Arrhenius. fashion,. and. rises. suddenly. near. the. glass. transition.
temperature,.Tg..We.will.come.back.to.this.aspect.later.in.this.section.again.

It. is. observed. during. isothermal. annealing. experiments. that. the. appar-
ent.viscosity.increases.gradually.with.the.annealing.time,.t,.and.reaches.an.
almost.constant.value.after.long.annealing.times..This.value.will.be.referred.
to.as.the.equilibrium.viscosity..The.equilibrium.viscosity.value.is.different.at.
different.temperatures..The.change.in.viscosity.occurs.because.of.the.relax-
ation.processes.that.take.place.in.the.glassy.phase.to.reach.the.“equilibrium”.
supercooled. region.. The. equilibrium. viscosity. is. obtained. by. fitting. the.
apparent.viscosity.data.using.a.stretched.exponential.function

.
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where
η(t,.T).is.the.measured.apparent.viscosity
ηg.is.the.apparent.viscosity.for.the.as-cast.glassy.alloy
ηeq(T).is.the.equilibrium.viscosity.at.temperature.T
τ.is.the.relaxation.time.for.the.shear.viscous.flow
β.is.the.stretched.exponent

The. viscosity. of. liquid. alloys. has. been. measured. by. different. methods..
Since.viscosity.is.defined.as.a.measure.of.the.resistance.to.shear.flow,.it. is.
possible.to.determine.the.viscosity,.η,.by.measuring.the.flow.stress.at.differ-
ent.strain.rates.and.using.the.relation

.
η σ

γ
= flow

�
. (6.30)

where
σflow.represents.the.experimentally.determined.equilibrium.flow.stress
γ..is.the.strain.rate

The.viscosity.as.a.function.of.strain.rate.can.be.described.using.the.equation

. η γ= ⋅ −A n� 1 . (6.31)

where. n. represents. the. shear. thinning. coefficient,. which. can. be. deter-
mined. by. fitting. Equation. 6.31. to. the. viscosity. vs.. the. shear. rate. data.. If.
n.<.1,.the.liquid.exhibits.a.reduced.viscosity.with.an.increasing.shear.rate.
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or.a.non-Newtonian.behavior..If.the.viscosity.is.independent.of.the.shear.
rate,. i.e.,. when. n.=.1,. the. liquid. is. referred. to. as. exhibiting. a. Newtonian.
flow..It.has.been.shown.that.the.value.of.n.increases.with.increasing.tem-
perature,. suggesting. an. increasing. Newtonian. behavior. with. increasing.
temperature.

Another.way.to.determine.the.viscosity.is.the.three-point.beam-bending.
method.in.which.a.load.is.applied.to.the.center.of.a.beam.of.uniform.cross.
section.supported.on.both.ends,.and.by.measuring.the.deflection.of.the.cen-
ter.of.the.beam.with.time.[77]..The.viscosity.is.calculated.using.the.equation

.
η ν ρ= +





gL
I

M
AL3

144
5

8c
. (6.32)

where
g.is.the.gravitational.constant.(9.8.m.s−2)
Ic.is.the.cross.section.moment.of.inertia.(m4)
ν.is.the.midpoint.deflection.rate.(m.s−1)
M.is.the.applied.load.(kg)
ρ.is.the.density.of.the.glass.(kg.m−3)
A.is.the.cross.sectional.area.(m2)
L.is.the.support.span.(m)

Other.methods.such.as.parallel.plate.rheometry.[78],.decay.of.resonant.oscil-
lations.[79],.length.changes.of.the.glassy.ribbons.[80],.have.also.been.used,.
among.others..A.measurement.of.viscosity.at.very.high. temperatures.has.
been.difficult.because.of.the.possible.interaction.of.the.liquid.melt.with.the.
container..But,. these.problems.have.been.now.resolved.and.several. inves-
tigators. have. measured. the. viscosity. in. the. liquid. state. as. a. function. of.
temperature.

The. variation. of. viscosity. with. temperature. of. a. Pd40Cu30Ni10P20. BMG.
alloy.at.a.heating.rate.of.20.K.min−1.and.a.compressive.stress.of.20.kPa. is.
shown. in. Figure. 6.11a.. The. viscosity. remains. almost. constant. up. to. near.
Tg,. at. which. temperature. it. starts. to. decrease,. slowly. first. and. then. very.
rapidly.reaching.a.minimum..The.minimum.temperature.(of.675.K.in.the.
present.case).corresponds.to.the.onset.temperature.of.crystallization..After.
crystallization,.the.viscosity.increases.steeply.with.increasing.temperature.
and. then. reaches. a. steady-state. value. on. completion. of. crystallization.. It.
has.been.suggested.[81].that.the.absolute.value.of.ηmin.is.an.indication.of.the.
thermal.stability.of.the.supercooled.liquid..The.value.of.8.3.×.105.Pa.s.for.the.
Pd40Cu30Ni10P20.BMG.alloy.is.2–3.orders.of.magnitude.lower.than.that.(about.
108.Pa.s).for.the.Pd77.5Cu6Si16.5.alloy.[1],.suggesting.that.the.supercooled.liq-
uid.of.the.Pd-Cu-Ni-P.alloy.has.a.higher.resistance.against.crystallization.
than.the.Pd-Cu-Si.alloy..This.is.an.indication.that.the.Pd-Cu-Ni-P.glass.is.
appropriate.for.secondary.working.through.viscous.flow.in.the.supercooled.
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liquid.region..Further,. it.has.been.noted.that.the.viscosity.decreases.with.
an.increasing.heating.rate.employed,.as.shown.in.Figure.6.11b..It.has.also.
been.suggested.that.a.measurement.of.viscosity.at.high.heating.rates.is.one.
effective. way. of. reducing. the. oxygen. contamination. from. the. measuring.
environment.[82].

It.is.known.that.the.onset.temperature.of.crystallization.depends.on.the.
heating.rate..When.the.secondary.working.is.carried.out.in.the.supercooled.
liquid.state,. the.heating.rate. is.an. important. factor. to.determine. the.hold-
ing.time.before.the.onset.of.crystallization..Even.though.ηmin.decreases.con-
tinuously.with. increasing.heating.rate,. the.rate.of.decrease.slows.down.at.
higher.heating.rates.and.this.suggests.the.existence.of.a.lower.limit.of.ηmin.
even.at.very.high.heating.rates..The.lower.ηmin.value.in.the.higher.heating.
rate.range.indicates.the.possibility.of.a.secondary.working.at.a.low.applied.
stress,.realizing.that.the.working.time.before.crystallization.decreases..Thus,.
the.secondary.working.by.the.use.of.viscous.flow.of.the.supercooled.liquid.
must.be.done.under.the.condition.where.the.low.viscosity.leading.to.easy.
deformation.and.the.short.time.available.for.crystallization.have.to.be.simul-
taneously.satisfied.

The. variation. of. viscosity. with. temperature. is. of. great. importance. in.
understanding. the. formation. of. metallic. glasses,. realizing. that. the. higher.
the.viscosity.at.the.melting.temperature,.the.easier.it.is.for.the.glass.to.form..
The.variation.of.viscosity.with.temperature.in.the.supercooled.liquid.region.
is.usually.expressed.by.the.Vogel–Fulcher–Tammann.(VFT).equation.(even.
though.Angell.[76].prefers.to.call.this.the.VTF.equation.since.it.was.Tammann.
who.had.provided.a.physical.significance.for.this.equation)

Pd40Cu30Ni10P20

TMA compression 5 kPa108

107

M
in

im
um

 v
isc

os
ity

 (P
as

)

106

10–2 10–1

Heating rate (K s–1)(b)

1016

1012

108

Vi
sc

os
ity

 (P
as

)

104 Tx = 678 K

Tg = 585 K

Pd40Cu30Ni10P20

TMA compression 20 kPa
Heating rate = 0.33 K s–1

ηmin = 8.3 × 105 Pa s

100
500 550 600 650

Temperature (K)(a)
700 800750

FIGURe 6.11
(a).Variation.of.viscosity.with.temperature.for.the.Pd40Cu30Ni10P20.BMG.alloy.at.a.heating.rate.
of.20.K.min−1.under.a.compressive.stress.of.20.kPa..(b).Change.in.the.minimum.viscosity.(ηmin).
with.the.heating.rate.for.the.Pd40Cu30Ni10P20.BMG.alloy.



298	 Bulk	Metallic	Glasses

.
η η=
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where
T0.is.referred.to.as.the.VFT.temperature.(or.fictive.temperature).and.repre-

sents.the.temperature.at.which.the.relaxation.time.and.thus.the.barrier.
to.viscous.flow.would.become.infinite

η0.is.the.high.temperature.limit.of.viscosity
B.is.a.fitting.parameter

The. value. of. T0. is. found. to. lie. near,. but. below. Tg.. The. value. of. η0. can. be.
expressed.as

.
η0

A= ⋅N h
V

. (6.34)

where
NA.represents.Avogadro’s.number
h.is.Planck’s.constant
V.is.the.molar.volume.[83]

Angell.[76].has.modified.Equation.6.33.as

.
η η=

−






0
0

0
exp

*D T
T T

. (6.35)

where.the.parameter.D*,.referred.to.as.the.fragility.parameter,.controls.how.
closely.the.system.obeys.the.Arrhenius.behavior.(D*.=.∞).

Liquids. with. very. large. values. of. D*. are. known. as. strong. liquids. and.
those.with.small.values.as.fragile.liquids..Strong.liquids.show.the.Arrhenius.
behavior. for. the. temperature.dependence.of.viscosity,.have.a.high.viscos-
ity.at.the.melting.point,.and.form.stable.glasses..On.the.other.hand,.fragile.
liquids. have. a. low. viscosity. at. the. melting. temperature,. but. the. viscosity.
rises.sharply.as.the.liquid.approaches.the.glass.transition.temperature..Such.
liquids.are.marginal.glass.formers.and.if.they.form.glasses,.they.are.unstable.
with.respect.to.crystallization..That.is,.the.GFA.of.the.alloy.increases.with.the.
fragility.parameter..Accordingly,.the.value.of.D*.is.of.the.order.of.2.for.the.
most.fragile.liquids,.while.it.is.100.for.the.strongest.glass.former.such.as.SiO2..
Figure.6.12.shows.a.typical.Angell.plot.[84]..Senkov.[85].has.recently.analyzed.
the.available.data.on.the.fragility.parameter.(D*),.the.critical.cooling.rate.for.
glass.formation.(Rc),.and.the.reduced.glass.transition.temperature.(Trg),.and.
came.up.with.a.new.GFA.parameter..Table.6.5.summarizes.the.available.data.
on.the.D*.values.and.also.the.T0.temperatures.for.different.BMG.alloys.
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It.is.interesting.to.note.in.this.context.that.the.value.of.D*.increases.with.
an.increase.in.the.number.of.components.in.the.alloy.system.[87]..Therefore,.
this.is.like.an.indirect.validation.for.the.Inoue.rule.that.a.minimum.number.
of.three.constituents.is.required.for.bulk.glass.formation.[3].

Fan.et.al..[91].have.analyzed.the.viscous.flow.behavior.in.a.Pd43Ni10Cu27P20.
BMG.glass-forming.liquid.and.noted.that.the.VFT.equation.did.not.fit.their.
data. over. a. wide. temperature. range.. Instead,. they. reported. that. the. free-
volume.model.of.Cohen.and.Grest.[92].was.able.to.better.describe.the.behav-
ior..Fan.et.al..[91].have.also.analyzed.their.viscosity.data.on.the.basis.of.an.
earlier.cluster.model.proposed.by.them.[93].. In.this.cluster.model,.a.super-
cooled. liquid.contains.some.clusters..Liquid.regions. that.have.clusters.will.
have.a.higher.activation.energy.for.viscous.flow.in.comparison.to.regions.that.
do.not.have.clusters..The.liquid.above.the.liquidus.temperature.will.not.have.
any.clusters.in.them.and.its.viscosity.follows.an.Arrhenius.behavior..On.the.
other.hand,.the.liquid.below.the.liquidus.temperature.(i.e.,.in.the.supercooled.
region).will.contain.clusters.and.when.these.form.on.a.large.scale,.glass.transi-
tion.sets.in..The.flow.behavior.in.this.region.can.be.described.by.an.Arrhenius.
behavior.on.which.a.fragility.term.is.superimposed..(This.fragility.term.is.dif-
ferent.from.the.Angell.fragility.term.).Fan.et.al..[91].were.able.to.satisfactorily.
explain.their.viscosity.data.using.either.the.free.volume.or.the.cluster.model.
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Viscosity. of. glass-forming. liquids. as. a. function. of. inverse. temperature,. normalized. by. the.
glass.transition.temperature,.Tg..The.metallic.alloys.are.intermediate.between.strong.network-
forming.liquids.such.as.SiO2,.and.fragile.liquids.such.as.o-terphenyl..(Reprinted.from.Busch,.R..
et.al.,.MRS Bulletin,.32,.620,.2007..With.permission.)
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Using.viscosity.as.the.main.parameter,.Takeuchi.and.Inoue.[94].estimated.
the.three.most.important.parameters.to.explain.the.GFA.of.alloys..They.had.
estimated.the.critical.cooling.rate.for.glass.formation,.Rc;.the.reduced.glass.
transition. temperature,. Trg.=.Tg/Tl;. and. the. width. of. the. supercooled. liq-
uid.region,.ΔTx.=.Tx−Tg..While.Rc.and.Trg.were.estimated.on.the.basis.of.the.
homogeneous.nucleation.and.growth.theory.by.the.construction.of.a.T–T–T.
diagram,.the.ΔTx.parameter.was.estimated.from.the.free.volume.theory..By.
estimating.these.parameters.for.Fe-,.Pd-,.Pt-,.Zr-,.and.Mg-based.systems,.the.
authors. summarized. their. data. in. Rc. vs.. Trg. and. Rc. vs.. ΔTx. diagrams. and.
showed.good.qualitative.agreement.with.the.experimental.data.
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7
Corrosion	Behavior

7.1	 Introduction

Bulk.metallic.glasses.(BMGs).are.relatively.new.materials.with.a.large.potential.
for.applications.in.diverse.engineering.areas..However,.for.an.effective.use.of.
these.novel.materials.with.an.interesting.combination.of.properties,. it. is.nec-
essary.to.fully.characterize.them.for.their.physical,.magnetic,.mechanical,.and.
chemical.properties..While.a.large.amount.of.effort.is.being.spent.on.character-
izing.their.mechanical.(Chapter.8).and.magnetic.(Chapter.9).properties,.only.a.
limited.amount.of.information.is.available.on.their.corrosion.behavior.

The.corrosion.behavior.of.BMGs.becomes.important.when.these.materials.
need.to.be.used.in.aggressive.and.hostile.environments.(high.temperatures,.
oxidizing. atmospheres,. and. corrosive. media).. Knowledge. of. the. corrosion.
behavior.becomes.crucial.when.these.BMGs.are.considered.for.biomedical.
applications. and. for. decorative. applications,. or. when. surface. appearance.
assumes.importance..Hence,.it.is.imperative.to.evaluate.the.corrosion.behav-
ior.of.these.alloys.in.different.environments.

The.corrosion.behavior.of.metallic.glassy.alloy. ribbons. (about.20–50.μm.
in.thickness).produced.by.the.rapid.solidification.processing.(RSP).method.
of.melt.spinning.was.evaluated.starting.from.1974.[1,2]..It.was.reported.that.
Cr-containing.Fe-based.Fe80−xCrxP13C7.glassy.ribbons.exhibited.much.higher.
corrosion.resistance.than.the.crystalline.Fe–Cr.alloys..Figure.7.1a.shows.that.
while.the.crystalline.Fe–Cr.alloys.corroded.at.a.rate.of.about.0.5–1.mm.year−1,.
the. glassy. Fe–Cr–P–C. alloy. did. not. show. any. measurable. corrosion. rate.
under.identical.conditions.of.exposure.in.1.N.NaCl.solution.at.30°C.(303.K)..
Another.important.observation.made.was.that.the.minimum.amount.of.Cr.
required.to.achieve.this.corrosion.resistance.was.only.8.at.%,.much.less.in.the.
glassy.state.than.that.required.(>12.at.%).in.the.crystalline.state..Figure.7.1b.
shows.that.the.glassy.alloy.did.not.exhibit.any.measurable.weight.change.
with.the.concentration.of.HCl.(from.0.01.to.1.N).on.exposure.for.1.week.at.
373.K..On.the.other.hand,.the.corrosion.rate.of.the.crystalline.18-8.austenitic.
stainless. steel. (Fe–18.wt.%. Cr–8.wt.%. Ni). increased. from. 10−3.mm. year−1. in.
0.01.N.HCl.to.over.10.mm.year−1.in.1.N.HCl.solution;.severe.pitting.corrosion.
occurred.in.the.range.of.0.5–1.N.HCl.in.the.crystalline.alloy.
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X-ray.photoelectron.spectroscopy.(XPS).studies.indicated.that.the.passive.
film.on.the.glassy.alloy.consisted.mainly.of.hydrated.chromium.oxyhydrox-
ide.which.is.also.a.common.major.constituent.of.passive.films.on.crystalline.
stainless. steels.. But,. an. important. difference. is. that. the. Cr. content. in. the.
passive. layer. of. the. glassy. alloy. was. much. higher. than. that. on. a. conven-
tional. austenitic. stainless. steel.. Thus,. it. was. concluded. that. the. extremely.
high.corrosion.resistance.of.the.glassy.alloy.was.only.partially.attributed.to.
the.formation.of.a.protective.hydrated.chromium.oxyhydroxide.film.[3],.and.
that.other.factors.also.play.an.important.role.

Metallic.glasses.are.in.a.high-energy.state.since.they.have.been.solidified.at.
rates.much.faster.than.the.equilibrium.solidification.rates..Consequently,.they.
are.expected.to.exhibit.higher.corrosion.rates..But,.the.improved.and.superior.
corrosion.resistance.of. the.glassy.alloys,. in.comparison.with. the.crystalline.
alloys.of.a.similar.composition,.has.been.attributed.to.the.following.factors:

. 1..Since.metallic.glassy.alloy.ribbons.are.produced.by.RSP.methods,.
there. is. not. sufficient. time. for. appreciable. solid-state. diffusion. to.
take.place.and.solute.partitioning.to.occur..Consequently,.the.glass.
exhibits.chemical.homogeneity.

. 2..Second,.the.glassy.phase.does.not.contain.any.crystal.defects.such.
as. grain. boundaries,. dislocations,. and. second-phase. precipitates,.
which.could.act.as.galvanic.cells.to.initiate.localized.corrosion.
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FIGURe 7.1
Variation.of.corrosion.rate.as.a.function.of.(a).Cr.content.and.(b).concentration.of.HCl.in.crys-
talline.Fe–Cr.alloys.and.rapidly.solidified.glassy.Fe80−xCrxP13C7.alloy..Note.that.while.the.crys-
talline.alloy.exhibits.a.corrosion.rate.of.about.0.5–1.mm.year−1.at.all.Cr.contents,.the.glassy.alloy.
does.not.show.any.measurable.corrosion.rate.when.the.Cr.content.was.more.than.about.8.at.%..
Further,.the.corrosion.rate.increases.with.an.increasing.concentration.of.HCl.in.the.crystalline.
alloy,.but.there.is.no.measurable.effect.on.the.glassy.alloy.
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. 3..Third,.since.the.passive.films.form.uniformly.on.the.glassy.alloy.sur-
faces,.less.amount.of.passivating.alloying.elements.are.needed.than.
in.a.crystalline.alloy.to.achieve.a.similar.stability.of.the.passive.film.

High.corrosion.resistance.has.been.reported. in.a.number.of.other. rapidly.
solidified.melt-spun.glassy.ribbons.[4–7].

In.contrast.to.the.thin.metallic.glassy.alloys.obtained.by.RSP.methods.(at.
solidification.rates.of.about.105–106.K.s−1),.BMGs.synthesized.at.relatively.slow.
solidification.rates.of.about.1–100.K.s−1,.may.not.always.show.chemical.homo-
geneity,.especially.in.marginal.glass-forming.alloys..For.example,.it.has.been.
occasionally.noted.that.small.quantities.of.crystalline.second.phases.are.pres-
ent.in.such.alloys.[8,9]..Secondary.crystalline.phases.could.also.form.as.a.result.
of.heterogeneous.nucleation.occurring.on.impurities.in.the.melt.or.on.mold.
walls.. A. typical. example. is. the. presence. of. oxide. particles. when. Zr-based.
BMGs.are.produced.in.the.presence.of.oxygen.in.the.environment.[10,11].

BMGs.have.been.synthesized.in.a.number.of.alloy.systems.based.on.Au,.
Ca,.Ce,.Co,.Cu,.Fe,.La,.Mg,.Nb,.Nd,.Ni,.Pd,.Pr,.Pt,.Sm,.Ti,.Y,.and.Zr..But,.since.
it.is.unlikely.that.all.these.glassy.alloys.will.be.used.in.a.corrosive.or.aggres-
sive. environment,. the. corrosion. behavior. of. all. these. alloys. has. not. been.
investigated..Results.from.different.research.groups.are.available.on.the.cor-
rosion.behavior.of.BMGs.based.on.Cu,.Fe,.Mg,.Ni,.Ti,.Zr,.and.a.few.others..
It.is.also.important.to.remember.at.this.stage.that.extensive.information.is.
not.available.on.all.the.alloy.systems.and.that.the.theories.and.mechanisms.
developed.for.one.alloy.system.are.not.necessarily.applicable.to.other.alloy.
types..Scully.et al..[12].and.Green.et al..[13].have.recently.reviewed.the.corro-
sion.behavior.of.a.number.of.BMG.alloys.

We.will.now.discuss. the.corrosion.behavior.of.different.BMG.alloy.sys-
tems.based.on.Cu,.Fe,.Mg,.Ni,.Ti,.and.Zr..Even.though.there.may.be.some.
overlap.in.the.nature.of.results.obtained.in.different.alloy.systems,.it.will.be.
useful.to.discuss.them.system-wise,.because.the.mechanisms.and.theories.
could.be.different.in.different.alloy.systems..But,.before.going.into.a.detailed.
discussion.of.the.results.in.different.alloy.systems,.let.us.first.understand.the.
basic.terminology.used.in.the.literature.and.the.methods.used.to.determine.
the.corrosion.behavior.of.alloys.

7.2	 Terminology	and	Methodology

The.corrosion.behavior.of.alloys.has.been.mostly.evaluated.using.weight-
loss.and/or.electrochemical.methods.. In.the.weight-loss.method,. the.alloy.
is.exposed.to.the.corrosive.medium.at.the.given.temperature.for.a.predeter-
mined.length.of.time..Since.corrosion.involves.a.transfer.of.mass.from.the.
surface.of.the.specimen.to.the.environment.by.physical,.chemical,.or.elec-
trochemical.means,.the.weight.of.the.sample.is.measured.before.and.after.
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exposure.to.the.corrosive.medium..Knowing.the.weight.loss.and.the.cross-
sectional. surface. area. of. the. specimen,. the. thickness. of. the. surface. layer.
corresponding. to. the. weight. loss. is. calculated.. The. corrosion. rate. is. then.
reported.in.units.of.μm.or.mm.per.year.(μm.year−1.or.mm.year−1)..Generally.
speaking,.it.will.be.very.difficult.to.calculate.the.thickness.very.accurately,.
due. to. uncertainties. in. the. weight-change. measurements.. Therefore,. even.
if. one. does. not. observe. any. change. in. the. weight. of. the. specimen. before.
and. after. exposure. to. the. corrosive. medium,. the. corrosion. rate. is. usually.
reported.as.less.than.1.μm.year−1..This.is.because.it.represents.the.reproduc-
ibility.limit.for.measurements.

Another.common.technique.to.evaluate.the.corrosion.behavior.of.alloys.is.
to.use.potentiodynamic.polarization.curves..A.typical.cyclic.anodic.polariza-
tion.curve.is.shown.in.Figure.7.2.which.plots.the.potential.as.a.function.of.the.
current.density.[14]..Such.curves.are.obtained.by.measuring.the.current.while.
varying.the.potential.of.the.material.using.a.potentiostat..The.current.density.
is.obtained.by.dividing.the.current.with.the.specimen.cross-sectional.area..The.
potential.is.always.measured.with.reference.to.a.saturated.calomel.electrode.
(SCE).and.the.current.density.is.plotted.on.a.logarithmic.scale..The.process.is.
referred.to.as.anodic.polarization.when.the.potential.is.above.Ecorr.and.cathodic.
polarization.if.it.is.below.Ecorr.

A.few.important.parameters.can.be.defined.with.reference.to.Figure.7.2..
The.specimen.is.first.immersed.in.the.corrosive.solution.for.about.20.min,.
when. the. open-circuit. potential. becomes. steady.. The. potential. scan. is.
then.started.below.the.corrosion.potential,.Ecorr,.which.corresponds.to.the.
potential.at.which.the.current.density.approaches.zero..During.the.test,.the.
current.density.first.decreases,. reaches. the. lowest.value,.and. then.starts.
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to. increase.again..This. lowest.value. is. taken.as.Ecorr..During. the.process.
when. the. current. density. rises,. it. remains. constant,. at. about. 10.mA. m−2,.
over.a.range.of.potential,.suggesting.that.the.alloy.has.passivated..That.is,.
the.material.is.protected.from.high.corrosion.rates.through.the.formation.
of. a. thin. oxide/hydroxide. film.. This. region. is. called. the. passive. region,.
and.this.value.of.the.current.density.is.referred.to.as.the.passive.current.
density..It.is.desirable.that.the.passive.current.density.is.as.low.as.possible..
It. may. be. noted. that. the. lower. the. passive. current. density. the. higher. is.
the.corrosion.resistance.of.the.alloy..Additionally,.the.width.of.the.passive.
region,.that.is,.the.voltage.range.in.which.the.current.density.remains.con-
stant,.is.also.important..The.wider.the.region,.the.more.corrosion.resistant.
the. alloy. is.. That. is,. lower. current. density. and. wider. passive. region. are.
both. indicators. of. high. corrosion. resistance. of. an. alloy.. With. continued.
increase. of. the. potential,. the. passive. film. breaks. down. and. the. current.
density.suddenly.increases..The.potential.at.which.this.happens.is.called.
the.pitting.potential,.Epit.

Additional. information. about. the. ability. of. the. material. to. repassiv-
ate. (i.e.,. formation. of. the. passive. film. again). can. be. obtained. by. conduct-
ing.cyclic.anodic.polarization.experiments..These.experiments.are.similar.
to.the.experiments.described.above.except.that.the.potential.scan.is.in.the.
reverse.direction.at.a.specified.current.density..The.potential.at.which.the.
current.density.returns.to.the.passive.value.is.known.as.the.repassivation.
potential.or.protection.potential,.Epp..Between.Epit.and.Epp,.pits.initiate.and.
propagate.. However,. in. path. “2,”. pits. will. not. initiate. at. Ecorr,. the. natural.
corrosion.potential,.and.therefore.the.material.will.not.undergo.pitting.cor-
rosion.under.natural.corrosion.conditions..But,.if.path.“3”.is.followed,.when.
Epp.is.below.Ecorr,.the.material.will.undergo.pitting.corrosion.at.surface.flaws.
or.after.incubation.time.periods.at.Ecorr..The.values.of.pitting.overpotential.
(ηpit.=.Epit.−.Ecorr).and.protection.overpotential.(ηpp.=.Epp.−.Ecorr).are.important.
parameters..These.represent.a.measure.of.the.ability.of.the.material.to.resist.
pitting.corrosion,.including.at.surface.flaws.and.after.incubation.times..That.
is,.higher.positive.values.of.ηpit.and.ηpp.are.desirable.for.improved.corrosion.
resistance.of.the.materials.

The.corrosion. rate.under.natural. corrosion.conditions,. that. is,. at.Ecorr,. is.
related.to.the.corrosion.current.density,.icorr,.which.must.be.determined.by.
extrapolation.methods..Most.commonly,.it.is.determined.by.an.extrapolation.
of.the.anodic.and.cathodic.portions.of.the.polarization.curves,.as.indicated.
in.Figure.7.2..The.corrosion.current. is.proportional. to. the.corrosion.pen-
etration.rate. (CPR).of. the.metal.at. the.open.circuit. condition. (i.e.,. external.
current =.0.and.potential.=.Ecorr).

CPR.in.units.of.μm.year−1.is.calculated.using.Faraday’s.law:

.
CPR corr= 0 327.

Mi
mρ .

(7.1)
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where
M.(g.mol−1),.m.(g),.and.ρ.(g.cm−3).represent.the.atomic.fraction-weighted.

values.of.the.atomic.weight,.ion.valence,.and.density,.respectively.for.
the.alloy

icorr.(mA.m−2).is.the.corrosion.current.density

The.CPR.values.calculated.from.Faraday’s.law.may.differ.slightly.from.the.
corrosion. rates. estimated. from. the. weight-loss. measurements. mentioned.
earlier..Full.details.about.the.general.corrosion.behavior.of.metals.and.alloys.
may.be.found.in.standard.textbooks.on.corrosion.(see,.e.g.,.Ref..[15]).

Even.though.cyclic.anodic.polarization.experiments.provide.a.lot.of.infor-
mation,.many.investigators.have.been.reporting.weight-loss.measurements.
to.evaluate.the.corrosion.behavior.of.glassy.alloys.since.these.methods.are.
relatively.easy.to.perform.

As.mentioned.in.Section.7.1,.formation.of.a.passive.film.on.the.surface.of.
the.glassy.alloy.is.responsible.for.the.improved.corrosion.resistance.of.the.
alloy..Further,.the.composition.of.the.passive.layer.gives.important.informa-
tion.about.the.stability.and.protectiveness.of.the.passive.film..Therefore,.to.
investigate. the.origin.of. this.corrosion.resistance,. it.becomes.necessary.to.
analyze.the.chemistry.of.the.passive.layer.film.and.also.the.substrate.alloy.
surface..Such.an.analysis.will.provide.important.information.regarding.the.
distribution.of.alloying.elements.in.the.passive.layer.film,.and.is.done.most.
conveniently.by.using.XPS.(also.known.as.electron.spectroscopy.for.chemi-
cal.analysis,.or.ESCA).technique..In.this.technique,.a.low-energy.radiation,.
typically.Al.Kα.(E.=.1.4866.keV),.is.used.to.obtain.the.yield.of.photoelectrons.
from.each.chemical.element.over.a.range.of.energies..This.enables.qualita-
tive.identification.and.quantitative.evaluation.of.the.elements.present.in.the.
sample..An.advantage.of.this.technique.is.that.it.will.be.possible.to.identify.
the.different.electron.states.of.the.elements.based.on.their.binding.energies..
Measurement.of.the.thickness.of.the.surface.film.and.a.quantitative.deter-
mination.of. the. composition.of. the. surface.film.and. the.underlying.alloy.
surface.are.also.possible..This.can.be.done.with.the.help.of.a.previously.pro-
posed.method.using.the.integrated.intensities.of.photoelectrons.under.the.
assumption.of.a.three-layer.model.[16,17]..The.three.layers.involved.are.the.
outermost. contaminant. hydrocarbon. layer. of. uniform. thickness,. the. pas-
sive. surface. film. of. uniform. thickness,. and. the. underlying. alloy. surface,.
which.can.be.considered.to.be.of.infinite.thickness.for.the.purposes.of.XPS.
analysis.

Before.actually.conducting.the.corrosion.tests,.the.specimens.are.mechani-
cally. polished. in. cyclohexane. with. silicon. carbide. paper. up. to. grit. 2000,.
degreased. in. acetone,. washed. in. distilled. water,. and. dried. in. air.. After.
immersion.in.the.corrosion.medium.for.the.desired.length.of.time,.the.speci-
mens.are.again.washed.in.distilled.water,.dried,.and.then.weighed.to.deter-
mine.the.weight.loss.
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7.3	 Copper-Based	Bulk	Metallic	Glasses

Copper-based.alloys.have.been.traditionally.used.for.marine.applications.due.
to. their. excellent. corrosion. resistance.. A. number. of. Cu-based. glassy. alloys.
have. been. synthesized. in. recent. years. both. in. ribbon. and. bulk. rod. forms,.
with. the. maximum. diameter. of. the. BMG. alloy. reaching. up. to. 12.mm. in. a.
Cu42Zr42Ag8Al8.alloy.[18]..It.was.reported.in.2001.that.Cu–Zr–Ti.[19],.Cu–Hf–Ti.
[20],.and.Cu–Zr–Ti–Hf.[21].alloys.could.be.produced.in.a.fully.glassy.condition.
with.a.critical.diameter.of.4.mm..These.alloys.possessed.excellent.mechanical.
properties.with.a.tensile.fracture.strength.of.about.2100.MPa.and.a.compres-
sive.plastic.strain.of.0.8%–1.7%,.which.is.much.larger.than.the.values.reported.
for.other.BMG.alloys..It.was.also.reported.that.ternary.Cu–Zr–Al.glassy.alloys.
with.a.critical.diameter.of.3.mm.could.be.synthesized.with.a.compressive.frac-
ture.strength.of.2200.MPa.and.a.plastic.strain.of.0.2%.[22]..The.good.mechani-
cal.properties.of. these.alloys.suggest. that. they.could.be.used.for.structural.
applications..However,.for.a.successful.utilization,.it.also.becomes.important.
to.evaluate.their.corrosion.behavior.in.different.media..Therefore,.a.study.of.
the.corrosion.behavior.of.several.Cu-based.BMG.alloys.has.been.undertaken.

Binary.Cu–Zr.[23].and.Cu–Hf.[24].have.also.been.produced.in.a.glassy.condi-
tion.as.1–2.mm.rods..These.as-cast.binary.alloys.have.been.occasionally.found.
to.contain.a.few.nanometer-sized.crystallites.embedded.in.the.glassy.matrix..
Corrosion.studies.have.not.been.performed.on.these.binary.BMG.alloys.

Majority.of.the.corrosion.studies.have.been.focused.on.ternary.Cu–Zr–Al,.
Cu–Zr–Ti,.and.Cu–Hf–Ti.BMG.alloys.and.their.derivatives.with.further.addi-
tions. of. Nb,. Mo,. or. Ta.. Table. 7.1. summarizes. the. alloy. compositions,. the.
conditions.under.which.corrosion.studies.were.conducted,. corrosion. rates.
reported,.and.the.electrochemical.properties,.if.available..Weight-loss.mea-
surements.and.electrochemical.measurements.were.performed.to.determine.
the. corrosion. behavior. of. these. glassy. alloys. and. the. XPS. technique. was.
used.to.determine.the.chemistry.of.the.surface.passive.layer.and.the.under-
lying.substrate.material..The. tests.have.been.generally.conducted.at. room.
temperature.(nominally.298.K),.unless.otherwise.specified.

7.3.1 Influence of Composition

Among.the.three.major.groups.of.alloys.investigated—Cu–Hf–Ti,.Cu–Zr–Al,.
and.Cu–Zr–Ti—the.Cu–Hf–Ti.alloy.glasses.corresponding. to. the.composi-
tion.Cu60Hf25Ti15. seem. to.have. the. lowest. corrosion. rates. (Table. 7.1)..But,. a.
common.observation.made.was.that.the.corrosion.resistance.of.these.glassy.
alloys.is.substantially.improved.by.alloying.them.with.additional.elements.
such.as.Mo,.Nb,.or.Ta..Further,.amongst.these.alloying.additions,.Nb.seems.
to.be.the.most.effective.and.therefore.investigations.have.been.focused.on.
evaluating.the.effect.of.Nb.content.on.the.corrosion.behavior.of.Cu60Hf25Ti15,.
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Table 7.1

Alloy.Compositions.and.Conditions.under.Which.Corrosion.Studies.
Were Conducted.on.Cu-Based.BMG.Alloys

Alloy	Composition Electrolyte Immersion	Time
Corrosion	Rate	

(μm	year−1) References

Cu60Hf25Ti15 1.N.HCl 168.h 340 [25]
Cu60Hf25Ti15 1.N.HCl 336.h 340 [26]
Cu60Hf25Ti15 3.wt.%.NaCl 336.h 100 [26]
Cu60Hf25Ti15 1.N.H2SO4 336.h <1 [27,28]
(Cu0.6Hf0.25Ti0.15)98Nb2 1.N.HCl 168.h 170 [27,28]
(Cu0.6Hf0.25Ti0.15)96Nb4 1.N.HCl 168.h 76 [27,28]
(Cu0.6Hf0.25Ti0.15)94Nb6 1.N.HCl 168.h 2.6 [27,28]
(Cu0.6Hf0.25Ti0.15)92Nb8 1.N.HCl 168.h <1 [27,28]
(Cu0.6Hf0.25Ti0.15)90Nb10 1.N.HCl 168.h 11 [25]
(Cu0.6Hf0.25Ti0.15)98Nb2 1.N.H2SO4 336.h <1 [27]
(Cu0.6Hf0.25Ti0.15)96Nb4 1.N.H2SO4 336.h <1 [27]
(Cu0.6Hf0.25Ti0.15)94Nb6 1.N.H2SO4 336.h <1 [27]
(Cu0.6Hf0.25Ti0.15)92Nb8 1.N.H2SO4 336.h <1 [27]
(Cu60Hf25Ti15)98Mo2 3.wt.%.NaCl 336.h 1 [26]
(Cu60Hf25Ti15)98Nb2 3.wt.%.NaCl 336.h 1 [26]
(Cu60Hf25Ti15)96Nb4 3.wt.%.NaCl 168.h <1 [27]
(Cu60Hf25Ti15)98Ta2 3.wt.%.NaCl 336.h 1 [26]
Cu0.5NiAlCoCrFeSi High-purity.

water.at.561.K
336.h <1 [29]

Cu55Zr40Al5 1.N.HCl 24.h 29,800 [30]
Cu55Zr40Al5 1.N.HCl 24.h 1,902 [31]
Cu55Zr40Al5 3.wt.%.NaCl 168.h 200 [30]
Cu52.5Zr42.5Al5 1.N.HCl 24.h 1,617 [31]
Cu50Zr45Al5 1.N.HCl 24.h 15,600 [30]
Cu50Zr45Al5 1.N.HCl 24.h 1,609 [31]
Cu50Zr45Al5 3.wt.%.NaCl 168.h 120 [30]
Cu50Zr45Al5 0.5.N.H2SO4 336.h <1 [30]
Cu54Zr40Al5Nb1 1.N.HCl 24.h 940 [31]
Cu52Zr40Al5Nb3 1.N.HCl 24.h 245 [31]
Cu50Zr40Al5Nb5 1.N.HCl 24.h 211 [31]
Cu50Zr40Al5Nb5 1.N.HCl 24.h 120 [30]
Cu50Zr40Al5Nb5 0.5.N.H2SO4 336.h <1 [30]
Cu49Zr45Al5Nb1 1.N.HCl 24.h 1,605 [31]
Cu47Zr45Al5Nb3 1.N.HCl 24.h 339 [31]
Cu45Zr45Al5Nb5 1.N.HCl 24.h 325 [31]
Cu55Zr40Al5 3.wt.%.NaCl 97.h 609 [31]
Cu52.5Zr42.5Al5 3.wt.%.NaCl 97.h 539 [31]
Cu50Zr45Al5 3.wt.%.NaCl 97.h 539 [31]
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Table 7.1 (continued)

Alloy.Compositions.and.Conditions.under.Which.Corrosion.Studies.
Were Conducted.on.Cu-Based.BMG.Alloys

Alloy	Composition Electrolyte Immersion	Time
Corrosion	Rate	

(μm	year−1) References

Cu54Zr40Al5Nb1 3.wt.%.NaCl 97.h 545 [31]
Cu52Zr40Al5Nb3 3.wt.%.NaCl 97.h 395 [31]
Cu50Zr40Al5Nb5 3.wt.%.NaCl 97.h 84 [31]
Cu49Zr45Al5Nb1 3.wt.%.NaCl 97.h 417 [31]
Cu47Zr45Al5Nb3 3.wt.%.NaCl 97.h 488 [31]
Cu45Zr45Al5Nb5 3.wt.%.NaCl 97.h <1 [31]
Cu55Zr40Al5 1.N.H2SO4 168.h 5.7 [31]
Cu52.5Zr42.5Al5 1.N.H2SO4 168.h 3.6 [31]
Cu50Zr45Al5 1.N.H2SO4 168.h 3.2 [31]
Cu54Zr40Al5Nb1 1.N.H2SO4 168.h 3.7 [31]
Cu52Zr40Al5Nb3 1.N.H2SO4 168.h 1.5 [31]
Cu50Zr40Al5Nb5 1.N.H2SO4 168.h 1.3 [31]
Cu49Zr45Al5Nb1 1.N.H2SO4 168.h 1.2 [31]
Cu47Zr45Al5Nb3 1.N.H2SO4 168.h <1 [31]
Cu45Zr45Al5Nb5 1.N.H2SO4 168.h <1 [31]
Cu60Zr30Ti10 1.N.HCl 168.h 660 [28,32]
Cu60Zr30Ti10 0.01.N.HCl 168.h 320 [28,32]
Cu60Zr30Ti10 3.wt.%.NaCl 168.h 290 [28,32]
Cu60Zr30Ti10 1.N.H2SO4 336.h 26 [28,32]
Cu60Zr30Ti10 1.N.HNO3 336.h 18 [28,32]
(Cu0.6Zr0.3Ti0.1)99Nb1 1.N.HCl 168.h 350 [28,32]
(Cu0.6Zr0.3Ti0.1)99Mo1 1.N.HCl 168.h 360 [28,32]
(Cu0.6Zr0.3Ti0.1)99.8Ta0.2 1.N.HCl 168.h 410 [28,32]
(Cu0.6Zr0.3Ti0.1)99Nb1 0.01.N.HCl 168.h 160 [28,32]
(Cu0.6Zr0.3Ti0.1)99Mo1 0.01.N.HCl 168.h 170 [28,32]
(Cu0.6Zr0.3Ti0.1)99.8Ta0.2 0.01.N.HCl 168.h 230 [28,32]
(Cu0.6Zr0.3Ti0.1)99Nb1 3.wt.%.NaCl 168.h 120 [28,32]
(Cu0.6Zr0.3Ti0.1)99Mo1 3.wt.%.NaCl 168.h 140 [28,32]
(Cu0.6Zr0.3Ti0.1)99.8Ta0.2 3.wt.%.NaCl 168.h 200 [28,32]
(Cu0.6Zr0.3Ti0.1)99Nb1 1.N.H2SO4 336.h 6.8 [28,32]
(Cu0.6Zr0.3Ti0.1)99Mo1 1.N.H2SO4 336.h 8.2 [28,32]
(Cu0.6Zr0.3Ti0.1)99.8Ta0.2 1.N.H2SO4 336.h 14 [28,32]
(Cu0.6Zr0.3Ti0.1)99Nb1 1.N.HNO3 336.h 1.7 [28,32]
(Cu0.6Zr0.3Ti0.1)99Mo1 1.N.HNO3 336.h 3.5 [28,32]
(Cu0.6Zr0.3Ti0.1)99.8Ta0.2 1.N.HNO3 336.h 7.6 [28,32]
Cu47Zr11Ti34Ni8 1.N.H2SO4 336.h 15.3 [33]
(Cu47Zr11Ti34Ni8)99Mo1 1.N.H2SO4 336.h 1.5 [33]
(Cu47Zr11Ti34Ni8)98Mo2 1.N.H2SO4 336.h 0.9 [33]

(continued)
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Cu50Zr45Al5,. and. Cu55Zr40Al5. glassy. alloys.. Figure. 7.3. presents. the. average.
corrosion.rates.of.(Cu60Hf25Ti15)100−xNbx.BMG.alloys.as.a.function.of.the.Nb.
content.[28]..These.alloys.were.immersed.in.1.N.HCl,.3.wt.%.NaCl,.and.1.N.
H2SO4.+.0.001.N.NaCl.solutions.at.298.K.open.to.air.for.1.week.(168.h)..It.is.
clear.from.Figure.7.3.that.while.the.Nb-free.alloy.showed.a.high.corrosion.
rate.of.340.μm.year−1.in.1.N.HCl.solution,.the.addition.of.Nb.has.significantly.
reduced.the.corrosion.rate.to.2.6.μm.year−1.at.6.at.%.Nb.level.and.less.than.the.
detectable.value.(1.μm.year−1).at.8.at.%.Nb.[27,28].

The.addition.of.10.at.%.Nb.to.Cu60Hf25Ti15.produced.a.composite.of.Nb.den-
dritic.crystals.dispersed.in.a.glassy.matrix.(Figure.7.4).[25,34]..The.volume.
fraction.and.the.mean.size.of.the.dendritic.BCC.phase.have.been.estimated.
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Table 7.1 (continued)

Alloy.Compositions.and.Conditions.under.Which.Corrosion.Studies.
Were Conducted.on.Cu-Based.BMG.Alloys

Alloy	Composition Electrolyte Immersion	Time
Corrosion	Rate	

(μm	year−1) References

(Cu47Zr11Ti34Ni8)95Mo5 1.N.H2SO4 336.h 18.9 [33]
Cu47Zr11Ti34Ni8 1.N.NaOH 672.h 2 [33]
(Cu47Zr11Ti34Ni8)99Mo1 1.N.NaOH 672.h 0.8 [33]
(Cu47Zr11Ti34Ni8)98Mo2 1.N.NaOH 672.h 0.3 [33]
(Cu47Zr11Ti34Ni8)95Mo5 1.N.NaOH 672.h 4.5 [33]
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to. be. about. 8%. and. 5–10.μm,. respectively.. Electron. Probe. Micro. Analysis.
(EPMA).showed.that.the.chemical.composition.of.these.dendrites.is.2.6.Cu,.
5.4. Hf,. 11.6. Ti,. and. the. rest. Nb. (by. atomic. percent),. suggesting. that. these.
dendrites.are.Nb-rich.in.composition..The.remaining.glassy.phase.was,.as.
expected,.Cu-rich.and.had.a.composition.of.22.9.Hf,.14.2.Ti,.and.6.9 Nb,.and.
the.rest.Cu.(by.atomic.percent)..Since.Cu.and.Nb.exhibit.a.positive.heat.of.
mixing,.they.are.immiscible.with.each.other..Further,.since.Nb.has.a.higher.
melting.point.than.Cu,.it.may.be.inferred.that.the.Nb-rich.phase.precipitated.
as.the.primary.dendrite.phase.from.the.Cu-rich. liquid.. In.spite.of. the.fact.
that.this.is.a.composite.alloy,.its.corrosion.resistance.was.found.to.be.signifi-
cantly.better.than.that.of.the.base.fully.glassy.Cu60Hf25Ti15.alloy..Whereas.the.
Cu60Hf25Ti15.alloy.showed.a.corrosion.rate.of.340.μm.year−1.in.1.N.HCl.solu-
tion,.the.composite.alloy.showed.a.corrosion.rate.of.only.11.μm.year−1,.which.
is.about.an.order.of.magnitude.lower.than.that.of.the.Nb-free.alloy.[25,34]..
But,.the.lowest.corrosion.rate.was.observed.at.an.Nb.level.of.8.at.%.[27,28]..By.
potentiodynamic.polarization.measurements,. it.was.shown. that.while. the.
Nb-free.alloy.immersed.in.3.wt.%.NaCl.or.1.N.H2SO4.+.0.01.N HCl.solutions.
did.not.show.any.passivation.(the.alloy.dissolves.quickly.by.slight.anodic.
polarization),. the. Nb-containing. alloy. exhibited. spontaneous. passivation.
with.low.passive.current.density..It.had,.of.course,.suffered.pitting.corrosion.

Additions. of. Nb. seem. to. have. a. similar. beneficial. effect. on. reducing.
the. corrosion. resistance. of. other. Cu-based. BMGs. such. as. Cu50Zr45Al5. and.
Cu55Zr40Al5.in.different.acidic.environments.(Figure.7.5)..Note.that.while.the.
corrosion.rate.was.very.high.(at.least.1900.μm.year−1).in.1.N.HCl.solution.in.
the.Nb-free.Cu55Zr40Al5.alloy,. the.addition.of.5.at.%.Nb.brought.this.value.
down.by.an.order.of.magnitude.to.about.200.μm.year−1.[31].

50 µm

FIGURe 7.4
Scanning.electron.micrograph.of.the.central.region.in.the.transverse.cross.section.of.the.as-
cast.(Cu0.6Hf0.25Ti0.15)90Nb10.alloy.rod.with.a.diameter.of.2.mm..(Reprinted.from.Qin,.C.L..et al.,.
Acta Mater.,.54,.3713,.2006..With.permission.)
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Additions.of.Nb.to.Cu50Zr45Al5.alloy.have.also.been.shown.to.improve.the.
corrosion.resistance.significantly.[30,31]..This.effect.was.more.obvious.when.
the.Nb.content.was.greater.than.3.at.%..The.corrosion.rate.decreased.to.1/5.
of.that.of.the.base.alloy.in.1.N.HCl.solution.when.5.at.%.Nb.was.added.[35]..
The.effect.of.the.simultaneous.addition.of.Nb.and.Ni.to.Cu60Zr30Ti10.alloy.on.
the.corrosion.behavior.was.investigated.[36]..It.was.reported.that.the.corro-
sion.rate.of.the.Cu60Zr30Ti10.alloy.in.1.N.HCl.was.660.μm.year−1.and.decreased.
significantly.by.the.addition.of.5–7.at.%.Ni.or.2–4.at.%.Nb..No.weight.loss.in.
the. sample. was. detected. for. the. (Cu0.6Zr0.3Ti0.1)89Ni5Nb6. alloy. immersed. in.
1.N.HCl..Similar.remarkable.improvement.of.corrosion.resistance.was.also.
recognized.in.3.wt.%.NaCl.solution..The.addition.of.5.at.%.Ni.or.5.at.%.Nb.
caused.a.significant.decrease.in.the.corrosion.rate.from.290.μm.year−1.for.the.
Cu60Zr30Ti10.to.13.and.18.μm.year−1,.respectively.[36].

Improved. corrosion. resistance. was. also. reported. in. the. Cu60Zr30Ti10. alloy,.
even.though.the.corrosion.rate.of.the.Zr-containing.Cu-based.alloy.was.found.
to.be.higher.than.that.of.the.Hf-containing.alloy..The.corrosion.behavior.of.the.
Cu60Zr30Ti10.alloy.and.also.of.the.alloys.modified.with.the.addition.of.1.at.%.Nb,.
1.at.%.Mo,.and.0.2.at.%.Ta.immersed.in.different.corrosive.solutions.has.been.
investigated.[32].and.the.trend.of.corrosion.rates.is.presented.in.Figure.7.6.

The.addition.of.alloying.elements.has.substantially.improved.the.corrosion.
resistance.of.the.Cu-based.BMG.alloys..For.example,.the.addition.of.1 at.%.
Mo.or.Nb.to.the.Cu60Zr30Ti10.alloy.reduced.the.corrosion.rate.to.half.in.the.
chloride-containing.solutions..Nb.and.Mo.substitutions.had.a.more.drastic.
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effect.in.1.N.H2SO4.or.1.N.HNO3.solutions..The.corrosion.rate.decreased.by.
about.an.order.of.magnitude.when.the.alloy.was.exposed.to.1.N.HNO3.solu-
tion..The.variation.of.the.corrosion.rate.of.Cu60Zr30Ti10.alloy.as.a.function.of.
Nb.content.in.different.test.environments.is.shown.in.Figure.7.7.[28,32,37]..
It. is. clear. from. Figure. 7.7. that. increasing. the. amounts. of. Nb. significantly.
increased.the.corrosion.resistance.of.the.Cu60Zr30Ti10.alloy,.even.in.chloride-
containing.solutions..It.may.be.instructive.to.check.whether.a.higher.concen-
tration.of.Nb,.say.for.example.10.at.%,.will.exhibit.any.further.improvement.
in.the.corrosion.resistance.

7.3.2 Influence of Test environment

Majority.of.the.investigations.in.this.category.dealt.with.a.change.in.the.cor-
rosive.medium.and.its.concentration.in.which.the.alloys.were.immersed.to.
evaluate.their.corrosion.behavior..There.is.only.one.investigation.where.the.
corrosion.behavior.was.studied.at.higher.temperatures.

The.corrosion.behavior.of.a.multicomponent.Cu0.5NiAlCoCrFeSi.alloy,.con-
taining.mostly.the.glassy.phase.but.containing.nanoscale.precipitates.was.
studied.at.288°C.(561.K). in.high-purity.water.simulating. the.boiling.water.
reactor.environment.[29]..A.small.amount.of.0.01.N.sodium.sulfate.(Na2SO4).
was.added.to.the.water,.because.pure.water.does.not.have.sufficient.conduc-
tivity.for.performing.potential-controlled.tests..It.was.reported.that.the.BMG.
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1 N.H2SO4.and.1.N.HNO3.solutions.after.exposure.for.336.h.
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alloy.exhibited.a.wide.passive.region.and.that.the.passive.current.density.
was.∼2.×.10−4.A.cm−2..A.low.weight.loss.of.∼4.5.μg.mm−2.was.reported.after.
immersing.the.alloy.in.deaerated.water.at.561.K.for.12.weeks..This.weight.
loss. is. much. lower. than. the. ∼28.μg. mm−2. value. obtained. for. carbon. steel.
under.similar.test.conditions.[29].

Looking. through. the. results. presented. in. Table. 7.1,. it. is. clear. that. the.
Cu60Zr30Ti10. alloy. corroded.severely. in. chloride-containing. solutions..Even.
when.the.concentration.of.HCl.was.reduced.to.0.01.N,.the.corrosion.rate.was.
still. substantial. [32].. On. the. other. hand,. when. the. corrosive. medium. was.
changed.to.1.N.H2SO4.or.1.N.HNO3,.the.corrosion.rates.were.about.an.order.
of.magnitude.lower.than.what.they.were.in.the.chloride-containing.environ-
ment.. These. results. prove. conclusively. that. the. copper-based. BMG. alloys.
corrode.severely.in.chloride-containing.environment.

As.mentioned.above,.Cu-based.alloys.fare.very.badly.in.the.presence.of.chlo-
ride.ions,.with.a.corrosion.rate.of.typically.100–300.μm.year−1..The.corrosion.rate.
is.much.smaller.in.media.such.as.HNO3.or.H2SO4..Qin.et al..[25,26].reported.that.
the.corrosion.rate.of.Cu60Hf25Ti15.BMG.alloy.was.340.μm.year−1.when.exposed.
to.1.N.HCl. for.168–336.h.at.298.K..The.same.alloy,.however,.had.a.corrosion.
rate.of.only.100.μm.year−1.when.exposed.to.3.wt.%.NaCl.solution..The.corrosion.
resistance.of.the.Cu60Hf25Ti15.BMG.alloy.could.be.increased.by.the.addition.of.
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alloying.elements.such.as.Mo,.Nb,.or.Ta..Addition.of.these.alloying.elements.at.
a.level.of.2.at.%.reduced.the.corrosion.rate.significantly.in.H2SO4,.HNO3,.and.
NaOH.solutions.to.undetectable.levels..Similarly,.the.Nb-free.alloy.had.a.cor-
rosion.rate.of.100.μm.year−1.in.NaCl.solution,.while.the.Nb-reinforced.alloy.did.
not.show.any.measurable.corrosion.rate..Both.the.Nb-containing.and.Nb-free.
alloys.did.not.show.any.measurable.corrosion.rate.in.1.N.H2SO4.solution.

7.3.3 Nature of the Passive Film

To. understand. the. reasons. for. the. improved. corrosion. resistance. of. this.
alloy.in.the.presence.of.Nb,.XPS.analysis.was.conducted.on.the.surface.film.
formed.after.exposure.to.air.and.also.after.immersion.in.different.corrosive.
solutions..On.the.as-polished.alloy,.the.atomic.fractions.of.the.elements.Cu,.
Hf,.Ti,.and.Nb.in.the.surface.film.were.found.to.be.41.5,.26.4,.23.1,.and.9.0.
(as.against.the.nominal.values.of.54,.22.5,.13.5,.and.10.0)..In.the.surface.film.
formed. after. exposure. to. air,. Hf. and. Ti. were. enriched,. while. Cu. and. Nb.
were.deficient.with.respect.to.the.alloy.composition..This.suggests.that.pref-
erential.oxidation.of.Hf.and.Ti.took.place.in.the.air-formed.film..Figure.7.8.
shows.the.surface.film.composition.for.the.(Cu0.6Hf0.25Ti0.15)90Nb10.alloy.in.the.
as-cast.condition,.after.mechanical.polishing.and.exposure.to.air,.and.after.
immersion.in.different.chloride-containing.solutions.[25]..It.was.noted.that.
the.Cu.content.decreased.significantly.after.immersion.in.1.N.HCl.solution;.
the.decrease.was.even.more.significant.in.3.wt.%.NaCl.and.1N.H2SO4.+.0.01.
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N.NaCl.solutions..At.the.same.time,.the.concentrations.of.Ti.and.Hf.were.sig-
nificantly.higher,.although.the.magnitudes.are.slightly.different.in.different.
solutions..More.significantly,.the.film.is.enriched.in.Nb.

Since.Cu.has.a.low.corrosion.resistance.among.all.the.elements.present.in.
the.alloy,.it.easily.dissolves.in.acidic.and.chloride-containing.solutions..But.
Hf,. Ti,. and. Nb. exhibit. excellent. corrosion. resistance. in. the. solutions. con-
sidered. here.. Consequently,. a. stable. surface. film. cannot. be. formed. in. the.
Nb-free.alloy..Therefore,.the.formation.of.a.highly.stable.and.protective.sur-
face.film.enriched.in.Hf,.Ti,.and.Nb.on.the.(Cu0.6Hf0.25Ti0.15)90Nb10.composite.
may.be.the.reason.for.the.improved.corrosion.resistance.of.the.alloy.

7.4	 Iron-Based	Bulk	Metallic	Glasses

Ever.since.the.first.Fe-based.BMG.alloy.was.synthesized.in.1995.in.an.Fe–Al–
Ga–P–C–B.system.corresponding.to.the.composition.Fe72Al5Ga2P11C6B4.[38],.
a.number.of.Fe-based.alloys.have.been.cast. into.the.bulk.glassy.condition.
by.the.copper-mold-casting.technique,.with.a.diameter.of.a.few.mm..They.
possess. excellent. magnetic. and. mechanical. properties. with. the. strength.
exceeding.over.4.GPa.[39–41]..Fe-based.BMG.alloys.investigated.for.their.cor-
rosion. behavior. generally. contained. Cr,. Mo,. C,. and. B. in. varying. propor-
tions..Cr.has.been.shown.to.be.essential.in.forming.a.passive.layer.and.this.
is.further.facilitated.by.Mo.addition..Both.carbon.and.boron.(together.to.the.
extent.of.about.20.at.%).were.found.to.be.necessary.to.achieve.glass.forma-
tion..By.studying.a.number.of.alloys,.the.Cr.and.Mo.contents.were.optimized.
to. achieve. the. highest. glass-forming. ability.. The. alloy. with. the. composi-
tion.Fe41Co7Cr15Mo14C15B6Y2.seems.to.have.the.highest.glass-forming.ability.
amongst.the.Fe-based.alloys.since.it.was.possible.to.produce.a.fully.glassy.
rod.of.16.mm.diameter.in.this.alloy.composition.[42].

A.typical.Fe-based.glassy.alloy.composition.appears.to.be.Fe45Cr16Mo16C18B5..
In.some.of. the. investigations,.either.additional.metalloid.elements,.espe-
cially. P,. have. been. added. or. Mo. has. been. partially. replaced. with. Ta. or.
Nb.. The. actual. compositions. investigated. include. Fe43Cr16Mo16C10B5P10.
[43,44],.Fe45Cr16Mo16−xMxC18B5.(where.M.=.Ta.or.Nb.and.x.=.0.or.2.at.%).[45],.
Fe50−xCr16Mo16C18Bx.(with.x.=.3,.4,.6,.8,.and.10.at.%).[46],.Fe60−xCrxMo15C15B10.
(with. x. =. 0,. 7.5,. 15,. 22.5,. and. 30. at.%). [47],. Fe75−x−yCrxMoyC15B10. (with. x  =.
0–30. at.%. and. y. =. 0–22.5. at.%). [48],. Fe76−xCrxMo2Ga2P10C4B4Si2. (with. x. =.
0–6. at.%). [49],. [{(Fe0.6Co0.4)0.75B0.2Si0.05}0.96Nb0.04]100−xCrx. (with. x. =. 0–4). [50],.
Fe49Cr15.3Mo15Y2C15B3.4N0.3. [51],. Fe50−xCr15Mo14C15B6Yx. [52],. and. (Fe44.3Cr5

Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5.[53],.among.others..The.corrosion.behavior.of.
these.glassy.alloys.was.investigated.by.immersing.the.alloy.samples.mostly.
in.3.wt.%.NaCl.or.HCl.(of different.concentrations,.usually.1,.6,.and.12.N),.
by.both.weight-loss.and.electrochemical.measurement.techniques.and.the.
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compositions.of. the.passive.films.and.the.underlying.substrate.materials.
were.determined.using.XPS.techniques.

7.4.1 Influence of Composition

All.the.glassy.alloys.investigated.exhibited.good.corrosion.resistance.in.con-
centrated.HCl.with.the.measured.corrosion.rates.of.as.low.as.1–10.μm.year−1..
Figure.7.9a.shows.that.the.corrosion.rate.of.the.glassy.Fe50−xCr16Mo16C18Bx.alloy.
decreases.with.increasing.amount.of.B.in.the.alloy.[46]..A.similar.decrease.of.
corrosion.rate.with.increasing.Cr.content.was.also.noted.in.the.[{(Fe0.6Co0.4)0.75

B0.2Si0.05}0.96Nb0.04]100−xCrx.alloy,.when.the.corrosion.rate.decreased.from.700.to.
1.6.μm.year−1.as.the.Cr.content.increased.from.0.to.4.at.%.(Figure.7.9b).[50]..
The. addition. of. Mo. to. Fe-based. alloys. has. also. been. reported. to. improve.
their.corrosion.resistance.in.HCl.solution,.since.it.prevents.the.dissolution.of.
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FIGURe 7.9
(a).Decreasing.corrosion.rate.with. increasing.B.content. in.an.Fe50−xCr16Mo16C18Bx.BMG.alloy,.
and.(b).Decreasing.corrosion.rate.with.increasing.Cr.content.in.0.5.N.NaCl.solution.at.298.K.
open.to.air.for.168.h.for.the.[{(Fe0.6Co0.4)0.75B0.2Si0.05}0.96Nb0.04]100−xCrx.alloy..(Reprinted.from.Long,.Z.L..
et al.,.Intermetallics,.15,.1453,.2007..With.permission.)
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Cr.during.passivation.[54]..However,.it.has.been.noted.that.when.the.dissolu-
tion.rate.of.Fe-based.alloys.is.very.high.as.in.the.active.region,.Mo.selectively.
remains.in.the.alloy.because.the.dissolution.rate.of.Mo.is.slower.than.that.
of.other.constituents..Further,.Mo.has.not.been.able.to.form.its.own.passive.
film.in.the.passive.region.of.the.alloys..Mo.is.also.known.to.dissolve.even.
at.the.lower.potentials.in.the.passive.region.of.the.alloys,.indicating.a.lower.
stability.of. the.passive.film.of.Mo. in.comparison.with.a.passive.hydrated.
chromium.or. iron.oxyhydroxide.film..Consequently,.excessive.amounts.of.
Mo.addition.to.replace.Fe.have.been.reported.to.be.detrimental.for.the.corro-
sion.resistance.of.Fe-based.glassy.alloys.[55].

The.corrosion.resistance.of.the.BMG.alloys.has.been.shown.to.be.higher.
due.to.the.presence.of.P.in.the.alloy..Figure.7.10a.shows.the.potentiodynamic.
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(a). Potentiodynamic. polarization. curves. of. Fe43Cr16Mo16C15B10. and. Fe43Cr16Mo16C10B5P10. bulk.
glassy.alloys.in.1.N.HCl.solution.open.to.air.at.298.K.showing.that.the.passive.current.density.
for.the.P-containing.alloy.is.lower..(Reprinted.from.Pang,.S.J..et al.,.Acta Mater.,.50,.489,.2002..
With.permission.).(b) Anodic.polarization.curves.of.Fe45Cr16Mo16C18B5.and.Fe45Cr16Mo14M2C18B5.
(where.M.=.Nb.or.Ta).BMG.alloys.in.6.N.HCl.solution.open.to.air.at.298.K..(Reprinted.from.
Pang,.S.J..et al.,.Mater. Trans.,.42,.376,.2001..With.permission.).Note.the.lower.passive.current.
density.when.Nb.or.Ta.is.present.in.the.alloy.
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polarization.curves.of.Fe43Cr16Mo16C15B10.and.Fe43Cr16Mo16C10B5P10.bulk.glassy.
alloys.in.1.N.HCl.at.298.K.[44]..From.these.curves.it.may.be.noted.that.both.
the.alloys.passivate.spontaneously..However,.the.passive.current.density.is.
about.10−1.A.m−2.for.the.Fe43Cr16Mo16C15B10.alloy,.whereas.it.is.approximately.
half.(5.×.10−2.A.m−2).for.the.Fe43Cr16Mo16C10B5P10.alloy..The.lower.passive.cur-
rent. density. in. the. P-containing. alloy. clearly. demonstrates. that. this. alloy.
has.a.better.corrosion.resistance..Figure.7.10b.shows.that.a.similar.improve-
ment.in.the.corrosion.resistance.of.Fe45Cr16Mo16C18B5.and.Fe45Cr16Mo14M2C18B5.
(where.M.=.Nb.or.Ta).BMG.alloys.in.6.N.HCl.solution.has.also.been.obtained.
by.substituting.Mo.with.Nb.or.Ta.[45].

The.presence.of.N.in.the.Fe49Cr15.3Mo15Y2C15B3.4N0.3.BMG.alloy.demonstrated.
that.the.corrosion.resistance.of.the.N-containing.alloy.in.concentrated.HCl.
solution.was.at.least.an.order.of.magnitude.higher.than.that.of.the.N-free.
alloy..XPS.analysis.indicated.that.the.enrichment.of.Cr.oxide.and the.pres-
ence.of.MoN.nitride. in. the.passive. surface. layer.were. responsible. for. the.
increased.corrosion.resistance.[51].

Wang.et al..[52].have.investigated.the.effect.of.Y.addition.on.the.corrosion.
behavior.of.Fe50−xCr15Mo14C15B6Yx.bulk.glassy.alloys.in.the.range.of.x.=.0–2.at.%..
Using.potentiodynamic.polarization.measurements,.Mott–Schottky.analysis,.
and.XPS.studies,.the.authors.showed.that.icorr.increases.with.Y.addition.up.to.0.5.
at.%.Y.and.then.starts.to.decrease.with.further.increase.in.the.Y.content..From.
this.observation,.they.concluded.that.the.stability.of.the.passive.film.decreased.
sharply.at.0.5.at.%.Y.addition..It.was.further.shown.that.the.corrosion.resistance.
of.the.alloy.is.related.to.the.semiconducting.properties.of.the.alloy,.since.Y.dop-
ing.induced.changes.in.the.structural.defects.in.the.passive.films.

7.4.2 Influence of Test environment

Different.test.environments.have.been.explored.to.evaluate.the.corrosion.
behavior.of.Fe-based.BMG.alloys..These.include.the.nature.and.concentra-
tion.of.the.corrosive.medium.and.the.temperature.at.which.corrosion.was.
studied..The.corrosive.media.investigated.include.HCl,.NaCl,.H2SO4,.and.
Na2SO4.

It.is.natural.to.expect.that.corrosion.becomes.more.severe.as.the.concentra-
tion.of.the.corrosive.medium.increases..Consequently,.as.shown.in.Figure.
7.11a,.the.corrosion.rate.of.the.Fe50−xCr16Mo16C18Bx.BMG.alloy.increased.with.
increasing.concentration.of.HCl,.irrespective.of.the.B.content.in.the.alloy.
[46]..It.was.also.shown.that.pitting.occurred.on.the.surface.of.the.alloy.after.
immersion.for.1.week.in.12.N.HCl.at.room.temperature,.especially.when.
the.B.content.was.only.about.4.at.%;.pitting.did.not.occur.at.higher.B.levels..
Such.a.phenomenon.of.pitting.did.not.occur.in.1.N.and.6.N.HCl.solutions;.
instead.they.passivated.spontaneously..Asami.et al..[43].also.reported.that.
while. the. Fe43Cr16Mo16C10B5P10. BMG. alloy. passivated. spontaneously. in. a.
1 N.HCl.solution,.it.did.not.have.a.stable.passive.region,.with.its.current.
increasing.drastically,.when.anodically.polarized.in.a.12.N.HCl.solution.
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A.similar.result.of.lowered.passive.current.density.in.P-containing.alloys.
was. also. reported. at. higher. concentrations. of. HCl. and. also. on. partially.
replacing. Mo. with. either. Nb. or. Ta. (Figure. 7.11b).. Increasing. B. content. in.
Fe50−xCr16Mo16C18Bx.alloys.was.also.shown.to.have.a.similar.effect.[46].

Long.et al..[56].reported.that.the.corrosion.resistance.of.[(Fe0.6Co0.4)0.75B0.2

Si0.05]96Nb4.BMG.alloys.decreased.with.an.increase.in.temperature.in.0.1.N.
and.0.5.N.H2SO4.solutions.

7.4.3 Influence of Structural Changes

The.influence.of.structurally.relaxing.or.crystallizing.the.BMG.alloys.on.
the.structure.and.corrosion.behavior.of.Fe-based.BMG.alloys.has.also.been.
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(a). Increasing. corrosion. rate. with. increasing. concentration. of. HCl. in. an. Fe50−xCr16Mo16C18Bx.
BMG.alloy.. (b).SEM.micrographs.showing. that.pitting.occurs. in.a.12.N.HCl.solution,.espe-
cially.when.the.B.content.is.less..Lower.concentrations.of.HCl.and.higher.concentrations.of.B.
prevented.this.from.happening..(Reprinted.from.Pang,.S.J..et al.,.Corrosion Sci.,.44,.1847,.2002..
With.permission.)
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investigated..Pardo.et al..[57,58].studied.the.effect.of.Cr.content.on.the.cor-
rosion. behavior. of. Fe73.5Si13.5B9Nb3Cu1. BMG. alloys. in. different. concentra-
tions.of.H2SO4.(1,.3,.and.5.N)..They.investigated.the.corrosion.behavior.of.
this.alloy.in.three.different.conditions:.(1).in.the.as-solidified.fully.glassy.
condition,. (2). by. annealing. it. for. 1.h. at. 813.K. to. obtain. a. nanocrystalline.
structure.(10–15.nm.grain.size),.and.(3).by.fully.crystallizing.the.samples.
(to.achieve.a.grain.size.of.0.1–1.μm).through.annealing.at.973.K.for.1.h..The.
corrosion. resistance. was. higher. with. increasing. Cr. content. in. the. range.
studied. (0–8. at.%).. However,. a. minimum. Cr. concentration. of. 8. at.%. was.
found.necessary. to.generate.a. stable.passive. layer..Among.all. the.condi-
tions. studied,. the. glassy. structure. showed. the. best. corrosion. resistance,.
followed.by.that. in. the.nanocrystalline.state..The.fully.crystallized.alloy.
showed.the.least.corrosion.resistance..Figure.7.12.shows.the.weight.loss.of.
this.alloy.as.a.function.of.immersion.time.in.5.N.H2SO4.solution.confirming.
the. above. [57].. These. authors. had. also. investigated. the. corrosion. behav-
ior.of.a.Co73.5Si13.5B9Nb3Cu1.metallic.glassy.alloy,.where.a.similar.result.of.
best.corrosion.resistance.in.the.glassy.state.and.least.corrosion.resistance.
in. the. fully.crystallized.condition.was.reported..They. further.noted. that.
the.corrosion.resistance.of.the.Co-based.alloys.was.better.than.that.of.the.
Fe-based.alloys.[57].

Long. et  al.. [56]. also. investigated. the. influence. of. structural. changes.
on.the.corrosion.behavior.of.an.[(Fe0.6Co0.4)0.75B0.2Si0.05]96Nb4.BMG.alloy.in.
0.1 N.and.0.5.N.H2SO4.solutions..They.studied.the.alloy.in.three.different.
conditions—in.the.as-cast.glassy.state,. in.a.structurally.relaxed.state.by.
annealing.the.glassy.alloy.at.573.or.773.K.for.1.h,.and.in.the.fully.crystal-
lized.condition.by.annealing. the.glassy.alloy.at.973.K. for.1.h..X-ray.dif-
fraction.patterns.from.these.alloys.confirmed.that.the.samples.annealed.
at.573.or.773.K.remained.glassy,.but.the.glassy.structure.got.relaxed,.and.
the.alloy.annealed.at.973.K.was.fully.crystallized..It.was.reported.that.the.
alloy.had.readily.passivated.in.aerated.H2SO4.solution.in.all.the.three.dif-
ferent.conditions;.but.the.corrosion.resistance.of.the.alloy.was.different.in.
the.three.different.states..The.fully.crystallized.alloy.exhibited.the.highest.
corrosion.rate.with.a.weight.loss.of.one.order.of.magnitude.greater.than.in.
other.conditions..The.structurally.relaxed.glassy.alloy.showed.the.lowest.
corrosion.rate.and.the.as-cast.glassy.alloy.showed.an.intermediate.value.
(Figure.7.13)..The.highest.corrosion.rate.in.the.fully.crystallized.alloy.was.
attributed.to. the.generation.of.galvanic.effects.between.adjacent.phases.
with.different.compositions..On.the.other.hand,.the.structurally.relaxed.
glassy.alloy.is.relieved.of.all. the.solidification.stresses,.and.so.the.glass.
reached.a.more.stable.structure,. thereby.causing.a.decrease. in.the.reac-
tivity.of.the.constituent.elements.and.increasing.the.chemical.stability.of.
the.alloy..The.smaller.weight.loss.of.the.alloy.annealed.at.773.K.suggests.
that.annealing.at.the.higher.temperature.resulted.in.a.greater.structural.
relaxation.and.consequently.led.to.increased.corrosion.resistance.
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FIGURe 7.12
Weight.loss.as.a.function.of.immersion.time.in.5.N.H2SO4.for.the.Fe73.5Si13.5B9Nb3Cu1.alloy.in.
the.(a).glassy,.(b).nanocrystalline,.and.(c).crystallized.conditions..The.weight.loss.decreased.
with.increasing.Cr.content.in.all.the.cases..It.may.also.be.noted.that.the.corrosion.rate.was.the.
highest.in.the.crystalline.state,.least.in.the.glassy.state.and.intermediate.in.the.nanocrystalline.
state..(Reprinted.from.Pardo,.A..et al.,.J. Non-Cryst. Solids,.352,.3179,.2006..With.permission.)
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7.4.4 Nature of the Passive Film

Since.the.increased.corrosion.resistance.is.attributed,.at.least.in.part,.to.the.pas-
sive.films.formed.in.aggressive.and.corrosive.environments,.the.XPS.technique.
was.used.to.characterize.the.passive.films.and.also.the.substrate.alloy.surface..
It.is.noted.that.the.metallic.elements.exist.in.the.oxidized.state.in.the.surface.
passive.film.and.in.the.metallic.state.in.the.underlying.alloy.surface..The.Fe.
spectrum.is.normally.composed.of.peaks.of.iron.species.in.metallic,.Fe2+,.and.
Fe3+.states..The.Cr.spectrum.consists.of.peaks.of.chromium.species.in.metallic.
and.Cr3+.states..The.Mo.spectrum.is.generally.deconvoluted.into.peaks.corre-
sponding.to.metallic,.Mo4+,.Mo5+,.and.Mo6+.states..The.C.1s.peaks.appear.from.
carbon.in.the.alloy,.and.the.so-called.contaminant.carbon.on.the.top.surface.of.
the.specimen..The.O.1s.spectrum.consists.of.peaks.originating.from.oxygen.in.
the.metal–O–metal.bond,.metal–OH.bond.and/or.bound.water.vapor.

Assuming.that.the.metallic.state.peaks.arise.from.the.underlying.metal.
surface.and.the.oxidized.state.peaks.from.the.surface.film,.the.XPS.spectra.
are.analyzed.for.the.concentration.of.the.different.elements.by.deconvolut-
ing.and.curve.fitting..This. is.done.both. in. the.as-prepared.condition.and.
also.after.immersion.in.the.corrosive.medium..Figure.7.14.shows.the.metallic.
and.cationic.fractions.of.Fe,.Cr,.and.Mo.in.an.Fe50−xCr16Mo16C18Bx.glassy.alloy.
as.a.function.of.the.B.content.in.the.as-cast.condition.and.after.immersion.
in.the.corrosive.medium.[46]..While. the.atomic.fractions.of. the.transition.
metals,.that.is,.Fe,.Cr,.and.Mo.were.measured.in.the.underlying.substrate.
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Weight.loss.of.the.[(Fe0.6Co0.4)0.75B0.2Si0.05]96Nb4.alloy.in.0.1.N.H2SO4.solution.in.three.different.
conditions—as-cast.glassy,.structurally.relaxed.glassy,.and.fully.crystallized.conditions..The.
corrosion.resistance.was.the.lowest.(the.weight.loss.was.maximum).for.the.fully.crystallized.
alloy.and.the.highest.for.the.structurally.relaxed.glass..The.as-cast.glassy.structure.had.an.inter-
mediate.value..(Reprinted.from.Long,.Z.L..et al.,.Mater. Trans.,.47,.2566,.2006..With.permission.)
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alloy.for.the.cast.condition.(as-prepared,.i.e.,.exposed.to.air.after.mechani-
cal.polishing),.the.cationic.fraction.was.measured.in.the.surface.film.after.
immersion.in.1.N.HCl.at.298.K.for.168.h.(1.week)..The.superscripts.“m”.and.
“ox”. represent. the. metallic. and. oxidized. states,. respectively.. Comparing.
Figure.7.14a.through.d,.between.the.two.conditions,.it.can.be.seen.that.the.
Cr.concentration.in.the.surface.film.is.apparently.higher.than.that.in.the.air-
formed.film..This.suggests.that.the.passive.film.is.enriched.in.Cr..It.is.also.
inferred. that.Fe. from. the.air-formed.film. is.preferentially.dissolved.back.
into.the.substrate.and.that.the.passive.film.is.regrown.with.Cr.enrichment..
But,. judging. from. the. comparison. between. the. compositions. before. and.
after.immersion,.the.underlying.alloy.must.have.dissolved.to.some.extent.
at.the.same.time.
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The.thickness.of.the.passive.surface.film.is.also.an.indicator.of.the.corro-
sion.resistance.of.the.alloy..In.general,.a.thick.surface.film.is.formed.when.
the.alloy.is.not.resistant.to.the.environment..On.the.other.hand,.the.film.is.
thin.when. the.corrosion. resistance.of. the.alloy. is.higher..Accordingly,. the.
thickness.of. the.surface.film.formed.on.the.bulk.Fe50−xCr16Mo16C18Bx.alloys.
after. immersion. in. the.acid.ranged. from.20. to.25.nm,.which. is.almost. the.
same.as.that.of.the.air-formed.film.[46]..But,.it.does.not.mean.that.the.air-
formed.surface.film. is. responsible. for. the.high.corrosion. resistance.of. the.
alloy..It.is.the.Cr-enriched.passive.film.that.has.been.found.to.be.responsible.
for.the.enhanced.corrosion.resistance.

7.5	 Magnesium-Based	Bulk	Glassy	Alloys

The.pure.metal.magnesium.and.its.crystalline.alloys.are.generally.known.
to.display.poor.corrosion.resistance..In.fact,.even.in.rapidly.solidified.binary.
Mg-alloys.(which.are.crystalline),.lack.of.sufficient.corrosion.resistance.has.
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been. one. of. the. major. limitations. in. the. commercial. exploitation. of. these.
alloys.. In. contrast. to. the. other. alloy. systems,. the. corrosion. behavior. of.
Mg-based.BMG.compositions.has.been.investigated.mostly.on.melt-spun.rib-
bon.samples..This.has.been.done.with.the.assumption.and.understanding.
that.there.is.no.difference.in.the.corrosion.behavior.of.melt-spun.ribbons.and.
slowly.cast.rod.samples.of.the.same.composition.as.long.as.both.the.samples.
are.fully.glassy.

A.majority.of.the.corrosion.behavior.studies.have.been.conducted.on.the.
ternary.Mg65Cu25Y10.and.its.derivative.containing.Ag,. i.e.,.Mg65Cu15Y10Ag10..
Gebert.et al..[59].investigated.the.corrosion.behavior.of.Mg65Cu25Y10.in.0.1.N.
NaOH.solution.with.pH.=.13.at.room.temperature..The.alloy.was.prepared.
in.the.form.of.melt-spun.ribbons.and.also.as.7.mm.diameter.rods.by.copper-
mold.casting..The.melt-spun.ribbon.was.mostly.glassy;.but,. it.contained.a.
minor.amount.of.Y2O3.embedded.as.small.particles.in.the.glassy.matrix..On.
the.other.hand,.the.as-cast.BMG.alloy.sample.exhibited.a.very.fine-grained.
crystalline.structure.consisting.of.Mg2Cu,.MgY,.and.other.phases..The.cor-
rosion.behavior.of.these.alloys.was.compared.with.the.behavior.of.pure.Mg.

Significant. differences. were. noted. in. the. electrochemical. behavior. of.
these. three.materials..The.melt-spun.ribbon.and. the.multiphase.heteroge-
neous.crystalline.alloy.showed.a.significantly.lower.oxidation.tendency.than.
pure.magnesium,.ascribed.to.the.presence.of.Cu,.a.noble.element..The.low-
est.corrosion.rate.and.lowest.passive.current.density.were.observed.for.the.
“glassy”.ribbon.sample..These.observations.suggest.that.a.highly.protective.
surface.film.had.formed.on.the.“glassy”.ribbon..The.presence.of.structural.
and.chemical.heterogeneity,.resulting.in.setting-up.of.galvanic.currents,.was.
thought.to.be.responsible.for.the.higher.corrosion.rate.and.the.worse.passiv-
ation.behavior.of.the.crystalline.alloy.

A.comparison.of.the.corrosion.behavior.between.the.glassy.and.crystalline.
alloys.of.the.ternary.Mg65Cu25Y10.and.the.quaternary.Mg65Cu15Y10Ag10.alloys.
was.also.reported.[60]..These.two.alloys.in.the.as-synthesized.glassy.and.the.
crystallized.conditions.were.studied.in.0.3.N.H3BO3/Na2B4O7.buffer.solution.
with.pH.=.8.4.and.in.0.1.N.NaOH.solution.with.pH.=.13..Comparing.the.glassy.
structures.of. the.two.alloys,. the.quaternary.alloy.containing.Ag.exhibited.
more.noble.and.stable.behavior. in.both. the.electrolytes..The. (crystallized).
multiphase. alloys. exhibited. poorer. corrosion. resistance. than. their. glassy.
counterparts,.the.difference.being.more.pronounced.for.the.quaternary.alloy..
The.passive.current.density.of.the.ternary.alloy.was.lower.for.the.crystal-
lized.alloy.than.that.of.the.quaternary.alloy.in.both.the.electrolytes..But,.for.
the.glassy.alloys,.the.passive.current.density.was.higher.for.the.ternary.alloy.
in.both.the.electrolytes.[60]..Gebert.et al..[61].investigated.the.electrochemical.
behavior.of.the.ternary.Mg65Cu25Y10.BMG.alloy.at.pH.values.ranging.from.
6 to.13.in.the.0.3.N.H3BO3/Na2B4O7.electrolyte..They.observed.that.the.pas-
sive.current.density.of.the.glassy.alloy.was.always.lower.in.the.ternary.alloy.
at. all. pH. values. except. at. pH. =. 13.. Further,. the. passive. potential. range.
decreased.with.decreasing.pH.and.was.not.observed.at.all.at.pH.=.5,.where.
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anodic.dissolution.processes.were.dominating..Additionally,.the.passive.lay-
ers.formed.on.the.glassy.Mg65Cu15Y10Ag10.alloy.in.the.weakly.and.strongly.
alkaline.electrolytes.were.quite.different..In.the.weakly.alkaline.electrolyte,.
Cu.played.a.dominant.role.in.the.passivation.of.the.quaternary.alloy.along.
with. Y.. On. the. other. hand,. in. the. highly. alkaline. electrolyte,. magnesium.
hydroxide.along.with.yttrium.hydroxide.and.silver.oxides.formed.the.thin.
homogeneous.passive.layer..It.was.again.confirmed.that.the.glassy.alloy.has.
a.better.corrosion.resistance.than.the.crystalline.alloy.

Yao. et  al.. [62]. investigated. the. corrosion. behavior. of. melt-spun. ribbons.
of.pure.Mg,.and.binary.Mg82Ni18.and.Mg79Cu21,.and. ternary.Mg65Ni20Nd15.
and.Mg65Cu25Y10.alloys.in.0.01.N.NaCl.(pH.=.12).electrolyte..All.the.alloys.in.
the.melt-spun.condition.were.reported.to.be.glassy..Both.the.ternary.alloys.
were.shown.to.exhibit.significantly.higher.corrosion.resistance.in.strongly.
alkaline. hydroxide. electrolyte. than. pure. Mg. or. the. binary. glassy. alloys..
Electrochemical.investigations.revealed.that.the.anodically.formed.passive.
films.containing.NiO.and.Nd2O3. (in.Mg65Ni20Nd15). and.CuO.and.Y2O3. (in.
Mg65Cu25Y10),.in.addition.to.MgO,.provided.a.beneficial.effect.to.improve.the.
corrosion.resistance.of.the.ternary.alloys..The.rare.earth.oxides.were.shown.
to.be.particularly.useful..Hydroxydation.of.these.oxides,.however,.led.to.the.
breakdown.of.passivity.

7.6	 Nickel-Based	Bulk	Metallic	Glasses

Nickel-based.crystalline.alloys.are.known.to.be.very.resistant.to.both.gen-
eral. and. localized. corrosion,. even. in. highly. concentrated. HCl. solutions..
Since.metallic.glasses.are.in.general.expected.to.be.more.resistant.to.corro-
sion.than.their.crystalline.counterparts,.study.of.the.corrosion.behavior.of.
Ni-based.metallic.glasses.assumes.importance..Further,.it.has.been.possible.
to.produce.both.metal–metal.type.and.metal–metalloid.type.Ni-based.alloys.
in.the.glassy.state..However,.majority.of.these.alloys.have.been.produced.in.
a.ribbon.form.by.the.melt-spinning.process.and.only.a.few.of.the.Ni-based.
alloys.have.been.produced.in.the.BMG.condition..The.diameters.of.many.of.
the.fully.glassy.alloys.have.been.only.1.or.2.mm.and.the.maximum.diameter.
of.the.Ni-based.BMG.alloy.reported.so.far.has.been.21.mm.in.Ni50Pd30P20.[63]..
Consequently,. majority. of. the. corrosion. studies. on. Ni-based. glasses. have.
been. conducted. on. melt-spun. ribbons. of. BMG-forming. compositions. and.
not.many.on.the.BMG.rods..Comparative.studies.of.the.corrosion.behavior.
of. these. alloys. in. the. glassy. condition. and. after. crystallization. have. also.
been.made.

An. Ni–Cr–P–B. alloy. has. been. chosen. as. the. basis. and. alloying. addi-
tions. of. other. metals. such. as. Mo,. Nb,. and. Ta. have. been. made. to. it..
Among. the.metal–metalloid. type.alloys,. the.Ni-based.alloys. investigated. for.
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corrosion.behavior.include.Ni–Cr–Mo–16.at.%.P–4.at.%.B.[64],.Ni–Cr–Ta–16.
at.%. P–4. at.%. B. [64],. Ni–Cr–Nb–16. at.%. P–4. at.%. B. (with. Cr,. Nb. =. 5. or. 10.
at.%).[65],.Ni55Nb40−xTaxP5.[66],.Ni70−xCr5Ta5MoxP16B4.(x.=.3.and.5.at.%).[67],.and.
(Ni60Nb40−xTax)0.95P0.05.[68]..Several.metal–metal.type.glassy.alloys.based.on.Ni.
were.also.studied.for.their.corrosion.behavior..These.include.Ni59Zr20Ti16Si2Sn3.
[69],.Ni53Nb20Ti10Zr8Co6Cu3.[69],.Ni60−xCoxNb20Ti10Zr10.(with.x.=.0–20.at.%).[70],.
Ni60Nb20−xTaxTi15Zr5.(with.x.=.5,.15,.and.20.at.%).[71],.Ni60Ta40−x−yTixZry. (with.
x = 0−25.and.y.=.0−15.at.%).[72],.and.Ni60−xCoxNb20Ti10Zr10.[73,74].

Since. Ni-based. glassy. alloys. are. generally. highly. resistant. to. corrosion,.
their.corrosion.behavior.has.been.investigated.in.concentrated.acids.such.as.
6.N.HCl.and.12.N.HCl..Majority.of.the.studies.were.conducted.at.303.K.and.
in.electrolytes.open.to.air.

7.6.1 Influence of Composition

Addition.of.some.specific.elements.has.been.known.to.generally.improve.the.
corrosion.resistance..Such.investigations.were.conducted.earlier.on.a.num-
ber.of.melt-spun.ribbon.alloys.(see,.e.g.,.Ref..[75])..Similar.results.are.reported.
in.the.case.of.BMG.alloys.also.

Addition.of.Ta.to.an.Ni–Nb–P.glassy.alloy.reduced.the.corrosion.rate.in.
a.6.N.HCl.solution.and.the.corrosion.rate.of.a.(Ni60Nb40−xTax)95P5.alloy.with.
x =.5.was.lower.than.the.detectable.value.[66]..Glassy.alloys.with.x.>.20.at.%.
Ta.have.been.reported.to.be.immune.to.corrosion.even.in.12.N.HCl.at.303.K..
It.was.further.reported.that.during.potentiodynamic.polarization.measure-
ments,.the.curves.showed.wider.passive.regions.and.lower.current.densities.
with.increasing.Ta.content.in.the.alloy..Spontaneous.passivation.took.place.
in.alloys.with.high.Ta.content.of.30.and.40.at.%..Figure.7.15.shows.the.cor-
rosion.rates.of.the.ternary.Ni–Nb–P.and.quaternary.Ni–Nb–Ta–P.alloys.of.
1.and.2.mm.diameter.and.melt-spun.ribbons.measured.in.6.N.and.12.N.HCl.
open.to.air.at.303.K..The.corrosion.rate.of.the.Ni55Nb40P5.alloy.of.2.mm.diam-
eter.was.about.three.orders.of.magnitude.lower.than.that.of.Ni.metal.and.is.
less.than.half.of.the.Nb.metal..It.may.also.be.noted.that.the.corrosion.rate.
decreases.with.Ta.addition.

The.corrosion.behavior.of.Ni–Ta–P–B.alloys.with.further.additions.of.Cr.
and.Mo.was.also.investigated.in.6.N.HCl.solution.at.303.K.open.to.air.[64]..
Potentiodynamic. polarization. measurements. were. made. on. 1.mm. diam-
eter.fully.glassy.rods.of.Ni75−xCrxTa5P16B4.(with.x.=.5,.10,.and.15.at.%)..It.was.
reported. that.all. the.alloys.passivated.spontaneously. in.6.N.HCl.at.303.K..
The.alloy.with.5.at.%.Cr.showed.a.passive.current.density.of.one.order.of.
magnitude.higher. than. that.exhibited.by. the.melt-spun. ribbon,.attributed.
to.the.presence.of.crystalline.2.nm.diameter.Ni.precipitates. in. the.sample..
However,.on.increasing.the.Cr.content.further,.the.behavior.was.identical.to.
that.of.the.melt-spun.ribbon..The.increased.corrosion.resistance.was.attrib-
uted.to.the.enormous.enrichment.of.Cr.and.Ta.in.the.stable.passive.surface.
film.with.a.formula.of.(Cr,Ta)xOy(OH)z.
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The. corrosion. behavior. of. melt-spun. ribbons. and. 1. and. 2.mm. diameter.
BMG.rods.of.Ni55Cr15Mo10P16B4.composition.was.investigated.through.poten-
tiodynamic.polarization.curves.[64]..It.was.noted.that.whereas.the.melt-spun.
ribbon.and.1.mm.diameter.rod.showed.similar.polarization.curves,.the.2.mm.
diameter. rod. showed. a. passive. current. density. which. was. two. orders. of.
magnitude.higher.(Figure.7.16)..This.difference.was.attributed.to.the.pres-
ence.of.20.nm-sized.Ni.precipitates.in.the.glassy.matrix.of.the.2.mm.diameter.
rod.and.their.absence.in.the.other.samples.(to.be.further.discussed.later).

Investigating. the. effect. of. Cr. content. on. the. corrosion. behavior. of. Ni–
Cr–Nb–P–B. alloys,. Habazaki. et  al.. [65]. noted. that. the. relatively. Cr-rich.
Ni65Cr10Nb5P16B4.revealed.the.lowest.passive.current.density.of.about.0.1.A m−2,.
indicating. that. an. increase. in. the. Cr. content. was. more. effective. than. an.
increase. in. the. Nb. content. in. enhancing. the. stability. of. the. passive. film..
A similar.result.was.also.obtained.in.binary.Cr–Nb.alloys.[76].

Ni-based.metal–metal.type.BMG.alloys.also.showed.high.corrosion.resis-
tance. in. H2SO4. and. HCl. corrosion. media. as. suggested. by. negligible. (and.
below.the.level.of.detection).weight.loss,.indicating.a.corrosion.rate.of.less.
than. 0.1.μm. year−1.. All. the. alloys. are. also. spontaneously. passivated. with.
low. passive. current. densities. of. the. order. of. 10−2.A. m−2. in. a. wide. passive.
region..The.results.suggest.that.substitution.of.Ta.for.Nb.improves.the.corro-
sion.resistance.of.Ni60Nb20Ti15Zr5.alloy.[71]..The.corrosion.resistance.of.these.
alloys.is.much.better.than.that.of.austenitic.stainless.steel.316L.
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7.6.2 Influence of Test environment

As.mentioned.earlier,.higher.corrosion.rates.can.be.expected.when.the.con-
centration.of.the.acid.is.higher..Accordingly,.the.corrosion.rate.of.the.alloy.in.
12.N.HCl.is.expected.to.be.higher.than.in.6.N.HCl.electrolyte..Katagiri.et al..
[67].investigated.the.effect.of.concentration.of.HCl.on.the.corrosion.behav-
ior.of.Ni–Cr–Ta–Mo–B.glassy.alloys.through.potentiodynamic.polarization.
curves..They.noted.that.the.polarization.curves.were.almost. identical. in.6.
and.12.N.HCl.solutions.at.303.K,.but.the.damage.of.the.specimen.by.trans-
passivation.was.milder.in.6.N.HCl.than.in.12.N.HCl.

7.6.3 Influence of Microstructure

Copper-mold-cast.Ni55Nb40P5.alloys.of.1.and.2.mm.diameter.were.found.
to. be. fully. glassy. as. determined. by. XRD. methods.. But,. on. addition. of.
Ta,.the.(Ni60Nb40−xTax)95P5.alloys.were.found.to.be.completely.glassy.only.
when.the.diameter.of.the.cast.rod.was.1.mm..On.increasing.the.diameter.
to.2.mm,.the.alloy.was.glassy.only.when.Ta.=.5,.30,.and.35.at.%..At.other.
compositions,. the. alloy. consisted. of. crystalline. phases. such. as. Ni3Nb,.
Ni3Ta and.nickel.phosphides.in.the.alloys.containing.10–20.at.%.Ta,.and.
Ni3Ta,.Ta,.and nickel.phosphides.in.the.alloy.containing.40.at.%.Ta.[66].
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For.the.quaternary.alloy.of.1.mm.diameter,.the.corrosion.rates.of.the.BMG.
rod.and.of.the.melt-spun.ribbon.were.identical..But,.when.the.2.mm.diameter.
was.tested,.the.corrosion.rate.of.the.BMG.rod.was.much.higher.with.a.value.
of. about. 1.mm. year−1.. This. value. is. somewhat. similar. to. the. Ta-free. alloy.
or. low. Ta-containing. alloys.. The. inferior. corrosion. resistance.of. the. 2.mm.
diameter.BMG.rod.was.attributed.to.the.presence.of.crystalline.inclusions..
This.observation.suggests.that.a.completely.glassy.phase.exhibits.superior.
corrosion.resistance.to.the.heterogeneous.structure.consisting.of.the.glassy +.
crystalline.structure.

In.addition.to.the.fact.that.crystalline.inclusions.were.found.to.be.detri-
mental.to.the.corrosion.behavior.of.these.alloys,.the.size.of.the.crystalline.
inclusions. also. seems. to. be. important.. While. investigating. the. corrosion.
behavior.of.Ni–Cr–Ta–Mo–P–B.BMG.alloys.Katagiri.et al..[67].reported.that.
only.Ni67Cr5Ta5Mo3P16B4.and.Ni65Cr5Ta5Mo5P16B4.alloys.were.fully.glassy.as.
determined.by.XRD.methods..All.other.alloys.investigated.contained.minor.
amounts. of. crystalline. phases. including. an. FCC. Ni. phase.. The. corrosion.
behavior.of.the.alloys.was.found.to.be.dependent.upon.the.size.of.the.crys-
talline. inclusion.. The. corrosion. resistance. was. better. when. the. inclusions.
were.about.2.nm.in.size,.but.worse.when.they.were.larger.than.about.5.nm.
in.size..This.has.been.explained.on.the.basis.of.the.ability.of.the.passivating.
film.to.cover.the.inclusions..The.presence.of.crystalline.inclusions.was.also.
shown.to.increase.the.passive.current.density.[64],.as.described.earlier.

When.precipitation.of.the.FCC.Ni-phase.occurs.during.solidification,.the.
remaining.glassy.phase.is.enriched.with.alloying.elements.such.as.Cr,.Ta,.and.
Mo,.which.have.high.passivating.efficiency..Consequently,.the.passive.layer.
consisting.of.highly.passivating.elements.can.completely.cover.the.Ni-phase.
inclusions,.when.they.are.small.in.size..But,.when.the.size.of.the.inclusions.is.
large,.the.covering.of.this.less.pitting-resistant.nanocrystalline.phase.by.the.
passive.layer.is.not.possible..Consequently,.the.presence.of.nanocrystalline.
inclusions.of.about.5–20.nm.in.size.was.found.to.be.detrimental.to.the.pas-
sivating.ability.of.the.alloy..Such.alloys.show.higher.anodic.current.density.
and.therefore.poorer.corrosion.resistance.[64].

In.an.interesting.study,.Habazaki.et al..[65].compared.the.corrosion.behav-
ior.of.Ni65Cr10Nb5P16B4.glassy.alloys.in.the.as-cast.1.mm.diameter.sample.and.
another.sample.of.20.×.20.×.2.mm.that.was.obtained.by.consolidating.the.
gas-atomized.glassy.powder.by.sheath.rolling.at.708.K,.in.the.supercooled.
liquid. region.. The. corrosion. resistance. of. the. sheath-rolled. specimen. was.
inferior.to.that.of.the.as-cast.sample..After.immersion.in.6.N.HCl,.spherical.
pit-like. attacks. were. observed. on. the. surface. of. the. sheath-rolled. sample..
Scanning.electron.micrographs.of.the.fractured.surfaces.of.the.two.samples.
were.also.different..While.the.as-cast.sample.showed.the.vein.pattern,.typical.
of.glassy.alloys,.the.sheath-rolled.specimen.showed.a.particle-like.fracture,.
possibly.associated.with.incomplete.consolidation.of.the.original.powders..
This.observation.again.confirms.the. importance.of.a.homogeneous.glassy.
phase.to.achieve.increased.corrosion.resistance.in.the.alloy.
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Wang. et  al.. [69]. investigated. the. corrosion. behavior. of. Ni59Zr20Ti16Si2Sn3.
and.Ni53Nb20Ti10Zr8Co6Cu3.alloy. ribbons.both. in. the.glassy. state.and.after.
crystallizing. them. for.2.h.at. 903.K.and.973.K,. respectively. in.vacuum..The.
samples.were.immersed.in.1.N.HCl.for.1.week.and.their.corrosion.behavior.
was.investigated.through.XPS..In.contrast.to.the.above.observations,.these.
authors.noted.no.significant.difference.in.the.XPS.spectra.between.the.glassy.
alloys. and. their. crystalline. counterparts.. Based. on. this. observation,. they.
concluded.that.the.composition.of.the.alloy.rather.than.the.microstructure.
determines. the. corrosion. behavior. of. the. alloy.. But,. much. more. convinc-
ing.information.is.required.to.accept.that.microstructure.does.not.play.an.
important.role.in.determining.the.corrosion.behavior.of.an.alloy.

By.suitably.designing.a.nickel-based.BMG.alloy.starting.from.topological.
instability.criterion,.Wang.and.Wang.[77].showed.that.an.Ni60Nb35Zr5.alloy.has.
a.high.glass-forming.ability.(the.alloy.could.be.cast.into.2.mm.diameter.rod.
with.a.supercooled.liquid.region.of.56.K).and.also.high.corrosion.resistance.

7.7	 Titanium-Based	Bulk	Metallic	Glasses

Titanium.alloys.have.been.used.in.the.industry.for.applications.in.the.aero-
space.and.biomedical.sectors.due.to.their.high.specific.strength,.low.Young’s.
modulus,.high.corrosion. resistance,.and.good.biocompatibility..A.number.
of.Ti-based.alloys.have.been.solidified.into.the.glassy.state—both.in.ribbon.
form.and.as.BMG.rods..The.maximum.diameter.of.the.rod.that.could.be.pro-
duced.in.a.fully.glassy.state.depends.on.the.constituents.present.in.the.alloy;.
Be-containing.alloys.seem.to.have.a.higher.glass-forming.ability..It.was.pos-
sible.to.produce.a.fully.glassy.rod.of.>14.mm.diameter.in.a.Ti.alloy.with.the.
composition.Ti40Zr25Ni2Cu13Be20.[78].

The.specific.Ti-based.multicomponent.alloys.which.have.been.investigated.
for.their.corrosion.resistance.studies.include.melt-spun.Ti47.5Cu37.5Ni7.5Zr2.5M5.
(where.M.=.Cu,.Co,.Nb,.or.Ta).[79],.Ti41.5Zr2.5Hf5Cu42.5Ni7.5Si1.[80],.ribbon.and.
cylindrical.rods.of.Ti45Zr5Cu45Ni5.[81],.cylindrical.rods.of.Ti45Zr10Pd10Cu31Sn4.
[82],.Ti47.5Zr2.5+xCu37.5−xPd7.5Sn5. (with.x.=.0,.5,.and.7.5.at.%). [83],.and.2.5.mm-
thick.plates.of.Ti43.3Zr21.7Ni7.5Be27.5.[84].

Ti-based.glassy.alloys.have.been.shown.to.possess.very.high.corrosion.
resistance..The.measured.corrosion.rates.for.the.3.mm.diameter.fully.glassy.
rods. of. Ti45Zr5Cu45Ni5. alloy. showed. extremely. low. values. of. 1,. 3.7,. and.
10.7.μm.year−1.in.3.wt.%.NaCl,.1.N.H2SO4,.and.1.N.HCl.solutions,.respec-
tively.[81]..The.alloys.were.passive.in.the.above.solutions,.but.pitting.cor-
rosion.occurred.by.anodic.polarization.at.higher.potentials.for.the.alloys.
in.chloride-containing.solutions..Relatively.low.corrosion.rates.of.0.9,.1.5,.
and.3.1.μm.year−1.were.also.reported.for.the.glassy.Ti41.5Zr2.5Hf5Cu42.5Ni7.5Si1.
alloy.in.3.wt.%.NaCl,.1.N.HCl,.and.1.N.H2SO4.solutions,.respectively.[80]..
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These alloys.had.always. revealed.spontaneous.passivation. in. the.anodic.
polarization.curve..The.passive.current.densities.were.very. low.of.about.
10−2.A. m−2. in. 3.wt.%. NaCl. solution. and. even. lower. in. the. HCl. solution..
Pitting. corrosion. occurred. by. anodic. polarization. at. higher. potential. in.
both.the.alloys.in.the.chloride-containing.solutions.

Alloying. additions. of. M. (=. Co,. Cu,. Nb,. or. Ta). have. been. made. to. the.
Ti47.5Cu37.5Ni7.5Zr2.5M5. alloy. and. it. was. noted. that,. in. comparison. with. the.
base.glassy.alloy,. the.modified.glasses.containing.Co,.Nb,.or.Ta.exhibited.
much.lower.current.densities.and.wider.passive.regions..This.suggests.that.
these.alloying.additions.promote.the.formation.of.a.more.protective.film.on.
the.surface.of.the.Ti-based.glasses.and.consequently.enhance.the.corrosion.
resistance.[79].

All.the.alloys.listed.above.contain.Ni.as.an.alloying.element..The.presence.
of.Ni.improves.the.glass-forming.ability.of.the.alloy.and.therefore.it.becomes.
easier.to.produce.large.diameter.glassy.rods..But,.Ni.is.one.of.the.most.com-
monly.known.allergens.causing.allergy.and.Ni-hypersensitivity..Therefore,.
Ti-based.metallic.glasses.aimed.for.biomedical.applications.should.be.devel-
oped.without.any.Ni.in.them.

The.corrosion.resistance.of.Ti47.5Zr2.5+xCu37.5−xPd7.5Sn5.(with.x.=.0,.5,.and.7.5.
at.%).glassy.alloy.rods.was.investigated.in.Hanks.solution.(8.00.NaCl,.0.40.
KCl,. 0.35. NaHCO3,. 0.19. CaCl2·2H2O,. 0.09Na2HPO4·7H2O,. 0.2. MgSO4·7H2O,.
0.06.KH2PO4,.and.1.00.glucose,.all.in.units.of.g.L−1).with.pH.=.7.4.and.at.310.K,.
close.to.the.body.temperature.[83]..The.tests.were.conducted.by.immersing.
the.glassy.alloy.in.this.solution.for.1.week..The.potentiodynamic.polariza-
tion.curves.of.these.alloys.showed.a.passive.region.where.the.passive.current.
density.was.low.(Figure.7.17);.it.was.lower.than.that.of.pure.Ti,.suggesting.
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FIGURe 7.17
Anodic.and.cathodic.polarization.curves.of.the.Ti47.5Zr2.5+xCu37.5−xPd7.5Sn5.(with.x.=.0,.5,.and.7.5.
at.%).glassy.alloy.rods.in.Hanks.solution.at.310.K..(Reprinted.from.Qin,.F.X..et al.,.Mater. Trans.,.
48,.515,.2007..With.permission.)
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that. the.passive.film. formed.on. this. alloy. surface. is.more.protective. than.
that.on.pure.Ti..The.passive.current.density.of.the.alloy.with.x.=.7.5,.that.is,.
with.a.Zr.content.of.10.at.%,.was.only.about.10−3.A.m−2.and.is.much.lower.
than. that. of. the. other. two. glassy. alloys. with. x. =. 0. and. 5.. However,. with.
increasing.anodic.potential,.passivity.breakdown.occurred.and.the.pitting.
potential.increased.with.increasing.Zr.content..Figure.7.18.shows.the.optical.
micrographs. of. the. Ti47.5Zr10Cu30Pd7.5Sn5. alloy. before. and. after. potentiody-
namic.polarization.testing,.where.pitting.can.be.clearly.observed.after.the.
polarization.test.[83].

The.composition.of.the.surface.film.of.the.Ti47.5Zr2.5+xCu37.5−xPd7.5Sn5.(with.
x.=.0,.5,.and.7.5.at.%).glassy.alloy.rods.after.immersion.for.1.week.in.Hanks.
solution.at.310.K.was.determined.using.XPS.[83],.and.the.results.for.the.three.
different.alloys.are.presented.in.Figure.7.19..Here.[Mox].and.[Mb].represent.
the. concentration. of. the. different. elements. (in. at.%). in. the. oxide. film. and.
BMG.substrate,.respectively..The.relative.concentration,.defined.as.the.ratio.
of.the.cationic.fraction.in.the.surface.film.to.the.bulk.concentration,.that.is,.
[Mox]/[Mb],.corresponds.to.the.enrichment.or.deficiency.of.the.element.[M].in.
the.surface.film,.when.the.ratio.is.>1.or.<1,.respectively..It.can.be.clearly.seen.
from.Figure.7.19.that.enrichment.of.Ti.and.Zr.in.the.surface.film.is.responsi-
ble.for.the.improved.corrosion.resistance.of.these.alloys..It.was.also.reported.
that.the.anodically.grown.films.on.Ti-based.metallic.glasses.contain.mixed.
oxides.of.TiO2,.CuO,.ZrO2,.as.well.as.Nb2O5.or.Ta2O5.

Further.refinement.of.composition.in.this.alloy.series.led.to.the.develop-
ment. of. the. Ti45Zr10Pd10Cu31Sn4. alloy. [82].. It. was. reported. that. this. Ni-free.
alloy.showed.a.very.high.corrosion.resistance.in.1.N.HCl.solution..The.cor-
rosion.rate.was.∼46.μm.year−1,.an.order.of.magnitude.lower.than.that.of.aus-
tenitic.316.stainless.steel.(∼280.μm.year−1)..After.immersion.in.3.wt.%.NaCl,.
1.N.H2SO4,.or.1.N.H2SO4.+.0.01.N.NaCl.solutions,. the.weight. loss.of. this.

100 μm

(a) (b)

100 μm

FIGURe 7.18
Optical.micrographs.of.the.surface.of.the.Ti47.5Zr10Cu30Pd7.5Sn5.BMG.alloy.(a).before.and.(b).after.
polarization.in.Hanks.solution.at.310.K..Notice.the.formation.of.the.pits.after.polarization.in.
(b)..(Reprinted.from.Qin,.F.X..et al.,.Mater. Trans.,.48,.515,.2007..With.permission.)
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BMG. alloy. was. undetectable,. indicating. a. corrosion. rate. of. <1.μm. year−1..
From.anodic.polarization.curves,.it.was.noted.that.spontaneous.passivation.
occurred.and.the.alloy.exhibited.a.significantly.low.passive.current.density.
and.a.wide.passive.potential.region..No.pitting.corrosion.was.also.observed..
The.homogeneous.single-phase.nature,.absence.of. crystalline.defects,. and.
formation.of.a.uniform.passive.film.that.is.able.to.separate.the.bulk.of.the.
alloy.from.the.aggressive.environment.were.found.responsible.for.the.high.
corrosion.resistance.of.the.alloy..Because.of.the.absence.of.Ni.in.this.highly.
corrosion-resistant.alloy,.it.was.suggested.that.this.BMG.alloy.could.be.suit-
able.for.biomedical.and.implant.applications.

Morrison.et al..[84].investigated.the.corrosion.behavior.of.a.Ti-based.BMG.
alloy.with.the.composition.Ti43.3Zr21.7Ni7.5Be27.5..It.may.be.noted.that.while.both.
Ti.and.Zr.present.in.this.alloy.are.most.biocompatible,.the.alloy.also.contains.
Ni.and.Be,.both.of.which.are.not.supposed.to.be.biocompatible..However,.the.
authors.argued.that.Ni.is.an.important.alloying.element.in.many.of.the.com-
monly.used.biomaterials.such.as.316L.stainless.steel.and.that.the.literature.
on.the.cytotoxicity.of.Be.is.less.than.conclusive..They.studied.the.corrosion.
behavior.of.the.LM-010.BMG.alloy.in.a.phosphate.buffer.saline.(PBS).solution.
at.310.K..This.electrolyte.is.intended.to.simulate.surgical.implant.conditions.
similar.to.those.found.in.vivo..The.mean.pH.of.the.PBS.electrolyte.was.7.44,.
which.is.near.that.commonly.found.in.the.human.body..Very.low.corrosion.
rates.of.2.9.μm.year−1.were.reported.and.the.alloy.exhibited.susceptibility.to.
localized.corrosion.at.elevated.potentials.of.206.mV.(SCE).
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Cu37.5−xPd7.5Sn5.(with.x.=.0,.5,.and.7.5.at.%).BMG.alloys,.that.is,.[Mox]/[Mb].in.Hanks.solution.for.
1.week.at.310.K..The.superscripts.“ox”.and.“b”.denote.values.in.the.“oxide”.and.“bulk,”.respec-
tively..(Reprinted.from.Qin,.F.X..et al.,.Mater. Trans.,.48,.515,.2007..With.permission.)
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7.8	 Zirconium-Based	Bulk	Metallic	Glasses

Zr-based.BMGs.have.been.the.first.type.of.metallic.glasses.to.be.prepared.
as.large.diameter.rods.in.1993.[85]..Published.results.show.that.the.largest.
diameter.of.the.fully.glassy.Zr-based.alloy.is.30.mm,.obtained.both.by.suc-
tion-casting. [86].or. cap-casting. [87].methods. in. the.Zr55Cu30Al10Ni5. alloy..
It.has.been. reported. recently. that. the. critical.diameter. for.a. fully.glassy.
alloy.of.this.composition.could.be.increased.to.40.mm.[88]..The.Zr-based.
BMG.alloys.are.characterized.by.high.strength,.large.elastic.strain,.and.low.
Young’s.modulus..Therefore,.these.alloys.have.already.found.some.impor-
tant.applications.in.the.industry.[89,90]..Since.Zr-based.alloys.are.also.bio-
compatible. and. therefore. it. is. possible. for. these. Zr-based. BMG. alloys. to.
be. used. in. biomedical. applications,. it. is. necessary. to. evaluate. their. cor-
rosion.behavior.both.for.their.general.corrosion.and.also.as.replacements.
for. transplants. and. other. biomedical. applications.. Consequently,. a. num-
ber. of. investigations. have. been. devoted. to. study. the. corrosion. behavior.
of.Zr-based.BMGs,.in.conventional.electrolytes.such.as.HCl,.NaCl,.H2SO4,.
but.also.in.PBS,.Eagle’s.Minimum.Essential.Medium.(MEM),.and.Artificial.
Body.Fluid.(ABF).solutions.

Two.major.groups.of.alloys.have.been.studied.extensively.for.their.corro-
sion.behavior..One.is.the.Zr–Cu–Al.type.alloys.and.their.derivatives.devel-
oped.by.Inoue.and.his.group.[86,91].at.Tohoku.University.in.Japan.and.the.
other.is.the.Zr–Ti–Ni–Cu.[92].and.Zr–Ti–Ni–Cu–Be.BMG.alloys.[85].devel-
oped.by.Johnson.and.his.group.at.CalTech.in.the.United.States..Even.though.
the.corrosion.resistance.of.the.pure.metal.Zr.itself. is.reasonably.good,.the.
corrosion.resistance.of.Zr-based.BMGs.in.non-chloride-containing.solutions.
has. been. shown. to. be. better. than. their. crystalline. counterparts;. however,.
the. corrosion. resistance. in. halide-containing. solutions. has. been. inferior..
Table 7.2.summarizes.the.results.in.this.area.

One.of.the.very.early.experiments.conducted.on.the.corrosion.behavior.of.
the.Zr41.2Ti13.8Cu12.5Ni10Be22.5.BMG.was.to.compare.the.corrosion.behavior.in.
both.the.glassy.and.crystallized.conditions..Based.on.the.results.of.poten-
tiodynamic. polarization. curves,. Schroeder. et  al.. [109]. reported. that. the.
glassy.alloy.was.only.slightly.more.resistant.to.pitting.corrosion.in.0.5.N.
NaCl,.and.no.more.resistant.to.general.corrosion.in.0.5.N.NaClO4.solution,.
than.the.corresponding.crystalline.structure..Hence,.they.concluded.that.
the.homogeneous.structure.alone.may.not.be.sufficient.to.impart.general.
or.localized.corrosion.resistance.to.the.alloy..On.the.other.hand,.Peter.et al..
[14].noted. that.even. though.both. the.glassy.and.crystalline. states.exhib-
ited.susceptibility. to.pitting.corrosion. in.NaCl.solutions,.electrochemical.
results. indicated. that. the.glassy.alloy.was.more. resistant. to. the.onset.of.
pitting.corrosion.under.natural. corrosion.conditions. than. the.crystalline.
material.
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7.8.1 Influence of Composition, Test environment, and Temperature

Addition. of. alloying. elements. has. been. shown. to. generally. improve. the.
corrosion.resistance.of.Zr-based.BMG.alloys..The.substitution.of.part.of.Zr.
with.corrosion-resistant.elements.such.as.Cr,.Nb,.Ta,.or.Ti.has.been.found.to.
improve.the.corrosion.resistance..Addition.of.Cr.is.not.encouraged.because.
Cr-substituted. alloys. showed. lower. glass-forming. ability.. For. example,. the.
substitution.of.Zr.with.Cr.at.10.at.%.level.failed.to.produce.the.alloy.in.the.fully.
glassy.state.even.by.rapid.quenching.methods..On.the.other.hand,.the.substi-
tution.up.to.20.at.%.level.by.Nb.or.Ta.resulted.in.the.formation.of.a.fully.glassy.
structure..But,.Nb.substitution.was.found.to.be.most.effective.for.improving.
the.corrosion.resistance.of.the.alloys.

Asami.et al.. [28]. investigated.the.effect.of.substituting.Zr.with.Nb.on.the.
corrosion.resistance.of.Zr60−xNbxCu20Al10Ni10.BMG.alloys..The.corrosion.rate.of.
the.Nb-free.alloy.in.1.N.H2SO4.solution.at.298.K.open.to.air.was.about.0.2.μm.
year−1..But,.in.a.1.N.HCl.solution,.it.was.almost.100.μm.year−1..But,.when.Zr.
was.substituted.with.20.at.%.Nb,.the.corrosion.rate.in.HCl.was.reduced.to.less.
than. 1.μm. year−1.. The. dynamic. polarization. curves. of. Zr60−xNbxCu20Al10Ni10.
alloys.with.x.=.0–20.at.%.in.a.1.N.HCl.solution.at.298.K.open.to.air.are.shown.in.
Figure.7.20..It.may.be.seen.that.the.corrosion.potential.increases.with.increas-
ing.Nb.content,.suggesting.an.improvement.in.the.corrosion.resistance.of.the.
Nb-containing.alloys..The.sharp.increase.in.the.current.density.corresponds.
to. the. onset. of. pitting. corrosion.. The. pitting. potential. also. increased. with.
increasing. Nb. content.. Additionally,. in. contrast. to. the. Nb-free. alloy. where.
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spontaneous. passivation. was. not. effectively. observed,. the. Nb-containing.
alloys.showed.spontaneous.passivation.[28].

The.addition.of.Nb.or.Ti.to.the.base.Zr55Cu30Al10Ni5.alloy.has.been.shown.
to.decrease.the.pitting.susceptibility.in.0.01.N.NaCl.solution.[100]..However,.
the.addition.of.Pd.to.Zr55Cu30Al10Ni5−xPdx.(with.x.=.0,.1,.3,.and.5.at.%).showed.a.
different.result..It.was.reported.that.the.Pd-free.glassy.alloy.showed.an.active–
passive.transition.by.anodic.polarization.in.0.6.N.NaCl.solution.and.that.the.
alloy.is.spontaneously.passivated.with.a.large.passive.region.indicating.high.
corrosion. resistance.. But,. the. alloy. with. 5. at.%. Pd. addition. showed. a. single.
active.state.with.a.limited.passive.region.and.higher.current.density,.suggesting.
that.the.corrosion.resistance.decreased.with.the.addition.of.5.at.%.Pd.[110,111].

Pang.et al..[93].investigated.the.corrosion.behavior.of.2.5–5.mm.diameter.
rods.of.copper-mold-cast.Zr55Al20−xCo25Nbx.(with.x.=.0,.2.5,.and.5.at.%).BMGs..
After. immersion. in. 3.wt.%. NaCl. and. 1. N. H2SO4. solutions. open. to. air. for.
one.week,.no.weight.loss.was.observed.in.this.alloy,.suggesting.a.corrosion.
rate.of.less.than.1.μm.year−1..As.determined.by.potentiodynamic.polariza-
tion.curves,. these.alloys.have. spontaneously.passivated. in.a.wide.passive.
region. in. the.above.solutions..The.passive.current.density.was. low,.of. the.
order.of.10−1.A.m−2,.before.the.occurrence.of.pitting,.and.the.pitting.potential.
increased.significantly.with.increasing.Nb.content,.indicating.increased.cor-
rosion.resistance..Thus,.replacing.part.of.Al.with.Nb.has.been.shown.to.be.
effective.in.improving.the.pitting.corrosion.resistance..XPS.analysis.showed.
that.the.air-formed.films.are.enriched.in.Zr.and.Al,.slightly.deficient.in.Nb.
and.significantly.deficient.in.Co.with.respect.to.the.bulk.alloy.composition..
A.reverse.trend.was.noted.for.the.underlying.alloy.surface.

Quite. surprisingly,. Chieh. et  al.. [107]. reported. that. the. glassy.
Zr52.5Cu17.9Ni14.6Al10Ti5.alloy.exhibited.excellent.corrosion.resistance.in.3.5.wt.%.
NaCl.solution.and.good.corrosion.resistance.in.HNO3.and.H2SO4.solutions..
The.alloys.were.also.reported.to.exhibit.excellent.pitting.corrosion.resistance..
However,.they.had.extremely.poor.corrosion.resistance.in.HCl.solution..This.
result,.however,. is.with.reference.to.the.AISI.304L.austenitic.stainless.steel.
and.not.with.reference.to.the.crystalline.state.of.the.Zr-based.alloy.

Gebert.et al..[99].investigated.the.effect.of.test.temperature.on.the.corro-
sion.behavior.of.Zr55Cu30Al10Ni5.BMG.alloy.rods.in.0.1.N.Na2SO4.and.0.001.
N.NaCl.electrolytes.from.room.temperature.up.to.523.K..They.observed.an.
accelerated.degradation.of.the.cast.BMG.alloy.samples.under.hot.water.con-
ditions.up.to.523.K.in.comparison.with.that.observed.at.room.temperature.

7.8.2 Influence of Microstructure

The.corrosion.behavior.of.glassy.and.crystalline.Zr52.5Cu17.9Ni14.6Al10Ti5.alloys.
was.also.studied.in.0.6.N.NaCl.and.of.the.glassy.alloy.in.0.05.N.Na2SO4.solu-
tion.[14]..Both.the.glassy.and.crystalline.alloys.showed.passive.behavior.with.
low.corrosion.rates.(15.μm.year−1.or.less).in.the.NaCl.solution,.but.susceptibil-
ity.toward.pitting.corrosion.was.noted..The.glassy.alloy.was.reported.to.be.
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more.resistant.to.the.onset.of.pitting.corrosion..In.the.0.05.N.Na2SO4.solution,.
however,.the.glassy.alloy.exhibited.a.very.low.corrosion.rate.(0.4.μm.year−1).
and.was.also.found.to.be.immune.to.pitting.corrosion.

An.interesting.comparison.of.20–30.μm-thick.melt-spun.ribbons.and.6.mm.
diameter.copper-mold-cast.rods.of.Zr52Ti6Cu18Ni14All0.composition.was.made.
with.respect.to.their.structure.and.corrosion.behavior.[112]..It.was.noted.that.
the. wheel-side. surface. of. the. ribbon. contained. a. higher. concentration. of.
quenched-in.defects.(air.pockets),.whereas.surface.irregularities.were.noticed.
on.the.air-side.surface..Fluctuation.microscopy.indicated.that.the.BMG.rods.
contained.more.medium-range.order.(MRO),.especially.in.the.center.of.the.
rod,. in. comparison. to. the. melt-spun. ribbon.. Corrosion. experiments. were.
conducted.across.the.cross.section.of.the.BMG.rod.in.0.025.N.HCl.and.0.25.N.
H2SO4.+.0.025.N.NaCl.solutions..It.was.observed.that.the.corrosion.resistance.
decreased.with.increasing.MRO..But,.the.MRO.was.less.detrimental.to.the.
corrosion.behavior.than.the.quenched-in.defects.and.surface.irregularities.

7.8.3 Polarization Studies

Zr55Cu30Al10Ni5. is. another. Zr-based. alloy. system. where. it. has. been. easy.
to. produce. large. diameter. fully. glassy. rods.. Gebert. et  al.. [113]. investi-
gated. the.corrosion.behavior.of.3–5.mm.diameter.glassy.rods.synthesized.
by. the. copper-mold-casting. technique. in. 0.1. N. Na2SO4. (pH. =. 8). solution..
Potentiodynamic. and. potentiostatic. polarization. measurements. revealed.
that.the.alloy.forms.strong.protective.surface.layers.by.anodization,.which.is.
similar.to.that.happening.in.pure.Zr..However,.the.barrier.effect.of.the.sur-
face.layers.on.the.alloy.is.slightly.lower.than.that.of.films.on.Zr..An.impor-
tant.observation.made.was.that.these.glassy.alloys.are.susceptible.to.pitting.
corrosion,. possibly. due. to. the. existence. of. micrometer-sized. crystalline.
inclusions.embedded.in.the.glassy.matrix..The.chloride.attack.is.possible.at.
the.interface.between.the.crystalline.and.glassy.phases.[98].

The.enrichment.of.the.different.elements.in.the.passive.layer.seems.to.be.
different.when.the.BMG.alloy.was.immersed.in.NaCl.or.H2SO4.solutions..Zr.
is.further.concentrated.while.the.Al.content.decreased.in.the.spontaneously.
passivated.films.after.immersion.in.both.the.solutions.(3.wt.%.NaCl.and.1.N.
H2SO4)..Further,.the.Nb.content.in.the.passive.films.on.the.alloys.immersed.
in.1.N.H2SO4.solution.was.higher,.while.that.immersed.in.the.NaCl.solution.
remained.almost.the.same.as.that.in.the.air-formed.film,.that.is,.slightly.defi-
cient.from.the.bulk.alloy.composition..These.results.confirm.that.formation.
of.passive.films.enriched.in.Zr.and.Al.is.responsible.for.the.high.corrosion.
resistance.of.the.alloys..The.addition.of.Nb.is.favorable.for.the.alloys.to.form.
a.protective.surface.film.with.higher.chemical.stability.

Cyclic. anodic. polarization. studies. were. conducted. on. Zr41.2Ti13.8Cu12.5.

Ni10Be22.5.alloys.in.their.fully.glassy.and.crystallized.states.[108]..Two.differ-
ent.temperatures.(295.and.310.K).and.two.different.electrolytes.(0.6.N.NaCl.
and.a.PBS.solution.with.a.physiologically.relevant.dissolved.oxygen.content).
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were.used..For.all.tested.conditions,.the.alloy.demonstrated.passive.behav-
ior.at. the.open-circuit.potential.with. low.corrosion.rates.of.1–3.μm.year−1..
However,.susceptibility.to.localized.pitting.corrosion.was.observed.in.all.of.
the.test.conditions,.with.the.caveat.that.the.susceptibility.was.lower.for.the.
PBS.electrolyte.

Huang.et al.. [103]. investigated. the.bio-corrosion.of.Zr55Cu30Al10Ni5.BMG.
alloy.with.and.without.1.at.%.Y.addition.in.a.PBS.electrolyte..It.was.noted.
that. the. alloy. with. 1. at.%. Y. addition. exhibited. lower. current. density. and.
lower.corrosion.rates. than. the.Y-free.alloy..Further,. the.Y-containing.alloy.
showed. better. resistance. to. the. onset. of. pitting. than. the. Y-free. alloy.. The.
general.conclusion.was.that.the.addition.of.1.at.%.Y.had.enhanced.the.bio-
corrosion.resistance.of.the.Zr55Cu30Al10Ni5.BMG.alloy.and.that.this.was.prob-
ably.caused.by. the. fact. that.Y.addition.had.changed. the.structure.and/or.
accelerated.the.formation.of.the.passive.film.

7.8.4 Pitting Corrosion

The.addition.of.Hf.to.Zr65Cu17.5Ni10Al7.5.BMG.alloys.on.the.glass-forming.abil-
ity.and.corrosion.behavior.has.been.investigated.[102]..The.alloy.with.1.at..% Hf.
addition.was. found. to.be. fully.glassy.and,. consequently,. the.BMG.with.1.
at.%. Hf. addition. exhibited. a. wider. passive. region. and. the. highest. pitting.
potential. of. 340.mV. as. compared. with. the. Hf-free. alloy. or. the. BMG. com-
posite.obtained.when.2.at.%.Hf.was.added..When.a.Zr55Cu30Al10Ni5. liquid.
alloy.with.0.4.at.%.oxygen.was.cooled.rather.slowly,.micron-sized.crystalline.
inclusions.were.noted.to.be.present.in.them..The.presence.of.such.inclusions.
has.also.been.shown.to.be.responsible.for.chloride-induced.pitting.[113]..The.
presence. of. fine. crystalline. inclusions. in. the. glassy. matrix. has. in. general.
been.shown.to.lead.to.a.deterioration.in.corrosion.resistance.[111].

The.effect.of.the.amount.of.Hf.content.on.the.surface.morphology.of.the.
corroded.Zr65Cu17.5Ni10Al7.5.alloy.was.studied.by.Liu.et al..[102]..Figure.7.21.
shows.the.corrosion.morphologies.of.the.alloys.with.0,.1,.and.2.at.%.Hf.as.
revealed.by.scanning.electron.microscopy..While.the.alloys.with.Hf.=.0.and.
1.at.%.are.fully.glassy,.the.alloy.with.2.at.%.Hf.showed.the.presence.of.den-
dritic.crystals.dispersed.in.a.glassy.matrix..In.fact,.the.alloy.with.1.at.%.Hf.
addition.appears.to.be.“more.glassy”.as.indicated.by.the.very.broad.halo.in.
the.XRD.pattern..In.contrast,.the.halo.in.the.Hf-free.alloy.was.a.little.sharp..
Figure.7.21a.shows.that.a.few.pits.with.different.sizes.have.formed.on.the.
Hf-free.alloy.and.that.these.are.randomly.distributed.on.the.surface..A.simi-
lar.situation.was.obtained.in.the.alloy.with.1.at.%.Hf..But,.when.observed.at.
higher.magnifications,.significant.differences.were.noted.between.the.two.
alloy.surfaces..In.the.Hf-free.alloy,.as.shown.in.Figure.7.21b,.a.“honeycomb-
like”.structure,.with.cells.of.about.2.μm.in.diameter,.was.observed.inside.the.
pits..On.the.other.hand,.in.the.alloy.with.1.at.%.Hf,.Figure.7.21c.shows.that.
a.protective.film.was.present.at.the.bottom.of.each.pit..Since.the.alloy.was.
exposed. to. heavy. attack. in. HCl. solution,. the. film. was. already. ruptured..
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This.observation.suggests.that.the.addition.of.Hf.had.promoted.the.forma-
tion.of.passive.films..Figure.7.21d.from.the.alloy.with.2.at.%.Hf.clearly.shows.
that. pitting. corrosion. occurred. mainly. around. the. crystalline. phase,. and.
caused.a.scaling-off.of.dendrites.

A. number. of. researchers. have. reported. that. chloride-induced. pitting.
occurs.in.Zr-based.BMGs..Resistance.to.pit.initiation.was.low.and.the.growth.
of.the.pits.was.quite.pronounced..Coupled.with.these,.it.was.also.reported.
that.re-formation.of.the.passive.film.was.not.easy..And.all.these.were.related.
to.the.heterogeneity.in.the.microstructure.of.the.Zr-based.BMGs,.which.were.
shown. to. contain. fine. nanocrystalline. particles. distributed. in. the. glassy.
matrix..Pitting.was.demonstrated.to.occur.at.the.interface.between.the.glassy.
and.crystalline.phases..The.presence.of.such.crystalline.particles.could.be.
attributed.to.several.factors..First,.it.is.possible.that.the.critical.cooling.rate.
for. glass. formation. was. not. exceeded. during. the. processing. to. achieve. a.
fully.glassy.structure..This.can.be.easily.overcome.by.either.increasing.the.
cooling.rate.during.processing.or.reducing.the.diameter.of.the.as-cast.rod..
Second,.it.is.possible.that.heterogeneous.nucleation.occurred.during.solidi-
fication.as.a.result.of.contact.between.the.melt.and.the.substrate,.resulting.in.

100 μm

(a) (b)

(c) (d)

5 μm 30 μm

10 μm

FIGURe 7.21
Scanning.electron.micrographs.of.the.corroded.surfaces.of.the.three.Zr65−xHfxCu17.5Ni10Al7.5.(x = 0, 1,.
and.2).alloys.. (a).General.appearance.of. the.Hf-free.BMG.indicating. that.pitting.corrosion.had.
occurred..(b).High.magnification.view.of.a.pit.in.the.Hf-free.alloy.showing.a.“honeycomb”.struc-
ture..(c).High.magnification.view.of.a.pit.in.the.alloy.with.1.at.%.Hf.showing.that.a.protective.film.
had.formed..(d).Micrograph.of.the.composite.(alloy.with.2.at.%.Hf).showing.a.heavy.break-off.of.
the.dendritic.phase..(Reprinted.from.Liu,.L..et al.,.J. Alloys Compd.,.399,.144,.2005..With.permission.)
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the.formation.of.crystalline.phases.at.those.sites..This.could.also.be.avoided.
by.choosing.the.appropriate.processing.technique..Third,.it.is.possible.that.
impurities.present. in. the.melt,. for.example,.oxide.particles.because.of. the.
high.reactivity.of.the.metal.Zr.or.introduced.from.the.gaseous.atmosphere,.
could.act.as.nucleation.sites.leading.to.the.formation.of.crystalline.phases.

The. mechanism. suggested. for. chloride-induced. pitting. is. as. follows..
Chloride.ions.can.be.preferentially.adsorbed.during.anodic.polarization.at.
the.interface.between.the.glassy.and.crystalline.phases,.and.this.could.lead.
to.initiation.of.pitting.in.the.Zr-based.BMG..At.this.region,.the.passive.film.
can.be.broken.down.even.in.solutions.containing.low.chloride.ion.concentra-
tions,.and.the.pits.grow.preferentially.into.the.reactive.glassy.matrix..Since.
the. crystalline. particles. are. unattacked. and. the. glassy. matrix. gets. pitted,.
the.crystalline.particles.detach. themselves. from.the.surface,. leaving.holes.
behind..This.process.gets.repeated.when.the.chloride.ions.accumulate.in.the.
holes.and.further.pitting.and.its.growth.occurs.

The.above.mechanism.of.chloride-induced.pitting.raises.some.doubts..For.
example,. if. it. is. the. interface.between.the.glassy.and.crystalline.phases.at.
which.pitting.occurs,.there.have.been.other.alloy.systems.and.compositions.
in.which.a.heterogeneous.structure.is.observed..And.pitting.corrosion.has.
not. been. reported. in. those. cases.. If. it. is. the. reactivity. of. the. glass. that. is.
responsible,.then.this.should.also.occur.in.Ti-.or.Hf-based.alloys,.since.these.
are. also. reactive. metals.. But,. no. such. reports. are. available.. A. simple. and.
possible.solution.to.test. the.validity.of. this.mechanism.will.be.to.produce.
a.very.clean.Zr-based.alloy.(with.the.least.amount.of.oxygen.in.the.melt).of.
a.diameter.smaller.than.the.maximum.possible.diameter..This.ensures.that.
the.critical.cooling.rate.for.glass.formation.is.exceeded..Since.it. is.possible.
that.surface.nucleation.could.occur,.the.outer.surface.can.be.machined.off,.
for.example,.using.electro.discharge.machining.(EDM).methods,.and.then.
study.the.pitting.behavior.of.the.remaining.sample..With.an.alloy.processed.
as.above.pitting.corrosion.should.not.occur..An.alternative.experiment.could.
be.to.conduct.the.pitting.corrosion.studies.in.very.pure.and.not-so-pure.tita-
nium.alloys.also.and.compare.the.results.

7.9	 Other	Bulk	Metallic	Glassy	Alloys

Bulk. metallic. glasses. based. on. Ca,. for. example,. Ca57Mg19Cu24. and.
Ca60Mg20Ag20. with. 4.mm. diameter. [114]. and. Ca60Mg20Ag10Cu10. with. 7.mm.
diameter. [115].have.been.produced.by.copper-mold.casting..Subsequently,.
a.number.of.other.Ca-based.BMGs.including.Ca–Mg–Zn,.Ca–Mg–Cu,.Ca–
Mg–Al,. and. combinations. of. these. alloys. have. also. been. produced. [116]..
Dahlman.et al..[117].and.Senkov.et al..[116].reported.results.on.the.corrosion.
behavior.of.four.different.BMGs.based.on.Ca.in.distilled.water..The.electro-
chemical.behavior.of.these.alloys.was.also.investigated.in.0.05.N.Na2SO4.[118]..
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Two. ternary. alloys,. viz.,. Ca65Mg15Zn20. and. Ca50Mg20Cu30,. one. quaternary.
Ca55Mg18Zn11Cu16. [118]. and. a. quinary. alloy. Ca55Mg15Al10Zn15Cu5. [116]. were.
investigated. and. the. corrosion. behavior. was. studied. using. static. aqueous.
immersion.at.room.temperature..Both.the.ternary.glassy.alloys.experienced.
destructive. corrosion. reactions.. But,. the. quaternary. and. quinary. alloys.
exhibited. corrosion. resistance. forming. protective. films. 18–23.μm. thick. on.
the.quaternary.alloy.and.7–11.μm.thick.on.the.quinary.alloy..These.results.
indicate.that.the.corrosion.resistance.of.Ca-based.BMGs.can.be.significantly.
improved. by. the. addition. of. alloying. elements. such. as. Zn. and. Cu. or. Al..
From.electrochemical.measurements,.the.corrosion.rates.were.estimated.as.
5691.μm.year−1.for.the.Ca65Mg15Zn20,.311.μm.year−1.for.the.Ca55Mg18Zn11Cu16,.
and.1503.μm.year−1.for.the.Ca50Mg20Cu30..By.comparing.these.corrosion.rates.
with.those.of.Zr-based.and.Fe-based.BMG.alloys,.the.authors.concluded.that.
the.electrochemical. corrosion. resistance.of. some.of. the.Ca-based.BMGs. is.
comparable.to.some.of.the.Fe-based.BMGs.and.Mg-based.crystalline.alloys.

7.10	 Concluding	Remarks

All. the. above. investigations. have. quite. unambiguously. confirmed. that. a.
chemically.and.microstructurally.homogeneous.glassy.phase.exhibits.very.
good. corrosion. resistance.. The. corrosion. resistance. of. the. homogeneous.
glassy.alloy.is.better.than.either.an.alloy.that.has.been.completely.crystal-
lized. or. a. composite. containing. nanocrystalline. particles. dispersed. in. a.
glassy. matrix.. However,. it. was. also. noted. that. the. effect. of. dispersion. of.
nanometer-sized.particles. in.a.glassy.matrix.becomes.significant,.as.far.as.
corrosion. resistance. is. concerned,. only. when. the. particles. are. reasonably.
large,.say.>20.nm.or.so..If.these.particles.are.extremely.fine,.say.2–3.nm,.then.
they. do. not. seem. to. affect. the. corrosion. behavior. adversely.. If. the. corro-
sion.resistance.of.the.glassy.alloy.is.not.adequate,.then.the.addition.of.suf-
ficient.amount.of.alloying.elements.that.are.basically.corrosion.resistant,.for.
example,.Mo,.Nb,.or.Ta,.seems.to.improve.the.corrosion.resistance..In.these.
respects,.the.corrosion.behavior.of.BMG.alloys.does.not.appear.to.be.signifi-
cantly.different.from.that.of.melt-spun.metallic.glass.ribbons.
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8
Mechanical	Behavior

8.1	 Introduction

The. mechanical. properties. of. materials. play. a. very. important. role. for.
applications.and.therefore. their.characterization.has.been.of.great. impor-
tance. and. critical. to. the. exploitation. of. materials. in. human. civilization..
Metallic.materials.are.traditionally.crystalline.in.nature.and.their.mechanical.
behavior.is.determined.essentially.by.the.nature.and.density.of.dislocations,.
and.their.ability.to.move..The.presence.of.dislocations.in.crystals.has.also.
been.noted.to.be.the.reason.for.their.low.strength.(compared.to.the.theoretical.
value).and.their.plastic.deformation.behavior..Since.metallic.glasses.are.non-
crystalline.in.nature,.and.therefore.do.not.contain.any.dislocations,.they.are.
expected.to.exhibit.high.theoretical.strength,.but.not.ductility.

Even. though. metallic. glasses. were. synthesized. in. the. form. of. thin. rib-
bons.as.early.as.1960.[1],.the.study.of.the.mechanical.behavior.of.these.novel.
materials.started.only. in.the.1970s.with.the.first.publication.on.a.study.of.
Pd80Si20.ribbons.[2]..Ribbons.about.15–50.μm.thick.and.0.05–0.5.mm.in.width.
were.obtained.by.rapidly.quenching.the.molten.alloy.along.the.inside.cylin-
drical. surface. of. a. rotating. drum.. Since. then,. numerous. research. papers.
have.been.published.on.glassy.materials.produced.by.improved.solidifica-
tion.techniques.that.have.yielded.specimens.that.are.better.in.their.surface.
appearance. and. also. have. a. very. uniform. cross. section.. Interesting. and.
seminal. contributions.have.been.made. regarding. the.deformation.mecha-
nisms,.failure.criteria,.and.the.origins.of.strength,.ductility,.and.toughness,.
and.these.have.been.well.documented.in.some.reviews.(see,.e.g.,.Refs..[3–7],.
to.mention.a.few)..It.was.shown.that.metallic.glasses.are.very.strong.with.the.
yield.strength.exceeding.3.GPa.in.some.metal–metalloid.systems..It.was.also.
shown.that.they.exhibited.very.limited.plastic.strain.(often.less.than.about.
0.5%). in. tension. and. that. inhomogeneous. deformation. occurred. through.
the. formation. of. shear. bands.. Even. though. many. different. theories. were.
proposed.to.understand.and.explain.the.mechanical.behavior.of.these.thin.
ribbon.specimens,.the.reliability.of.the.results.was.poor.due.to.the.limited.
size. of. the. samples. and. thus. a. poorly. defined. and. ill-controlled. stress.
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state. during. mechanical. testing.. It. was. felt. that. the. availability. of. “bulk”.
specimens.will.answer.some.of.the.puzzling.questions.most.satisfactorily.

The.successful.synthesis.of.bulk.metallic.glasses.(BMGs).in.the.late.1980s/
early.1990s.[8,9].changed.the.situation.completely..There.have.been.many.dif-
ferent.alloy.compositions.and.a.number.of.different.alloy.systems.in.which.
BMGs.could.be.produced.with.a.diameter.of.at.least.a.few.millimeters.and.in.
some.cases.a.few.centimeters..As.a.result.of.this.development.and.the.avail-
ability.of.advanced.characterization.techniques,.research.on.the.mechanical.
behavior.of.BMGs.has.been.very.active.during.the. last. few.years.. In.stark.
contrast.to.the.large.number.of.reviews.on.the.mechanical.behavior.of.melt-
spun.glassy.alloy.ribbons,.there.has.been.a.conspicuous.absence.of.reviews.
on.the.mechanical behavior.of.BMGs,.even.though.some.general.reviews.have.
appeared.in.the.literature..However,.a.very.comprehensive.and.exhaustive.
review.has.appeared.recently.[10].

8.2	 Deformation	Behavior

Metallic.glasses,.including.BMGs,.have.a.very.high.tensile.strength..But,.their.
Achilles.heel.is.the.low.room.temperature.ductility..The.metallic.glasses.fail.
soon.after.yielding.without.showing.any.signs.of.reasonable.amount.of.plas-
tic.deformation..At.high.temperatures,.however,.the.deformation.behavior.is.
quite.different.

The. deformation. behavior. of. metallic. glasses. can. be. described. as. inho-
mogeneous.at. low.temperatures.and.high.stresses.and.strain.rates,.and.as.
homogeneous.at.high.temperatures.and.high.strain.rates..At.low.tempera-
tures,.lower.than.about.0.5.Tg,.where.Tg.is.the.glass.transition.temperature,.
deformation. is.mostly. concentrated. in.a. few.very. thin.“shear.bands”. that.
form.approximately.on.the.planes.of.maximum.resolved.shear.stress..These.
planes.are.inclined.close.to.45°.to.the.loading.axis..This.localized.deforma-
tion.is.referred.to.as.“inhomogeneous”.deformation..It.is.the.inhomogeneous.
deformation. in. the. metallic. glass. that. renders. it. mechanically. unstable. at.
high.stresses..Consequently,.it.fails.catastrophically.

On.the.other.hand,.at.high.temperatures,.greater.than.about.0.5.Tg,.metal-
lic.glasses.undergo.viscous.flow.in.which.plastic.strain.is.distributed.con-
tinuously,. but. not. necessarily. equally,. between. different. volume. elements.
within.the.material..That.is,.each.volume.element.of.the.specimen.contrib-
utes.to.the.strain..This.type.of.deformation.is.referred.to.as.“homogeneous”.
deformation.

When. a. BMG. sample. is. subjected. to. a. tensile. test,. the. sample. deforms.
elastically.with.a.maximum.elastic. strain.of.about.2%,.and. then. fractures.
catastrophically..That.is,.a.typical.stress–strain.curve.shows.only.the.elastic.
portion..On.the.other.hand,.when.a.BMG.sample.is.tested.under.compression,.
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the.stress–strain.curve.consists.of.elasticity.followed.by.a.small.amount.
(up to.1%).of.plastic.strain..Serrated.flow.is.usually.observed.at.an.early.stage.
of.compressive.deformation..But,. it.will.be.shown.later. in.the.chapter.that.
innovative.methods.of.altering. the.chemical.composition.or. introducing.a.
crystalline.phase.into.the.alloy.have.helped.in.achieving.large.amounts.of.
ductility.in.these.traditionally.brittle.materials.

8.2.1 Inhomogeneous Deformation

This.type.of.deformation.is.characterized.by.the.formation.of.shear.bands,.
their.rapid.propagation,.and.the.sudden.fracture.of.the.sample.

Metallic.glasses.have.been.shown.to.exhibit.the.phenomenon.of.strain.soft-
ening..That.is,.an.increase.in.strain.makes.the.material.softer.and.allows.the.
material.to.be.deformed.at.lower.stresses.and.higher.rates..In.contrast,.crys-
talline.materials.undergo.strain.hardening,. that. is,.with. increasing.strain,.
the.material.becomes.harder.and.therefore.it.is.difficult.to.further.deform.the.
material..Shear.band.formation.or.shear.localization.has.been.considered.
a.direct.consequence.of.strain.softening.

Shear. softening. and. formation. of. shear. bands. in. metallic. glasses. have.
been.attributed.to.a.local.decrease.in.the.viscosity.of.the.glass..A.number.of.
different.reasons.have.been.suggested.for.this.phenomenon..These.include.
local.production.of. free.volume.due. to.flow.dilatation,. the. local. evolution.
of.structural.order.due.to. the.shear. transformation.zone.(STZ).operations,.
redistribution.of.internal.stresses.associated.with.STZ.operations,.and.local.
heating.

All.the.reasons.suggested.for.inhomogeneous.deformation.through.forma-
tion.of.shear.bands.can.be.grouped.under.two.hypotheses..The.first.hypoth-
esis.suggests.that.the.viscosity.in.shear.bands.decreases.during.deformation.
due.to.the.formation.of.free.volume..This.decreases.the.density.of.the.glass.
and,. consequently,. its. resistance. to. deformation.. Spaepen. [11]. derived. an.
expression.for.steady-state. inhomogeneous.flow.in.metallic.glasses.on.the.
basis.of.a.competition.between.the.stress-driven.creation.and.the.diffusional.
annihilation. of. free. volume.. Argon. [12]. has. demonstrated. that. flow. local-
ization.occurs.in.a.shear.band.in.which.the.strain.rate.has.been.perturbed.
due.to. the.creation.of. free.volume..The.model.due. to.Spaepen.was.subse-
quently.developed.by.Steif.et al..[13].who.derived.an.expression.for.the.stress.
at.which.catastrophic.softening.due.to.free.volume.creation.occurs.during.
uniform.shearing.of.a.homogeneous.body.under.constant.applied.strain.rate.

The.second.hypothesis.suggests.that.local.adiabatic.heating.occurs.in.the.
shear.bands,.which.leads.to.a.decrease.in.the.viscosity.of.the.metallic.glass.by.
several.orders.of.magnitude.[14]..This.adiabatic.heating.could.lead.to.a.sub-
stantial.increase.in.the.temperature.to.a.level.above.the.glass.transition.tem-
perature.or.even.beyond.the.melting.temperature.of.the.alloy..Experimental.
evidence.is.available.for.both.the.increase.in.free.volume.and.rise. in.tem-
perature.in.shear.bands.during.deformation..The.aspect.of.temperature.rise.
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in. the. shear.bands.will.be. revisited.at.a. later. stage..Schuh.et al.. [10].have.
examined.the.mechanism.of.local.increase.in.the.free.volume.or.evolution.of.
structural.order.in.the.glass.

When.shear.bands.form.and.propagate,.a.sudden.drop.in.load.is.noticed.
in. the. stress–strain. plot.. The. surrounding. material. recovers. elastically.
and.arrests.the.shear-band.propagation..When.this.process.gets.repeated,.
we.obtain.serrated.flow..The.free.volume.within.the.shear.band.increases.
during. deformation,. thereby. decreasing. its. density. and. hence. resistance.
to. deformation.. Figure. 8.1. shows. the. compressive. stress–strain. curve. for.
the.Zr40Ti14Ni10Cu12Be24.BMG.alloy.tested.at.a.strain.rate.of.1.×.10−4.s−1.[15]..
The. formation. of. multiple. serrations. is. worth. noting.. The. magnitude. of.
the. load.drop,. the.displacements. (elastic,.plastic,.and. total),.and. the. time.
elapsed. during. unloading. were. analyzed. for. individual. serrations.. The.
load.vs.. time.and.displacement.vs.. time.are.plotted. in.Figure.8.2a.and.b,.
respectively..Using.these.data.and.the.modulus.of.elasticity,.and.through.
some.analyses,.these.authors.were.able.to.estimate.the.temperature.rise.in.
a.shear.band.

Serrated.flow.is.also.observed.during.nanoindentation,.but.only.at.slow.
loading.rates..Activation.of.each.individual.shear.band.is.associated.with.the.
occurrence.of.a.discrete.“pop-in”.event.(sudden.rise.in.load)..A.single.shear.
band.can.rapidly.accommodate.the.deformation.at.slow.loading.rates..But,.
when. the. loading. rate. is. high,. there. is. not. enough. time. to. accommodate.
the. strain. and,. consequently,. multiple. shear. bands. have. to. operate. simul-
taneously,. resulting. in. a. smooth. load-displacement. curve.. Therefore,. the.
“pop-in”.events.are.more.pronounced.at.low.rates.of.loading.and.their.occur-
rence.reduces.with.increasing.loading.rates..This.situation.is.quite.similar.
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Compressive.stress–strain.curve.for.Zr40Ti14Ni10Cu12Be24.BMG.alloy.tested.at.a.strain.rate.of.
1 ×.10−4.s−1..(Reprinted.from.Wright,.W.J..et al.,.Mater. Trans.,.42,.642,.2001..With.permission.)
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to.the.one.during.compression,.where.serrations.are.observed.only.at.slow.
strain.rates.and.not.at.high.strain.rates..Figure.8.3.shows.the.formation.of.
“pop-in”.events.(i.e.,.serrations.during.nanoindentation).in.a.number.of.dif-
ferent.BMGs..In.all.the.cases,. it.may.be.noted.that.serrations.are.observed.
only.at. low.loading.rates.and.not.at.high. loading.rates;.a.smooth.curve. is.
obtained. at. high. loading. rates. [16].. The. analysis. of. the. experimental. data.
reveals. that. there.exists.a.critical.applied.strain.rate.above.which.serrated.
flow.is.completely.suppressed..By.separating.the.elastic.and.plastic.contri-
butions. to.deformation,. the.authors.were.able. to. show. that,. at. sufficiently.
low.indentation.rates,.plastic.deformation.occurs.entirely.in.discrete.events.
of.isolated.shear.banding,.while.at.higher.rates,.deformation.is.continuous,.
without.any.evidence.of.discrete.events.at.any.size.scale.

Figure. 8.4. shows. a. scanning. electron. micrograph. of. the. surface. of. a.
specimen. deformed. under. compression. showing. the. presence. of. shear.
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specimen.subjected.to.compression.testing.. (Reprinted.from.Wang,.K..et al.,.Acta Mater.,.56,.
2834,.2008..With.permission.)
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bands.[17]..However,.the.nature.of.the.shear.band.is.not.very.clear,.except.
that.there.are.regions.where.deformation.is.concentrated..The.role.of.shear.
bands. in. the. deformation. of. metallic. glasses. will. be. discussed. again. in.
detail.at.a.later.stage.

8.2.2 Homogeneous Deformation

Homogeneous.deformation.in.metallic.glasses.occurs.at.high.temperatures,.
for.example,.>0.7.Tg.and.also.in.the.supercooled.liquid.state..This.deforma-
tion.could.be.thought.of.as.viscous.flow.of.the.supercooled.liquid.(it.can.
result.in.significant.plasticity).and.is.therefore.of.commercial.importance..
It. is. possible. to. achieve. net-shape. forming. capability. by. working. the.
metallic.glass.in.this.temperature.regime.[18–21]..The.transition.tempera-
ture. between. the. inhomogeneous. and. homogeneous. deformation. can. be.
thought.of.as.a.brittle-to-ductile.transition,.and.is.strongly.dependent.on.
the.applied.strain.rate,.suggesting.that.homogeneous.deformation.is.asso-
ciated.with.a.rate.process.

By. conducting. steady-state. flow. tests. over. a. large. range. of. stresses. and.
strain. rates,. and. in. a. number. of. different. alloy. systems. at. different. tem-
peratures.near. the.glass. transition,. it.has.been.observed. that.at.high. tem-
peratures.and.low.applied.stresses,.flow.is.Newtonian,.that.is,.strain.rate.is.
proportional.to.stress..But,.with.increasing.applied.stresses,.the.stress.sen-
sitivity.of.deformation.drops. rapidly.and. the.flow. is.non-Newtonian..The.
homogeneous.deformation.of.metallic.glasses.can.also.be.understood.using.
the.concept.of.STZ.proposed.by.Argon.[12].

Schuh.et al..[10].have.elegantly.described.the.concept.of.an.STZ..The.STZ.
is.essentially.a.local.cluster.of.atoms.(a.few.to.perhaps.up.to.100).that.under-
goes.an.inelastic.shear.distortion.from.one.relatively.low.energy.configu-
ration.to.another.low-energy.configuration,.crossing.an.activation.barrier..
In.other.words,.an.STZ.may.be.considered.as. the.basic.shear.unit,.which.
consists.of.a.free.volume.site.with.immediate.adjacent.atoms..These.atomic-
scale. STZs. collectively. deform. under. an. applied. shear. stress. to. produce.
macroscopic.shear.deformation..But,. it. should.be.realized. that. the.STZ. is.
not.a.structural.defect.in.a.glassy.material.in.the.way.that.a.dislocation.is.a.
defect.in.a.crystal..Instead,.an.STZ.is.an.event.defined.in.a.local.volume.and.
not.a.feature.of.the.glass..In.other.words,.an.STZ.is.defined.by.its.transience,.
that.is,.an.observer;.inspecting.the.glass.at.a.single.instant.in.time.cannot.
identify.the.STZ.

Homogeneous.deformation.can.be.considered.as.a.statistical.superposi-
tion. of. many. independent. atomic-scale. events. with. a. characteristic. size.
and. energy. scale.. By. fitting. the. rate. equations. to. the. experimental. flow.
stress.data,.it.was.noted.that.the.activation.energy.for.homogeneous.defor-
mation. is. about. 4.6.eV. for. the. Zr41.2Ti13.8Cu12.5Ni10Be22.5. BMG. alloy,. which.
represents.an.energy.that.is.about.85.times.kTg,.where.k.is.the.Boltzmann.
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constant.. The. activation. volume. was. calculated. to. be. ∼7.5. ×. 10−28.m3,.
roughly.40.times.the.Goldschmidt.volume.of.the.Zr.atom,.suggesting.that.
the.STZ.unit.contains.about.20–30.atoms..Both.these.estimates.are.in.the.
expected.range.

The. steady-state. shear. strain. rate,. γ⋅. in. the. Newtonian. regime. can. be.
expressed.as

.
� �γ α ν γ τ τ= −
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and.that.in.the.non-Newtonian.regime.as
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where
αo. incorporates.numerical. factors.as.well.as. the. fraction.of. the.material.

that.is.available.to.deform.via.the.activated.process
νo. is. the.attempt. frequency,.which. is.essentially. the. frequency.of. the.

fundamental.mode.vibration.along.the.reaction.pathway
γo.is.the.shear.strain
V.is.the.product.of.the.characteristic.STZ.volume.and.shear.strain
Q.is.the.activation.energy.for.the.process
k.is.the.Boltzmann.constant
T.is.the.absolute.temperature
τ.is.the.applied.shear.stress

The.stress.sensitivity.varies.continuously.between.the.low.and.high.stress.
limits.expressed.by.the.above.two.equations.

Expressing.the.above.equations.as.a.general.power.law,.we.can.include.the.
stress.sensitivity.term,.n,.as

. �γ τ= A n

. (8.3)

where.A.is.a.temperature-dependent.constant..As.the.strain.rate.increases,.
the. value. of. n. increases. from. unity. (Equation. 8.1). to. extremely. high. val-
ues..Whereas.the.value.of.n.=.1.is.associated.with.stable.flow.(Newtonian.
behavior),.higher.values.of.n.are.associated.with.flow.instabilities..It.is.pos-
sible. to. achieve. large. plastic. strains. in. metallic. glasses. in. the. Newtonian.
range. (n. =. 1).. For. example,. Kawamura. et  al.. [22]. obtained. elongations. of.
up.to.1260%.in.a.Pd40Ni40P20.BMG.alloy.at.a.strain.rate.of.1.7.×.10−1.s−1.at.a.
temperature. of. 620.K,. and. under. about. 70.MPa.. This. temperature. is. about.
1.07.times.the.Tg.and.0.64.times.the.Tm.of.the.BMG.alloy.(Tm.is.the.melting.
point.of.the.alloy)..Large.elongations.have.also.been.obtained.in.other.alloy.
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systems..Kim et al.. [23].achieved.an.elongation.of.1350%.in.a.Zr65Al10Ni10Cu15.
BMG.alloy.at.696.K.and.a.strain.rate.of.2.×.10−2.s−1..Wang.et al..[24].obtained.
elongations.of.1623%.at.676.K.and.1.52.×.10−2.s−1.and.1624%.at.656.K.and.7.58.×.
10−3. s−1. in. a. Zr41.25Ti13.75Cu12.5Ni10Be22.5. BMG. alloy.. In. contrast. to. the. above,.
it.is.noted.that.deformation.with.non-Newtonian.rheology.exhibited.much.
reduced. elongations.. Nieh. et  al.. [25,26]. suggested. that. the. transition. from.
Newtonian.to.non-Newtonian.behavior.is.associated.with.the.precipitation.
of.nanocrystals.within.the.glassy.matrix.during.high.temperature.deforma-
tion..A number.of.investigations.have.confirmed.that.homogeneous.flow.is.
often.associated.with.the.partial.crystallization.of.glass..In.fact,.crystallization.
is.known.to.be.normally.accelerated.by.pressure.(in.tension,.compression,.
and.more.complex.loading.conditions)..The.effect.of.pressure.on.the.crystal-
lization.of.metallic.glass.ribbons.is.well.known.[27,28].

When.nanocrystallization.occurs. in.a.BMG,. the.material.contains.nano-
crystals.dispersed.in.a.glassy.matrix..The.deformation.rate.of.such.a.compos-
ite.can.then.be.expressed.by.the.equation

.
� � �γ γ γtotal c c c g= + −( )f f1 . (8.4)

where
γ⋅total.is.the.total.strain.rate
γ⋅c. and. γ⋅g. are. the. strain. rates. resulting. from. the. crystalline. and. glassy.

phases,.respectively
fc.is.the.volume.fraction.of.the.crystalline.phase.in.the.composite

The.plastic.flow.of.the.glassy.matrix.is.described.by.the.Newtonian.behavior,.
that.is,.γ⋅g.=.Aτ,.but.the.plastic.flow.of.the.nanocrystalline.phase.is.described.
by.another.power.law,.with.a.nonlinear.power-law.dependence..Therefore,.
Equation.8.4.can.be.rewritten.in.the.form

.
�γ τ τtotal c c= −( ) +1 f A f B n

. (8.5)

where.A.and.B.are.material.constants..Thus,.when.nanocrystals.are.pres-
ent. in. the. composite,. the. strain. rate. sensitivity. of. the. composite. is. no.
longer.unity.

8.3	 Deformation	Maps

Deformation.maps.were.developed.by.Ashby.and.Frost.[29,30].for.crystalline.
materials..These.maps.help.in.delineating.the.different.modes.and.mecha-
nisms.of.plastic.deformation.of.a.material.as.a.function.of.stress,.temperature,.
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and.structure..The.steady-state.constitutive.flow.law.describes.each.defor-
mation.mode.using.an.equation.of.the.type

.
�γ τ= ( )f T, , structure . (8.6)

where
γ⋅..is.the.strain.rate
τ.is.the.shear.stress
T.is.the.temperature
“structure”.represents.all.the.relevant.structural.parameters.of.the.material

The. steady-state. condition. implies. that. the. structural. parameters. are.
uniquely.determined.by.the.external.parameters—stress.and.temperature—
and.hence.remain.constant.during.the.course.of.the.flow.

Based. on. the. above. concepts,. Spaepen. [11]. introduced. an. empirical.
deformation. map. for. metallic. glasses,. in. which. he. calculated. the. bound-
ary. between. homogeneous. and. inhomogeneous. flow. regions.. Figure. 8.5.
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represents.a.schematic.deformation.map.of.a.metallic.glass,. in.which. the.
various. modes. of. deformation. are. indicated.. The. stress. is. plotted. on. the.
Y-axis.on.a.logarithmic.scale.as.a.fraction.of.the.shear.stress,.and.tempera-
ture. is. plotted. on. the. X-axis.. The. temperature. region. between. Tx. and. Tm.

(where.Tx.and.Tm.represent. the.temperatures.at.which.crystallization.and.
melting.of.the.glass.occur,.respectively).is.inaccessible.for.mechanical.mea-
surements.since.the.glass.crystallizes.at.Tx..But,.reasonable.extrapolations.
of. the. strain. rate. contours. could. be. made. through. this. region.. Based. on.
experimental.observations,.the.map.indicates.that.the.homogeneous.mode.
of.deformation.occurs.at.low.stresses.and.high.temperatures,.and.that.the.
stress.is.a.strong.function.of.the.strain.rate,.as.indicated.by.the.strain.rate.
contours..On.the.other.hand,. inhomogeneous.deformation.occurs.at.high.
stress.levels.and.low.temperatures,.and.in.this.region,.the.stress.is.virtually.
insensitive. to. the.strain.rate..But,. it.will.be.shown.later. that. the.available.
results.indicate.that.there.is.no.consensus.on.this.aspect..It.is.also.important.
to.note.that,.unlike.melt-spun.metallic.glass.ribbons,.BMGs.exhibit.a.wide.
supercooled.liquid.region,.ΔTx.(=Tx.−.Tg)..Therefore,.detailed.investigations.
have.been.carried.out. to.study.the.deformation.behavior.of.BMGs.in.this.
temperature.regime.[18,24,25].

It.has.been.clearly.shown.by.Schuh.et al..[10].that.both.the.modes.of.defor-
mation.(inhomogeneous.and.homogeneous).can.be.conveniently.explained.
by.using.the.concept.of.STZ..That.is,.one.single.mechanism.is.able.to.describe.
every.aspect.of.glass.deformation..Therefore,.instead.of.“deformation.mech-
anism.map,”.these.authors.preferred.to.call.this.simply.a.“deformation.map.”

Schuh.et al..[10].have.developed.deformation.maps.for.BMGs,.very.similar.
to. the. deformation. mechanism. map. developed. by. Spaepen. [11]. using. the.
results.for.melt-spun.metallic.glasses..The.maps.in.both.the.cases.look.some-
what. similar. except. for. the. details.. Figure. 8.6. shows. two. complementary.
deformation.maps..The.first.one.is.in.the.coordinates.of.stress.and.tempera-
ture.and.follows.the.form.developed.by.Spaepen.[11]..The.second.one.plots.
the.strain. rate.as.a. function.of. temperature,.and. follows. the.analysis. sug-
gested.by.Megusar.et al..[31]..In.the.stress–temperature.plot,.strain.rates.are.
represented.as.a.series.of.contours..Similarly,.in.the.strain.rate–temperature.
plot,.stress.is.represented.as.a.series.of.contours..In.both.the.maps,.the.stress.
is.represented.as.a.fraction.of.the.shear.modulus,.which.allows.for.approxi-
mate.generalizations.to.be.made.

Just. like.in.the.Spaepen.map,.here.also.the.most.important.aspect. is.the.
stress–strain. rate. and/or. temperature. at. which. transition. occurs. from. the.
homogeneous. mode. to. inhomogeneous. mode. of. deformation.. Whereas.
Spaepen.[11].considered.this.transition.in.terms.of.the.free.volume.model,.
Schuh.et al.. [10]. examined. this. in. terms.of. the.STZ.operation..The. transi-
tion. from. inhomogeneous. to. homogeneous. flow. is. indicated. in. both. the.
maps.of.Figure.8.6.by.a.thick.solid.line..In.the.stress–temperature.map,.this.
line. also. directly. indicates. the. operational. strength. of. the. glass. prior. to.
flow. localization,.which.decreases.slightly.with. temperature.. In. the.strain.
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rate–temperature.map,.the.shape.of.the.transition.curve.is.roughly.parallel.to.
a.family.of.iso-stress.contours.that.can.be.drawn.in.the.homogenous.regime.

Further,. within. the. homogeneous. regime,. subregions. were. marked. with.
“elastic,”.“Newtonian,”.and.“non-Newtonian.”.The.homogeneous.deformation.
can.be.neglected.below.a.strain.rate.of.10−12.s−1..The.Newtonian–non-Newtonian.
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FIGURe 8.6
Deformation.maps.for.metallic.glasses.in.(a).stress–temperature.and.(b).strain.rate–temperature.
axes..The.main.division.on.the.map.separates.homogeneous.deformation.at.high.temperatures.
and.low.stresses/rates.from.the. inhomogeneous.flow.(shear. localization).that.occurs.at. lower.
temperatures.and.higher.stresses/rates.. In.the.homogeneous.regime.contours.for.steady-state.
flow.are.indicated,.as.is.the.transition.from.Newtonian.to.non-Newtonian.flow..In.the.inhomo-
geneous.regime,.the.effect.of.confining.hydrostatic.pressure.is.shown,.and.various.degrees.of.
flow.serration.are.denoted.in.(b)..The.thick.solid.lines.in.both.the.maps.indicate.the.transition.
from.inhomogeneous.to.homogeneous.flow..The.absolute.stress.values.shown.are.for.the.specific.
glass.Zr41.25Ti13.75Cu12.5Ni10Be22.5..(Reprinted.from.Schuh,.C.A..et al.,.Acta Mater.,.55,.4067,.2007..
With.permission.)
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transition.is.delineated.at.∼10−5.s−1..Non-Newtonian.flow.is.observed.at.strain.
rates.of.<10−5.s−1.and.Newtonian.flow.above.this.value..However,.it.is.impor-
tant.to.note.that.at.high.enough.shear.rates,.non-Newtonian.flow.as.well.as.
shear.localization.can.occur.at.high.temperatures—even.in.the.supercooled.
liquid. region.. Schuh. et  al.. [10]. caution. that. these. deformation. maps. do. not.
consider.the.evolution.of.the.glass.structure.during.deformation.and.also.that.
they.lack.information.about.their.fracture.behavior..In.spite.of.this,.it.is.sug-
gested.that.“these.maps.could.be.used.as.semiquantitative.tools,.for.example,.
for.rationalizing.observed.trends.with.applied.rate.or.temperature,.or.for.com-
paring.observed.mechanical.responses.for.different.glasses.tested.at.a.com-
mon. absolute. temperature. (room. temperature). but. at. different. homologous.
temperatures.(T/Tg)”.[10].

Schuh.et al..[32].have.conducted.instrumented.nanoindentation.studies.on.
Pd40Ni40P20.and.Mg65Cu25Gd10.BMG.alloys.over.four.decades.of.indentation.
strain.rate.and.at.different.temperatures.from.ambient.to.the.glass.transition..
Based.on.their.analysis,.they.had.observed.two.distinct.regimes.of.homoge-
neous.flow..While.the.first.regime,.as.expected,.occurs.with.the.onset.of.vis-
cous.flow.at.high.temperatures.and.low.rates,.the.second.one.occurs.at.high.
deformation.rates.well.below. the.glass. transition. temperature..This.arises.
when.deformation.rates.exceed.the.characteristic.rate.for.shear.band.nucle-
ation,.kinetically.forcing.strain.distribution..The.authors.have.labeled.this.as.
“Homogeneous.II.”

One.would.notice.that.Figure.8.6.does.not.show.the.Homogeneous.II.mode.
of.deformation..The.transition.from.the.inhomogeneous.to.the.homogeneous.
mode.was.shown.to.be.rather.sudden.in.Ref..[32]..But,. in.reality,.the.shear.
bands.proliferate.at.higher.rates.also.and.the.transition.from.the.inhomoge-
neous.to.homogeneous.mode.is.quite.gradual.and.spread.over.a.wide.range.
of.strain.rates.and.temperatures..Therefore,.instead.of.putting.a.single.divid-
ing.line.between.the.two,.Schuh.et al..[10].modified.the.map.with.the.inclu-
sion.of.strain.rate.contours.

Furukawa.and.Tanaka.[33].have.recently.considered.the.fracture.behavior.
of. BMGs. and. suggested. that. the. nonlinear. behavior. associated. with. their.
fracture.is.a.consequence.of.the.coupling.between.density.fluctuations.and.
deformation.fields..The.shear-induced.enhancement.of.density.fluctuations.
is.self-amplified.by.the.resulting.enhancement.of.dynamic.and.elastic.asym-
metry.between.denser.and.less-denser.regions.

8.4	 Temperature	Rise	at	Shear	Bands

As.mentioned.earlier,.inhomogeneous.deformation.at.low.temperatures.and.
high. stresses. takes. place. through. the. formation. and. propagation. of. shear.
bands..Most.of. the.plastic.strain. is. localized.in.these.narrow.shear.bands,.
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which.form.approximately.on.the.planes.of.maximum.resolved.shear.stress..
It. has. been. specifically. noted. that. in. samples. loaded. in. uniaxial. tension.
(under.plane.stress.conditions),.failure.occurs.almost.immediately.after.the.
formation.of.the.first.shear.band..Because.of.this,.metallic.glasses.exhibit.vir-
tually.zero.plastic.strain.before.failure.in.tension..On.the.other.hand,.speci-
mens. loaded.under.constrained.geometries. such.as.uniaxial. compression,.
bending,.rolling,.or.under.localized.indentation.(plane.strain.conditions).fail.
in.elastic,.perfectly.plastic.manner.by.the.generation.of.multiple.shear.bands..
Since. the.shear.bands.carry.very. large.plastic. strains,.metallic.glasses.are.
ductile.when.deformed.in.compression.or.by.rolling.or.indentation.at.room.
temperature.. Consequently,. catastrophic. failure. is. avoided. and. the. speci-
mens.exhibit.some.degree.of.plasticity.

It. has. been. mentioned. earlier. that. the. inhomogeneous. flow. in. metallic.
glasses. appears. to. be. related. to. a. local. decrease. in. the. viscosity. in. shear.
bands..One.of.the.reasons.suggested.for.this.was.the.local.adiabatic.heating.
that.could.lead.to.a.substantial.increase.in.the.temperature.

The.vein.pattern.seen.on.the.fracture.surfaces.of.metallic.glass.specimens.
and.the.localization.of.deformation.are.consistent.with.shear.softening.in.the.
bands..It.has.also.been.shown.in.some.cases.that.the.temperature.rise.was.
sufficient.to.cause.localized.melting.and.that.molten.droplets.were.reported.
to.be.observed.on.shear.lips.of.tensile-tested.metallic.glass.samples.[34,35]..
But,.the.extent.to.which.this.softening.is.associated.with.local.heating.has.
remained.controversial..The. local. temperature.rise. in. the.shear.bands.has.
been. variously. estimated. to. range. from. less. than. 0.1. to. a. few. thousand.
degrees.Kelvin.[34–41]..This.large.discrepancy.is.mainly.due.to.the.difficulty.
of.directly.measuring.the.temperature. in.extremely.small.distances.of. the.
shear.band.widths.(∼10–20.nm).[42–46].and.short.timescales.(∼10−5.s).for.shear.
band.propagation.[47,48].

Leamy. et  al.. [14]. proposed. that. shear. banding. in. metallic. glasses. could.
occur. due. to. adiabatic. heating.. But,. this. suggestion. was. criticized. on. the.
basis.that.the.heat.generated.could.be.quickly.dissipated.by.the.large.mass.of.
metal.surrounding.the.shear.band.and,.consequently,.the.temperature.rise.
would.be.minimal.[4].

Since. it. is. difficult. to. directly. measure. the. actual. temperature. rise. in. a.
shear.band,.alternative.and.indirect.methods.have.been.employed..One.solu-
tion.to.the.problem.was.to.actually.calculate.the.temperature.rise.resulting.
from.the.shear..This.can.be.done.either.by.calculating.the.temperature.rise.
on.the.entire.shear.band.at.once.[15].or.as.a.propagating.shear.front.[15,39]..
These.authors.assumed.that.the.formation.of.each.shear.band.is.manifested.
in.a.single.serration.and.that.all.of. the.work.done. in.producing. the.shear.
band.is.dissipated.as.heat..By.assuming.that.shear.occurred.simultaneously.
over.the.entire.band,.the.predicted.temperature.increase.was.on.the.order.of.
a.few.degrees.Kelvin.in.Zr40Ti14Ni10Cu12Be24.[15].and.Pd40Ni40P20.BMG.alloys.
[39].. But,. assuming. that. shear. initiates. at. one. point. in. the. band. and. then.
propagates.progressively.across.the.sample,.the.temperature.increases.were.
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estimated.to.be.in.the.range.of.90–120.K.for.the.Zr40Ti14Ni10Cu12Be24.BMG.[15].
and.over.280.K.for.the.Pd40Ni40P20.BMG.alloy.[39]..In.fact,.the.authors.point.
out.that.since.the.magnitude.of.the.load.drop.during.failure.was.much.larger.
than.that.during.serrated.flow,.the.temperature.rise.could.be.even.higher..
Consequently,.the.temperature.rise.during.failure.is.sufficient.even.to.melt.
the.sample.locally.and.this.could.explain.why.the.fracture.surface.contained.
features.that.resembled.resolidified.droplets.

Assuming. that. the. shear. banding. events. are. adiabatic. (even. though.
strictly. speaking. they. are. not,. as. we. now. know),. Schuh. et  al.. [10]. calcu-
lated.some.of.their.properties.and.compared.them.with.the.experimental.
measurements.

Heat.is.generated.in.the.shear.band.due.to.plastic.work..The.heat.is.also.
dissipated.to.its.surroundings.by.thermal.conduction..A.steady-state.condi-
tion.is.obtained.when.the.rate.at.which.heat.is.generated.equals.the.rate.at.
which.heat.is.dissipated..By.balancing.these.two.terms,.Bai.and.Dodd.[49].
developed.an.expression.for.the.thickness.(δ).of.a.fully.developed.adiabatic.
operating.shear.band.as

.
δ κ

χ τ γ
= ⋅

⋅ ⋅
∆T

�
.

(8.7)

where
κ.is.the.thermal.conductivity
ΔT.is.the.temperature.increase.above.ambient
χ.is.the.fraction.of.plastic.work.converted.into.heat
τ.is.the.shear.stress
γ⋅..is.the.shear.strain.rate

(While. it. is. true. that. ΔT,. τ,. and. γ⋅. vary. through. the. thickness. of. the. shear.
band,. the. authors. have. considered. their. values. at. the. center. of. the. band.).
Further,.comparison.with.shear.bands.in.crystalline.alloys.suggests.that.the.
above.expression.is.accurate.to.within.a.factor.of.about.2.[49].

The.fraction.of.plastic.work.converted.to.heat.χ.is.generally.estimated.to.
be.between.0.9.and.1.0.[50]..Therefore,.it.was.assumed.to.be.equal.to.1.in.the.
analysis.by.Schuh.et al..[10]..It.was.also.assumed.that.the.thermal.conduc-
tivity.of.the.glass.is.known..Even.though.τ.would.be.obtained.from.a.con-
stitutive.relation.for.the.flow.stress.in.terms.of.γ⋅.and.T,.it.was.assumed.that.
it.was.determined.by.the.macroscopic.yield.stress.in.shear,.and.a.typical.
value.of.τ.≈.1.GPa.was.taken..Therefore,.the.other.two.parameters.required.
to. calculate. the. steady-state. thickness. of. the. adiabatic. shear. bands. are.
ΔT and.γ⋅..Even.though.different.experimental.methods.were.used.to.mea-
sure.ΔT,.Schuh.et al..[10].calculated.the.shear.band.thickness.δ.as.a.function.
of.ΔT.. It. is. important. to.realize. that.ΔT.needs. to.be.substantially. large. to.
approach.the.glass.transition.temperature,.Tg,.where.significant.softening.
is.expected.to.occur.
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Determining. γ⋅. is. not. straightforward,. since. the. strain. rate. inside. the.
operating. shear. band. can. be. substantially. higher. than. the. macroscopic.
strain. rate.. However,. in. tests. with. macroscopic. strain. rates. of. ∼10−4.s−1,.
both. Neuhauser. [51]. and. Wright. et  al.. [15]. measured. shear. displacement.
rates.u·.≈.10−4.m.s−1..The.shear.strain.rate,.γ⋅.was.obtained.from.the.relationship.
γ⋅.≈.u/δ.and.substituting.this.value.into.Equation.8.7,.one.gets

.
δ κ

χ τ
= ⋅

⋅ ⋅
∆T
u� .

(8.8)

The. shear. band. width,. calculated. using. the. above. equation,. is. plotted. in.
Figure.8.7.as.a.function.of.ΔT,.for.various.displacement.rates,.u·.in.the.operat-
ing.shear.band..The.maximum.displacement. rate.considered.was.u·. ≈.0.9ct.
where.ct.is.the.transverse.wave.speed.

It.is.clear.from.Figure.8.7.that.a.displacement.rate.of.≈102.m.s−1.is.required.
to.produce.an.adiabatic.shear.band.consistent.with.the.observed.thickness.
and.with.the.necessary.ΔT. to.achieve.significant.softening..Further,. this.
displacement. rate. is. approximately. 6. orders. of. magnitude. greater. than.
the. displacement. rates. that. are. actually. observed. for. quasi-static. load-
ing..That. is,. if. shear.bands. in.metallic.glasses.were.primarily.adiabatic,.
then. either. the. displacement. rates. or. the. shear. band. thicknesses. would.
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FIGURe 8.7
Shear.band.thicknesses.as.a.function.of.the.adiabatic.temperature.rise.for.various.shear.dis-
placements.on.the.operating.shear.band..The.ranges.of.experimental.observations.for.shear.
band.thickness.in.metallic.glasses,.δ,.are.also.included.in.the.figure.as.dashed.horizontal.lines..
For. the. purpose. of. illustration,. the. glass. transition. (Tg). and. melting. (Tm). temperatures. are.
shown..(Reprinted.from.Schuh,.C.A..et al.,.Acta Mater.,.55,.4067,.2007..With.permission.)
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be. much. greater. than. the. experimental. observations. suggest.. Thus,. the.
authors. concluded. that. it. is. unlikely. that. shear. localization. in. metallic.
glasses.is.driven.primarily.by.thermal.(adiabatic).softening.

Some. experimental. measurements. of. temperature. rise. were. also. made..
Yang. et  al.. [41,52]. used. a. high-speed. infrared. (IR). camera. to. capture. the.
dynamic.shear.band.evolution.process.in.a.Zr52.5Cu17.9Ni14.6Al10Ti5.BMG.alloy..
They.noted.that.the.intense.heat.was.conducted.along.the.shear.bands.into.
the. surrounding. material,. resulting. in. wider,. cooler. “hot. bands”. in. the.
IR. images.. These. hot. bands. were. about. 0.4.mm. in. width.. Further,. it. was.
observed.that.the.temperature.was.the.highest.at.the.initiation.site.and.the.
lowest.at.the.end..For.all.the.“hot.bands,”.the.averaged.maximum.and.mean.
temperature. increases. were. observed. to. be. ∼0.77. and. 0.25.K,. respectively..
Assuming.that.all.the.heat.was.originally.generated.in.a.shear.band.about.
10.nm.in.width.(a.typical.value),.the.measured.temperature.rise.of.0.25.K.in.
a.single.“hot.band”.will.translate.to.an.estimated.temperature.rise.of.650.K.
at.the.initiation.site.

Bruck.et al..[37].measured.the.temperature.rise.during.dynamic.testing.
of. the. Zr41.25Ti13.75Ni10Cu12.5Be22.5. BMG. at. strain. rates. of. 102–103.s−1.. These.
measurements. indicated. that. the. temperature. increase. due. to. adiabatic.
heating. occurred. only. after. the. onset. of. inhomogeneous. deformation,.
and. that. the. temperature. may. approach. the. melting. point. of. the. alloy.
within.shear.bands.after. the.specimen.has. failed..The. temperature. rise.
measured.was.∼500.K.using.a.single.detector..Since.only.a.single.detec-
tor. was. used,. the. authors. were. not. able. to. identify. the. detailed. nature.
of.thermal.distribution.near.the.shear.band..A.few.other.measurements.
were.also.reported.[53,54].

It.is.known.that.on.heating.the.metallic.glass,.the.viscosity.drops.rapidly.
near.Tg.and,.therefore,.significant.softening.can.occur.in.the.metallic.glass..
This.softening.will.result.in.rapid.shear.band.propagation,.eventually.lead-
ing.to.catastrophic.failure..Yang.et al..[55].used.the.STZ.model.of.Argon.[12].
to.estimate.the.temperature.rise.in.a.shear.band..By.balancing.the.mechani-
cal.work.and.heat.generation.within.an.STZ.unit,.and.also.considering.the.
collective.STZ.deformation.and.that.the.process.is.adiabatic,.the.temperature.
rise,.ΔT,.was.calculated.as

.
∆T

C
= χτ

ρ p .
(8.9)

where
χ. is.the.fraction.of.mechanical.energy.converted.to.heat.(assumed.to.be.

0.9.in.this.case)
τ.is.the.applied.shear.stress
ρ.is.the.density
Cp.is.the.specific.heat.of.the.BMG
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The.temperature.rise.at.the.time.of.fracture.was.calculated.to.be

.
∆T

C
= χσ

ρ
f

p2 .
(8.10)

where
τ.in.Equation.8.9.is.replaced.by.σf/2.in.Equation.8.10
σf.represents.the.nominal.fracture.strength.during.monotonic.loading

In. this. derivation,. it. was. assumed. that. the. maximum. shear. plane. was.
at.an.angle.of.45°.to.the.loading.axis.and.that.the.slight.strength.asym-
metry. between. tension. and. compression. conditions. was.neglected..The.
temperature.rise.was.calculated.for.different.BMG.alloys.using.Equation.
8.10.and.these.values.are.also.consistent.with.the.thermographic.measure-
ments.. Assuming. that. the. shear. bands. have. softened. due. to. the. tempera-
ture.in.the.shear.bands.reaching.the.glass.transition.temperature,.Tg,.the.
authors.assumed.that.(To.+.ΔT).is.at.least.equal.to.Tg,.if.not.higher..Figure.8.8.
shows.the.results.of.the.temperature.rise.in.the.shear.bands.at.the.time.of.
fracture.plotted.against.Tg..A.linear.relationship.is.obtained.between.ΔT.
and.Tg.suggesting.that.this.relation.could.be.a.practical.guide.and.useful.
in.predicting.Tg. from. the. fracture. strength,.σf. of.BMGs,.and.vice.versa..
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FIGURe 8.8
Temperature.rise,.ΔT.in.the.shear.bands.at.the.time.of.fracture.for.different.BMG.alloys.plotted.
against.the.glass.transition.temperature,.Tg..(Reprinted.from.Yang,.B..et.al.,.J. Mater. Res.,.21,.
915,.2006..With.permission.)
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An. interesting. conclusion. of. this. observation. was. that. the. catastrophic.
failure.of.BMGs.is.caused.by.the.sudden.drop.in.viscosity.inside.the.shear.
band. as. a. result. of. local. heating. to. a. level. close. to. the. glass. transition.
temperature.

Recently,.Lewandowski.and.Greer.[56].used.a.clever.method.to.estimate.
the.temperature.rise.in.a.shear.band..Specimens.of.Zr41.2Ti13.8Cu12.5Ni10Be22.5.
BMG.were.deposited.with.a.50.nm.thick.tin.coating.by.UHV.magnetron.
sputtering..The.double-notched.samples.were.then.subjected.to.four-point.
bend.testing..The.authors.noted.that.the.coating.had.melted.during.defor-
mation.at.places.where.the.shear.bands.had.intersected.the.surface..This.
was.inferred.from.scanning.electron.micrographs.such.as.those.shown.in.
Figure.8.9,.in.which.it.was.noted.that.the.coating.had.formed.into.spheri-
cal.beads.at.shear.bands.as.a.result.of.local.melting.and.resolidification.

Such. melting. of. the. coating. was. not. observed. on. Al. alloy. substrates.
where. the.deformation.was.not. localized..Nor.was. it.observed.on.glass.
slides.at.the.line.of.fracture.where.there.was.intense.local.deformation.in.
the.tin.sample,.but.no.heat.was.produced.in.the.glass..Thus,.the.authors.
concluded.that.the.local.melting.was.due.to.the.heat.produced.near.shear.
bands.

These.observations.have.provided.direct.evidence.of.temperature.increases.
of. over. 200.K. in. the. operating. shear. bands. (i.e.,. the. actual. temperature. is.
about.500.K),.at. least.near.the.surface.(since.tin.has.a.melting.temperature.

FIGURe 8.9
Scanning.electron.micrograph.of.the.surface.of.Zr41.2Ti13.8.Cu12.5Ni10Be22.5.BMG,.which.was.origi-
nally.coated.with.a.tin.coating..During.deformation,.the.“fusible.coating”.had.melted.near.the.
shear.bands..The.round.shape.of.the.tin.beads.clearly.suggests.that.the.coating.had.melted.due.
to.the.temperature.rise.as.a.result.of.deformation.and.had.resolidified..The.bar.in.the.micro-
graphs.corresponds.to.1.μm..(Reprinted.from.Lewandowski,.J.J..and.Greer,.A.L.,.Nat. Mater.,.5,.
15,.2006..With.permission.)
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of.505.K.and. it.had.melted)..Even. though.this. fusible.coating.“detector”. is.
limited.to.a.single.temperature.per.experiment.(the.melting.point.of.the.coat-
ing),.it.has.excellent.spatial.(∼100.nm).and.temporal.(∼30.ps).resolution..These.
should.be.compared.with.the.values.of.∼11.μm.and.1.4.ms.during.infra.red.
imaging.[41,52].or.single.infrared.detector.(100.μm.and.∼10.μs).[37]..To.obtain.
information. about. the. actual. maximum. temperature. requires. additional.
approximations.or.repeating.the.experiments.with.other.metal.coatings.that.
have.progressively.higher.melting.temperatures.

The.measurements.of.Lewandowski.and.Greer.[56].suggest.that.the.tem-
perature.rise.in.the.shear.bands,.over.a.few.nanoseconds,.can.be.as.high.as.a.
few.thousand.degrees.Kelvin..Therefore,.it.is.not.surprising.that.there.could.
be.structural.changes.such.as.the.formation.of.nanovoids.or.nanocrystals..
It.was.further.suggested.by.the.authors. that. the.shear.bands.are.not. fully.
adiabatic,. and. that. even. though. local. heating. was. not. the. origin. of. shear.
localization.(nor.the.shear.band.thickness),.temperature.changes.should.be.
taken.into.account.in.analyzing.shear.band.operation..Zhang.and.Greer.[46].
reached.a.similar.conclusion.based.on.the.thinness.of.the.shear.bands.and.
the.time.available.for.thermal.conduction.

8.4.1 Nanocrystallization near Shear bands

Through.transmission.electron.microscopy.(TEM).studies,.Chen.et al.. [57].
were.the.first.to.show.that.nanocrystals.were.present.within.the.shear.bands.
of. bent. Al90Fe5Gd5. glassy. samples.. The. nanocrystals. were. fcc. Al. with. a.
size.of.7–10.nm.and.seemed.to.have.formed.as.a.result.of.local.atomic.rear-
rangements. in. the. regions. of. high. plastic. strain.. Jiang. et  al.. [58,59]. inves-
tigated. the. structure. of. shear. bands. in. an. Al90Fe5Gd5. glassy. alloy. bent. at.
−40°C..They.detected.the.presence.of.a.high.density.of.nanocrystals.within.
the.shear.bands..It.was.also.reported.that.there.was.massive.precipitation.of.
nanocrystals.at.the.fracture.surface.of.the.bent.sample..Such.precipitation,.
both.in.the.shear.bands.and.at.the.fracture.surface,.was.attributed.to.plastic-
deformation-assisted.atomic.transport..Similar.experiments.were.extended.
to. Al90Fe5Gd5. glassy. samples. bent. through. 180°,. where. one. could. obtain.
areas.deformed.in.either.tension.or.compression..It.was.noted.that.nanocrys-
tals.were.only.observed.in.the.shear.bands.in.the.compressive.regions,.but.
not.in.the.tensile.regions..Surprisingly,.no.such.nanocrystals.were.observed.
in.a.90°.bent.Al86.8Ni3.7Y9.5.glassy.ribbon.even.in.compression..The.difference.
between.these.two.alloys.was.that.the.Al90Fe5Gd5.glassy.sample.contained.
a.low.density.of.nanoscale.defects,.predominantly.in.the.shear.bands,.near.
the.boundary.with.the.undeformed.matrix..On.the.other.hand,.such.defects.
(nanovoids). were. distributed. uniformly. in. the. entire. shear. band. of. the.
Al86.8Ni3.7Y9.5.glassy.sample..Thus,.it.was.concluded.that.nanocrystallization.
occurred. at. shear. bands. only. in. samples. that. contained. fewer. nanovoids,.
while.no.crystallization.occurred.if.the.shear.bands.had.a.large.number.of.
nanovoids.
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Kim. et  al.. [38]. have. also. investigated. nanocrystallization. in. a.
Zr52.5Cu17.9Ni14.6Al10Ti5. BMG. sample. through. a. combination. of. nanoinden-
tation,. TEM,. and. atomic. force. microscopy. (AFM). techniques.. The. nano-
crystals. formed. around. the. indentation. were. identified. to. be. the. same. as.
those.formed.during.annealing.without.deformation.at.783.K..These.authors.
concluded. that. nanocrystallization. in. their. samples. was. due. to. the. radi-
cally.enhanced.atomic.diffusional.mobility.inside.actively.deforming.shear.
bands.. Lee. et  al.  [60]. investigated. the. effect. of. brass. reinforcement. on. the.
formation.of.nanocrystals.at.shear.bands.in.a.Ni59Zr20Ti16Si2Sn3.BMG.alloy..
Based.on.a.detailed.TEM.investigation.on.both.the.monolithic.and.the.com-
posite.glassy.alloy.specimens,.the.authors.noted.that.the.volume.fraction.of.
nanocrystals.was.much.higher.near.the.brass.particles.than.farther.into.the.
matrix..But,.they.did.not.observe.the.presence.of.nanocrystals.in.the.mono-
lithic.alloy..Further,.they.noted.that.the.structure.of.nanocrystals.at.the.shear.
band.was.the.same.as.previously.observed.after.isothermal.annealing.of.a.
monolithic. glassy. alloy.. The. authors. had. attributed. nanocrystallization. at.
the.shear.band.to.the.stress.concentration.by.a.geometrical.effect.of.the.rein-
forcement.phase.on.the.compressive.loading.conditions.and.the.thermally.
activated.processes.

Chen.et al..[61].conducted.a.very.detailed.high-resolution.TEM.study.of.
shear.bands. in.a.rapidly.solidified.melt-spun.Cu50Zr50.metallic.glass.rib-
bon,.which.was.found.to.be.ductile,.with.a.room.temperature.compressive.
strain.of.∼50%.[62]..Plastic.deformation.was.introduced.into.this.ribbon.by.
manually.bending.the.ribbons.to.180°.and.then.straightening.them.out.till.
approximately.flat..TEM.studies.of.the.thinned.samples.showed.the.pres-
ence.of.shear.bands.with.a.width.of.2–20.nm.and.lengths.of.several.microm-
eters..Figure.8.10a.shows.the.presence.of.a.thin.shear.band,.3–10.nm.wide,.
in.the.thin.region.of.the.sample..The.shear.band.loses.its.contrast.in.the.
thicker.region.of.the.sample..Even.in.a.high-resolution.image.(Figure.8.10b),.
the.shear.bands.appear.lighter.than.the.regions.outside.the.bands,.which.
may. be. due. to. the. mass. contrast. difference. produced. by. either. smaller.
thickness.or.the.lower.density.of.the.shear.bands..A.high-resolution.image.
of.the.shear.band.(Figure.8.10c).shows.that.the.maze.structure.is.coarser.
inside.the.shear.band.than.that.outside.the.band..These.structures.were.
suggested. to. correspond. to. the. STZs.. An. important. observation. is. that.
while.the.as-spun.ribbon.did.not.contain.any.nanocrystals.at.all,.a.num-
ber. of. nanocrystallites,. 5–20.nm. in. size,. were. observed. inside. the. shear.
bands.in.the.deformed.specimen..The.formation.of.such.nanocrystals.was.
attributed.to.the.temperature.rise.and.mass.transport.as.a.result.of.signifi-
cant.plastic.flow.within.the.narrow.shear.bands..Interestingly,.the.authors.
claimed.that.the.deformation-induced.nanocrystals.had.a.crystal.structure.
very.different.from.that.obtained.by.thermal.annealing..These.authors.also.
noted.a.strong. interaction.between.the.shear.bands.and.the.nanocrystals..
For.example,.it.was.noted.that.the.width.of.the.shear.band.increased.from.
about.2.to.5.nm.when.it.approached.a.nanocrystal.(Figure.8.10d)..The authors.
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claimed.that.nanocrystals.generated.in.the.matrix.produced.strain.hard-
ening. to.compensate. for. the.strain.softening.of.shear.bands.and,.conse-
quently,.suppressed.catastrophic.failure.of.the.specimen.

8.5	 Strength

One. of. the. important. attributes. of. metallic. glasses. (both. in. thin. ribbon.
form. and. in. bulk. form). is. their. high. strength,. exceeding. 1.GPa. in. most.
cases..Table.8.1.lists.the.mechanical.properties.of.some.glassy.alloys..Some.

(a) (b)

(c)

Shear band
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5 nm50 nm

(d)

5 nm2 nm

Shear
band

FIGURe 8.10
TEM. observations. of. shear. bands. in. a. deformed. Cu50Zr50. melt-spun. ribbon.. (a). Bright-field.
TEM.image.of.a.narrow.shear.band.with. lighter.contrast.across.the.thin.region.of. the.TEM.
specimen..(b).Low-magnification.HRTEM.image.of.a.shear.band.with.nanocrystalline.precipi-
tates.inside.the.shear.band..(c).HRTEM.image.of.the.shear.band.taken.from.the.region.S.in.(b)..
Slightly.coarser.maze.clusters.within.the.shear.band.can.be.seen..(d).Fourier-filtered.HRTEM.
image.showing.that.a.shear.band.gradually.becomes.wider.as.it.approaches.a.nanoparticle..
(Reprinted.from.Chen,.M.W..et al.,.Phys. Rev. Lett.,.96,.245502-1,.2006..With.permission.)
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Table 8.1

Mechanical.Properties.of.Some.Metallic.Glasses

Material E	(GPa)
Strain	

Rate	(s−1)
σy	

(MPa)
σf	

(MPa) εy	(%) εp	(%) Reference

Co43Fe20Ta5.5B31.5 268 5.×.10−4 5185 2 [63]
Cu60Hf40 120 5.×.10−4 2245 0.4 [64]
Cu60Hf25Ti15 124 5.×.10−4 2024 2088 1.6 [65]
(Cu60Hf25Ti15)96Nb4 130 5.×.10−4 2405 2.8 [66]
Cu47Ti33Zr11Ni6Sn2Si1 1930 2250 [67]
Cu50Zr50 84 8.×.10−4 1272 1794 1.7 6.2 [68]
Cu50Zr50 107 5.×.10−4 1920 0.2 [64]
Cu64Zr36 92.3 8.×.10−4 2000 2.2 [69]
Cu47.5Zr47.5Al5 87 8.×.10−4 1547 2265 2.0 16 [68]
Fe65Mo14C15B6 195 1.×.10−4 3400 3800 0.6 [70]
Fe59Cr6Mo14C15B6 204 1.×.10−4 3800 4400 0.8 [70]
(Fe0.9Co0.1)64.5Mo14C15B6Er0.5 192 1.×.10−4 3700 4100 0.55 [70]
Fe71Nb6B23 1.×.10−4 4850 1.6 [71]
Fe72Si4B20Nb4 200 4200 2.1 1.9 [72]
Fe74Mo6P10C7.5B2.5 2.1.×.10−4 3330 3400 2.2 [73]
[(Fe0.6Co0.4)0.75B0.2Si0.05]96Nb4 210 6.×.10−4 4100 4250 2 2.25 [74]
Fe49Cr15Mo14C15B6Er1 220 4.×.10−4 3750 4140 0.25 [75]
Gd60Co15Al25 70 5.×.10−4 1380 1.97 [76]
Gd60Ni15Al25 64 5.×.10−4 1280 2.01 [76]
Mg75Cu15Gd10 50 5.×.10−4 743 1.5 0 [77]
Mg75Cu5Ni10Gd10 54 5.×.10−4 874 1.55 0.2 [77]
Mg65Cu7.5Ni7.5Zn5Ag5Y10 39 1.×.10−4 490–

650
1.7 0 [78]

Ni61Zr28Nb7Al4 1.×.10−4 2620 [79]
Ni61Zr22Nb7Al4Ta6 1.×.10−4 3080 5 [79]
Pd77.5Cu6Si16.5 4.×.10−4 1476 1600 11.4 [80]
Pd79Cu6Si10P5 82 4.2.×.10−4 1475 1575 3.5 [81]
Pd40Ni40P20 96 1.×.10−4 1700 [39]
Pt57.5Cu14.7Ni5.3P22.5 1.×.10−4 1400 1470 2 20 [82]
Ti41.5Zr2.5Hf5Cu42.5Ni7.5Si1 103 3.×.10−4 2080 [83]
Ti41.5Zr2.5Hf5Cu42.5Ni7.5Si1 95 3.×.10−4 2040 0 [83]
Zr55Cu30Al10Ni5 1410 1420 [84]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 96 1900 1900 2 [85]
Zr57Nb5Al10Cu15.4Ni12.6 86.7 1800 1800 2 [86]

Note:. E:.Young’s.modulus;.σy:.yield.strength,.σf:.fracture.strength;.εy:.elongation.at.yielding;.
εp:.plastic.elongation..All.the.tests.were.conducted.under.compression.
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of. the. mechanical.properties.of. the.BMG.composites.are.presented. later. in.
Section 8.9.. It. is. clear. from.Table.8.1. that.BMGs.are.very. strong.with.very.
high.yield.strength,.reaching.values.of.up.to.about.5.GPa..The.typical.strain.
at.yielding.is.about.2%..But,.they.suffer.from.lack.of.ductility.in.most.of.the.
cases,.and.the.plastic.strain.is.virtually.zero..By.clever.design.of.alloy.compo-
sitions.or.by.addition.of.reinforcements,.it.has.been.possible.to.increase.their.
ductility..But,.let.us.first.look.at.the.strength.aspect.of.BMGs.

The.theoretical.shear.strength.of.a.dislocation-free.crystal.is.known.to.be.
of.the.order.of.μ/5,.where.μ.is.the.shear.modulus.of.the.crystal..Johnson.and.
Samwer.[87].have.recently.analyzed.the.room.temperature.elastic.constants.
and.compressive.yield.stresses.of.about.30.metallic.glasses..Based.on.their.
analysis.they.concluded.that.plastic.yielding.in.metallic.glasses.at.the.glass.
transition.temperature,.Tg.can.be.described.by.an.average.elastic.shear.limit.
criterion:

. τ γ µy c= . (8.11)

where
τy.is.the.maximum.resolved.shear.stress.at.yielding
γc.is.the.critical.shear.strain
μ.is.the.shear.modulus.of.the.unstressed.glass

The.yield.strength.of.metallic.glasses.is.thought.to.be.determined.by.the.
co-operative.shear.motion.of.STZ,.similar.to.the.movement.of.dislocations.
in.crystalline.materials..Considering.that.shear.deformation.occurs.through.
the.movement.of.STZs,.Johnson.and.Samwer.[87].showed.that.the.average.
shear.limit.for.metallic.glasses.under.compression.is.γc.=.0.0267.±.0.0020..It.
was.also.shown.that.γc.depends.on.T/Tg..Using.a.cooperative.shear.model,.
inspired. by. Frenkel’s. work. and. recent. molecular. dynamics. simulations,.
these.authors.showed.that
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where
τc,T.is.the.compressive.shear.stress.at.temperature.T
γc0

. and. γc1
. are. fitting. constants,. which. are. approximately. universal. con-

stants.with.the.values.of.0.036.±.0.002.and.0.016.±.0.002,.respectively

Just. as. the. strength. of. a. crystalline. metal. is. determined. by. the. Peierls.
stress—the. internal. frictional. stress. for. dislocation. motion—the. fracture.
strength.of.a.metallic.glass.is.expected.to.be.determined.by.the.atomic.bond.
strength. [88]..This. is.because.a.glass.does.not.contain.any.crystal.defects..
Therefore,.it.is.logical.to.assume.that.the.strength.of.a.BMG.is.related.to.the.
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physical.parameters.determined.by.the.atomic.cohesive.energy.such.as.Tg,.
elastic.modulus,.and.coefficient.of.thermal.expansion..Therefore,.many.dif-
ferent.attempts.have.been.made.to.correlate.the.strength.of.BMGs.to.these.
parameters.

When. the. fracture. strength. of. a. number. of. metallic. glasses. is. plotted.
against.Tg,.a.general.trend.was.noticed—the.strength.increases.with.increas-
ing.value.of.Tg.[89]..But,.the.data.points.were.scattered.between.two.bounds.
with. the. slopes.of.1.22.and.2.15.MPa.K−1. (Figure.8.11a)..Because.of. the. sig-
nificant.amount.of.scatter,.the.authors.concluded.that.Tg.may.not.be.the.sole.
factor.determining.the.strength.of.a.BMG.
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FIGURe 8.11
(a). Variation. of. strength. with. glass. transition. temperature,. Tg. for. a. number. of. BMGs..
(b) Relationship.between.the.calculated.fracture.strength.from.a.free-volume.model.and.the.
ratio.of.ΔTg/V.for.a.variety.of.BMGs..(Reprinted.from.Yang,.B..et al.,.Appl. Phys. Lett.,.88,.221911-1,.
2006..With.permission.)
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As.mentioned.above,.plastic.deformation.of.metallic.glasses.is.facilitated.
by.the.movement.of.STZs..The.glass.transition.is.also.similarly.facilitated.by.
the.movement.of.a.group.of.atoms..In.this.sense,.both.these.processes.are.
similar..But,.while.the.thermal.energy.for.glass.transition.is.spread.around.
the.entire.body.of.the.specimen.during.heating,.the.mechanical.energy.of.
shearing. is.highly. localized. in.shear.bands..However,. the. initial.and.final.
states.are.the.same.in.both.the.cases.and,.consequently,.the.energy.density.is.
expected.to.be.equal.in.both.the.cases..Thus,

.
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where
τy.is.the.maximum.shear.stress.on.yielding
γo.=.1.is.the.shear.strain.of.the.basic.shear.unit.(STZ)
ρ.is.the.density.of.the.material
Cp.is.the.specific.heat
To.and.Tg.are.the.ambient.and.glass.transition.temperatures,.respectively

Through. mathematical. manipulation. and. substituting. the. different. vari-
ables,.the.authors.have.arrived.at.an.equation.for.the.yield.strength,.σy.as
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where
N.is.the.Avogadro.number
k.is.the.Boltzmann.constant
ρo.is.the.density.at.ambient.temperature
V.is.the.molar.volume
M.is.the.molar.mass

The.above.equation.suggests.that.the.room.temperature.strength.of.BMGs.is.
determined.by.the.Tg.and.the.molar.volume..Since.BMGs.have.limited.plas-
ticity,.it.is.also.assumed.that.the.fracture.strength.is.about.10%.higher.than.
the.yield.strength..Accordingly,.the.above.equation.is.rewritten.as
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A.linear.relationship.is.found.between.the.calculated.fracture.strengths.and.
the.published.experimental.fracture.strengths.for.27.BMGs.from.11.different.
alloy.systems.(Figure.8.11b)..The.slope.of. this.plot. (the.ratio.of.strength.
over. ΔTg/V). was. found. to. match. exactly. with. the. theoretically. predicted.
value.of.6.Nk/γo.

Most.recently,.Liu.et al..[90].analyzed.the.strength.data.of.15.BMG.alloys.
with. a. view. to. explore. the. underlying. physics. of. the. linearity. between.
strength. vs.. ΔTg/V. in. terms. of. fundamental. thermodynamics. principles..
They.plotted.the.room.temperature.yield.shear.strength.of.these.BMGs.as.a.
function.of.(Tg.−.To)/V.and.observed.a.distinct.linear.dependence,.satisfying.
the.equation

.
τ

γy
g o

o
=

−
⋅

3R
T T

V .
(8.16)

where
R.is.the.gas.constant
To.is.room.temperature
γo. is. the.critical. local. shear. strain. leading. to. the.destabilization.of. local.

shearing.events
V.is.the.molar.volume

The.authors.also.noted.that.the.fitting.slope.is.just.equal.to.3R,.the.Dulong–
Petit.limit,.while.γo.is.equal.to.1..By.comparing.Equation.8.16.with.the.empiri-
cal.equation.(8.15),.one.can.easily.find.that.the.slope.of.50.reported.by.Yang.
et  al.. [89]. is. actually. the. product. of. Dulong–Petit. limit. (3R). and. a. Schmid.
factor.of.2,.both.of.which.are.invariable.for.BMGs.

On. the. basis. of. Equation. 8.16,. the. authors. also. deduced. the. correlation.
between.Young’s.modulus.and.Tg..Since.E.=.σy/εE.and.the.room.temperature.
elastic.strain.limit.of.BMGs.is.approximately.2%,.and.assuming.that.τy.=.σy/2.
and.that.γo.=.1,.the.above.equation.can.be.rewritten.as

.
E R

T T
V

=
−

3
2
εE

g o

.
(8.17)

Figure. 8.12a. and. b. shows. these. relationships. between. room. temperature.
yield.shear.strength.and.(Tg.−.To)/V,.and.Young’s.modulus.and.(Tg.−.To)/V,.in.
which.the.solid.lines.are.the.plots.representing.the.slopes.of.3R.and.3R(2/εE),.
respectively.

There. have. been. other. correlations. also. in. the. literature.. For. example,.
Inoue.[91].noted.that.the.fracture.strength.and.hardness.of.BMGs.scale.with.
Young’s.modulus,.as.shown.in.Figure.8.13.
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8.6	 Ductility

Associated.with.the.high.strength.of.BMGs.is.their.brittleness..Even.though.
some.BMGs.show.a.small.amount.of.plastic.deformation,.majority.of.them.
fail.soon.after.yielding..This.is.because.metallic.glasses.do.not,.in.general,.
show.work-hardening.characteristics..But,. it. should.be.pointed.out. in. this.
context.that.there.have.been.some.reports.recently.mentioning.about.“work.
hardenable”.BMGs.[68].
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FIGURe 8.12
(a).Relationship.between.yield.shear.stress.τy.and.glass.transition.temperature.Tg..The.solid.line.is.
the.plot.of.Equation.8.16,.τy.=.3R(Tg.−.RT)/V,.where.R.is.the.gas.constant..(b).Relationship.between.
Young’s.modulus.E.and.glass.transition.temperature.Tg..The.solid.line.is.the.plot.of.Equation.8.17,.
E.=.3R ·.(2/εE).·.(Tg.−.RT)/V,.in.which.R.is.the.gas.constant.and.εE.is.the.elastic.limit.in.uniaxial.com-
pression..(Reprinted.from.Liu,.Y.H..et al.,.Phys. Rev. Lett.,.103,.065504-1,.2009..With.permission.)
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Ductility. is. an. ambiguous. and. ill-defined. term.. As. has. been. occasion-
ally.pointed.out,.ductility.is.like.beauty..It.is.difficult.to.describe.and.as.the.
proverb.goes.beauty. is. in. the.eyes.of. the.beholder. (and. it. is.not.absolute)..
However,.if.we.define.ductility.in.terms.of.plastic.strain.to.failure,.irrespec-
tive.of. its.distribution,.then.metallic.glasses.are.very.ductile.since.most.of.
the.deformation.is.concentrated.in.the.shear.bands,.where.the.plastic.strain.
could.be.≫100%..But,.BMGs.do.not.show.any.significant.macroscopic.ductility..
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Relationship.between.(a).tensile.strength.and.Young’s.modulus.and.(b).Vickers.hardness.and.
Young’s.modulus.for.some.typical.BMGs..The.data.for.crystalline.alloys.are.also.shown.for.
comparison..(Reprinted.from.Inoue,.A.,.Acta Mater.,.48,.279,.2000..With.permission.)
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Thus,.metallic.glasses.showing.plasticity.(in.the.shear.bands).cannot.prop-
erly.be.termed.globally.ductile,.though.they.are.malleable.(capable.of.plastic.
compression).and.can.be.bent.plastically.[92].

Metallic.glasses.are.very.brittle.in.tension,.with.almost.no.plastic.strain.to.
failure..When.BMGs.are.tested.in.compression,. they.seem.to.exhibit.some.
amount.of.plastic.strain.before.failure..The.reasons.for.this.difference.may.
be.found.in.the.way.the.shear.bands.are.nucleated.and.propagated..During.a.
tensile.test,.crack.initiation.occurs.almost.immediately.after.the.formation.of.
the.first.shear.band.and,.as.a.result,.metallic.glasses.fail.catastrophically.and.
show.essentially.zero.plastic.strain.prior. to. failure..But,.specimens. loaded.
under.constrained.geometries.(e.g.,.compression).fail.in.an.elastic,.perfectly.
plastic.manner.by.the.generation.of.multiple.shear.bands,.i.e.,.some.plastic.
strain.is.observed.before.failure.

As.will.be.discussed.later,.one.way.of.overcoming.this.lack.of.ductility.in.
BMGs.is.to.introduce.a.crystalline.phase.into.the.BMG.matrix.to.produce.a.
composite..The.crystalline.phase.may.be.obtained.in.two.different.ways..One.
is.the.in situ.process.in.which.the.crystalline.phase.forms.during.solidifica-
tion.(due.to.the.fact.that.the.alloy.composition.is.not.an.exact.glass-forming.
composition). or. subsequent. processing. of. the. BMG,. when. partial. crystal-
lization.of.the.glassy.phase.occurs..The.other.method.is.the.ex situ.process.
in.which.the.crystalline.phase.is.added.separately.during.melting.and.then.
subsequently.cast.into.a.composite..But.in.recent.years,.there.have.been.some.
reports.of. significant.achievement.of.plasticity. in.monolithic.BMGs..Some.
typical.examples.are.the.plastic.strains.to.failure.of.16%.in.Cu47.5Zr47.5Al5.[68].
and.20%.in.Pt57.5Cu14.7Ni5.3P22.5.[82].BMG.alloys.

During.an.analysis.of.competition.between.plastic.flow.and.brittle.failure.in.
metals,.Pugh.[93].concluded.that.materials.with.a.high.solidity.index,.S,.which.
is.defined.as.the.ratio.of.the.shear.modulus,.μ,.to.the.bulk.modulus,.B,.that.is,

.
S

B
= µ

.
(8.18)

favored.brittleness.and.those.with.a.low.value.behaved.in.a.ductile.manner..
The.data.collected.by.Pugh.provided.only.a.qualitative.ranking.from.duc-
tile.to.brittle.behavior.as.S.increased..S.has.a.value.of.zero.for.a.liquid.and.
reaches.its.maximum.value.of.1.3.in.diamond..Kelly.et al..[94].made.the.anal-
ysis.rigorous.and.Cottrell.[95].suggested.a.dividing.point.of.0.3,.above.which.
the.material.is.brittle.and.below.which.it.is.ductile.

Lewandowski.et al..[20,92].extended.this.concept.to.BMG.alloys,.using.the.
fracture.energy,.Gc,.which.is.the.energy.required.to.create.two.new.fracture.
surfaces..For.ideally.brittle.materials,.Gc.=.2γ,.where.γ.is.the.surface.energy.
per.unit.area..Under.plane.strain.conditions,

.
G

K

E
c =

−( )
2

21 ν .

(8.19)
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where
K.is.the.stress.intensity
E.is.Young’s.modulus
ν.is.Poisson’s.ratio

The.authors.calculated.the.fracture.energy,.Gc.based.on.the.elastic.constants.
and.the.stress.intensity,.whenever.it.is.not.reported/available..By.plotting.the.
fracture.energy,.Gc.against.S.(=μ/B),.the.authors.noted.that.a.clear.correla-
tion.existed.between.Gc.and.μ/B..BMGs.based.on.Pd,.Zr,.Cu,.and.Pt,.which.
have.a. low.value.of.μ/B.and.a. fracture.energy.much. in.excess.of.1.kJ.m−2,.
exhibited.extensive.shear.banding.and.their.fracture.surfaces.showed.a.vein.
pattern..Consequently,.they.could.be.considered.ductile..On.the.other.hand,.
BMGs.based.on.Mg.had.a.fracture.energy.of.∼1.kJ.m−2.approaching.the.brittle.
behavior..The.critical.value.of.μ/B.differentiating.a.brittle.BMG.from.a.duc-
tile.BMG.appears.to.be.in.the.range.of.0.41–0.43.(Figure.8.14a)..BMGs.with.a.
μ/B.value.of.over.0.41–0.43.are.brittle.

For.isotropic.materials,.the.ratio.of.μ/B.can.also.be.expressed.in.terms.of.
Poisson’s.ratio,.ν,.as

.
S

B
= =

−( )
+( )

µ ν
ν

3 1 2
2 1

.
(8.20)

Therefore,.one.should.be.able.to.relate.Poisson’s.ratio.to.the.solidity. index.
noting.that.the.higher.the.solidity.index.the.lower.is.Poisson’s.ratio..Figure.
8.14b.shows. the. fracture.energy.plotted.against.Poisson’s. ratio.confirming.
that.BMGs.are.ductile.when.Poisson’s.ratio.is.high..The.critical.Poisson’s.ratio.
above.which.the.BMGs.are.ductile.(or.tough).appears.to.be.0.31–0.32.[92].

Chen.et al..[96,.p..170].were.the.first.to.point.out.that.“It.is.the.high.Poisson’s.
ratio. (ν). which. is. responsible. for. the. ductile. behavior. of. many. metallic.
glasses..The.decreasing.ν.with.falling.temperature,.together.with.a.relatively.
lower.ν. (<0.40). results. in.a. rapid. increase. in. the. fracture. strength.and. the.
brittle.behavior.of.Fe-based.glasses.”.Schroers.and.Johnson.[82].also.noted.
later.that.the.plasticity.of.BMGs.could.be.related.to.Poisson’s.ratio,.based.on.
their.observation.of.20%.compressive.plastic.strain.prior.to.fracture.in.their.
Pt57.5Cu14.7Ni5.3P22.5.BMG..They.suggested.that.a.high.Poisson’s.ratio.allows.for.
shear.collapse.before.the.extensional.instability.of.crack.formation.can.occur..
This.causes.the.tip.of.a.shear.band.to.extend.rather.than.to.initiate.a.crack..This.
leads.to.the.formation.of.multiple.shear.bands.and.the.improvement.of.global.
ductility.and.very.high.fracture.toughness..Gu.et al..[97].also.noted.that.large.
plastic.strain.(of.about.0.8%).was.obtained.in.their.Fe65−xMo14C15B6Erx.(x.=.0–2.
at.%).BMG.alloys.only.when.x.=.0.and.0.15..In.the.other.BMGs.with.higher.
amount.of.Er.(with.x.=.1–2.at.%.Er),.ductility.was.limited.and.almost.zero..
The.high.ductility.was.related.to.the.large.value.of.Poisson’s.ratio.at.small.val-
ues.of.x..This.relationship.was.again.successfully.confirmed.in.Zr–Cu–Ni–Al.
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BMGs  [98].. By. compositional. changes,. these. authors. produced. these. BMG.
alloys.with.a.high.Poisson’s.ratio..Compression.testing.revealed.that.super-
plastic.elongations.of.up.to.160%.could.be.achieved.at.room.temperature.

Yu.and.Bai.[99].synthesized.a.number.of.(Cu50Zr50)100−xAlx.BMG.alloys.with.
x.=.0.and.4.to.10,.and.evaluated.their.elastic.moduli.and.plastic.elongations..
Among. all. the. alloys. investigated,. the. (Cu50Zr50)95Al5. alloy. exhibited. the.
maximum.plastic.strain.of.16%.(Figure.8.15a)..The.other.alloys.showed.much.
lower.plastic.strains.to.failure..A.similar.trend.was.noted.for.the.variation.
of.Poisson’s.ratio.with.Al.content.in.these.BMG.alloys.(Figure.8.15b)..Thus,.a.
very.good.correlation.could.be.established.between.Poisson’s.ratio.and.the.
plastic.strain.to.failure.in.these.BMG.alloys.
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Large.amounts.of.ductility.have.been.reported. in.other.BMG.alloys.also..
For. example,. Kawashima. et  al.. [100]. studied. the. mechanical. properties. of.
Ni60Pd20P17B3. BMG. alloys. at. and. below. room. temperature. down. to. liquid.
nitrogen.temperature.(77.K).at.a.strain.rate.of.5.×.10−4.s−1..They.noted.that.the.
strength.of. the.glassy.alloy. increased.with.a.decrease. in. temperature. from.
about.2.GPa.at.room.temperature.to.about.2.5.GPa.at.the.liquid.nitrogen.tem-
perature.(Figure.8.16)..But,.the.more.interesting.observation.was.that.along.with.
the.high.strength,.the.ductility.of.the.glass.was.also.higher.with.a.decrease.in.
temperature.[100]..Whereas.there.was.hardly.any.plastic.strain.at.room.tem-
perature,.the.alloy.exhibited.about.20%.plastic.strain.at.liquid.nitrogen.tem-
perature..The.authors.had.analyzed.the.data.and.showed.that.the.ratio.of.shear.
modulus.to.bulk.modulus.(μ/B).increased.with.a.decrease.in.temperature.
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Results.of. increased.ductility.have.also.been.reported. in.a.hypoeutectic.
Zr70Ni16Cu6Al8.glassy.alloy.where.the.authors.noted.a.plastic.tensile.elonga-
tion.of.1.7%.[101].. In. this.case.also,. the.alloy.was.shown.to.exhibit.a. large.
value. of. Poisson’s. ratio. (0.39).. Similarly,. 3.1%. plastic. strain. in. compression.
in. a. (Fe0.76Si0.096B0.084P0.06)99.9Cu0.1. alloy. [102]. and. about. 15%. total. strain. in. a.
Zr62Cu15.5Al10Ni12.5.alloy.[103].were.also.reported.

It. has. also. been. reported. that. superplasticity. could. be. achieved. over. a.
range.of.strain.rates.in.the.supercooled.liquid.region.and.use.this.attribute.
to.form.parts.of.complex.design..Figure.8.17.shows.the.vast.elongations.one.
could. obtain. by. superplastically. deforming. a. 3.mm. diameter. La55Al25Ni20.
BMG.alloy.at.an.initial.strain.rate.of.1.×.10−1.s−1.at.500.K.[104].

A. very. important. point. to. remember. while. evaluating. the. ductility. of.
metallic.glasses.(or.for.that.matter.any.sample).is.the.specimen.size..It.has.
been.clearly.shown.that,.with.a.decrease.in.specimen.size,.the.compressive.
plastic.strain.of.a.Zr-based.Zr52.5Ni14.6Al10Cu17.9Ti5.BMG.increased.from.near.
zero.value.to.as.high.as.80%.without.failure.[105]..This.observation.indicates.
that.two.samples.of.identical.chemistry.and.structure.can.show.either.a.duc-
tile.or.brittle.behavior.depending.on.the.size.of.the.specimen.used.for.the.
investigation.

The.shear.offset.of. two.parts.separated.by.the. local.shear.band.at.room.
temperature.is.responsible.for.the.plastic.strain.in.metallic.glasses..For.fail-
ure.to.occur,.the.shear.band.has.to.propagate.to.a.critical.length..Thus,.there.
should. be. a. critical. shear. offset. λc,. above. which. the. shear. band. becomes.
unstable.and.fracture.occurs..It.has.also.been.noted.that.the.plastic.strain.of.
metallic.glasses.at.fracture.increases.linearly.with.increasing.critical.shear.
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Stress–strain.curves.of.Ni60Pd20P17B3.BMG.alloy.as.a.function.of.temperature.down.to.liquid.nitro-
gen.temperature..Note.the.simultaneous.increase.in.strength.and.ductility.with.decreasing.tem-
perature..(Reprinted.from.Kawashima,.A..et al.,.Mater. Sci. Eng. A,.498,.475,.2008..With.permission.)
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offset..Furthermore,.if.the.sample.size,.w.is.significantly.larger.than.the.criti-
cal.shear.offset,.λc,.then.the.plastic.strain.at.fracture,.εp.is.given.by

.
ε λ θ

p
c= cos
2w .

(8.21)

where
θ.is.the.shear.angle.between.the.shear.plane.and.the.loading.direction.(see.

Section.8.8.2.for.further.discussion)
w.is.the.specimen.size.(diameter.or.width)

Since.the.critical.shear.offset.is.constant.for.a.given.metallic.glass,.the.plastic.
strain.at.failure.increases.with.a.decrease.in.specimen.size..Wu.et al..[105].
also.considered.the.situation.when.the.specimen.size.is.equal.to.or.smaller.
than.the.critical.shear.offset.

8.7	 Fatigue

Fatigue.is.a.form.of.failure.in.structures.subjected.to.dynamic.and.fluctuat-
ing. stresses.. Fatigue. failures. have. been. detected. in. different. metallic. and.
polymeric.materials,.especially.in.load-bearing.components.that.have.been.
subjected. to. repetitive. stresses.. Fatigue. failure. is. catastrophic,. occurring.
suddenly.and.without.warning..There. is.very. little.gross.plastic.deforma-
tion. associated. with. fatigue. failure. and. so. is. brittle. like.. The. mechanism.

FIGURe 8.17
Extended. elongation. in. a. 3.mm. diameter. BMG. rod. of. La55Al25Ni20. alloy. superplastically.
deformed.in.the.supercooled.liquid.region.at.500.K.and.a.strain.rate.of.10−1.s−1.
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of. fatigue. failure. involves. initiation.of. cracks,. their.propagation,.and.final.
fast.fracture.[106]..Studies.on.the.fatigue.behavior.of.BMGs.are.essentially.
focused.on.Zr-based.alloys,.even.though.results.of.a.few.investigations.on.
other.BMG.alloys.(Co-,.Fe-,.and.Ti-based.BMGs).are.also.reported.

For.the.successful.exploitation.of.BMGs.as.structural.materials,.it.is.impor-
tant. to. evaluate. their. fatigue. behavior,. especially. when. they. are. expected.
to. experience. alternating. loads.. However,. BMGs. have. very. high. tensile.
strengths. and. therefore,. based. on. the. conventional. wisdom. from. crystal-
line.materials,.the.BMGs.are.expected.to.show.very.high.fatigue.limits..But,.
this.has.not.been.realized..However,.even.though.the.propagation.of.fatigue.
cracks.appears.to.be.similar.between.crystalline.materials.and.BMG.alloys.
(striations.are.seen.in.both.types.of.materials),.reasons.for.the.susceptibility.
of.BMGs.to.crack.initiation.are.not.known..Since.BMG.alloys.are.not.crystal-
line.and.therefore.they.do.not.have.grain.boundaries.and.well-defined.slip.
systems,.it. is.difficult.to.visualize.the.sites.for.the.initiation.of.cracks..It. is.
also.important.to.realize.that.fatigue.lifetimes.are.dominated.by.the.loading.
cycles.needed.to.initiate.damage.rather.than.the.cycles.needed.to.propagate.
the.damage,.generally.in.the.form.of.cracks,.to.critical.size..Therefore,.study.
of.fatigue.behavior.of.BMG.alloys.assumes.importance..The.fatigue.behavior.
of.Zr-based. BMGs.and. their. composites.has.been. recently. reviewed. [107]..
The.general.background.to.the.topic.of.fatigue.may.be.found.in.Ref..[108].

8.7.1 Methodology

Fatigue. testing. has. been. done. in. different. ways.. But,. the. most. important.
requirement.for.the.specimen.is.that.its.surface.should.be.smooth.and.defect.
free..The.presence.of.any.imperfections.on.the.surface.act.as.initiation.sites.
for.fatigue.cracks.and,.therefore,.it.is.very.important.for.the.specimen.to.be.
free.of.these..Generally,.the.specimen.is.cut.from.the.bulk.alloy.by.electro-
discharge.machining. (EDM).process.and.then.the.surface. is.polished.to.a.
1200.SiC.grit.surface.finish.to.ensure.that.the.sides.are.parallel.

Different. types. of. fatigue. testing. are. conducted.. They. are. conducted. in.
bending,.uniaxial,.or.rotating.modes..The.rotating-beam.testing.methods.are.
most.common.since.this.type.of.instrument.allows.fatigue.tests.to.be.run.in.
torsion,.combined.bending.and.torsion,.or.biaxial.bending.at.a.constant.fre-
quency.of.cycling.and.under.a.constant-amplitude.loading..However,.closed-
loop.servohydraulic.testing.machines.are.used.now-a-days.since.specimens.
may.be.subjected.to.constant-amplitude.cycling.with.controlled.loads,.strains,.
or.deflections,.and.the.possibility.of.choosing.the.amplitude,.mean,.and.cyclic.
frequency..For.tension–tension.fatigue.testing.and.button-head.fatigue.testing,.
specimens.with.a.small.radial.sharp.notch.are.used.(see,.e.g.,.Ref..[109]).

Bend.testing.methods.also.have.been.very.commonly.employed..Two.possible.
approaches.are.the.four-point.bend.test.and.the.three-point.bend.test.methods..
In.the.four-point.bend.testing.method,.the.specimen.of.square.or.rectangular.
cross.section.is.supported.at.two.points.from.the.bottom.and.loaded.from.the.
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top.at.two.different.outer.points..The.maximum.stress,.σmax.is.experienced.by.
the.specimen.over.the.entire.outermost.tensile.surface.in.the.region.between.
the.two.inner.loading.points,.and.is.calculated.using.the.equation

.
σmax =

−( )3
2

2 1
2

P S S
bh .

(8.22)

where
P.is.the.applied.load
S2.is.the.distance.between.the.outer.pins
S1.is.the.distance.between.the.inner.pins
b.is.the.specimen.thickness
h.is.the.specimen.height

Typically,. the. inner. span. length,.S1. is.maintained.at.about.10.mm.and. the.
outer.span.length,.S2.at.about.20.mm..This.σmax.is.used.to.obtain.the.stress.vs..
fatigue.cycles.(S–N).curve.

In.the.three-point.bend.test,.the.specimen.is.supported.at.the.center.from.
the.bottom.and.loaded.from.two.points.from.the.top..In.this.case.the.maxi-
mum.stress.is.experienced.only.at.the.center.of.the.beam.at.the.outermost.
tensile.surface.and.is.calculated.using.the.equation

.
σmax = 1 5

2

. PL
bh .

(8.23)

where.L.is.the.span.between.the.outer.loading.points.and.the.other.symbols.
have.the.same.meaning.as.above..Even.though.both.the.methods.have.been.
used.to.evaluate.the.fatigue.strengths.and.lives.of.BMG.alloys,.it.is.important.
to.realize.that.the.volume.of.material.experiencing.the.maximum.stress.is.
much.greater.in.the.four-point.bend.test.and,.consequently,.the.fatigue.lives.
are.expected.to.be.longer.from.the.three-point.bend.tests.

A.constant.sinusoidal. load.is.applied.for.each.test.with.the.ratio.R.of. the.
minimum. to.maximum.stress. (σmin/σmax). ranging. from.0.1. to.0.3,. and. then.
the.number.of.cycles.to.failure.is.determined..The.tests.are.conducted.at.a.fre-
quency.of.10–25.Hz..If.the.lifetime.(number.of.cycles.to.failure).is.very.short,.
then.a.lower.frequency.is.used..If.the.specimen.does.not.fail.after.2.×.107.cycles,.
the.test.is.stopped.and.this.is.indicated.with.an.arrow.at.the.end.of.the.plot..
A.large.number.of.specimens.are.tested.to.get.a.reasonably.reliable.S–N.plot.

The.fractured.surfaces.of.the.test.specimens.are.then.examined.in.an.opti-
cal.or.scanning.electron.microscope.(SEM).to.observe.the.microstructural.fea-
tures.and.obtain.information.about.the.origin.and.propagation.of.fatigue.cracks,.
and.the.spacing.of.fatigue.striations..The.presence.of.second-phase.particles.
that.could.act.as.nucleation.sites.for.cracks.can.also.be.observed..The.energy.
dispersive.spectroscopy.(EDS).attachment.of.the.SEM.can.be.used.to.obtain.
compositions.of.phases.and.also.those.responsible.for.fatigue.crack.initiation.
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8.7.2 High-Cycle Fatigue

There.are.only.a.few.groups.of.researchers.who.have.been.investigating.the.
fatigue. behavior. of. BMG. alloys.. Majority. of. the. work. reported. so. far. has.
been.on.Zr-based.BMG.alloys..Sometimes,.significant.differences.have.been.
noted. in. the. results. reported. by. different. groups. even. though. apparently.
the.alloy.composition.appears.to.be.almost.the.same..The.differences.have.
been.attributed.to.specimen.geometries.and.test.procedures..There.has.also.
been.some.discussion. in. the.open. literature.between. two.of. these.groups.
[110–112].

A.number.of.studies.have.been.conducted. to.evaluate. the. fatigue. lives,.
fatigue.strengths,.and.fatigue.ratios.of.monolithic.BMGs.and.their.compos-
ites..Table.8.2.summarizes.the.available.results..It.may.be.noted.that.fatigue.
tests.have.been.conducted.on.different. types.of.alloys.and.also.using.dif-
ferent.methods,.not.necessarily.by.the.same.group.and.on.the.same.alloy..
Select.fatigue.data.on.some.high-strength.crystalline.alloys.is.presented.in.
Table 8.3..Typical.S–N.plots.of.some.BMG.alloys.are.shown.in.Figure.8.18..
By.comparing.the.fatigue.results.of.BMGs.with.those.from.the.crystalline.
alloys,.the.following.points.become.clear.

Like.crystalline.alloys,.BMG.alloys.also.exhibit.a.fatigue.limit..But,.in.spite.
of.the.fact.that.BMG.alloys.are.much.stronger.than.the.crystalline.alloys,.they.
show.much.lower.fatigue.limits..Consequently,.the.fatigue.ratio,.defined.as.
the.ratio.of.fatigue.limit.to.the.ultimate.tensile.strength.of.the.alloy.(some-
times.people.use.the.yield.strength.instead.of.the.ultimate.tensile.strength,.
when.the.material.deforms.mostly.elastically),.is.expected.to.be.quite.high..
The fatigue.ratio.is.typically.in.the.range.of.0.4–0.5.in.the.case.of.crystalline.
alloys..For.BMG.alloys,.however,.the.ratio.is.much.smaller,.going.down.to.a.
value.of.0.04.(reported.by.Gilbert.et al..[117].for.Zr41.2Ti13.8Cu12.5Ni10Be22.5)..The.
values.are.higher.in.other.cases,.as.reported.by.Liaw.et al..[109,122,129,130,134]..
These.values.are.still.lower.than.the.values.observed.in.crystalline.alloys,.and.
significantly.lower.than.the.anticipated.values.

The.reasons.for.this.significant.difference.in.the.fatigue.ratios.between.crys-
talline.and.BMG.alloys.are.not.clear..The.group.of.Liaw.et al..has.mostly.used.
notched.cylindrical.rods.for.evaluating.the.fatigue.behavior,.in.addition.to.
the.four-point.bend.fatigue.testing.in.some.cases..Menzel.and.Dauskardt.and.
Ritchie.et al..have.mostly.used.the.four-point.bend.fatigue.testing.method..
Menzel.and.Dauskardt.[110].suggested.that.the.stress.state,.and.final.fracture.
surfaces.for.the.notched.specimens.together.with.an.incorrect.stress.concen-
tration. factor.used. in. the.work.of.Liaw.et al.. could.account. for. the.higher.
endurance.limit.reported.by.them..They.also.believe.that.Liaw.et al..did.not.
properly. account. for. the. location. of. the. crack. initiation. site.. Whereas. the.
maximum.tensile.stress.at.the.root.of.the.notch.was.used.in.determining.the.
endurance.limit,.regardless.of.the.actual.location.of.the.fatigue.initiation.site,.
the.actual.fatigue.initiation.site.was.in.fact.far.from.the.notch..Thus,.it.is.pos-
sible.that.the.tensile.stress.at.the.fracture.initiation.site.in.the.cylindrical.bars.
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used.by.Liaw.et al..was.considerably.less.than.the.maximum.tensile.stress.
at.the.root.of.the.notch.used.by.Dauskardt’s.group..As.a.result,.only.a.very.
small.volume.of. the.material. is.sampled.by.the.highest.stresses.compared.
to.the.bend.specimens..Due.to.this,.the.probability.of.a.crack.initiation.site.
being.present.in.this.volume.is.low.and,.consequently,.the.fatigue.endurance.
limit.is.higher..The.situation.is.still.not.clear.and.the.reader.is.encouraged.to.
consider.the.different.arguments.put.forward.by.these.two.groups.[111,112].

Another.point.of.confusion.in.the.literature.is.in.reporting.the.fatigue.ratio..
The.S–N.plots.are.reported.as.stress.amplitude.vs..number.of.cycles..Thus,.
it. is. expected. that. the. fatigue. limit. is. determined. as. the. stress. amplitude.

[(Co0.6Fe0.4)0.75B0.2Si0.05]96Nb4

Stress ratio, R = 0.1 in all cases
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FIGURe 8.18
Typical.S–N.plots.for.some.selected.BMG.alloys.

Table 8.3

Fatigue.Endurance.Limits.(at.107.Cycles).and.Fatigue.Ratios.(Based.
on the.Stress.Amplitudes).of.Selected.Crystalline.Alloys

Material
Yield	Strength	

(MPa)

Tensile	
Strength	

(MPa)

Fatigue	
Endurance	

Limit	(MPa) Fatigue	Ratio

300.M.steel 1634 1930 428 0.22
Inconel.625.
Ni alloy

509 918 217 0.24

Ti–6Al–4V 1014 1075 283 0.26
2090-T86.Al.alloy 517 570 139 0.24
7075-T6.Al.alloy 462 524 118 0.23

Source:. Brandes,. E.A.. and. Brook,. G.B.. (eds),. Smithells Metals Reference Book,.
7th edn,.Butterworth-Heinemann,.London,.U.K.,.1992.

Note:. The.yield.and.ultimate.tensile.strengths.are.also.given..All.the.tests.were.
performed.in.uniaxial.condition.and.at.an.R.value.of.0.1.
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below.which.the.specimen.does.not.fail.irrespective.of.the.number.of.cycles.
to.which.it.is.subjected..Sometimes,.researchers.have.been.using.the.applied.
stress,. rather. than. stress. amplitude.. In. this. case,. the. fatigue. ratio. will. be.
twice.the.real.value..One.should.take.proper.precautions.to.report.the.value.
correctly.and.also.describe.the.way.the.fatigue.ratio.was.determined.

Let. us. now. discuss. the. effect. of. different. test. conditions. on. the. fatigue.
behavior.of.BMG.alloys.

8.7.2.1  Effect of Composition

A.number.of.Zr-based.alloys.have.been.investigated.for.their.fatigue.behav-
ior,.but.only.a.few.studies.are.available.on.BMG.alloys.based.on.other.metals..
Unfortunately,. there. have. not. been. any. investigations. on. systematically.
changing.the.composition.in.a.regular.fashion.and.identifying.the.trends,.if.
any..From.the.available.data,.the.following.points.may.be.noted.

Substituting.10.at.%.Cu.with.Ni,.seems.to. improve.the.fatigue. limit.and.
fatigue. ratio.of.Zr50Cu40Al10.BMG.alloys. [130,136]..For.example,. the. fatigue.
limit.of.the.Zr50Cu40Al10.alloy.was.752.MPa.and.it.increased.to.865.MPa.in.the.
Zr50Cu40Ni10Al10.alloy..Accordingly,.the.fatigue.ratio.increased.from.0.41.to.0.46..
It.was.suggested.[136].that.the.difference.in.the.fatigue.strength.can.be.attrib-
uted.to.the.ease.of.the.oxidation.of.the.fresh.fatigue-fractured.surface.of.the.
Ni-free.alloy..The.presence.of.Ni.increases.the.ability.to.resist.oxygen.absorp-
tion,.which.results.in.longer.fatigue.life.and.higher.fatigue.endurance.limit..
But,.decreasing.the.Ni.content.and.increasing.the.Zr.content.had.an.opposite.
effect..The.Zr55Cu30Al10Ni5.alloy.had.a.fatigue.limit.of.only.410.MPa..The.ten-
sile.strengths.of.most.of.these.alloys.are.about.the.same,.1.8–1.9.GPa,.except.
for.the.Zr55Cu30Al10Ni5.alloy.that.has.a.strength.of.only.1.56.GPa..Addition.of.
1.at.%.Nb.to.a.quaternary.Zr-based.BMG.(Zr58Ni13.6Cu18Al10.4).also.resulted.in.
a.lower.fatigue.limit.[122]..But,.it.is.not.clear.whether.this.is.because.of.the.Nb.
addition.or.the.increase.in.Zr.content.or.both.

Yokoyama. et  al.. [137]. conducted. a. systematic. study. of. the. effect. of. Pd.
(and.Ag,.Pt,.and.Au).additions. to. the.Zr50Cu40Al10.BMG.alloy. to.evaluate.
the.fatigue.strength.enhancement..Among.these.additions,.they.noted.that.
Pd.was.most.effective..Figure.8.19a.shows.the.variation.of.fatigue.strength.
with.Pd.content.in.Zr50Cu40−xAl10Pdx.BMG.alloys.in.the.range.of.x.=.0−7.at.%..
The fatigue.strength.increased.with.Pd.content.from.250.MPa.at.0%.Pd.up.
to.a.peak.value.of.1050.MPa.at.3.at.%.level..High-resolution.TEM.(HRTEM).
studies. showed. that. the. alloy. with. 3. at.%. Pd. contained. nanocrystalline.
regions,.which.could.be.responsible.for.increasing.the.fatigue.limit.by.block-
ing.shear.bands.and.crack.propagation.[139]..The.microstructural.observa-
tions.on.alloys.with.other.Pd.contents.are.not.available..Beyond.this.value.
of.3.at.%,. the. fatigue.strength.decreased.with. increasing.Pd.content..The.
authors.had.also.calculated.the.volume.change.due.to.structural.relaxation.
(corresponding.to.the.excess.free.volume).in.these.alloys.and.found.that.the.
variation.of.volume.change.is.also.dependent.on.the.Pd.content,.as.shown.
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in.Figure.8.19b..It.is.interesting.to.note.that.the.variation.of.fatigue.strength.
and. volume. change. with. Pd. content. mimic. each. other. and,. as. shown. in.
Figure.8.19c,.there.is.a.linear.relationship.between.these.two.

Zr-based.alloys.are.very.reactive.and,.consequently,.react.with.oxygen.and.
other.interstitial.impurities..It.was.shown.in.Chapter.5.that.the.presence.of.
oxygen.in.the.Zr-based.alloys.is.responsible.for.the.formation.of.quasicrys-
talline.phases..The.effect.of.the.different.amounts.of.oxygen.on.the.fatigue.
behavior.of.Zr-based.BMGs.has.also.been.investigated.

Two. different. samples. of. Zr55Cu30Al10Ni5. with. different. oxygen. levels—
with.1000.atomic.ppm.and.300.ppm—were.studied.by.Keryvin.et al.. [132]..
The.first.sample.with.the.large.amount.of.oxygen,.contained.dendritic.crys-
tals. of. micron. size. dispersed. in. a. glassy. matrix.. The. second. sample,. pre-
pared.by.a.careful.casting.process,.contained.only.300.atomic.ppm.oxygen,.
and.did.not.show.any.crystalline.phases.since.the.oxygen.was.dissolved.in.
the.matrix..It.was.shown.that.the.dendritic.crystals.caused.embrittlement.of.
the.glassy.alloy.by.allowing.the.cracks.to.propagate.in.a.straight.line.man-
ner..On.the.other.hand,.in.the.sample.in.which.oxygen.was.dissolved.in.the.
matrix,. crack. initiation. was. difficult. and. it. was. not. possible. for. the. crack.
to.pass.straight.through.the.glass..These.results.clearly.show.that.oxygen,.
even.in.small.amounts,.has.a.major.effect.on.the.fatigue.behavior.of.Zr-based.
BMG.alloys.
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FIGURe 8.19
Variation. of. (a). fatigue. strength. and. (b). volume. change. on. relaxation. with. Pd. addition. to.
Zr50Cu40Al10.BMG.alloys..Note. that.both. the. curves.peak.at.3.at.%.Pd.. (c).Linear. correlation.
between.fatigue.limit.and.volume.change.on.relaxation.in.Zr50Cu40−xAl10Pdx.BMG.alloys.
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Wang.et al..[129].investigated.the.fatigue.behavior.of.Zr41.2Ti13.8Cu12.5Ni10Be22.5.
BMG.alloy.from.two.different.batches.(batch.59.and.batch.94)..The.material.
from.batch.59. contained. less.oxygen. than.batch.94,.due. to.a.better.process.
control. during. the. fabrication. of. batch. 59.. It. was. observed. that. the. fatigue.
strengths.of.the.two.batches.of.alloys.were.different—703.MPa.for.batch.59.and.
615.MPa.for.batch.94..It.was.suggested.that.this.difference.could.be.due.to.the.
presence.of.oxide.inclusions.in.the.specimen.from.batch.94,.which.aided.in.the.
easy.initiation.of.cracks.and,.consequently,.exhibited.lower.fatigue.strengths.

It. was. also. shown. that. the. fatigue. threshold. (Kth). and. the. fatigue. crack.
growth.rates.in.the.Zr41.2Ti13.8Cu12.5Ni10Be22.5.BMG.alloy.were.essentially.iden-
tical.in.laboratory.air.and.deionized.water.environments.[140].

It. is. important. to.ponder.on.a.critical. issue.at. this. stage..Evaluating. the.
effect.of.composition.on.the.fatigue.behavior.of.BMG.alloys.from.the.pub-
lished. literature. is. not. easy.. This. is. because. researchers. have. been. using.
different.compositions,.different.methods.to.produce.the.glassy.alloys,.and.
different. methods. to. evaluate. the. fatigue. behavior.. The. “quality”. of. the.
samples,.especially.with.reference.to.surface.finish.and.melt.cleanliness.can.
seriously.affect.the.fatigue.life..Unfortunately,.we.do.not.have.many.data.on.
alloys.of.different.composition,.processed.from.the.same.raw.material,.cast.
by.the.same.clean.process,.and.tested.on.a.large.number.of.specimens.by.the.
same.fatigue.method.for.reliability.of.data..For.this.to.be.achieved.we.need.
large.quantities.of.well-characterized.glassy.samples.and.long.testing.hours,.
which. involves.heavy.expenditure..Until. such. results.are.available,. it.will.
be.difficult.to.compare.the.results.effectively,.and.draw.serious.conclusions.

8.7.2.2  Effect of Environment

Some. studies. have. been. carried. out. to. investigate. the. effect. of. the. envi-
ronment. on. the. fatigue. behavior. of. BMGs.. Investigations. were. conducted.
in.vacuum,.laboratory.air,.aerated.deionized.water,.and.different.corrosive.
environments.(chloride.solutions.with.different.chloride.ion.concentrations,.
sulfate.solutions),.and.phosphate-buffered.saline.(PBS).solution..These.inves-
tigations.were.carried.out.only.on.Zr-based.BMG.alloys.

Wang. et  al.. [139]. measured. the. fatigue. behavior. of. Zr50Cu40Al10,.
Zr50Cu30Al10Ni10,. and. Zr50Cu37Al10Pd3. BMG. alloys. in. both. air. and. vacuum.
and.did.not.find.any.significant.difference.in.the.fatigue.lifetimes,.especially.
at.high.stress. levels,.whether. tested. in.air.or.vacuum..Peter.et al.. [109,134].
also. investigated. the. effect. of. air. and. vacuum. on. the. fatigue. behavior. of.
Zr41.2Ti13.8Cu12.5Ni10Be22.5.BMG.alloy.and.noted.that.the.lifetimes.were.shorter.
in.vacuum.than.in.air.(the.relative.humidity.ranged.from.18%.to.61%,.with.
an.average.value.of.41%).for.any.given.stress.amplitude..One.of.the.reasons.
for.this.deterioration.in.fatigue.life.could.be.that.the.hot.tungsten.filament.of.
the.ionization.gauge.dissociated.the.residual.water.vapor.inside.the.vacuum.
chamber.into.atomic.hydrogen.and.oxygen..Absorption.of.this.hydrogen.by.
the.alloy.could.embrittle.it,.thus.lowering.the.time.for.crack.initiation.and,.
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consequently,.reduce.the.fatigue.life..No.difference.in.fatigue.life.in.air.and.
vacuum.was.found.when.the.ionization.gauge.was.turned.off.

The. influence.of.different. corrosive.atmospheres.on. the. fatigue.behav-
ior.of.Zr-based.BMG.alloys.was.also.investigated..Greatly.reduced.fatigue.
strengths.were.noted.in.the.presence.of.0.6.N.NaCl.in.a.Zr52.5Cu17.9Ni14.6Al10Ti5.
alloy.. While. the. fatigue. endurance. limit. was. 425.MPa. in. air,. it. was. only.
50.MPa.in.0.6.N.NaCl.solution.[141]..The.fatigue.properties.of.Zr65Cu15Ni10Al10.
glassy.alloy.obtained.by.consolidating.the.amorphous.powder.were.inves-
tigated.in.both.air.and.PBS.solution..No.difference.was.found.in.the.S–N.
curves. of. the. alloy. tested. in. air. and. PBS. solution,. both. giving. a. fatigue.
strength.of.150.MPa.[142].

Early. studies. [143]. have. indicated. that. the. Zr41.2Ti13.8Cu12.5Ni10Be22.5. BMG.
alloy.was.highly.susceptible.to.stress.corrosion.cracking.and.stress.corrosion.
fatigue.in.the.presence.of.aqueous.NaCl.solution..These.studies.were.later.
extended. to. investigate. the. fatigue. behavior. in. a. variety. of. environments.
[140]..The.crack.growth.rates.in.0.5.N.aerated.NaCl.solution.were.2–3.orders.
of.magnitude.faster.than.in.air.or.deionized.water..While.the.crack.growth.
rates.at.a.ΔK.value.of.1.MPa.m−1/2.were.about.10−10.to.10−9.m.cycle−1.in.air.or.
deionized.water,.they.were.about.10−8.to.10−7.m.cycle−1.in.0.5.N.NaCl.solution..
Further,.compared.to.the.fatigue.threshold.value.(ΔKth).of.almost.3.MPa.m−1/2.
in.air,.there.was.a.significant.reduction.in.the.ΔKth.value.to.about.0.9.MPa.m−1/2.
in.the.NaCl.solution..Additionally,.the.fracture.surfaces.in.the.two.conditions.
were.also.different..While. the.overall. fatigue. fracture.surfaces.are.similar.
with.the.three.main.regions.of.crack.initiation,.crack.propagation,.and.final.
fast. fracture,. the.surface.of. the.sample. in.air.was.macroscopically.uneven.
and. that. tested. in. the. NaCl. solution. was. smooth. and. optically. reflective..
AFM. images. showed. that. these. smooth. areas. have. roughnesses. of. below.
100.nm.and.are.separated.by.steps,.0.1–50.μm.in.height..Similar.features.were.
also.noted.by.Kawashima.et al..[144]..The.effect.of.systematically.varying.the.
loading.cycle,.stress-intensity.range,.solution.concentration,.anion.identity,.
solution. deaeration,. and. bulk. electrochemical. potential. was. also. studied..
The.obtained.results. suggest. that.crack.growth.mechanisms. in.air.and. in.
aqueous.solutions.are.different.[140,145]..Fatigue.crack.propagation.behavior.
in.air.seems.to.be.similar.to.that.observed.in.polycrystalline.metals.and.is.
associated.with.alternating.blunting.and.re-sharpening.of.the.crack.tip,.as.
evidenced.by.the.presence.of.fatigue.striations..On.the.other.hand,.in.NaCl.
solution,.the.mechanism.seems.to.be.driven.by.a.stress-assisted.anodic.reac-
tion.at.the.crack.tip.

Kawashima. et  al.. [144]. also. reported. that. the. fatigue. crack. growth.
behavior.in.their.Zr55Cu30Al10Ni5.BMG.alloy.was.almost.the.same.both.in.
air.and.deionized.water..But,.the.crack.growth.rate.in.0.5.N.NaCl.solution.
was. about. 1–2. orders. of. magnitude. larger. than. that. in. air.. In. addition,.
they. had. studied. the. fatigue. crack. growth. behavior. in. phosphate-citric.
acid. (PCA)–buffered. solutions. containing. different. chloride. ion. con-
centrations.. The. interesting. result. was. that. while. the. crack. growth. rate.
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increased.with.increasing.chloride.content,.there.was.no.effect.if.the.PCA.
contained. less. than. 0.1. N. NaCl.. Another. interesting. result. was. that. the.
crack.growth.rates.in.PCA.+.NaCl.were.lower.than.those.in.NaCl.of.the.
same.concentration..It.is.possible.that.the.phosphate.ions.adsorbed.at.the.
crack. tip. will. prevent. the. adsorption. of. the. chloride. ions,. leading. to. a.
decreased.growth.rate.

8.7.2.3  Effect of Microstructure

It. is. generally. expected. that. BMGs. are. fully. glassy. and. homogeneous..
But,.the.presence.of.a.small.volume.fraction.of.nanocrystalline.particles.is.
occasionally.noted.in.the.samples.(see,.e.g.,.Refs..[122,131])..The.presence.
of.such.nanocrystalline.phases,.if.present.in.small.quantities,.may.not.be.
deleterious.for.the.fatigue.properties.of.glasses..Metallic.glass.specimens.
are. extremely. strong,. but. inherently. brittle.. One. of. the. ways. in. which.
their.plasticity.could.be.increased.is.by.incorporation.of.a.discontinuous.
crystalline.phase.into.the.homogeneous.glass.matrix.[85]..Such.a.compos-
ite.will.exhibit.enhanced.ductility.and,.consequently,.the.fatigue.proper-
ties.also.could.be.enhanced..Following.this.approach,.a.few.investigations.
have.been.carried.out,.and.these.aspects.will.be.discussed.in.Section.8.9.

Flores. et  al.. [124]. produced. a. composite. based. on. the. commercially.
available. Vitreloy. 1. (Zr41.2Ti13.8Cu12.5Ni10Be22.5). BMG.. The. composite. con-
sisted. of. about. 25. vol.%. of. a. crystalline. phase. with. the. composition.
Zr71Ti16.3Nb10Cu1.8Ni0.9.in.a.glassy.matrix.of.Zr47Ti12.9Nb2.8Cu11Ni9.6Be16.7..Since.
the.crystalline.phase.had.formed.directly.from.the.melt,.it.had.a.dendritic.
shape.and. these.dendrites.were.finely.dispersed.with.a.spacing.of.about.
10.μm.in.the.glassy.matrix..Such.a.composite.showed.increased.fatigue.life..
While.the.fatigue.ratio.for.the.monolithic.alloy.was.as.low.as.0.04.[117],.it.
was.∼0.1.for.the.composite.based.on.the.composite.UTS.value.of.1.48.GPa.
[146]..It.was.suggested.that.the.presence.of.the.crystalline.phase.was.able.
to.relieve.the.residual.surface.stresses.or.accommodate.any.surface.strains.
such.that.defects.do.not.form..But,.if.the.defects.were.present,.they.may.be.
blocked.by.the.second.phase.

Fujita. et  al.. [126]. reported. a. high. fatigue. strength. of. 1610.MPa. for. a.
Ti41.5Zr2.5Hf5Cu42.5Ni7.5Si1.composite,.with.a. fatigue.ratio.of.0.79..These.high.
values,.even.in.comparison.with.the.crystalline.alloys,.were.explained.on.the.
basis.that.no.micro-defects.existed.at.the.crack.initiation.sites.and.that.the.
nanocrystals.prevented.the.initiation.and.growth.of.the.shear.bands.

A. surprisingly. different. result. was,. however,. reported. by. Wang. et  al..
[128]..They.studied.the.fatigue.behavior.of.a.Zr-based.BMG.composite.with.
the.composition.Zr47Ti12.9Nb2.8Ni9.6Cu11Be16.7. that.contained.precipitates.of.a.
crystalline.dendritic.Zr–Ti–Nb.(β).phase.dispersed.in.the.glassy.matrix..The.
observed. fatigue.strength.was.only.239.MPa.with.a. fatigue.ratio.of.0.16.. It.
was.commented.that. this.value. is.much.lower. than.that.of. the.monolithic.
BMG.with.the.composition.Zr41.2Ti13.8Cu12.5Ni10Be22.5,.which.has.a.composition.
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identical.to.that.of.Vitreloy.1..The.authors.had.also.noted.that.their.results.
using.the.round,.tapered.samples.in.uniaxial.tension.at.a.frequency.of.10.Hz.
were.consistent.with.the.results.of.Flores.et al..[124],.who.conducted.a.four-
point.bend.test.on.rectangular.specimens.at.a.frequency.of.25.Hz..Thus,.they.
suggested. that. the. test. volume. had. little. effect. on. the. fatigue. behavior. of.
their.BMG.composite.

Two.points.are.worth.noting.here..Firstly,.Wang.et al..[128].were.comparing.
the.fatigue.strength.of.the.composite.(based.on.Zr47Ti12.9Nb2.8Cu11Ni9.6Be16.7,.
LM.002?).with.that.of.the.monolithic.Zr41.2Ti13.8Cu12.5Ni10Be22.5.to.suggest.that.
the.composite.has.a.lower.fatigue.strength..Instead,.they.should.compare.
the.strength.of. the.composite.with. that.of. the.monolithic.LM.002.. (From.
the.paper.of.Wang.et al..[128],.it.is.not.clear.what.the.alloy.composition.was.
for.their.investigation..The.composition.they.provide.for.the.LM.002.is.the.
same.as.the.composition.of.the.glassy.phase.in.the.work.of.Flores.et al..[124]..
But,.the.microstructure.of.LM.002.shows.the.presence.of.a.dendritic.phase.
and. therefore. it. can.be.assumed. that. they.are.dealing.with.a. composite..
But,. the. compositions. of. the. glassy. matrix. and. dendritic. phases. are. not.
clear.).Secondly,.Wang.et al..[128].were.suggesting.that.the.test.volume.may.
not.have.any.impact.on.the.fatigue.behavior.(in.the.composite)..This.needs.
further.support.because. the.major.differences. in. the.results.between.the.
groups.of.Liaw.and.Dauskardt.have.been.traced.mainly.to.the.small.test.
volumes.of.specimens.used.in.the.investigations.of.Liaw.[110–112].

The.stress.range.(Δσ).and.the.number.of.fatigue.cycles.(Nf).data.of.the.S–N.
plots.for.different.alloys.were.fitted,.for.engineering.applications,.using.the.
equation.for.a.straight.line.of.the.type

. ∆σ MPa log f( ) = × −A N B . (8.24)

The.values.of.A.and.B.are.listed.in.Table.8.4.for.the.different.BMG.alloys.for.
which.data.are.available.

8.7.2.4  Effect of Testing Method

As. mentioned. earlier,. different. methods. have. been. used. to. determine. the.
fatigue.behavior.of.BMG.alloys..But,.there.have.been.only.a.limited.number.
of. investigations. to. compare. the. fatigue. strengths. of. the. same. material. by.
two.different.methods.and.by.the.same.group.[114]..The.fatigue.behavior.of.
(Cu60Zr30Ti10)99Sn1.BMG.alloy.was.tested.by.both.four-point.bend.and.three-
point.bend.test.methods.and.the.results.are.shown.in.Figure.8.20..As.expected,.
the. fatigue. lifetimes.are.higher. for. the. three-point.bend.test.condition.than.
for.the.four-point.bend.test.condition..The.fatigue.endurance.limits,.based.on.
the.applied.stress.range,.are.475.and.350.MPa,.respectively,.for.the.three-point.
and. four-point.bend. test.methods..The. larger. test.volume. in. the. four-point.
bend.test.condition,.in.comparison.with.the.three-point.bend.test.condition,.
could. contain. more. critical. defects,. stress. raisers,. and. free. volume,. which.
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will.enhance.the.possibilities.for.shear.band.formation,.crack.initiation,.and.
therefore.lower.the.fatigue.endurance.limit.

Morrison.et al..[123].had.conducted.fatigue.tests.on.a.Zr52.5Cu17.9Ni14.6Al10Ti5.
using. both. four-point. bend. and. uniaxial. testing. methods.. They. noted. that.
there.was.large.scatter. in.data.for.the.results.from.the.four-point.bend.test,.
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FIGURe 8.20
Cycles.to.failure,.Nf.measured.as.a.function.of.the.applied.stress.range,.σR.(=σmax.−.σmin).dur-
ing.three-point.and.four-point.bend.fatigue.tests.on.(Cu60Zr30Ti10)99Sn1.BMG.alloy..The.R.ratio.
(=σmin/σmax). was. 0.1. and. the. frequency. was. 10.Hz. in. an. air. environment.. (Reprinted. from.
Freels,.M..et.al., J. Mater. Res.,.22,.374,.2007..With.permission.)

Table 8.4

Stress-Range.and.Fatigue-Cycle.Data.for.the.Fatigue.Behavior of BMG.
Alloys,.Fitted.According.to.the.Equation:.Δσ (MPa) =.A.×.log.Nf.−.B

Material −A	(MPa/Cycles) B	(MPa) Reference

(Cu60Zr30Ti10)99Sn1 61.394 1186.6 [114]
Fe48Cr15Mo14Er2C15B6 4 790.86 [115]
Zr41.2Ti13.8Cu12.5Ni10Be22.5 438.2 2666.5 [128]
Zr41.2Ti13.8Cu12.5Ni10Be22.5.(batch.59) 558.64 5877.5 [127]
Zr41.2Ti13.8Cu12.5Ni10Be22.5.(batch.94) 505.97 5076.8 [127]
Zr41.2Ti13.8Cu12.5Ni10Be22.5 233.1 2052 [109]
Zr47Ti12.9Nb2.8Cu11Ni9.6Be16.7 336.3 2032.4 [128]
Zr52.5Cu17.9Ni14.6Al10Ti5 61.7 1329.5 [123]
Zr50Cu40Al10 971.5 4907.8 [130]
Zr50Cu30Ni10Al10 963.6 4928.9 [130]
(Zr58Ni13.6Cu18Al10.4)99Nb1 56 1178 [122]
Zr50Al10Cu37Pd3 410.7.

(compression–
compression)

3584.5 [131]

Zr50Al10Cu37Pd3 369.4.
(tension–tension)

2468.8 [131]



410	 Bulk	Metallic	Glasses

particularly. below. a. stress. amplitude. of. 600.MPa,. as. the. stress. amplitude.
approached. the. fatigue. limit.. The. fatigue-endurance. limit,. in. terms. of. the.
stress.amplitude,.was.determined.to.be.approximately.425.MPa,.which.is.close.
to.the.value.of.454.MPa.determined.from.the.uniaxial.test.method.[109].

8.7.2.5  Effect of Structural Relaxation

Launey.et al..[120].studied.two.different.glassy.alloy.samples—one.produced.in.
1994.as.4.8.mm.thick.sheet.by.Howmet.Corporation,.Whitehall,.MI,.and.the.other.
as.2.6.mm.thick.sheet.by.Liquidmetal.Technologies,.Lake.Forest,.California,.in.
2004..Both.had.identical.chemical.compositions,.viz.,.Zr41.25Ti13.75Ni10Cu12.5Be22.5.
and.both.were.found.to.be.fully.glassy..The.fatigue.strengths.of.the.two.sam-
ples.were,.however,.quite.different..The.Liquidmetal.sample.showed.a.fatigue.
strength. of. 359.MPa. and. the. Howmet. sample. 768.MPa.. There. was. no. differ-
ence.between. the. two.samples.as. regards. their. thermal.properties..Both. the.
specimens.showed.the.same.glass.transition.and.crystallization.temperatures.
and.there.was.no.difference.in.the.hydrogen.content..But,.the.Howmet.sample.
showed.a.lower.fracture.toughness.than.the.Liquidmetal.alloy.

Generally.speaking,.a. lower. fracture. toughness. is.expected. to. reduce. the.
fatigue.life.of.a.material,.but.the.present.result.is.contrary.to.this.expectation..
The. present. result. suggests. that. the. fatigue. crack. initiation. and/or. growth.
portions. of. the. fatigue. lifetimes. are. sufficiently. longer. to. offset. this. effect..
However,.it.was.noted.that.the.free.volumes.were.different.in.the.two.cases,.
attributed.to.the.differences.in.the.cooling.rates.during.processing..It.is.possi-
ble.that.the.4.8.mm.thick.sheet.of.Howmet.was.cooled.at.a.slower.rate.than.the.
2.6.mm.thick.sheet.by.Liquidmetal.and,.consequently,.the.Howmet.alloy.had.a.
reduced.free.volume..Reduced.free.volume.is.known.to.result.in.longer.fatigue.
lives.and.lower.fracture.toughness.[147],.and.the.present.results.confirm.this.

Launey.et al..[121].confirmed.the.above.hypothesis.in.the.Zr44Ti11Ni10Cu10Be25.
BMG.alloy.by.annealing.the.sample.below.the.glass.transition.temperature,.Tg..
The.amount.of.free.volume.and.residual.stresses.in.the.sample.were.altered.by.
isothermally.annealing.the.samples.for.the.integral.numbers.of.the.relaxation.
time,.τ,.calculated.on.the.basis.of.τ.=.ΔTg/β,.where.β.is.the.heating.rate,.and.ΔTg.
is.the.temperature.interval.between.the.onset.and.end.of.the.endothermic.glass.
transition.events..The.specimens.annealed.for.a.time.of.10τ.and.for.2.min.at.573.K.
(to.relieve.residual.compressive.stresses.at.the.surface.due.to.thermal.tempering.
during.processing).were.tested.using.a.four-point-bend.fatigue.test..While.the.
specimen.annealed.for.a.time.of.10τ.showed.a.fatigue.strength.of.275.MPa,.the.
stress-relieved.sample.showed.a.strength.of.195.MPa..These.results.again.show.
that.a.reduction.in.the.free.volume.increases.the.fatigue.strength.of.alloys.

From.the.above.general.description,.it.is.clear.that.the.fatigue.ratios.of.BMG.
alloys.are.significantly.lower.than.those.of.the.crystalline.alloys..Whereas.the.
ratios.are.typically.in.the.range.of.0.4–0.6.for.crystalline.alloys,.they.seem.to.
be.typically.less.than.about.0.2,.except.for.the.results.reported.from.Liaw’s.
group,. for. the.BMG.alloys.. In. the.alloys. investigated.by.Liaw’s.group,. the.
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ratios.reported.range.up.to.about.0.5..The.reasons.for.the.differences.for.the.
fatigue.ratios.have.been.discussed.by.Menzel.and.Dauskardt. [110,112].and.
Wang.et al.. [111]..The.possible.causes. for. the.differences. include. the.mean.
stress,.material.quality,.specimen.geometry,.chemical.environment,.temper-
ature,. cyclic. frequency,. residual. stresses,. and. surface. condition.. Much. has.
been.said.about.these.in.the.open.literature..The.real.solution.for.this.problem.
would.be.when.the.same.research.group.takes.samples.of.the.same.composi-
tion.cast.by.different.techniques.and.test.them.using.different.methods.and.
see.if.the.differences.persist..This.is.going.to.be.a.tall.order.involving.heavy.
expenditure.and.time..But,.because.of.the.importance.of.the.issue,.this.may.
be.a.worthwhile.thing.to.do..It.should,.however,.be.noted.that.rapid.improve-
ments.have.been.occurring.during.the.last.several.years.with.respect.to

•. Improving. the. quality. of. BMG. samples. (better. samples. without.
many.casting.defects.are.being.produced).

•. Increasing.the.sample.size.
•. Availability.of.better.characterization.tools.that.are.being.brought.to.

bear.on.the.problem.

Since.the.sample.volume.examined.during.fatigue.testing.has.been.an.issue,.
the.availability.of.high-quality.and.larger.size.samples.that.are.well.charac-
terized.should.be.able.to.resolve.the.differences.

8.7.3 Fatigue Crack Growth Rate

Fatigue. crack. growth. rate. is. an. important. aspect. of. studying. the. fatigue.
behavior.of.materials..The.fatigue.crack.grows.with.each.cycle.and.therefore.
the.time.for.it.to.reach.the.critical.size.at.which.fracture.occurs.is.determined.
by.the.rate.at.which.it.grows.and.also.the.fracture.toughness.of.the.material.

The. fatigue. crack. growth. rate. is. determined. on. fatigue. pre-cracked.
compact-tension. (C-T). specimens. as. a. function. of. the. stress. intensity. range,.
ΔK.(Kmax.−.Kmin),.where.K.represents.the.stress.intensity..At.very.small.values.of.
ΔK,.the.crack.growth.rate.is.very.small.or.it.does.not.grow.until.the.curve.starts.
approaching.the.fatigue.threshold,.ΔKth..The.significance.of.ΔKth.is.that.the.crack.
does.not.grow.or.grows.at.an.extremely.low.rate,.if.the.specimen.is.subjected.to.
this.stress.intensity.range..In.the.intermediate.region.of.crack.growth,.the.crack.
growth.rate.is.determined.from.the.Paris.power.law.relationship

.

da
dN

C K
m= ( )∆

.
(8.25)

where
da/dN.represents.the.crack.growth.rate.(a.is.the.crack.length.and.N.is.the.

number.of.cycles)
C.and.m.are.constants,.determined.experimentally
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These. constants. are. different. for. different. materials. and. depend. on. the.
microstructure.of.the.test.material.and.test.environment..At.very.large.val-
ues.of.ΔK,.the.crack.growth.rate.is.again.very.high.due.to.unstable.crack.
growth. just. prior. to. final. failure.. The. plots. are. made. on. a. log–log. scale..
Thus,. when. log. (da/dN). is. plotted. against. log. (ΔK),. in. the. intermediate.
crack.growth.region,.one.obtains.a.straight. line,. the.slope.of.which.is.m..
This.slope.represents.the.rate.at.which.the.crack.growth.rate.changes.as.a.
function.of.ΔK..The.larger.the.value.of.m,.the.faster.the.crack.growth.rate.
increases..A.desirable.situation.for.long.fatigue.life.is.to.achieve.as.small.a.
value.of.m.as.possible.

The.fatigue.crack.growth.rate.tests.can.be.conducted.under.either.increas-
ing.or.decreasing.ΔK.conditions..During.cycling,.the.crack.length.is.continu-
ously. monitored. using. the. unloading. elastic. compliance,. obtained. from. a.
back-face. strain.gauge..They.can.also.be.measured.using.a.high-resolution.
optical.microscope.mounted.on.a.traveling.stage..The.fatigue.threshold,.ΔKth.
is.determined.during.a.decreasing.ΔK. test.by.allowing. the.stress. intensity.
range.to.decrease.until.the.crack.growth.rates.are.near.10−10.m.cycle−1..ΔKth.is.
then.defined.as.the.highest.ΔK.value.at.which.da/dN.is.less.than.10−10.m.cycle−1.

Compared. to. the. high-cycle. fatigue. studies. to. obtain. the. fatigue.
strengths.and.fatigue. lives.of.BMG.alloys,. the.number.of. investigations.
on.fatigue.crack.growth.rates.is.limited..Gilbert.et al..[117,118].conducted.
the.fatigue crack.growth.rate.studies.on.7.mm.thick.and.38.mm.wide.com-
pact-tension. (C-T). specimens. of. Zr41.2Ti13.8Cu12.5Ni10Be22.5. BMG. alloy. at. a.
frequency.of.25.Hz.and.load.ratio.(minimum.load/maximum.load).of.0.1,.
and.their.results.are.shown.in.Figure.8.21..These.authors.were.the.first.to.
report.that.the.crack.propagation.behavior.in.the.BMG.alloy.was.not.any.
different. from.that. in.ductile.crystalline.alloys.both. in. terms.of.growth.
rate.dependence.on.applied.stress.intensity.range.and.the.presence.of.stri-
ations.on.fatigue-fractured.specimens..By.fitting.the.growth.rates.in.the.
mid-range.to.the.Paris.power.law.equation.(Equation.8.25),.they.obtained.
a.value.of.2.7.for.the.exponent.m..The.exponent.values.for.typical.ductile.
crystalline.metals.are.in.the.range.of.2–4..On.the.other.hand,.the.m.value.
is. typically. in. the. range. of. 15–50. for. brittle. materials. such. as. ceramics,.
for.example,.Al2O3.or.oxide.glasses..The.fatigue.crack.growth.threshold.
value. (Kth). for. the. BMG. alloy. was. also. calculated. as. 3.MPa. m1/2,. which.
is.also.again.comparable.to.the.many.high-strength.steel.and.aluminum.
alloys..They.noted.that.as.the.load.ratio.was.increased.to.0.5,.cyclic.crack.
growth.rates.were.accelerated.and.fatigue.thresholds.were.reduced..This.
trend.is.again.similar.to.that.in.ductile.crystalline.metals.at.near-thresh-
old.growth.rates.

When.this.BMG.alloy.was.heat.treated.in.vacuum.for.24.h.at.723.K,.the.glassy.
phase.was.fully.crystallized.containing.a.Laves.phase.with.the.MgZn2-type.
structure,.a.phase.with.the.CuAl2-type.structure,.and.at.least.another.uniden-
tified.phase..The.fracture.toughness.of.the.crystallized.glass.was.1.MPa.m1/2,.a.
50-fold.reduction.from.the.fully.glassy.alloy.(55.MPa.m1/2).[148]..Consequently,.
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the. fully. crystallized. alloy. behaved. like. a. typical. brittle. material.. Fatigue.
cracking. was. not. observed. and. catastrophic. failure. occurred. immediately.
after.loading.

Fatigue.crack.growth.studies.were.also.conducted.on.other.Zr-based.BMG.
alloys.[119,121,124,149].and.the.available.results.of.C,.m,.and.ΔKth.are.presented.
in.Table.8.5..In.all.these.cases,.the.m.values.are.those.typically.observed.in.
crystalline.alloys.(in.the.range.of.2–4).and.the.same.thing.is.true.with.respect.
to.the.ΔKth.values.

Zr–Ti–Cu–Ni–Be
10–6

10–7

10–8

10–9

10–10

2090-T81 aluminum
300-M steel

0.1 1 10 100
Stress intensity range, ΔK (MPa m1/2)

10–11

Cr
ac

k 
gr

ow
th

 ra
te

, d
a/

dN
 (m

 c
yc

le
–1

)

FIGURe 8.21
Fatigue.crack.growth.rate,.da/dN.vs..stress.intensity.range,.ΔK.for.the.Zr41.2Ti13.8Cu12.5Ni10Be22.5.BMG.
alloy..Data.from.a.large.number.of.samples.is.included..Also.shown.is.the.data.from.high-strength.
300-M.steel.and.an.age-hardened.2090-T81.Al–Li.alloy,.whose.ultimate.tensile.strengths.are.2300.
and. 589.MPa,. respectively.. (Reprinted. from. Gilbert,. C.J.. et  al.,. Scr. Mater.,. 38,. 537,. 1998..
With permission.)

Table 8.5

Fatigue.Crack.Growth.Properties.of.Zr-Based.BMG.Alloys

Material
C (m	cycle−1)	
(MPa	m1/2)−m m

ΔKth	
(MPa m1/2) Reference

Zr44Ti11Ni10Cu10Be25 1.8.×.10−10 2.03 1.35–1.79 [121]
Zr41.25Ti13.75Ni10Cu12.5Be22.5 5.×.10−10 1.72 1.5–2.0 [119]
Zr41.25Ti13.75Ni10Cu12.5Be22.5 1.6.×.10−11 2.7 1–3 [118]
Zr41.25Ti13.75Ni10Cu12.5Be22.5 1.7.×.10−13 4.9 [118]
Zr41.25Ti13.75Ni10Cu12.5Be22.5 6.3.×.10−12 3.4 [118]
Zr41.25Ti13.75Ni10Cu12.5Be22.5 1.5.×.10−11 2.7 [148]
Zr41.25Ti13.75Ni10Cu12.5Be22.5 2.3.×.10−10 1.6 [145]
Zr47Ti12.9Nb2.8Cu11Ni9.6Be16.7.+.
25.vol%.Zr71Ti16.3Nb10Cu1.8Ni0.9

2 1.24 [124]

Zr55Cu30Al10Ni5 2 5 [149]



414	 Bulk	Metallic	Glasses

The. fatigue. life.of. specimens. is.determined.mostly.by. the. fatigue.crack.
growth. rate. and. therefore. crack. initiation. may. not. be. important. in. BMG.
alloys.[119]..Therefore,.it.becomes.important.to.understand.the.mechanisms.
and.behavior.of.fatigue.crack.growth.to.be.able.to.improve.the.fatigue.lives.of.
BMGs.and.BMG.composites..Fatigue.crack.growth.mechanisms.in.melt-spun.
ribbon.specimens.were.explained.on.the.basis.of.fractographic.evidence..It.
was.suggested.that.fatigue.cracks.propagate.by.fracturing.ligaments.between.
crack.tip.shear.bands.at.higher.growth.rates..But,.at.lower.growth.rates,.the.
cracks.propagate.within.shear.bands..But,.due.to.the.absence.of.these.shear.
bands,.especially.at.low.to.moderate.growth.rates,.this.mechanism.may.not.
be.applicable.to.BMGs.

The.fracture.surfaces.of.BMGs.after.fatigue.crack.growth.rate.experiments.
seem. to. be. quite. different. from. those. of. crystalline. materials.. The. surface.
roughness.of.BMG.samples.has.been.found.to.increase.with.increasing.crack.
growth.rate..The.surfaces.change.from.a.mirror-like.surface.in.the.near-thresh-
old.fatigue.crack.growth.region.to.a.rough.morphology.exhibiting.ridge-like.
features.in.the.fast.fracture.process.[118]..However,.closer.examination.of.the.
fatigue.fracture.surfaces,.especially.in.the.higher.growth-rate.region,.shows.a.
clear.feature.of.classic.fatigue.striations.parallel.to.the.crack.front,.representing.
the.cycle-by-cycle.advance.of.the.crack.

It.is.known.that.the.mechanism.for.striation.formation.in.ductile.crystal-
line.materials.is.due.to.repeated.crack.tip.blunting.and.resharpening,.and.it.
has.been.proposed.that.a.similar.mechanism.may.be.applicable.in.the.case.
of.BMGs.as.well.[118]..The.distance.over.which.blunting.causes.a.deviation.
in.near-tip.stress.fields.is.proportional.to.the.crack-tip-opening.displacement.
(CTOD),.d..If.growth.rates.are.dependent.upon.the.blunting.distance,.then.
they.may.be.shown.to.scale.with.the.change.in.CTOD,.Δd,.that.is,

.
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∝ ∝
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∆ ∆ 2
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(8.26)

where
σy.is.the.cyclic.flow.stress
E′.=.E.for.plane.stress.and.E/(1−ν2).for.plane.strain.condition,.where.E.is.

the.Young’s.modulus.and.ν.is.Poisson’s.ratio

This.model,.first.suggested.by.Gilbert.et al..[118],.predicts.a.Paris.law.expo-
nent,.m,. of. 2,. even. though. the. observed. m. values. varied. from. 2. to.4.. The.
reasons. for. the. difference. in. the. m. values. have. been. attributed. to. struc-
tural.relaxation.or.damage.of.the.near-tip.material..But,.the.above.equation.
has.been.shown.to.provide.a.reasonable.description.of.the.experimentally.
observed.fatigue.crack.growth.rates.in.BMGs.with.a.proportionality.factor.of.
0.01..Together.with.the.presence.of.fatigue.striations.on.fracture.surfaces,.this.
suggests.a.mechanism.for.cyclic.crack.advance.in.BMGs,.which.also.involves.
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repetitive.blunting.and.resharpening.of.the.crack.tip..Hence,.it.could.be.con-
cluded.that.the.mechanism.for.crack.growth.is.the.same.in.both.crystalline.
and.BMG.alloys.

Even. though. striations. are. shown. to. form. during. fatigue. crack. growth.
in.both.crystalline.and.BMG.alloys,. the.spacing.of. the.striations. in.BMGs.
appears.to.be.larger.than.the.value.calculated.from.the.growth.rate,.da/dN..In.
fact,.it.is.noted.that.the.observed.striation.spacing.is.an.order.of.magnitude.
larger. than. the.growth.rate.at.high.ΔK.values,.and. two.or.more.orders.of.
magnitude.larger.at.low.ΔK.values.[150]..This.disparity.between.the.growth.
rate.and.the.striation.spacing.shows.that.there.is.an.accumulation.of.damage.
necessary.prior.to.crack.advance,.similar.to.growth.band.formation.in.many.
polymers..It.also.implies.that.the.applied.load.cycles.are.not.efficient.enough.
to.produce.crack.extension,.especially.at.low.ΔK.values..It.is.also.noted.that.
the.striations.do.not.extend.over.the.width.of.the.specimen;.rather,.they.are.
broken.up.in.many.places.along.the.crack.front..Therefore,.it.can.be.inferred.
that.the.entire.crack.front.does.not.extend.with.a.single.loading.cycle,.and.
that. non-uniform. extension. of. the. crack. front. occurs. during. steady-state.
fatigue. crack. growth.. Similar. results. were. reported. for. BMG. composites.
[124].and.other.BMG.alloys.[121,151–153].

8.7.3.1  Effect of Environment

Since. materials. generally. show. degradation. in. a. corrosive. environ-
ment,. it. is. expected. that. the. fatigue.behavior.of.BMG.alloys.also. shows.a.
similar. behavior.. Morrison. et  al.. [141]. investigated. the. fatigue. behavior. of.
Zr52.5Cu17.9Ni14.6Al10Ti5.both.in.air.and.in.0.6.N.NaCl.electrolyte..They.noted.
that.at.high.stress.levels,.the.corrosion-fatigue.life.was.similar.to.the.fatigue.
lives.observed.in.air..But,.the.environment.became.increasingly.detrimental.
with. a. decrease. in. stress.. For. example,. the. fatigue. endurance. limit. of. the.
BMG.alloy.in.0.6.N.NaCl.electrolyte.was.only.about.50.MPa,.which.is.approx-
imately.10%.of.the.value.measured.in.air.

Ritchie.and.coworkers.[140,145].studied.the.fatigue.crack.growth.behavior.
of.Zr41.2Ti13.8Cu12.5Ni10Be22.5.at.room.temperature.in.different.environments:.air,.
deionized. water,. NaCl. of. different. normalities,. Na2SO4,. NaClO4,. and. some.
combinations.of.these..The.authors.reported.that.the.crack.growth.rates.were.
slightly. higher. in. deionized. water. than. in. air.. But,. the. crack. growth. rates.
increased.dramatically.by.as.much.as. three.orders.of.magnitude.when.the.
BMG.alloy.was.tested.in.0.5.N.NaCl.solution.compared.to.growth.rates.in.air.
or.deionized.water..Additionally,.they.noted.that.fatigue.crack.growth.in.the.
aqueous.solutions.displayed.an.abrupt.threshold,.whereupon.the.growth.rates.
increased.by.4–5.orders.of.magnitude.to.reach.a.plateau.(region.II).regime.
where.the.crack.growth.was.essentially. independent.of. the.stress. intensity.
range..Fatigue.crack.growth.rates. in. region. II.were. found. to.be.a. function.
of.the.concentration.of.NaCl.in.solution..Specifically,.the.steady-state.growth.



416	 Bulk	Metallic	Glasses

rates.were.decreased.from.∼5.×.10−7.to.∼1.5.×.10−8.m.cycle−1.with.a.decrease.in.
the.NaCl.concentration.from.0.5.to.0.005.N..However,.the.fatigue.threshold.
value.varied.insignificantly.over.3.orders.of.magnitude.in.NaCl.concentra-
tion..Specifically,.the.Kth.was.constant.at.∼0.84.MPa.m−1/2.when.the.NaCl.con-
centration.was.0.5,.0.05,.or.0.005.N..Compared.to.a.ΔKth.value.of.almost.3.MPa.
m−1/2.in.air,.its.value.was.markedly.reduced.to.∼0.9.MPa.m−1/2.in.the.aqueous.
solution..This.fatigue.threshold.in.the.aqueous.solution.is.more.than.an.order.
of.magnitude.lower.than.the.fracture.toughness.of.the.alloy.

The.fatigue.crack.growth.rates.were.an.order.of.magnitude.slower.in.0.5 N.
NaClO4. and. 0.5. N. Na2SO4. solutions. compared. to. their. behavior. in. 0.5. N.
NaCl..Based.on.these.observations,. the.authors.concluded.that. the.signifi-
cant.contribution.of.NaCl.to.increasing.the.fatigue.crack.growth.rate.can.be.
attributed.to.a.stress-corrosion.crack.growth.mechanism,.involving.stress-
assisted.anodic.dissolution.at.the.crack.tip.

8.7.3.2  Effect of Temperature

There.has.been.only.one.study.to.investigate.the.effect.of.temperature.on.the.
crack.growth. rates.during. fatigue. [154]..These.authors. studied. the. fatigue.
crack.growth.rates.in.a.Zr41.25Ti13.75Cu12.5Ni10Be22.5.BMG.at.different.tempera-
tures. from. room. temperature. up. to. 220°C,. which. is. lower. than. the. glass.
transition. temperature. of. 352°C.. A. sinusoidal. loading. waveform. of. 20.Hz.
was.employed.with.a.constant. load.ratio,.R. (=.Kmin/Kmax).of.0.1..The.effec-
tive.stress.intensity.range.ΔKth,eff,.actually.experienced.by.the.crack.tip,.was.
defined.as

. ∆K K Kth eff max cl, = − . (8.27)

where. Kcl. is. the. crack. closure. load. determined. from. the. initial. deviation.
from.linearity.of.the.unloading.load.versus.back-face.strain.data.

When.the.elevated.temperature.fatigue.crack.growth.rates.were.measured,.
the.authors.noted.a.distinct.mid-growth.rate.regime.together.with.decreased.
growth.rates.in.the.near-threshold.region..The.mid-range.growth.rates.were.
fitted.to.a.Paris.power.law.relationship.and.the.material.constants.C.and.m.
are. listed.in.Table.8.6..Additionally,. the.effective.threshold.stress. intensity.
factors,.ΔKth,eff.are.also.listed,.and.are.noted.to.be.slightly.less.than.ΔKth.

The.values.of.m.are. in. the.range.of.1.4–1.55.and.are.similar. to. the.values.
reported.earlier.(see.Table.8.5)..Comparison.of.the.fatigue.data.revealed.that.
the.mid-range.crack.growth.rates.were.not.significantly.affected.by.the.testing.
temperature..On.the.other.hand,.the.fatigue.threshold.value.ΔKth.and.ΔKth,eff.
increased. with. increasing. temperature. (Figure. 8.22).. The. ΔKth,eff. values,.
obtained.after.correcting.for.crack.closure.effects,.also.increased.with.increas-
ing. temperature,. suggesting. that. removal. of. crack. closure. effects. cannot.
account.for.the.observed.increase.in.ΔKth.with.temperature..Fractured.surfaces.
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showed.that. fatigue.striations.were.observed.at.growth.rates.above.∼10−9.m.
cycle−1.for.all.temperatures,.and.at.all.growth.rates.for.220°C.

8.7.4 Fatigue Fracture Surface Characterization

Scanning.electron.microscopy.methods.have.been.frequently.used.to.char-
acterize.the.surfaces.of.specimens.that.have.been.subjected.to.fatigue.failure..
The.fatigue.fractured.specimen.surfaces.generally.show.four.main.regions—
a.fatigue.crack.initiation.site,.a.stable.fatigue.crack.propagation.region,.an.
unstable.final.fast.fracture.region,.and.an.apparent.melting.region.

In. general,. slip. bands,. deformation. bands,. twinning,. and. grain. bound-
aries.are.generally.considered.as.preferential.sites.for.nucleation.of.fatigue.
cracks.in.ductile.crystalline.materials..But,.such.crystal.defects.are.absent.in.
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FIGURe 8.22
Variation.of.fatigue.threshold,.ΔKth.as.a.function.of.testing.temperature.observed.during.fatigue.
testing.of.Zr41.2Ti13.8Cu12.5Ni10Be22.5.BMG.alloy.at.elevated.temperatures..The.upper.curve.is.for.ΔKth.
and.the.lower.curve.is.for.ΔKth,eff,.corrected.for.closure.effects..Both.curves.show.a.similar.trend.

Table 8.6

Fatigue.Crack.Growth.Rates.of.Vitreloy.1.at.Different.
Temperatures

Test	
Temperature	
(°C)

C	(m	cycle−1)	
(×	10−10	MPa	

m1/2)−m m
ΔKth	(MPa	

m1/2)
ΔKth,eff	

(MPa	m1/2)

25 6.6 1.4 1.25 —
100 7.1 1.4 1.07 1.07
140 5.9 1.4 1.14 1.11
180 7.4 1.45 1.24 1.21
220 6.8 1.55 1.40 1.38

Source:. Hess,. P.A.. and. Dauskardt,. R.H.,. Acta Mater.,. 52,. 3525,.
2004.
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BMG.alloys.and.therefore.fatigue.crack.initiation.has.to.occur.in.a.different.
way..In.some.cases,.cracks.are.initiated.from.casting.defects.such.as.porosity,.
cold.shuts,.polishing.scratches,.shallow.pits,.or.oxide.inclusions..In.the.case.
of.bending.tests,.the.cracks.are.always.initiated.only.on.the.tensile.surface.
and. are. associated. with. pre-existing. defects. such. as. gas. pores. or. surface.
trenches..The.size.of.the.initiation.site.ranges.from.5.to.10.μm.

Surrounding.the.initiation.site.is.the.stable.crack.propagation.region,.which.
has.a.thumbnail.shape.appearance..This.region.is.basically.perpendicular.to.
the.stress.direction.and.contains.finely.spaced.parallel.marks.(fatigue.stria-
tions).oriented.somewhat.normal.to.the.crack.growth.direction..These.marks.
do.not.uniformly.cover.this.region,.and.are.especially.evident.in.the.outer.
portions.of.the.bend.test.specimens,.that.is,.maximum.stress.regions..These.
fatigue.striations.form.via.repetitive.blunting.and.resharpening.of.the.crack.
tip..During.the.early.stages.of.crack.propagation,.these.striations.do.not.cover.
the.entire.crack.front.and.are.broken.up.in.many.places..Thus,.the.crack.front.
probably.does.not.grow.uniformly.during.the.early.stages.of.crack.growth.

The.fast.fracture.region.is.characterized.by.a.very.rough.surface.and.occu-
pies.most.of.the.whole.fracture.surface.

The. fatigue. fracture. surfaces. of. the. Zr50Cu30Al10Ni10. specimen. tested. at.
σmax.=.1133.MPa.and.in.air.are.shown.in.Figure.8.23.[130]..The.fracture sur-
face  is. basically. perpendicular. to. the. loading. direction.. In. general. several.
crack.initiation.sites.are.found.on.the.notched.surface.(Figure.8.23a)..A.fatigue.
crack.originates. from.such.sites.and.propagates. toward. the. interior.of. the.
specimen..The.propagation.region.is.of.a.thumbnail.shape.and.relatively.flat,.
and. it.exhibits.a.striation-type. fracture. (Figure.8.23b.and.c)..The.final. fast.
fracture.region.is.very.rough.and.occupies.most.of.the.whole.fracture.sur-
face..Further,.the.final.fast.fracture.region.shows.a.dimple-type.morphology.
(Figure.8.23d)..A.clear.boundary. is.also.noticed.between. the.crack.propa-
gation.and.fast.fracture.regions,.which.reveals.that.the.fatigue.and.tensile.
fracture.are.probably.controlled.by.different.fracture.mechanisms..In.other.
words,. the.striation-type. fracture.mode.was.observed. in. the. fatigue.crack.
growth. region,. while. the. dimpled. fracture. was. found. in. the. fast. fracture.
region.. In. addition. to. the. three. general. features. described. above,. another.
region.is.observed,.which.is.close.to.the.notched.surface.and.relatively.flat,.
generally.with.an.inclined.angle.relative.to.the.loading.direction,.in.the.melting.
area.(Figure.8.23a)..The.distinct.melting.mark.and.vein.pattern.can.be.observed.
in.the.melting.region.at.a.high.magnification.by.SEM.(Figure.8.23e).

Very.similar.microstructural.features.of.fatigue.fracture.are.seen.in.many.
other.BMG.alloys.subjected.to.fatigue..The.main.difference,.of.course,.is.the.
point.of.crack.initiation,.which.is.different.in.different.types.of.specimens,.
depending.on.the.way.they.have.been.cast.and.also.on.the.type.of.surface.
defects.. Further,. it. has. also. been. reported. that. fatigue. striations. were. not.
observed.in.the.Fe-based.BMG.studied.by.Qiao.et al..[115].and.this.feature.
is.different.from.the.Zr-based.BMGs.where.striations.are.always.observed..
Comparing. the. fatigue-fracture. surfaces. of. monolithic. and. composite.
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Zr-based. BMG. specimens,. Wang. et  al.. [128]. noted. some. differences.. For.
example,. no. fatigue. striations. were. noticed. in. the. BMG. composite.. It. was.
also.reported.that.the.BMG.composite.showed.a.dimple.morphology.in.the.
final.fracture.region.that.was.different.from.the.monolithic.alloy.

Yang.et al..[41].had.employed.an.IR.camera.system.to.capture.the.moment.
of.fatigue.fracture.at.high.stress.levels..Sparking.occurs.at.the.time.of.frac-
ture.due.to.an.increase.in.temperature.as.a.result.of.release.of.elastic.energy..
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FIGURe 8.23
Fractographs.of.a.Zr50Cu30Al10Ni10.BMG.specimen.tested.at.σmax.=.1133.MPa.in.air:.(a).the.over-
all.fatigue.fracture.surface,.(b).fatigue.crack.growth.region,.(c).boundary.between.the.crack.
growth.region.and.final.fast.fracture.region,.(d).final.fast.fracture.region,.and.(e).local.melting.
phenomenon..(Reprinted.from.Wang,.G.Y..et al.,.Intermetallics,.12,.885,.2004..With permission.)
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The.sparking.phenomenon.was.observed.when. the.Zr50Cu30Al10Ni10. speci-
men.was.cyclically.loaded.at.a.stress.level.of.1500.MPa.in.air..But,.the.same.
phenomenon. was. not. observed. when. specimens. of. Zr50Cu40Al10. [130]. and.
Zr41.2Ti13.8Cu12.5Ni10Be22.5,.or.Zr47Ti12.9Nb2.8Ni9.6Cu11Be16.7.BMG.composite. [119].
were.tested..Even.though.sparking.was.not.observed.in.these.cases,.the.frac-
ture.section.was.very.bright.at.the.moment.of.fracture,.suggesting.that.there.
was.significant.rise.in.temperature.in.this.area..Due.to.the.release.of.elastic.
energy.of.the.BMG.specimen.in.the.final.moment.of.fracture,.the.specimen.
temperature.was.estimated.to.be.more.than.900°C.[35],.a.temperature.suf-
ficient.enough.to.melt.the.BMG.alloy..The.fact.that.the.BMG.was.molten.was.
also.inferred.from.the.solidified.droplet-like.structure.observed.in.the.SEM.
on.the.fracture.surface.of.the.specimen.

8.7.5 Fatigue Fracture Mechanisms

Fatigue. damage. mechanisms. have. been. thoroughly. investigated. and. are.
well.understood.for.ductile.crystalline.metals..Generally.speaking,.crystal-
line.defects.such.as.grain.boundaries,.slip.bands,.or.deformation.bands.act.
as.preferred.sites.for.nucleation.of.fatigue.cracks..These.cracks.then.grow.to.
a.critical.size.during.cyclic.loading.through.a.mechanism.of.crack.blunting.
and.resharpening..Once.the.crack.reaches.a.critical.size,.catastrophic.failure.
occurs.and.the.specimen.fractures.

8.7.5.1  Crack Initiation

BMG.alloys.are.glassy.in.nature.and.they.do.not.have.the.crystal.defects.men-
tioned.above..Therefore,.the.fatigue.crack.initiation.mechanisms.and.the.sites.
have.to.be.different..Accordingly,.it.has.been.suggested.(and.also.experimen-
tally. observed). that. fatigue. cracks. initiate. at. surface. irregularities. such  as.
shallow.pits,.scratches. introduced.during.polishing,.casting.defects such.as.
porosity,.cold.shuts,.or.oxide.inclusions..In.other.studies,.fatigue.cracks.were.
shown.to.initiate.from.shear.bands.[119,123]..Some.mechanisms.have.also.been.
proposed.that.do.not.require.casting.defects.

The. excess. quenched-in. free. volume. in. BMGs. has. been. related. to. their.
fatigue. behavior. [120,121,137].. Cameron. and. Dauskardt. [155]. used. a. four-
component.amorphous.Lennard-Jones.solid.with.atoms.of.different.kinds.to.
simulate.the.glassy.metal.using.molecular.dynamics.methods..They.found.
that.cyclic.loading.in.shear.or.tension.increased.the.overall.free.volume.with.
each.cycle..It.was.also.reported.that.localization.of.the.free.volume.during.
cyclic. loading.could. lead. to.eventual. shear.band. formation.. It.was. clearly.
demonstrated. that. the. plastic. deformation. events. occur. precisely. in. those.
areas. where. levels. of. free. volume. were. higher.. More. importantly,. it. was.
shown.that.the.accumulation.of.free.volume.and.the.resultant.damage.could.
happen.at.much. lower. cyclic. loads. than. those. required. for. the. same.pro-
cesses.to.occur.under.monotonic.loading.conditions..Thus,.the.authors.were.
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able.to.rationalize.the.rapid.initiation.of.fatigue.damage.and/or.shear.band.
formation.in.BMGs.during.fatigue.

Li. et  al.. [156]. conducted. HRTEM. investigations. on. a. Zr57Ti5Cu20Ni8Al10.
glassy.sample.and.observed.a.high.concentration.of.nanometer-scale.voids.
in.shear.bands,.formed.as.a.result.of.coalescence.of.excess.free.volume,.once.
the. applied. stress. is. removed.. By. comparing. the. free. energy. of. the. shear.
band.containing.uniformly.distributed.free.volume.with.that.of.the.relaxed.
shear.band.with.voids.present,.Li.et al..[157].were.able.to.show.that.coales-
cence.is.thermodynamically.possible.

Using. the. above. observations,. another. mechanism. was. proposed. to.
explain.the.crack.initiation.process.in.BMGs.from.a.thermodynamic.point.of.
view..Since.excess.free.volume.in.a.shear.band.results.in.excess.free.energy.
relative.to.a.relaxed.glass.with.less.free.volume,.Wright.et al..[158].calculated.
the.free.energy.in.the.shear.band.and.correlated.it.with.the.free.volume..It.
was.shown.that.any.free.volume.generated.in.the.shear.band.during.defor-
mation.is.unstable.with.the.result.that.nanometer-scale.voids.form.spontane-
ously.due.to.coalescence.of.the.free.volume..These.voids.then.coarsen.and.
the.size.to.which.they.grow.is.limited.by.growth.kinetics..These.voids.could.
result. in.localized.stress.concentration.during.cyclic. loading.and.a.fatigue.
crack.could.initiate.

Void. growth. and. linkage. are. facilitated. by. a. tensile. stress. state,. per-
haps. leading. to. fracture.. On. the. other. hand,. a. compressive. stress. state.
would. hinder. void. growth,. which. may. promote. multiplication. of. shear.
bands.and.this.requires.a.larger.strain.to.failure..Using.this.approach,.the.
authors. were. able. to. rationalize. the. observation. that. failure. under. uni-
axial.tension.occurs.as.the.result.of.the.propagation.of.a.single.shear.band,.
whereas.multiple.shear.bands.can.form.under.uniaxial.compression.with-
out.causing.failure.

8.7.5.2  Crack Propagation

An.important.difference.between.crystalline.materials.and.BMGs.as.far.as.
the. fatigue. behavior. is. concerned. is. that. nucleation. of. cracks. seems. to. be.
relatively.easier.in.BMGs.and.that.the.growth.of.the.fatigue.cracks.accounts.
for.most.of.the.fatigue.life..This.is.because.once.a.crack.is.initiated.on.the.
surface.of.the.BMG.specimen.(through.first.formation.of.a.shear.band.and.
its.growth. to.a.characteristic. length,.on. the.order.of.40–70.μm,.at.which. it.
transforms.to.a.mode.I.form.crack,.oriented.normal.to.the.maximum.stress),.
it.can.propagate.without.much.difficulty.due.to.the.lack.of.microstructure..
On.the.other.hand,.crack.nucleation.in.crystalline.alloys.often.accounts.for.
80%.of.the.fatigue.life.[108].

As.mentioned.earlier,. the.fatigue.crack.growth.data.in.BMG.alloys.have.
been.fitted.to.the.Paris.power.law.equation,.that.is,.the.crack.growth.rate.is.
related.to. the.stress. intensity. factor.range,.ΔK,.according.to.Equation.8.25..
The.exponent,.m.has.been.found.to.be.in.the.range.of.2–4,.and.this.value.is.
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similar.to.what.is.observed.in.ductile.crystalline.metals..Again,.similar.to.
what.is.observed.in.ductile.crystalline.materials,.fatigue.striations.have.been.
observed.in.BMG.alloys..These.facts.suggest.that.the.mechanism.for.fatigue.
crack.growth.in.BMGs.may.be.similar.to.that.in.crystalline.materials..That.is,.
crack.blunting.and.resharpening.should.be.occurring.in.BMGs.also.

Using.this.model.for.striation.formation,.the.fatigue.crack.growth.rate.is.
directly.proportional.to.the.CTOD,.d,.according.to.the.equation

.
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This.equation.is.similar.to.Equation.8.26.except.that.the.proportionality.con-
stant.has.been.shown.as.β′.in.the.above.equation..This.proportionality.constant.
(β′. is. ∼0.01–0.1. for. mode. I. crack. growth). is. a. function. of. the. degree. of. slip.
reversibility.and.elastic-plastic.properties.of. the.material..Gilbert.et al.. [117].
were.able.to.show.that.a.good.correlation.was.obtained.between.the.observed.
striation.spacings.and.the.calculated.results.with.β′.=.0.01.

It. has. been. generally. noted. that. the. striation. spacing. observed. in. BMG.
alloys.is.much.larger.than.what.is.indicated.by.the.fatigue.crack.growth.rate,.
by.about.1–2.orders.of.magnitude.[150]..This.indicates.that.the.crack.did.not.
extend.uniformly.through.the.width.of.the.specimen.and.this.has.been.veri-
fied.experimentally.by.microstructural.observations.of.the.fracture.surface..
In. the.case.of.crystalline.materials,. it. is.assumed.and.also.experimentally.
verified.that.one.cycle.during.fatigue.crack.growth.experiments.forms.one.
striation..From.the.above.observation.of.Hess.et al..[150],.it.appears.that.
this.may.not.be.true.in.BMGs..However,.it.is.useful.to.note.that.two.types.of.
striations—coarse.and.fine—have.been.reported.in.the.fatigue.crack.propa-
gation.region..The.striations.normally.seen.on.the.fracture.surfaces.of.BMGs.
are.coarse,.and.can.be.easily.seen.even.at.low.magnifications..But,.under.higher.
magnifications,.some.fine.striations.are.seen.on.the.coarse.striations.[159]..It.
appears.that.the.spacing.of.the.fine.striations.matches.with.the.fatigue.crack.
growth.rate,.da/dN.

8.7.6 Improvement of Fatigue Resistance

It.is.now.accepted.that.fatigue.crack.initiation.is.the.critical.part.in.determin-
ing.the.fatigue.lives.of.BMGs..Once.a.fatigue.crack.forms,.it.can.grow.easily.
due.to.lack.of.microstructure..Therefore,. introduction.of.a.crystalline.phase.
by.making.it.a.composite.might.prevent. the.growth.of.small. fatigue.cracks.
and. improve. fatigue.strength..Conflicting.results.are.available. in. the. litera-
ture.on.the.fatigue.behavior.of.BMG.composites.using.this.approach..Flores.
et  al.. [124]. reported. a. more-than-double. fatigue. ratio. for. the. composite. in.
comparison. to. the. monolithic. glassy. alloy.. While. the. monolithic. Vitreloy  1.
(Zr41.2Ti13.8Cu12.5Ni10Be22.5). had. a. fatigue. ratio. of. 0.04. [117,118],. the. composite.
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showed.a.fatigue.ratio.of.0.1..These.authors.explained.the.improvement.on.the.
basis.of.two.possibilities..First.is.that.the.second.phase.relieves.the.residual.
surface.stresses.or.is.able.to.accommodate.any.surface.strains.such.that.defects.
do.not.form..The.other.possibility.is.that.the.growth.of.defects.is.blocked.by.
the.second.phase..Fujita.et al..[126].also.showed.that.a.Ti-based.BMG.composite.
containing.a.dispersion.of.nanocrystals.showed.a.very.high.fatigue.ratio..The.
actual.value.for.the.monolithic.alloy.was.not,.however,.reported.

Wang.et al..[128],.on.the.other.hand,.reported.that.the.fatigue.behavior.of.
the. composite. was. worse. than. that. of. the. monolithic. alloy.. These. authors.
reported. a. fatigue. strength. of. 567.MPa. for. the. Zr41.2Ti13.8Cu12.5Ni10Be22.5.
BMG. alloy. and. 239.MPa. for. the. BMG. composite. of. the. composition.
Zr47Ti12.9Nb2.8Ni9.6Cu11Be16.7,. which. contained. a. dendritic. Zr–Ti–Nb. crystal-
line.phase.dispersed.in.a.glassy.matrix,.the.composition.of.which.is.different.
from.that.of.Vitreloy.1..Therefore,.the.comparison.between.the.composite.and.
the.monolithic.alloys.may.not.be.appropriate..A.similar.result.of.decreased.
fatigue. strength. was. also. reported. in. a. Cu47.5Zr38Hf9.5Al5. BMG. composite.
[113]..Here.again,.the.strength.was.not.compared.with.the.appropriate.mono-
lithic.alloy..It.is.also.important.to.realize.that.the.test.methods.and.the.test.
volumes.are.different.in.these.two.groups.of.investigations.

From.the.above.results,.it.is.clear.that.the.fatigue.resistance.of.BMGs.and.
their.composites.is,.in.general,.poorer.than.that.of.crystalline.materials..To.
overcome.this.problem,.Launey.et al..[116].have.proposed.a.microstructural.
design.strategy.by.matching.the.microstructural.length.scales.(of.the.second.
crystalline.phase).to.mechanical.crack-length.scales.

A.Zr-based.alloy.with. the.composition.Zr39.6Ti33.9Nb7.6Cu6.4Be12.5.was.pro-
cessed.in.the.semisolid.state.(liquid.+.solid.mushy.region.in.the.phase.dia-
gram). by. holding. it. isothermally. for. several. minutes. and. then.quenching.
when.the.liquid.had.transformed.into.the.glassy.state..The.dendritic.phase.was.
a.ductile.BCC.solid.solution.with.the.composition.Ti45Zr40Nb14Cu1..The.com-
position.of.the.glassy.matrix.phase.was.determined.to.be.Zr34Ti17Nb2Cu9Be38..
By.microstructural.observations.it.was.determined.that.the.volume.fraction.
of.the.crystalline.phase.was.about.67%.and.that.the.characteristic.thickness.of.
the.glassy.regions.that.separate.the.dendritic.arms.or.neighboring.dendrites.
is. about. 2.μm,. which. is. smaller. than. the. critical. crack. size. that. leads. to.
unstable.crack.propagation.

Fatigue.testing.of.this.composite.was.done.using.a.four-point.bend.test.
at.a.frequency.of.25.Hz.and.an.R.value.of.0.1..The.results.showed.that.the.
fatigue.behavior.of.the.BMG.composite.was.far.superior.to.that.of.the.mono-
lithic.BMG..The.fatigue.strength.was.reported.to.be.340.MPa.and.the.fatigue.
ratio.was.0.28,.much.higher.than.the.value.of.0.04.for.Vitreloy.1..(The.fatigue.
strength.of.the.glassy.alloy,.similar.to.the.composition.of.the.matrix.is.not.
reported.here,.however)..A.similar.increase.in.the.fatigue.strength.of.BMG.
composites.was.reported.by.Flores.et al..[124]..But,.in.a.Cu-based.BMG.com-
posite,.it.was.reported.that.the.fatigue.ratio.of.the.composite.was.about.half.
that.of.the.monolithic.alloy.[113].
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It. has. been. suggested. that. the. second. phase. dendrites. are. the. essential.
feature. leading.to. the.enhancement.of. the. fatigue.resistance..Even.though.
composites.were.tested.earlier,.their.fatigue.ratios.were.not.as.high.as.those.
reported. for. the. Zr39.6Ti33.9Nb7.6Cu6.4Be12.5. alloy.. The. important. difference. is.
in. the. characteristic. dimensions. of. the. crystalline. phase. compared. with.
the.pertinent.mechanical.length.scales..The.small.scale.of.the.second.phase.
(preferably.of.nanometer.dimensions).will.improve.the.fatigue.strength.by.
a. factor.of.2–3..The.fatigue.cracks.have.been.shown.to. take.a.meandering.
path.along.the.matrix-dendrite.interfaces.cutting.through.dendrite.arms.and.
along.existing.shear.bands.in.the.glassy.phase.separating.the.dendrites.

Conventional.silicate.glasses.have.been.known.to.be.strengthened.up.to.
4–5.times.by.allowing.compressive.stresses.to.prevail.at.the.surface.through.
tempering.during.cooling..The.compressive. residual. stresses.suppress. the.
cracking.that.leads.to.brittle.fracture..Therefore,.another.approach.to.improve.
the.fatigue.strength.of.BMGs.is.to.introduce.compressive.residual.stresses.at.
the.surface..Zhang.et al..[160].had.subjected.the.Vitreloy.1.to.shot.peening.
and.noted.that.the.plasticity.of.the.alloy.had.increased.

Since.the.shot-peened.BMG.alloys.have.surface.compressive.stresses,.it.is.
expected.that.the.fatigue.behavior.of.this.alloy.will.be.much.better.than.the.
alloy.without. shot.peening..These.compressive. stresses. should.hinder. the.
process.by.which. surface. shear.bands. transform. to.mode. I. cracks.as.well.
as.growth.of. the.cracks. themselves..Menzel.and.Dauskardt. [110]. reported.
that.the.fatigue.limit.of.specimens.loaded.in.compression–compression.was.
much.higher.than.those.that.experienced.tensile.stresses.at.least.for.part.of.
the.loading.cycle..This.suggests.that,.for.the.material.to.be.effective,.the.sur-
face.of.the.BMG.should.experience.such.a.large.compressive.residual.stress.
that.it.will.never.experience.any.tensile.stress.during.testing..But,.one.dif-
ficulty.of.shot-peened.BMG.alloys.for.fatigue.testing.could.be.the.unaccept-
able.surface.roughness.

Raghavan. et  al.. [161]. have. subjected. a. Zr21.5Ti42Cu15.5Ni14.5Be3.5Al3. BMG.
alloy.to.shot-peening.treatment.to.investigate.whether.the.fatigue.life.will.
be.improved..They.did.not.find.any.improvement.in.the.fatigue.life..They.
have.observed.cracks.in.the.sub-surface.regions,.and.this.was.attributed.to.
the.domination.of.the.compressive.residual.stress.field.on.the.surface.over.
deformation-induced.plastic.flow.softening.

Qiao.et al..[113].compared.the.fatigue.behavior.of.BMGs.both.in.the.mono-
lithic.and.composite.conditions.and.noted.that.the.fatigue.endurance.limit.of.
the.Cu47.5Zr38Hf9.5Al5.composite.was.378.MPa,.higher.than.the.endurance.limit.
of.224.MPa.for.the.monolithic.Cu47.5Zr47.5Al5.BMG..They.had,.however,.noted.
that.the.fatigue.life.of.the.composite.was.shorter.than.that.of.the.monolithic,.
when.the.stress.level.was.higher.than.the.fatigue.endurance.limit..This.was.
explained.by.them.on.the.basis.of.the.free.volume.theory..As.was.explained.
earlier,.localization.of.free.volume.could.lead.to.formation.of.shear.bands..It.
is.also.known.that.the.stress.required.to.form.shear.bands.under.cyclic.stress.
is.much. lower. than. the.yield.stress..Since.a.BMG.composite. is. softer. than.
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the.monolithic.BMG,.at.a.given.stress,.it.is.easier.to.form.shear.bands.in.the.
composite.than.in.the.monolithic.alloy..Therefore,.the.fatigue.life.of.the.BMG.
composite.is.lower.than.that.of.the.monolithic,.when.the.stress.level.is.higher.
than.the.fatigue.endurance.limit..On.the.other.hand,.at.low.stress.levels,.the.
presence.of.the.second.phase.possibly.relieves.the.residual.surface.stresses.or.
may.be.able.to.accommodate.the.surface.strains..Further,.the.shear.bands.that.
had.formed.earlier.could.be.blocked.by.the.second.phase..Thus,.the.fatigue.
endurance.limit.for.the.composite.is.higher.than.that.of.the.monolithic.BMG.

In.an.interesting.study,.Chiang.et al..[162].sputter.coated.a.316L.stainless.
steel. specimen. with. a. 200.nm. thick. glass. forming. alloy. Zr47Cu31Al13Ni9.. It.
was.reported.that. the. fatigue. life.of. the.alloy.with. the.coating.was. longer.
than.the.one.without.the.coating..This.difference.was.more.pronounced.at.
lower.applied.stress.range..For.example,.at.stress.levels.of.750.MPa.or.higher,.
there.was.no.substantial.effect.of.coating.on.the.fatigue.life..But,.at.a.stress.
level.of.700.MPa,.the.coated.sample.has.a.life.of.over.107.cycles,.whereas.the.
uncoated.one.has.∼3.×.105.cycles..Depending.on.the.maximum.applied.stress,.
the.fatigue.life.had.increased.30-fold.and.the.fatigue.limit. is.enhanced.by.
30%,.from.550.MPa.of.the.uncoated.sample.to.700.MPa.of.the.coated.sample..
The.fatigue.life.improvement.in.the.coated.samples.was.mainly.attributed.to.
the.good.intrinsic.mechanical.properties,.excellent.adherence,.good.ductil-
ity,.and.the.existence.of.compressive.residual.stresses.of.the.coatings..Similar.
improvements.were.achieved.on.coated.Haynes.C-2000.alloy.also.[163].

It.is.known.that.the.fatigue.endurance.limit.of.crystalline.alloys.increases.
with.an. increase. in. the.yield. strength.of. the.alloy. in. the. crystalline. state..
But,.such.a.correlation.is.not.apparent.in.BMG.alloys..While.the.fatigue.ratio,.
defined.as.the.ratio.of.the.fatigue.endurance.limit.to.the.tensile.strength,.for.
crystalline.alloys.is.usually.between.0.3.and.0.5,.that.for.BMGs.is.much.less.
and.goes.down.to.a.value.as.low.as.0.04..However,.a.preliminary.correlation.
between.the.fatigue.ratio.and.Poisson’s.ratio.was.reported.with.the.fatigue.
ratio.increasing.with.the.increasing.value.of.Poisson’s.ratio.[129].

8.8	 Yield	Behavior

8.8.1 Yield Criterion

It. is.well.known.that.crystalline.materials.start.yielding.when.the.applied.
stress.is.above.the.critical.shear.stress..This.critical.shear.stress.is.dependent.
on.the.Miller.indices.of.the.particular.plane.in.a.single.crystal..Since.mate-
rials. are. usually. subjected. to. uniaxial. tensile. or. compressive. stresses,. the.
shear.stress.on.any.particular.plane.and.in.the.specific.direction.is.calculated.
by.knowing.the.orientation.of.the.planes.and.directions.with.respect.to.the.
loading.axis..This.is.known.as.the.resolved.shear.stress..Yielding.is.expected.
to.occur.when.the.resolved.shear.stress.reaches.the.critical.value.for.yielding..



426	 Bulk	Metallic	Glasses

The.von.Mises.criterion.has.been.shown.to.be.valid.in.a.number.of.metals.
and.alloys.[106]..Another.yield.criterion.that.is.commonly.used.is.the.Tresca.
criterion,.which. is. frequently.used. in.modeling.plastic.flow.because.of. its.
simplicity,.but.it.is.not.in.general.an.accurate.description.of.the.behavior.of.
polycrystalline.materials..According.to.these.criteria,.yielding.is.supposed.
to.be.symmetric,.that.is,.the.yield.stress.is.of.the.same.magnitude,.whether.
testing.is.done.in.tension.or.compression..Consequently,.the.angle.at.which.
shear.failure.occurs.is.not.different.from.45°.when.tested.in.tension.and.com-
pression.. It. has. been. noted. in. several. metallic. glasses,. however,. that. they.
display.asymmetry,.that.is,.their.yield.stresses.are.different.in.tension.and.
compression,.and.therefore.it.has.been.suggested.that.the.yield.criterion.in.
metallic.glasses.should.be.different.

By.measuring.the.yield.strength.of.Pd40Ni40P20.metallic.glass.undergoing.
low.temperature,.localized.plastic.flow.in.uniaxial.compression,.plane-strain.
compression,.pure.shear,.and.tension,.Donovan.[40].demonstrated.that.yield-
ing.follows.the.Mohr–Coulomb.criterion,.rather.than.the.von.Mises.criterion..
Yielding.according.to.the.Mohr–Coulomb.criterion.depends.not.only.on.the.
applied.shear.stress,.τ,.but.also.on.the.stress.normal.to.the.shear.displacement,.
σn..Since.BMGs.have.a.very.high.strength.(1–4.GPa),.the.normal.stress.applied.
on.the.shear.plane.is.also.very.high.(∼1–2.GPa),.and.should.therefore.play.an.
important.role.in.the.yielding.process..Further,.it.has.long.been.known.that.
disordered. materials. experience. dilatation. due. to. plastic. deformation.. In.
terms.of.the.flow.strength-to-modulus.ratio.(σo/E),.this.value.is.of.the.order.
of.10−3.and. is.negligible. in.crystalline.materials..But,. in. the.case.of.BMGs,.
it. can.be.about.0.02,. and. therefore.pressure.effects. are.not.negligible..The.
Mohr–Coulomb.yield.criterion.can.be.expressed.as

. τ τ ασy o n= ± . (8.29)

where
τy.is.the.effective.yield.stress.for.shear.on.the.shearing.plane
τo. is. the. shear. resistance. of. the. glass. (i.e.,. the. stress. at. which. yielding.

occurs.in.pure.shear)
α.is.a.system-specific.coefficient.that.controls.the.strength.of.the.normal.

stress.effect
σn.is.the.normal.stress.on.the.shear.plane

One.could.also.consider.a.term.σp.due.to.the.hydrostatic.pressure,.used.in.
the.Tresca.yield.criterion..But,.based.on.uniaxial.yield.stress.alone,.it.is.quite.
difficult.to.discern.an.appreciable.difference.between.σn.and.σp,.especially.
when.their.values.are.comparable..Some.investigators.have.included.these.
two. terms. separately. (and. called. it. the. three-parameter. Tresca. criterion).
[164]..Note. that. the.compressive.normal.stress.on.the.shear.plane.opposes.
dilatation,. increasing. the. effective. yield. stress.. That. is. why. the. sign. will.
be. negative.. But,. in. tension,. this. sign. will. be. positive.. This. equation. was.
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originally. proposed. to. explain. the. flow. of. granular. materials,. where. the.
σn. term. arises. from. the. geometric. rearrangement. of. sliding. particles. and.
the. friction. between. them.. α. is. thus. effectively. the. coefficient. of. friction..
Therefore,. it.has.been.postulated. that. the.above.equation.may.be.applica-
ble.to.metallic.glasses,.because.the.relative.movement.of.randomly.packed.
atoms.in.a.metallic.glass.is.analogous.to.that.of.randomly.packed.particles.
in.a.granular.solid.[165,166]..Based.on.the.concept.of.the.STZ,.an.elementary.
unit.of.deformation,.Schuh.and.Lund.[48].provided.an.atomic.level.explana-
tion.for.the.pressure-dependent.yielding.of.metallic.glasses.and.confirmed.
that.strength.asymmetry.exists.in.metallic.glasses..This.confirms.that.BMGs.
obey.the.Mohr–Coulomb.criterion..Based.on.their.model,.they.predicted.the.
coefficient.of.friction.to.be.α =.0.123.±.0.004.for.the.Cu50Zr50.glass..This.value.
is.also.in.good.agreement.with.the.value.of.0.11.±.0.003.for.the.Pd40Ni40P20.
glass. [40]. and. the. value. of. 0.13. observed. for. the. Zr41.25Ti13.75Cu12.5Ni10Be22.5.
glass.[165]..Using.the.value.of.α.=.0.123.±.0.004,.Equation.8.29.predicts.a.com-
pressive.shear.angle.of.θ =.41.5°.±.0.15°,.a.value.which.is.in.good.agreement.
with.the.range.observed.in.a.variety.of.BMGs.

8.8.2 Fracture angle

In.the.case.of.BMGs.also,.it.was.noted.that.failure.occurs.in.a.shear.mode,.
at. an. angle. close. to. 45°.. But,. results. on. the. measurement. of. angles. have.
not.been.consistent..Further,.very.often. it.also.happens. that. investigators.
notice. that. fracture.occurred.at.an.angle.of.about.45°. to. the. loading.axis,.
but.fail.to.measure.and.report.the.actual.value..Table.8.7.lists.some.of.the.
data.available.regarding.the.shear.angles. in.some.BMG.monolithic.alloys.
and.composites..From.this.listing,.it.is.clear.that.the.angles.are.usually.less.
than. 45°. (the. actual. range. is. 39.5°–43.7°). if. failure. occurs. in. compression.
and.more.than.45°,. if. it.occurs.in.tension..Figure.8.24.shows.the.shear-off.
angles. in.a.Pd40Ni40P20.BMG.specimen.that.has.failed.in.compression.and.
tension.modes.[170]..Note.that.the.shear.angle.is.56°.in.tension.and.42°.in.
compression.

8.8.3 effect of Strain Rate on Fracture Strength

Sufficient. data. is. not. available,. and. the. available. results. are. conflict-
ing. to. draw. any. conclusions. on. the. effect. of. strain. rate. on. the. fracture.
strength. of. BMGs.. Maddin. and. Masumoto. [3]. reported. that. the. room.
temperature. fracture. strength. of. the. Pd80Si20. filaments. decreased. with.
increasing. strain. rate. in. the. range. of. 10−4. to. 10−2.s−1.. But,. they. reported.
that. the.yield.strength.was. independent.of. the.strain.rate. in. this.range..
Kawamura. et  al.. [185]. investigated. the. deformation. behavior. of. rapidly.
solidified.Zr65Al10Ni10Cu15. ribbons. in. the.strain.rate.range.of.10−4. to.1.s−1.
and.in.the.temperature.range.from.room.temperature.up.to.653.K.(close.
to.the.Tg.of.652.K)..They.noted.that.the.deformation.was.inhomogeneous.
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Table 8.7

Shear.Angles.at.Which.Fracture.Occurs.in.Different.BMG.
Alloys and Composites

Material
Compression	(C)/

Tension	(T)
Strain	

Rate	(s−1) Angle	(°) References

Cu46Zr47Al7.(4.mm.dia rod) C 1.×.10−4 43 [167]
Cu46Zr47Al7.(2.mm.dia rod) C 1.×.10−4 45 [167]
Cu47Ti34Zr11Ni8 C 1.×.10−4 45 [168]
Cu47Ti34Zr11Ni8.+.Graphite C 1.×.10−4 45 [168]
Fe71Nb6B23 C 1.×.10−4 44 [71]
Mg65Cu7.5Ni7.5Zn5Ag5Y10 C 1.×.10−4 41.3 [78]
Ni60.25Nb39.75 C 4.×.10−4 42 [169]
Pd40Ni40P20 C 41.9.±.1.2 [40]
Pd40Ni40P20 C 1.×.10−3 42 [170]
Ti50Cu20Ni23Sn7 C Break.

or split
[171]

Ti56Cu16.8Ni14.4Sn4.8Nb8 C 27 [171]
Ti56Cu16.8Ni14.4Sn4.8Nb8 C Split.(≈.0) [171]
Zr40Ti14Cu12Ni10Be24 C 1.×.10−4 42 [15]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 C 10−2.to.10−4 45 [48]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 C 1.×.10−3 42 [15]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 C 1.×.10−3 42 [44]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 C 1.×.10−3 90 [44]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 C 45 [37]
Zr52.25Cu28.5Ni4.75Al9.5Ta5 C 1.×.10−4 32.±.1 [172]
Zr52.5Ni14.6Cu17.9Al10Ti5 C 40–45 [173]
Zr52.5Ni14.6Cu17.9Al10Ti5 C 42 [171]
Zr54.5Cu20Al10Ni8Ti7.5 C 42 [171]
Zr55Cu30Al10Ni5 C Break.

or split
[171]

Zr55Cu30Al10Ni5 C 40–43 [171]
Zr55Cu30Al10Ni5 C 45 [174]
(Zr55Cu30Al10Ni5)95Ta5 C 31–33 [171]
Zr59Cu20Al10Ni8Ti3 C 43 [171]
Zr62Ti10Ni10Cu14.5Be3.5 C 41.6.±.2.1 [175]
Co70Fe5Si15B10 T 60 [176]
Cu60Zr30Ti10 T 54 [177]
Fe70Ni10B20 T 60 [54]
Ni49Fe29P14B6Si2 T 53 [178]
Ni78Si10B12 T 55 [179]
Pd40Ni40P20 T 54.7 [4]

Pd40Ni40P20 T 1.×.10−3 56 [45,170]
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at.low.temperatures.and.at.high.strain.rates.and.homogeneous.at.higher.
temperatures.and.lower.strain.rates..It.was.reported.that.when.the.glassy.
alloy.was.tested.at.a.strain.rate.of.5 × 10−4.s−1,.it.deformed.in.an.inhomoge-
neous.mode.up.to.a.temperature.of.533.K,.and.above.this.temperature.the.
deformation.was.homogeneous..At.a. temperature.of.653.K,. the.strength.
was. found. to. increase. with. increasing. strain. rate. from. 5. ×. 10−4. to. 5. ×.
10−2.s−1..At.still.higher.strain.rates,.the.deformation.mode.was.again.inho-
mogeneous..From.these.results,. the.authors.concluded.that.the.strength.
is.strongly.dependent.on.strain.rate.in.both.the.homogeneous.and.inho-
mogeneous.modes..The.room.temperature.strength.of.the.alloy.decreased.
with.increasing.strain.rate.in.the.strain.rate.range.of.10−4.to.10.s−1..Table.8.8.
lists.the.data.available.on.the.effect.of.strain.rate.on.the.fracture.strength..
Data.on.melt-spun.ribbon.samples.is.also.included.here..It.may.be.noted.
that.the.data.is.quite.scattered.with.the.results.showing.that.the.strength.
increases.in.some.cases,.decreases.in.others,.and.does.not.have.any.effect.
in.some.other.cases.

In.the.case.of.melt-spun.Zr65Al10Ni10Cu15.alloy.ribbons,.it.is.noted.that.the.
strength.drops.gradually.at.low.strain.rates,.but.at.higher.strain.rates.of.more.
than.10−1.s−1,.it.decreases.very.rapidly..The.sudden.decrease.in.the.fracture.
strength.may.be.attributed.to.the.possible.presence.of.surface.defects..The.

Table 8.7 (continued)

Shear.Angles.at.Which.Fracture.Occurs.in.Different.BMG.
Alloys.and.Composites

Material
Compression	(C)/

Tension	(T)
Strain	

Rate	(s−1) Angle	(°) References

Pd77.5Cu6Si16.5 T 4.×.10−4 51 [180]
Pd80Si20 T 48–50 [31]
Zr40Ti14Cu12Ni10Be24 T 1.×.10−4 56 [15]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 T 1.×.10−3 90 [44]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 T 57 [44]
Zr41.25Ti13.75Cu12.5Ni10Be22.5 T 1.×.10−1 56 [181]
Zr52.5Ni14.6Cu17.9Al10Ti5 T 55–65 [173]
Zr52.5Ni14.6Cu17.9Al10Ti5 T 1.×.10−3 56 [35]
Zr52.5Ni14.6Cu17.9Al10Ti5 T 53–60 [35]
Zr52.5Ni14.6Cu17.9Al10Ti5 T 56 [171]
Zr52.5Ni14.6Cu17.9Al10Ti5 T ≈90 [171]
Zr59Cu20Al10Ni8Ti3 T 54 [182]
Zr59Cu20Al10Ni8Ti3 T ≈90 [171]
Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10 T 54 [183]
Zr62Ti10Ni10Cu14.5Be3.5 T 57.±.3.7 [175]
Zr65Ni10Al7.5Cu7.5Pd10 T 50 [184]
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fracture.strain.(and.fracture.stress).of.metallic.glasses.are.more.sensitive.to.
internal.flaws.and.cracks.at.high.strain.rates.rather.than.at.low.strain.rates..
Under.a.high.loading.rate,.the.stress.increases.so.rapidly.that.a.large.number.
of. shear. bands. are. initiated. simultaneously. at. the. defects.. These. multiple.
shear. bands. produce. a. rough. fracture. surface. similar. to. that. observed. in.
tension.(Figure.8.25).[170].

It.has.been.shown.that.BMGs.show.serrations.at.low.loading.rates.dur-
ing.nanoindentation.[186,193].or.at.low.strain.rates.during.uniaxial.loading.
[170]..One.could.use.this.reasoning.to.explain.the.reduced.fracture.strength.
of.BMGs.at.high.strain.rates.or.even.during.dynamic. loading..The.emis-
sion. of. shear. bands. at. high. strain. rates. is. not. sufficiently. fast. to. accom-
modate.the.applied.strain.rate.and.therefore.causes.an.early.fracture.of.the.
specimen.

Tensile direction

Compression direction

42°

0001 15 kV 500 μm

0000(b)

(a)

15 kV 500 μm ×33

56°

FIGURe 8.24
Appearance.of.the.side.surface.of.the.Pd40Ni40P20.BMG.specimen.fractured.at.the.quasi-static.strain.
rate.of.1.×.10−3.s−1.(a).in.tension.and.(b).in.compression..Note.that.the.shear.angle.is.56°.in.tension.and.
42°.in.compression..(Reprinted.from.Mukai,.T..et al.,.Intermetallics,.10,.1071,.2002..With permission.)
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Figure.8.26.shows. the.variation.of. fracture.strength.as.a. function.of. the.
applied.strain.rate.for.different.BMG.alloys;.data.for.some.melt-spun.ribbons.
is.also.included.[190].

8.8.4 Fracture Morphology

As. mentioned. earlier,. metallic. glasses. undergo. inhomogeneous. deforma-
tion.at.low.temperatures.and.high.strain.rates..That.means,.the.deformation.
is.mainly.inhomogeneous.at.room.temperature.and.that.it.occurs.through.
initiation. and. propagation. of. shear. bands.. Therefore,. when. the. surface. of.
a. glassy. alloy. specimen,. fractured. under. uniaxial. loading,. is. observed. in.
a. scanning. electron. microscope,. one. observes. typically. a. vein. pattern,. as.
shown.in.Figure.8.27..Such.microstructures.are.observed.whether.the.speci-
men.fails.in.tension.or.compression.and.represent.fracture.characteristic.of.

Table 8.8

Effect.of.Strain.Rate.on.the.Fracture.Strength.of.Metallic.Glass.Alloys

Material
Specimen	

Shape
Loading	

Mode
Strain	Rate	
Range	(s−1)

(Effect	on)	
Fracture	
Strength Reference

Ce60Al15Cu10Ni15 2.mm.dia.
rods

N 0.03.to.
1.mN

Increases [186]

Dy3Al2 20.μm.thick.
ribbons

T 10−4.to.10−1 Decreases [187]

Nd60Fe20Co10Al10 5.mm.dia.
rods

C 6.×.10−4.
to 1 ×.103

Increases [188]

Pd40Ni40P20 5.mm.dia.
rods

C 3.3.×.10−5.
to 2.×.103

Decreases [170]

Pd80Si20 Ribbons T 10−4.to.10−2 No.change [3]

Ti40Zr25Ni8Cu9Be18 1.and.3.mm.
dia.rods

C 10−4.to.103 Increases [189]

Ti45Zr16Ni9Cu10Be20 1.mm.dia.
rods

C 10−4.to.10−1 Increases [190]

Zr41.25Ti13.75Cu12.5Ni10Be22.5.
(Vit.1)

2.5.mm.dia.
rods

102.to.104 No.change [37]

Zr41.25Ti13.75Cu12.5Ni10Be22.5.
(Vit.1)

3.8–6.25.mm.
dia.rods

C 10−3.to.103 No.change [191]

Zr57Ti5Cu20Ni8Al10 3.mm.dia.
rods

C 1.×.10−4.
to 3 ×.103

Decreases [47]

Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10 3.mm.dia.
rods

C 2.×.10−4.
to 3.7.×.102

Increases [183]

Zr65Al10Ni10Cu15 20.μm.thick.
ribbons

C 5.×.10−4.
to 100

Increases [185]

Zr65Al10Ni10Cu15 20.μm.thick.
ribbons

T 1.67.×.10−4.
to.5.×.10−1

Increases [192]

Note:. N:.nanoindentation;.T:.tension;.C:.compression.



432	 Bulk	Metallic	Glasses

2200

2000

1800

1600

1400

St
re

ss
 (M

Pa
)

1200

1000

800

600

400
10–6 10–4 10–2

Strain rate (s–1)

Tension

Zr65Al10Ni10Cu15(Ribbon)

Zr41.2Ti13.8Cu12.5Ni10Be22.5
Zr41.2Ti13.75Cu12.5Ni10Be22.5

Zr41.2Ti13.75Cu12.5Ni10Be22.5

Zr57Ti5Cu20Ni8Al10

Ti45Zr16Ni9Cu10Be20 (this study)

Zr59Cu20Al10Ni8Ti3

Dy3Al2 (Ribbon)
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FIGURe 8.26
Variation.of.fracture.strength.as.a.function.of.applied.strain.rate.in.several.BMG.alloys.tested.
in.tension.or.compression..Data.for.some.melt-spun.glassy.ribbons.is.also.included..(Reprinted.
from.Zhang,.J..et al.,.Mater. Sci. Eng..A,.449–451,.290,.2007..With permission.)

0000 15 kV 500 µm × 33

FIGURe 8.25
A.top.view.of.the.fracture.surface.of.the.Pd40Ni40P20.specimen.deformed.at.a.dynamic.strain.
rate.of.6.×.102.s−1..It.may.be.noted.that.the.fracture.surface.is.very.rough.as.a.result.of.the.simul-
taneous.operation.of.multiple.shear.bands.at.dynamic.strain.rates..(Reprinted.from.Mukai,.T..
et al.,.Intermetallics,.10,.1071,.2002..With permission.)
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pure.shear.mode..It.is.suggested.that.a.very.high.amount.of.shear.is.focused.
in.the.shear.bands,.due.to.which.when.the.specimen.fractures,.a.significant.
amount. of. energy. is. released. that. leads. to. a. large. temperature. rise.. This.
temperature. rise. could. be. so. large. that. local. softening. or. melting. occurs..
Consequently,.the.viscosity.of.the.material.in.the.shear.bands.drops.by.many.
orders.of.magnitude..The.mechanism.for.the.significant.drop.in.viscosity.is.
still.under.debate..One.proposal.was. that.adiabatic.heating.occurs.due. to.
plastic.flow..Another.suggestion,.which.seems.to.have.gained.wider.accep-
tance,.is.that.there.is.an.increase.in.the.free.volume.and,.consequently,.the.
atomic. mobility. is. considerably. enhanced.. Irrespective. of. the. real. reasons.
for.the.drop.in.viscosity,.the.shear.bands.are.often.compared.to.a.fluid.layer..
The. vein. pattern. observed. on. fractured. surfaces. can. be. visualized. as. the.
structure.formed.when.two.glass.slides.are.pulled.apart.with.a.thin.layer.of.
a.viscous.fluid.such.as.Vaseline.in.between.them..Except.for.the.ridges.form-
ing.the.veins,.the.fracture.surface.is.flat.

The.fracture.behavior.of.samples.failed.in.tension.seems.to.be.quite.differ-
ent.from.that.on.the.compressive.fracture.surfaces..In.addition.to.the.vein-
like.structure,.there.are.many.round.cores.with.different.diameters.on.the.
tensile.fracture.surface..The.veins.seem.to.be.radiating.from.these.cores.and.
propagating.toward.the.outside..In.the.region.of.the.cores,.the.fracture.seems.
to.take.place.in.a.normal.fracture.mode,.rather.than.a.pure.shear.mode.as.
is. typically.observed.under.compression..From.this.morphology,. it. is.sug-
gested.that.the.fracture.of.metallic.glasses.under.tension.should.first.origi-
nate.from.these.cores.induced.by.normal.tensile.stress.on.the.plane,.and.then.

FIGURe 8.27
Scanning.electron.micrograph.of.the.fractured.surface.of.a.bulk.metallic.glass.alloy.specimen..
Note. the.vein.pattern,.which. is. typical.of.many.metallic.glasses. that. fracture.along.a.shear.
band..Such.microstructures.are.obtained.both.in.tension.and.compression.
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catastrophically.propagate.toward.the.outside.of.the.cores.in.a.shear.mode.
driven.by.the.shear.stress..As.a.result,.the.tensile.fracture.surface.of.metallic.
glasses.consists.of.a.combined.feature.of.cores.and.veins,.which.is.quite.dif-
ferent.from.the.compressive.fracture.surface.[182]..Figure.8.28.compares.the.
typical.fracture.features.of.a.Zr59Cu20Al10Ni8Ti3.BMG.specimens.induced.by.
compressive.and.tensile.loading.conditions.

Fracture.occurs.by.a.shear.mode.under.both.tensile.and.compressive.load-
ing. conditions.. But,. an. important. difference. noticed. between. the. surface.
structures. of. specimens. fractured. in. tension. and. compression. is. that. the.
density.of.shear.bands.is.much.higher.in.the.samples.loaded.under.compres-
sion.. Under. tensile. loading,. one. major. shear. band. dominates. the. fracture.
process.

The.fracture.surfaces.of.BMG.composites.look.different.and.are.more.com-
plex.mainly.because.of.the.presence.of.the.crystalline.phase..Depending.on.
the. volume. fraction. of. the. crystalline. phase. present. in. the. composite,. the.
fracture.surfaces.look.different..At.large.volume.fractions.of.the.crystalline.
phase,.the.ductility.usually.increases.up.to.a.level,.but.begins.to.drop.at.still.
higher.volume.fractions.of.the.crystalline.phase..In.such.a.case,.in.addition.
to.the.vein.pattern,.highly.rough.surfaces.with.extensive.local.melting.are.
observed.in.compression.[172]..Further,.with.an.increase.in.the.volume.frac-
tion.of.the.crystalline.phase,.the.length.scale.and.the.volume.fraction.of.the.
vein-like. structure. decrease.. Dimples. are. also. observed. when. the. sample.
is.loaded.in.tension.[194]..These.authors.have.reported.that.with.increasing.
volume.fraction.of.dendrites.in.their.La86−yAl14(Cu,.Ni)y.(y.=.1–24).composites,.
the.fracture.surface.transitioned.to.a.more.obvious.dimpled.surface.charac-
teristic.of.extensive.plastic.flow.accompanied.by.microvoid.formation.and.
coalescence..This.is.typical.of.fracture.in.a.crystalline.material..Multiple.shear.
bands.are.also.clearly.seen.on.the.side.surfaces.of.the.deformed.specimens.

20 µm

(b)

20 µm

(a)

FIGURe 8.28
Comparison. of. the. fracture. surfaces. of. Zr59Cu20Al10Ni8Ti3. BMG. alloy. that. has. failed. under.
(a) compressive.loading.and.(b).tensile.loading..Notice.that.the.specimen.that.has.failed.under.
compressive.loading.exhibits.vein-like.pattern.while.the.specimen.that.had.failed.in.tension.
shows.round.cores.with.vein-like.features.radiating.outward.from.their.centers..The.arrow.in.
(a).shows.the.shear.direction,.while.the.arrows.in.(b).indicate.the.location.of.the.round.cores..
(Reprinted.from.Zhang,.Z.F..et al.,.Acta Mater.,.51,.1167,.2003..With permission.)
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and.these.are.parallel.to.the.direction.of.the.fracture.plane..The.density.of.
the.shear.bands.increases.with.increasing.volume.fraction.of.the.crystalline.
phase..Furthermore,.secondary.shear.bands.are.also.formed.normal.to.the.
main.shear.bands,.induced.by.the.branching.of.the.main.shear.bands.

In.some.cases,.it.has.been.reported.that.the.vein-like.pattern.coexists.with.
river-like. patterns. and. smooth. areas. under. uniaxial. compression. [195].. In.
such.a.case,. the.fracture.surface.consists.of.a.river-like.pattern,.occasional.
smooth.featureless.regions,.and.a.vein.pattern..The.origin.of.the.river-like.
patterns. has. been. attributed. to. the. normal. stress,. which. acts. locally. on. a.
shear.plane..Occasionally,. smooth. regions. form.when.a.high. rate.of. crack.
propagation.is. locally.established.after.overcoming.the.threshold.imposed.
by.a.crystalline.particle.

8.9	 BMG	Composites

A.critical.requirement.for.a.structural.engineering.material.is.that.it.should.
have.an.optimum.combination.of.strength,.ductility,.toughness,.and.predict-
able.and.graceful.(non-catastrophic).failure..As.seen.above,.BMGs.are.inher-
ently. brittle.. They. fracture. immediately. after. yielding.. Some. of. the. BMG.
alloys.show.a.limited.amount.of.ductility.during.compression.or.bend.testing..
But,.during.a.tensile.test,.the.BMGs.show.yielding.and.then.fail.catastrophi-
cally.without.exhibiting.any.plastic.deformation..That.is,.these.materials.are.
no.different.from.a.brittle.material.like.a.traditional.glass.or.a.ceramic..Since.
it.has.been.shown.earlier.that.the.mechanical.behavior.of.conventional.crys-
talline. materials. could. be. improved. by. introducing. metallic. glass. ribbons.
into. them. [196,197],. it. was. decided. to. explore. if. the. properties. of. metallic.
glasses.could.be.improved.by.incorporating.ductile.metal.fibers.into.them..
Accordingly,.Conner.et  al.. [85]. introduced. tungsten.and.1080. steel. (music).
wires.into.the.Zr41.25Ti13.75Cu12.5Ni10Be22.5.matrix.and.noted.that.the.compres-
sive.strain.to.failure.increased.by.900%.compared.to.the.unreinforced.BMG.
alloy..It.was.suggested.that.the.compressive.toughness.came.from.restricting.
the.propagation.of.shear.bands.and.thus.promoting.the.generation.of.mul-
tiple.shear.bands,.which.had.eventually.delayed.fracture..The.tensile.tough-
ness. increased.as.a. result.of.ductile.fiber.delamination,. fracture,.and.fiber.
pull-out..Subsequently,.it.was.also.demonstrated.that.the.plasticity.of.BMGs.
could.be.enhanced.by.incorporating.in situ.formed.ductile.phases.[198,199]..
In.this.latter.method,.the.alloy.composition.is.designed.in.such.a.way.that.
during.solidification,.a.crystalline.phase.first.precipitates.out,.usually.in.the.
form.of.a.dendritic.structure,.and.the.remaining.liquid.solidifies.into.a.glass..
Solute.partitioning.occurs.in.this.process.and.therefore.the.compositions.of.
the.glass.and.the.crystalline.phase.are.quite.different..Huang.et al..[199].pro-
duced.a.Zr–Ti–Nb–Cu–Ni–Be.BMG.composite.starting.from.the.alloy.with.
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the. composition. Zr56Ti14Nb5Cu7Ni6Be12. (the. so-called. LM002. alloy).. The. as-
solidified.microstructure.contains.dendrites.dispersed.in.a.glassy.matrix.and.
electron. diffraction. patterns. confirm. that. the. crystalline. phase. has. a. BCC.
structure.with.a.lattice.parameter.of.0.351.nm..Energy-filtered.TEM.images.
showed.that.the.matrix.is.enriched.in.Be.and.Ni,.while.the.dendrites.were.
found.to.be.depleted.in.Be.and.Ni..Ti.and.Zr.were.found.to.be.distributed.
almost. homogeneously. in. the. composite.. The. concentration. distribution.
of. the.different. constituent.elements.was.determined.using.EDS.methods..
Combining.these.results.with.those.of.the.volume.fraction.of.the.dendrites.
determined. by. scanning. electron. microscopy,. the. composition. of. the. den-
drites.was.estimated.to.be.Zr70Ti15Nb9Cu4Ni2.and.that.of.the.glassy.matrix.to.
be.Zr49Ti13Nb3Cu9Ni8Be18.

The.second.(crystalline).phase.can.be.introduced.into.the.BMG.alloy.in.two.
different.ways—ex situ.and.in situ.methods..In.the.ex situ.method,.a.crystal-
line.phase.is.added.separately.to.the.melt.prior.to.casting.into.the.composite..
Sometimes,.the.BMG.melt.is.also.infiltrated.into.a.preform.of.crystalline.par-
ticles.or.fibers,.or.one.could.also.make.glass/crystalline.laminates..In.these.
cases,.the.crystalline.phase.forms.as.discrete.particles.dispersed.in.a.glassy.
matrix..On.the.other.hand,. in. the. in situ.method,. the.alloy.composition. is.
designed.in.such.a.way.that.the.second.crystalline.phase.forms.as.dendrites.
during.solidification..This.is.the.more.common.practice.used.now-a-days.to.
produce.BMG.composites..In.some.cases,.an.external.heat.treatment.of.the.
BMG.to.partially.crystallize.it.could.also.produce.a.composite.

It.is.generally.expected.that.the.crystalline.phase.does.not.react.with.the.
matrix.material. (although. this. is.not.a. requirement)..But,. a. reaction.prod-
uct.is.occasionally.found.at.the.interface.between.the.glassy.matrix.and.the.
reinforcement..Figure.8.29a.shows.a.scanning.electron.micrograph.of.a.BMG.

(a)

W5Zr3

WA

20 μm EHT = 20.00 kV WD = 21 mm Signal A = QBSD
Photo No = 31 Date: 21 Oct 2003

(b)

20 μm EHT = 20.00 kV WD = 20 mm Signal A = QBSD
Photo No = 26 Date: 20 Oct 2003

FIGURe 8.29
Scanning. electron. micrographs. of. interfaces. between. the. reinforcement. and. the. Zr-based.
glassy.matrix.in.composites.prepared.by.the.melt.infiltration.method..(a).W-fiber–reinforced.
composite. showing. the. formation.of.a.metastable.W5Zr3.phase.at. the. interface.between. the.
W.fiber.and.Zr55Cu30.Al10Ni5.BMG..(b).Absence.of.any.reaction.product.at.the.interface.in.the.
W-fiber-reinforced. composite. when. the. BMG. contained. Nb. in. it. (Zr47Ti13Cu11Ni10Nb3Be16)..
(Reprinted.from.Wang,.M.L..et al.,.Intermetallics,.15,.1309,.2007..With permission.)
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composite. containing. W. as. the. reinforcement. in. a. Zr55Cu30Al10Ni5. matrix..
A  bundle. of. the. straight. W. wires. was. placed. inside. an. evacuated. quartz.
glass.tube..A.constriction.was.made.about.1.cm.above.the.place.where.the.
reinforcement.was.kept.and.the.BMG.alloy.matrix.ingots.were.placed.above.
the.neck..After.the.melting.of.the.matrix.alloy.ingots,.a.slight.positive.pres-
sure.was.applied.to.the.melt.that.forces.the.liquid.to.infiltrate.into.the.rein-
forcement.bundle..It.may.be.noted.from.Figure.8.29a.that.Zr.from.the.matrix.
and.W.reacted.with.each.other.to.form.a.metastable.W5Zr3.phase..Infiltration.
at.higher.temperatures.and.for.longer.periods.of.time.resulted.in.the.forma-
tion.of.the.equilibrium.W2Zr.phase.instead.of.the.metastable.W5Zr3.phase..
Such.an.interfacial.reaction.did.not.occur.when.the.BMG.alloy.contained.Nb.
(Zr47Ti13Cu11Ni10Nb3Be16),.even.though.W.was.still.used.as.the.reinforcement.
(Figure.8.29b).[200].

It.is.also.possible.that.the.second.(crystalline).phase.could.form.in situ.dur-
ing.subsequent.processing.of.the.BMG.alloy,.for.example,.during.annealing,.
through.partial.crystallization.of.the.glassy.phase..In.this.case,.the.crystal-
line.phase.is.usually.of.nanometric.dimensions.and.is.dispersed.uniformly.
throughout.the.glassy.matrix.

The.properties.of.the.BMG.composite.are.determined.by.the.nature.of.
the.second.(crystalline).phase.(usually.referred.to.as.reinforcement.in.the.
literature.on.composites),.its.size,.volume.fraction,.and.its.distribution.in.
the. matrix.. Accordingly,. a. number. of. reinforcements. of. different. types,.
sizes,.and.shapes.have.been.tried.out.in.Cu-,.Fe-,.Mg-,.Ti-,.and.Zr-based.
BMG. alloys.. The. type. of. reinforcements. employed. include. metal. wires.
such.as.Cu,.Mo,.Nb,.Ta,.Ti,.W,.and.steel;.ceramic.particles.such.as.CeO2,.
Cr2O3,.MgO,.SiC,.TiB,.TiB2,.TiC,.WC,.Y2O3,.ZrC,.ZrN,.ZrO2,.and.also.car-
bon.nanotubes,.diamond,.and.graphite..The.improvement.in.mechanical.
properties,. especially. in. the. toughness. and. ductility. of. the. BMG. alloys.
has.been.quite.impressive.and.Table.8.9.summarizes.some.of.the.typical.
combinations. that. have. been. tried. out.. Eckert. et  al.. [213]. have. recently.
published.a.brief.review.on.the.mechanical.properties.of.BMGs.and.their.
composites.

8.9.1 Mechanical Properties

The.mechanical.properties.of.BMG.composites.have.been.shown.to.be.much.
better.than.their.monolithic.counterparts.. Irrespective.of.the.nature.of.the.
reinforcement,.the.fracture.strength.has.been.shown.to.increase.with.increas-
ing.volume.fraction.of. the.reinforcement..Associated.with.this. increase. in.
fracture.strength.is.the.plastic.strain.to.fracture,.which.also.has.been.shown.
to. be. higher. with. increasing. volume. fraction. of. the. reinforcement.. For.
example,.the.fracture.strength.(σf).and.plastic.strain.to.fracture.(εp).for.the.
monolithic.Cu60Hf25Ti15.BMG.have.been.measured.to.be.2088.MPa.and.1.6%,.
respectively..But,.with.the.presence.of.8.vol.%.of.the.Nb-rich.solid.solution.
precipitate,.these.values.increased.to.2232.MPa.and.14.1%,.respectively.[65]..
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Similarly,.σf.and.εp.for.an.Mg65Cu7.5Ni7.5Zn5Ag5Y10.BMG.have.been.reported.to.
be.490–650.MPa.and.0%,.respectively.[214]..But,.with.the.addition.of.TiB2.rein-
forcement,.these.values.were.higher..For.example.with.10.vol.%.TiB2.addition.
σf. increased.to.992.MPa.even.though.there.was.still.no.ductility..But,.with.
an. increase. in.TiB2. to.20.vol.%,.σf. and.εp.were.1212.MPa.and.3.2%,. respec-
tively..With.further.addition.of.TiB2,.the.fracture.strength.had.increased,.but.
εp.started.to.decrease.[78]..Similar.trends.have.been.reported.in.many.other.
BMG.composites.

The.strengthening.effect.observed.in.the.composites.is.associated.with.the.
nature,.size,.shape,.and.volume.fraction.of.the.reinforcement..The.measured.
yield.strength.of.the.composite.has.been.found.to.be.the.same.as.that.calcu-
lated.using.the.simple.rule.of.mixtures:

. σ σ σc r r r m1= ⋅ + −( ) ⋅V V . (8.30)

where
σc.represents.the.yield.strength.of.the.composite
Vr. the.volume. fraction. of. the. reinforcement. (the. crystalline.phase.here,.

irrespective.of.whether.it.is.in.the.form.of.particles,.fibers,.dendrites,.or.
whatever.morphology)

σr.and.σm.represent.the.yield.strength.of. the.reinforcement.and.matrix,.
respectively

Thus,.the.presence.of.hard.reinforcements.increases.the.strength.to.higher.
values.than.the.softer.reinforcements..The.strength.increases.with.increas-
ing.volume.fraction.of.the.reinforcement,.as.mentioned.above..The.increase.
in. fracture. strength. of. the. BMG. composite. is. also. associated. with. an.
increase.in.plastic.strain.to.failure..As.in.the.case.of.the.monolithic.alloys,.
this. increase. in. plasticity. is. associated. with. the. multiplication. of. shear.
bands.. The. best. combination. of. high. strength. and. improved. ductility. is.
obtained.when.the.reinforcement.is.in.the.form.of.ductile.dendrites.[201]..
But,.when.the.dendritic.phase.has.been.changed.into.a.spherical.shape,.the.
properties.appear.to.have.further.improved.[210].

Let.us.now.look.at.the.effect.of.the.different.properties.of.the.reinforcement.
on.the.mechanical.behavior.of.the.BMG.composites.

8.9.2 effect of Particle Shape

Even. though. not. many. investigations. have. been. reported. so. far. on. this.
aspect,. the. particle. shape. seems. to. have. a. significant. effect. on. the. duc-
tility. of. the. composites.. The. structure. and. mechanical. behavior. of. the.
Zr56.2Ti13.8Nb5Ni5.6Be12.5.alloy.were.studied.earlier.by.producing.this.alloy.in.
the.form.of.a.composite.in.which.the.second.phase.existed.as.dendrites.dis-
persed. in.a.glassy.matrix. [146,198]..This.was. the.first.alloy.composition.to.
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produce.the.in situ.BMG.composites..This.composite.showed.improvement.
in.ductility.in.comparison.to.the.monolithic.BMG..To.improve.the.ductility.
of. the.BMG.further,.and.based.on. the.analysis.of. shear.band.propagation.
and.liquid–solid.phase.transformation,.Sun.et al.. [210,215].have.developed.
an. innovative. processing. technique. to.alter. the.microstructure.and. trans-
form.the.dendritic.morphology.of.the.crystalline.phase.into.spherical.par-
ticles..The.technique.these.authors.have.developed.can.be.briefly.described.
as.follows..When.the.liquid.alloy.is.brought.down.in.temperature.from.the.
fully. liquid.state. into.the.mushy.zone.(liquid.+.solid.region),.both.the. liq-
uid.and.solid.will.attain.equilibrium.provided.sufficient.time.is.allowed.at.
the. given. temperature.. Further,. to. minimize. the. surface. energy,. the. solid.
phase.will.assume.a.spherical.shape..If.the.alloy.is.now.quenched.from.this.
temperature,. the.solid.phase.will. continue. to.have. the.spherical.morphol-
ogy.and.the.liquid.will.transform.into.the.glassy.state..By.maintaining.the.
alloy.with.the.above.overall.chemistry.of.Zr56.2Ti13.8Nb5Ni5.6Be12.5.at.900°C.for.
5.min,. the. two-phase. alloy. was. quenched. into. cylindrical. molds. of. 8.mm.
diameter..Scanning.electron.microscopy.studies.confirmed.that.the.second.
phase.has.a.spherical.morphology.by.this.processing.method,.in.contrast.to.
the.dendritic.morphology,.when.the.alloy.was.quenched.directly.from.the.
liquid.state..Figure.8.30.shows.the.two.morphologies.obtained.in.this.alloy..
A similar.processing.technique.was.also.employed.to.obtain.the.spherical.
morphology.of.the.second.phase.in.another.Zr-based.alloy.with.the.composi-
tion.Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10.[215]..Therefore,.using.this.method,.it.should.
be.possible.to.obtain.different.compositions.and.amounts.of.the.crystalline.
phase.(and.also.of.the.glassy.phase).by.holding.the.alloy.in.the.two-phase.
liquid.+.solid.region.at.different.temperatures.

(b)

25 µm25 µm
(a)

FIGURe 8.30
Typical.microstructures.of.the.Zr56.2Ti13.8Nb5Cu6.9Ni5.6Be12.5.alloy.processed.by.two.different.tech-
niques..(a).Optical.micrograph.obtained.from.an.alloy.produced.by.quenching.directly.from.the.
liquid.state..(b).Scanning.electron.micrograph.from.an.alloy.obtained.by.quenching.the.alloy.first.
into.the.mushy.(liquid.+.solid).state,.holding.there.for.some.time.and.then.casting.into.the.copper.
mold..Note.that.the.second.(crystalline).phase.has.a.dendritic.morphology.in.(a).and.a.spherical.
morphology.in.(b)..(Reprinted.from.Sun,.G.Y..et al.,.Intermetallics,.15,.632,.2007..With permission.)
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The.ductility.values.obtained.with. these. two.morphologies. for. the. sec-
ond. phase. have. been. shown. to. be. quite. different.. The. alloy. with. the.
second. phase. having. a. spherical. morphology. showed. much. higher. duc-
tility. than. the.one.with. the.dendritic.morphology,.viz.,.12%.plastic. strain.
for. the. spherical. particles. instead. of. 8.8%. for. the. dendritic. morphol-
ogy.. Figure. 8.31. shows. the. room. temperature. compressive. stress–strain.
curves. for. the. Zr41.2Ti13.8Cu12.5Ni10Be22.5. alloy,. Zr56.2Ti13.8Nb5Ni5.6Be12.5. alloy.
with. the. second.phase. in.a.dendritic.morphology. (designated.as.S1),. and.
Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10.alloy,.with.the.second.phase.as.spherical.particles.
(designated.as.S2)..It.can.be.clearly.seen.that.the.ductility.of.the.S1.alloy.is.
higher.than.that.of.Vit.1,.and.the.ductility.of.S2.is.higher.than.that.of.even.S1..
Table.8.10.compares.the.mechanical.properties.of.these.three.alloys.with.the.
second.phase.in.different.morphologies.

8.9.3 effect of Volume Fraction

Schuh.et al..[10].have.analyzed.the.effect.of.the.shape.of.the.reinforcement.
(second.phase).and. its.volume.fraction. in. terms.of. the.yield.strength,.and.
plastic.strain.to.fracture.in.both.compression.and.tension..They.calculated.the.
yield.strength.in.terms.of.the.rule.of.mixtures.(Equation.8.30)..Even.though.
this.equation.provides.an.upper.bound.on.the.strength.of.the.composite.and.
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FIGURe 8.31
Room.temperature.compression.stress–strain.curves.of.a.monolithic.BMG.alloy.with.the.com-
position.Zr41.2Ti13.8Cu12.5Ni10Be22.5,. S1. (Zr56.2Ti13.8Nb5Ni5.6Be12.5.BMG.composite.with. the. second.
phase.present.as.spherical.particles),.and.S2.(Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10.alloy.with.the.second.
phase as.spherical.particles).alloys..Note.that.the.ductility.of.the.S2.is.higher.than.that.of.S1,.
which.is.higher.than.that.of.Vit.1.. (Reprinted.from.Sun,.G.Y..et al.,.Scr. Mater.,.55,.375,.2006..
With permission.)
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that.it.is.applicable.only.in.cases.where.the.strain.is.same.in.both.the.matrix.
and.the.reinforcement,.the.authors.were.able.to.observe.some.general.trends.
and.derive.conclusions.

It. was. reported. that. at. low. volume. fractions. of. the. crystalline. phase.
(Vr.<.0.3),.the.yield.stress.of.the.composite.was.very.close.to.that.predicted.
by.Equation.8.30..This.observation.suggests.that.the.volume.fraction,.at.low.
values,.does.not.alter.the.macroscopic.constitutive.response.of.the.glassy.
matrix.. The. plastic. strain. to. failure. will,. of. course,. be. larger,. as. shown.
in.Table.8.9,. for.different.composites..At.values.of.Vr.>.0.3,. the.composite.
response.seems. to.depend.on. the.morphology.of. the. reinforcement..The.
yield.strength.of.the.composites.with.the.fibers.and.large.particles.is.the.
same.as.that.calculated.using.the.rule.of.mixtures..But,.the.yield.strength.
for. in situ. processed. composites. with. the. reinforcement. as. dendrites. is.
higher.than.that.of.the.rule.of.mixtures,.and.for.nanocrystalline.compos-
ites.it.is.lower..From.this.it.appears.that.the.dendritic.morphology.is.most.
effective.in.inhibiting.macroscopic.plastic.deformation.of.the.matrix.than.
any.others,.which.may.be.related.to.the.length.scales.associated.with.the.
plastic. deformation. of. metallic. glasses.. But,. the. recent. observation. that.
spherical.particles.could.further.increase.the.strength.needs.to.be.looked.
into.carefully.

As. has. been. pointed. out. repeatedly,. BMGs. are. very. strong,. but. they.
suffer.from.lack.of.ductility,.which.seems.to.be.an.inherent.characteristic.
noted.during.a.tensile.test..The.development.of.BMG.composites.has.been.
essentially.to.alleviate.this.problem..It.has.been.observed.that.the.ductil-
ity. of. the. composites. increases. with. the. increasing. value. of. Vr. [146,215]..
But,  the.maximum.value.of. the.plastic.strain.to.failure.reported.so.far. is.
only.about.20%.(see.Tables.8.9.and.8.10),.that.too.in.compression..The.values.
are.much. lower. in. tension..Schuh.et al.. [10].have.discussed. in.detail. the.
reasons.for.this.behavior.in.terms.of.shear.band.formation.and.shear.band.
propagation.

Table 8.10

Comparison.of.the.Mechanical.Properties.of.BMG.Composites.
with.Different.Morphologies.of.the.Second.(Crystalline).Phase

Alloy

Morphology	
of	the	Second	

Phase Vr

σy	
(MPa)

σf	
(MPa)

εy	
(%)

εp	
(%) Reference

Zr41.2Ti13.8Cu12.5Ni10Be22.5 Fully.glass — 1900 1900 2 2 [85]
Zr56.2Ti13.8Nb5Ni5.6Be12.5 Dendritic 25 1300 1700 1.2 6.8 [198]
Zr56.2Ti13.8Nb5Ni5.6Be12.5.(S1) Dendritic 30 1208 1757 1.78 8.82 [210]
Zr56.2Ti13.8Nb5Ni5.6Be12.5.(S1) Spherical 30 1350 1800 2.32 12 [210]
Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10.(S2) Spherical 55 — 1900 — 22.3 [215]

Note:. Vr:.volume.fraction.of.the.reinforcement.(second.phase);.σy:.yield.strength;.σf:.fracture.
strength;.εy:.strain.at.yielding;.εp:.plastic.strain.
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8.9.4 Shear band Initiation

Plastic.flow.is.initiated.in.single-phase.materials.in.some.locally.perturbed.
regions..Structural. inhomogeneities.and.defects. that. introduce. stress. con-
centrations.will.therefore.promote.shear.band.initiation..In.the.case.of.com-
posites,.however,.three.different.possibilities.have.been.identified.as.stress.
concentrators.

First,. due. to. the. thermal. mismatch. strains. that. develop. during. cooling.
from.the.liquid.state,.significant.residual.stresses.may.be.present.in.both.the.
matrix.and.the.reinforcement..Thermal.residual.stresses.are.generated.in.a.
composite.due.to.the.mismatch.of.coefficients.of. thermal.expansion.(CTE).
between.the.matrix.and.the.reinforcement..Since.these.stresses.can.reach.sev-
eral.hundred.MPa,.they.can.significantly.affect.the.mechanical.behavior.of.
the.composite..By.conducting.neutron.powder.diffraction.studies.and.finite.
element. modeling. on. a. W-fiber-reinforced. BMG. (Zr41.2Ti13.8Cu12.5Ni10Be22.5),.
Dragoi.et al..[216].estimated.that.significant.residual.stresses.existed.in.both.
the.phases..They.had.estimated.that.stresses.of.over.480.MPa.were.present.
in.the.matrix.

Second,.under.the.action.of.an.applied.external.load,.initially.both.the.
phases. will. deform. elastically.. But,. due. to. the. differences. in. the. elastic.
properties. of. the. matrix. and. the. reinforcement,. some. stress. concentra-
tions. will. occur. in. the. matrix.. Balch. et  al.. [217]. conducted. high-energy.
synchrotron.in situ.x-ray.diffraction.experiments.to.measure.strains.in.the.
crystalline.reinforcing.particles.(W.or.Ta).in.a.Zr57Nb5Al10Cu15.4Ni12.6.BMG..
It. was. shown. that. the. metallic. particles. yield. and. strain. harden. while.
transferring.load.to.the.largely.elastic.matrix..In.the.fully.elastic.regime,.
the.stiffer.reinforcement.unloads.the.matrix;.but,.after.the.particles.start.
plastically.deforming,.the.stress.supported.by.the.elastic.matrix.increases..
Even.though.the.average.level.of.“overloading”.(difference.between.aver-
age. matrix. stress. and. the. applied. stress). at. the. highest. applied. stresses.
was. only. about. 20.MPa,. the. localized. stresses. near. the. matrix–particle.
interface.were.considerably.higher.and.thus.initiated.matrix.shear.band-
ing.and.subsequent.failure.

Lastly,.at.higher.loads,.if.the.crystalline.phase.yields.before.the.matrix,.an.
additional. contribution. to. the. stress. concentration. comes. from. the. plastic.
misfit.strain.between.the.matrix.and.the.reinforcement.

Shear.bands.are.initiated.once.the.stress.concentration.in.the.glassy.matrix.
is.sufficiently.large.that.the.appropriate.yield.criterion.(von.Mises.or.Mohr–
Coulomb).is.satisfied.around.the.reinforcements..The.stresses.at.which.shear.
bands.are.initiated.may.be.too.low.to.support.the.propagation.of.a.shear.front.
into.the.matrix..In.such.a.situation,.plastic.deformation.is.localized.around.the.
reinforcements..But,.once.the.stress.reaches.a.level.high.enough.to.drive.the.
shear.front,.then.large-scale.plasticity.sets.in..The.distinction.between.these.
two.stresses.(one.to.initiate.a.shear.and.the.other.to.propagate.the.shear.front).
can.be.seen.by.carefully.monitoring.the.elastic.strain.in.the.reinforcement.
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8.9.5 Shear band Propagation

Available.experimental.evidence.that.the.increase.in.plastic.strain.to.failure.
by.the.incorporation.of.a.second.crystalline.phase.is.rather.limited,.suggests.
that. the. crystalline. particles. are. not. effective. barriers. to. the. development.
of.shear.bands..It. is.reported.that,. in.some.cases,.a.crystalline.particle.can.
deflect.a.shear.band.that.intersects.it.if.the.shear.displacement.is.small.[218].
or.in.some.cases.even.without.intersecting.it.due.to.the.interaction.between.
the.stress.concentrations.associated.with.the.shear.band.and.with.the.crystal..
But,.in.many.cases,.the.stress.under.which.a.shear.band.propagates.has.been.
found.to.be.sufficient.to.either.cleave.or.plastically.deform.the.reinforcement,.
if.it.happens.to.be.ductile.[43].or.fracture.brittle.particles.[219]..These.inter-
actions.were.found.to.be.much.stronger.during.compressive.stresses.rather.
than.tensile.stresses.

Since.it.has.been.noted.that.BMG.composites.with.dendrites.exhibit.higher.
amounts.of.plasticity,.it.has.been.suggested.that.the.stress.concentration.in.
the.glassy.matrix.changes.due. to. the.dimensions.of. the.dendrite. features,.
which.are.typically.about.10.μm,.and.thus.influences.the.shear.band.forma-
tion..It.is.also.possible.that.the.newly.formed.shear.bands.are.likely.to.inter-
sect.a.dendrite.arm.before.propagating.very.far,.thus.making.the.dendrite.
arms.more.effective.barriers.to.shear.front.propagation..Using.this.concept.
of.proximity.of.“obstacles”.to.shear.band.propagation,.Hoffmann.et al..[212].
designed.Zr-based.BMG.composites.with.different.volume.fractions.of.the.
crystalline.phase.and.noted.that.the.plastic.strain.to.fracture.increased.with.
increasing.volume.fraction.of.the.dendritic.phase..But,.it.should.be.realized.
that.the.nucleation.and.growth.of.dendrites.is.sensitive.to.cooling.rate.during.
solidification. and. therefore. significant. variations. can. be. obtained. in. the.
microstructure.. Further,. the. dendritic. phase. in. the. alloys. investigated. so.
far.has.been.softer.and,.consequently,.the.strength.is.reduced,.even.though.
some.ductility.has.been.achieved..But,.a.side.advantage.is.that.the.fracture.
toughness.of.such.composites. is.quite.high..This. is.not. true. if. the.crystal-
line.phase.formed.in situ.due.to.annealing.is.an.intermetallic.which.is.typi-
cally.brittle..It.is.in.this.context.that.the.mushy-zone.processing.suggested.by.
Sun.et al..[215].will.be.useful.to.produce.equiaxed.crystalline.phases..In.fact,.
Hoffmann.et al.. [212].also.have.employed.this. technique. to.obtain.a.more.
uniform.microstructure.in.their.composites.

8.10	 Concluding	Remarks

We.have.seen.that.the.mechanical.behavior.of.BMGs,.due.to.their.disordered.
nature,. is. substantially. different. from. that. of. crystalline. materials,. which.
exhibit.long-range.order..In.this.chapter,.we.have.discussed.the.deformation.
mechanisms,. formation.of. shear.bands,. temperature. rise.near. shear.bands,.



446	 Bulk	Metallic	Glasses

their. strength,. and. ductility.. The. yielding. behavior,. fatigue. and. fracture.
behavior.of.both.monolithic.and.composite.BMGs.have.also.been.discussed.

The.inherent.deformation.mechanisms.of.BMGs.have.been.shown.to.be.dif-
ferent.from.their.crystalline.counterparts..The.deformation.of.metallic.glasses.
has.been.described.in.terms.of.the.STZs,.whose.nature.seems.to.be.still.unclear..
BMGs.have.been.shown.to.be.much.stronger. than. their.crystalline.counter-
parts,.and.their.fracture.strength.approaches.values.as.high.as.5.GPa..There.has.
been.lot.of.work.to.understand.the.ductility.and.plasticity.of.BMGs..But,.the.
basic.factors.responsible.for.imparting.ductility.to.these.novel.materials.are.still.
being.investigated..But,.it.is.clear.that.the.BMG.composites.seem.to.hold.much.
promise.for.commercial.use.in.view.of.their.increased.ductility..Significant.dif-
ferences.exist.between.groups.on.the.fatigue.behavior.of.BMGs..The.availabil-
ity.of.reproducible.and.high-purity.materials.with.controlled.free.volume.can.
resolve.some.of.the.issues.raised.in.the.literature..Further.research.is.required.
to.obtain.a.clear.understanding.of.the.deformation.behavior.of.BMGs.
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9
Magnetic	Properties

9.1	 Introduction

The.physical.and.mechanical.properties.and.the.chemical.behavior.of.bulk.
metallic. glasses. (BMGs). have. been. described. in. the. previous. chapters.. It.
has.been.shown.that.these.BMGs.have.excellent.combination.of.properties.
and. based. on. this,. some. applications. have. been. suggested.. These. will. be.
described. in.Chapter.10..But,. the.most. important.application.to.which.the.
melt-spun.glassy.ribbons.have.been.put.to.is.in.transformer.core.laminations.
based.on.the.excellent.soft.magnetic.properties.of.these.alloys..Therefore,.a.
significant. amount. of. effort. has. been. spent. on. investigating. the. magnetic.
properties.of.BMG.alloys.

Magnetic.properties. are.of. fundamental. importance. for. several. applica-
tions.in.the.electrical.and.electronic.industries..Since.the.basic.phenomena.
and.terminology.have.been.described.in.several.physics.textbooks,.these.will.
not.be.repeated.here..The.interested.reader.could.refer.to.Cullity.and.Graham.
[1].for.a.good.introduction.to.the.different.aspects.of.magnetic.materials.

Inoue.and.Gook.synthesized.the.first.Fe-based.BMG.alloy.(in.the.form.of.
melt-spun.ribbons).in.1995.in.the.Fe72Al5Ga2P11C6B4.system.[2]..This.alloy.had.
a.wide.supercooled.liquid.region.of.61.K..This.discovery.was.immediately.
followed.with.the.synthesis.of.another.Fe-based.BMG,.viz.,.Fe72Al5Ge2P11C6B4.
alloy.[3]..Many.other.Fe-based.BMGs.were.subsequently.synthesized.both.by.
researchers.in.Inoue’s.group.and.others.

The.magnetic.properties.of.BMGs.have.been.investigated.mostly.in.Fe-based.
BMGs,.and.a.few.investigations.have.also.been.reported.on.Co-based.BMGs..
The. hard. magnetic. properties. of. Nd-. and. Pr-based. alloys. have. also. been.
studied.

The.nature.of.magnetic.investigations.in.BMG.alloys.has.followed.trends.
very.similar.to.what.were.done.in.the.case.of.melt-spun.glassy.ribbons..And,.
in. fact,. even. for. BMG. compositions,. several. researchers. have. been. study-
ing.the.magnetic.behavior.using.melt-spun.ribbons..Some.minor.differences.
were.noted.in.the.magnetic.properties.of.melt-spun.ribbons.and.bulk.rods,.
especially. in. those. properties. that. are. affected. by. structural. relaxation,. for.
example,.magnetostriction.and.coercivity..It.has.been.shown.that.the.saturation.
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magnetization.of. the.alloys. is.not.any.different.whether.measured.on. the.
melt-spun.ribbon.form.or.powder.[4].or.between.the.melt-spun.ribbon.and.
bulk.rods.of.different.diameters.[5]..This.is.illustrated.in.the.hysteresis.loops.
presented. in.Figure.9.1. for.Fe65Co10Ga5P12C4B4.and.Fe62.8Co10B13.5Si10Nb3Cu0.7.
alloys,.respectively.

9.2	 Soft	Magnetic	Materials

The. most. desirable. soft. magnetic. properties. of. the. material. include. high.
saturation. magnetization,. low. coercivity,. and. high. electrical. resistivity..
Coupled.with.these,.good.corrosion.resistance.and.high.mechanical.strength.
will.be.useful..Since.we.are.dealing.with.BMGs,. the.glass-forming.ability.
(GFA).of.the.alloy.should.also.be.high..But,.it.will.be.realized.that.it.is.not.
easy.to.achieve.a.good.combination.of.all.the.desired.features.in.one.alloy.
composition.always,.and.therefore.some.sacrifices.will.have.to.be.made..For.
example,.alloying.additions.may.be.made.to.improve.the.GFA,.but.the.sat-
uration.magnetization.may.come.down..On.the.other.hand,. if.we.wish. to.
attain.the.highest.saturation.magnetization,.then.the.alloying.elements.will.
have.to.be.maintained.at.a.low.level.and.in.this.case,.glass.formation.may.
not.be.always.easy.

The. magnetic. behavior. of. BMGs. has. been. studied. mostly. in. Fe-based.
BMGs..A.very.large.number.of.studies.have.also.been.conducted.on.Fe-based.
melt-spun.ribbons.starting.from.the.pioneering.investigation.of.Duwez.and.

–0.5

0

0.5

1

1.5

M
ag

ne
tiz

at
io

n,
 I 

(T
) Powder

Ribbon

(a) (b)
–400 –200 0 200 400 600

Magnetic �eld, H (kA m–1) Magnetic �eld, H (kA m–1)

–1.5

–1

–600 –400 –200 0 200 400 600

Ribbon
1.5 mm

FIGURe 9.1
Hysteresis. loops.for.the.glassy.(a).Fe65Co10Ga5P12C4B4.alloy.in.the.melt-spun.ribbon.and.gas-
atomized.powder.conditions.(Reprinted.from.Shen,.B.L..and.Inoue,.A.,.J. Mater. Res.,.18,.2115,.
2003..With.permission.).and.(b).Fe62.8Co10B13.5Si10Nb3Cu0.7.alloy.in.the.melt-spun.ribbon.of.20.μm.
thickness.and.bulk.rod.of.1.5.mm.diameter..(Reprinted.from.Shen,.B.L..and.Inoue,.A., J. Mater. 
Res.,.19,.2549,.2004..With.permission.)
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Lin. [6]. on. the. Fe–C–P. system. in. 1967.. However,. an. important. difference.
between. the. investigations. on. melt-spun. ribbons. and. BMGs. is. that. while.
both.metal–.metalloid.and.metal–metal-type.alloys.have.been.investigated.in.
the.thin.film.category,.only.metal–metalloid.type.of.alloys.have.been.studied.
in.the.BMG.group..Studies.on.the.magnetic.properties.of.BMG.alloys.in.the.
metal–metal-type.category.are.conspicuous.by.their.absence.

9.2.1 effect of alloying elements

Different.alloying.elements.have.been.tried.out.to.improve.the.GFA.of.alloys.
so.that.they.could.be.fabricated.into.large.diameter.rods..Co.is.one.such.ele-
ment.added.from.0.to.20.at.%.to.Fe-based.Fe70−xCoxHf5Mo7B15Y3.BMG.alloys.
prepared.from.commercially.pure.raw.materials..Three-millimeter.diameter.
rods.of.alloys.of.all.compositions.were.cast.by.the.copper.mold.casting.tech-
nique..It.was.shown.that.while.the.Co-free.alloy.contained.mostly.the.glassy.
phase,.it.also.contained.a.small.volume.fraction.of.the.Fe23B6.crystalline.phase..
But,.the.GFA.of.the.alloy.increased.with.Co.addition.and.a.fully.glassy.phase.
was. obtained. up. to. 12. at.%. Co. additions.. But,. when. the. Co. addition. was.
increased.to.20.at.%,.a.crystalline.phase.(most.probably.the.α-(Fe,.Co).solid.
solution).appeared..From.these.observations.the.authors.[7].concluded.that.
addition.of.Co.increased.the.GFA.of.the.alloy.in.a.limited.composition.range..
The.magnetic.properties.of. the.alloys,.however,. showed.a.mixed. trend.. In.
comparison.to.the.glass.+.crystal.composite,.the.fully.glassy.alloys.showed.a.
low.coercivity.(Hc).value.in.the.range.of.1–4.Oe..The.saturation.magnetization.
(Is).decreased.initially.with.Co.addition,.up.to.about.8.at.%,.and.then.started.
to.increase.on.further.addition.up.to.20.at.%..Thus,.the.glass.+.crystal.com-
posites.showed.higher.values.of.both.saturation.magnetization.and.coerciv-
ity,.suggesting.that.fully.glassy.alloys.show.good.soft.magnetic.properties,.
albeit.a.slight.reduction.in.Hc.

Addition.of.Co.to.Fe-based.magnetic.alloys.is.expected.to.decrease.the.Is.
value.due.to.the.smaller.magnetic.moment.of.Co..And.that.is.why.the.Is.value.
decreased.initially.with.Co.addition..But,.the.Is.value.increased.at.higher.Co.
contents. presumably. because. of. the. chemical. short-range. order. (CSRO). in.
the.glassy.phase.[8]..With.increasing.Co.addition,.the.CSRO.was.expected.to.
increase.and.at.20.at.%.Co,.the.Is.was.the.highest.because.of.the.precipitation.
of.α-(Fe,.Co).solid.solution.phase..The.highest.Is.value.observed.in.the.Co-free.
alloy.and.the.alloy.with.20.at.%.Co.were.explained.on.the.basis.that.both.the.
alloys.contained.strongly.ferromagnetic.phases,.viz.,.Fe23B6.and.α-(Fe,.Co),.
respectively.. A. similar. phenomenon. was. also. reported. in. FeCoNiZrMoB.
system.[9].

It. was. reported. earlier. that. addition. of. Nb. to. Fe-. and. Co-based. alloys.
improves. their. GFA. [10,11].. Since. Fe–B–Si. alloys. have. been. known. to.
exhibit. good. soft. magnetic. properties,. about. 4. at.%. Nb. was. added. to. the.
(Fe1−xNix)0.75B0.2Si0.05. system. [12].. While. the. GFA. of. the. alloy. certainly.
improved,.the.saturation.magnetization,.Is.came.down.from.1.1.to.0.8.T..But,.
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the.coercivity,.Hc,.decreased.from.2.3.to.1.2.A.m−1.and.the.permeability,.μe,.
increased.from.16,000.to.24,000.as.the.Ni.content.increased.from.x.=.0.1.to.0.4..
This.was.attributed.to.the.high.degree.of.amorphicity.and.structural.homo-
geneity.in.the.glassy.alloy.due.to.the.improved.GFA.by.the.addition.of.Ni.

On.the.other.hand,.addition.of.Fe.to.Co-based.BMG.alloys.was.shown.to.
improve.not.only.the.GFA.(as.evidenced.by.the.increase.in.the.critical.diameter.
for.glass.formation.from.2.to.4.mm),.but.also.the.magnetic.properties..With.
increasing.Fe.content.from.x.=.0.1.to.0.4.in.the.[(Co1−xFex)0.75B0.2Si0.05]96Nb4.alloys,.
the.Is.increased.from.0.71.to.0.97.T..The.Hc.value.increased.slightly.from.0.7.to.
1.8.A.m−1.and.the.μe.value.decreased.from.32,500.to.14,800..The.magnetostric-
tion,.λs,.increased.from.0.55.×.10−6.to.5.76.×.10−6..Similar.improvements.in.GFA.
with.a.slight.effect.on.the.soft.magnetic.properties.have.also.been.reported.
on.addition.of.Mo.to.Fe79P10C4B4Si3.[13].and.Cr.to.Fe76Mo2Ga2P10C4B4Si2.[14]..
It.has.been.suggested.that.the.large.fractions.of.metalloid.and.nonmagnetic.
refractory.elements.present.could.also.be.responsible.for.the.low.saturation.
magnetization.observed.in.the.multicomponent.alloys.[15].

Thus,.from.the.above.description.it.is.clear.that.alloying.additions.could.
be. so. chosen. as. to. improve. the. GFA. of. the. alloy. so. that. large. bulk. rods.
could.be.obtained..But,.the.nature.and.amount.of.the.alloying.addition.will.
decide.the.magnitude.of.change.in.the.magnetic.properties..The.maximum.
possible.amount.of.Fe.is.required.to.achieve.the.highest.saturation.magne-
tization.value.

Table. 9.1. lists. the. magnetic. properties. of. some. select. Co-. and. Fe-based.
glassy.alloys.including.both.melt-spun.ribbons.and.BMG.rods.

9.2.2 effect of annealing

Annealing. of. the. fully. glassy. alloy,. especially. in. the. temperature. range.
between.the.Curie.temperature,.Tc,.and.the.crystallization.temperature,.Tx,.
has.been.shown.to.significantly.enhance.the.soft.magnetic.properties.of.the.
alloys..In.fact,.development.of.the.FINEMET.alloys.in.the.late.1980s.is.based.
on.this.concept.[33]..Annealing.of.Fe–Si–B–M.glassy.alloys.containing.small.
amounts.of.up.to.1.5.at.%.of.M.(=.Cu,.Nb,.Mo,.W,.Ta,.etc.).was.shown.to.result.
in.the.precipitation.of.fine.(10.nm.in.size).α-Fe(Si,.B).crystalline.particles..Since.
Cu.and.Fe.have.a.positive.heat.of.mixing,.they.segregate.to.form.Fe-rich.and.
Cu-rich.and.Nb-rich.regions..Fe-rich.regions.become.the.nuclei.for.the.α-Fe.
solid.solution..Since.the.Cu-rich.and.Nb-rich.regions.have.a.higher.crystal-
lization.temperature,.they.do.not.crystallize..Therefore,.the.microstructure.
consists.of.fine.α-Fe.grains.dispersed.in.a.glassy.matrix..It.has.been.found.
that. these. FINEMET. alloys. show. low. coercivity,. low. saturation. magneto-
striction,.and.low.core.losses.in.comparison.to.the.fully.glassy.alloys.

Annealing. of. the. fully. glassy. BMG. alloys. has. also. been. carried. out. to.
enhance.the.magnetic.properties.of.these.alloys..Since.the.FINEMET.alloys.
contain. the. α-Fe. solid. solution. phase. dispersed. in. the. glassy. matrix,. it. is.
important.that.the.BMG.alloys.exhibit.at.least.two.stages.of.crystallization.to.
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achieve.the.desired.microstructure..That.means,.BMGs.which.show.a.single.
stage.of.crystallization.cannot.be.annealed.to.produce.such.a.microstructure..
For.example,.Inoue.et.al..[34].added.a.small.amount.of.Cu.and.slightly.reduced.
the.B.content.in.the.Fe–Si–B–Nb.alloy.to.a.composition.of.Fe72.5Si10B12.5Nb4Cu1.
to.achieve.a.change.in.the.crystallization.mode..They.observed.that.while.the.
Cu-free.alloy.showed.essentially.one.crystallization.peak,.the.Cu-containing.
alloy. showed. multiple. crystallization. peaks.. Consequently,. on. annealing.
the.glassy.alloy.at.a. temperature.beyond.the.first.crystallization.peak,. the.
BCC.α-Fe.solid.solution.precipitated.out.from.the.glassy.matrix..The.mag-
netic.properties.of.such.magnetic.alloys.are.much.better.than.those.of.the.
fully.glassy.alloy,.and.they.are.also.comparable.to.those.of.FINEMET.and.
NANOPERM.alloys..These.results.are.presented.in.Table.9.2.

Similar.types.of.investigations.have.been.reported.in.different.Fe-based.
alloys..Chang.et.al..[12].reported.that.crystallization.in.the.(Fe0.75B0.2Si0.05)96Nb4.
glassy. alloy. takes. place. in. one. stage. (Figure. 9.2a).. Shen. and. Inoue. [5].
reported.that.on.addition.of.0.7.at.%.Cu.to.an.Fe–Co–Si–B–Nb.alloy,.crystal-
lization.takes.place.in.two.stages.(Figure.9.2b)..Such.a.situation.is.useful.in.
obtaining.a.fine.dispersion.of.the.α-Fe.solid.solution.in.a.glassy.phase.on.
annealing.the.glassy.alloy.at.a.temperature.above.the.first.exothermic.peak..
Figure.9.3.shows.a.bright-field.TEM.micrograph.of.the.1.5.mm.diameter.rod.
of. the.Fe62.8Co10B13.5Si10Nb3Cu0.7.glassy.alloy.annealed.at.873.K.for.5.min.. It.
may. be. seen. that. the. BCC. α-(Fe,. Co). grains. with. a. size. between. 10. and.
15.nm.are.dispersed.homogeneously.in.the.glassy.matrix.phase.

Addition.of.Nb.to.Fe–B–Si.alloys.has.been.clearly.shown.to.improve.their.
GFA. [35].. For. example,. a. glassy. alloy. phase. could. be. obtained. when. the.
Fe75B15Si10.alloy.was.melt-spun..But.a.glassy.alloy.could.not.be.obtained.by.the.
copper.mold.casting..With.the.addition.of.Nb,.though,.the.GFA.increased.and.
rods.of.0.5.mm.diameter.could.be.obtained.on.adding.1.at.%.Nb..The.maxi-
mum.size.rod.of.1.5.mm.diameter.could.be.obtained.on.adding.4.at.%.Nb..

Table 9.2

Effect.of.Annealing.on.the.Magnetic.Properties.of.Glassy.Alloys

Alloy Sample	
Annealing	
Conditions Structure Is	(T)

Hc	
(A m−1) μe Reference

(Fe0.75Si0.1B0.15)96Nb4 1.5.mm.
rod

— Glassy 1.47 2.9 17,000 [35]

Fe72.5Si10B12.5Nb4Cu1 40.μm.
ribbon

883.K/5.min α-Fe.in.
glass

1.23 0.7 80,000 [34]

Fe72.5Si10B12.5Nb4Cu1 0.5.mm.
rod

883.K/5.min α-Fe.in.
glass

1.21 1.8 32,000 [34]

Fe73.5Si13.5B9Nb3Cu1.
(FINEMET)

18.μm.
ribbon

823.K/1.h α-Fe.in.
glass

1.24 0.53 100,000 [33]

Fe86Zr7B6Cu1.
(NANOPERM)

21.μm.
ribbon

873.K/1.h α-Fe.in.
glass

1.52 3.2 41,000 [36]
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This. investigation. was. subsequently. extended. to. the. [(Fe,Co,Ni)0.75B0.20.

Si0.05]96Nb4.system.and.the.glass-forming.composition.range.was.mapped.out.
(Figure.9.4a)..BMG.rods.of.5.mm.diameter.could.be.identified.in.Fe–Co–rich.
composition.of.[(Fe0.6Co0.4)0.75B0.20Si0.05]96Nb4..The.maximum.diameter.could.be.
further.increased.in.this.alloy.to.7.7.mm.by.using.the.fluxing.treatment.[37].

50 nm

FIGURe 9.3
Bright-field.TEM.micrograph.of.the.Fe62.8Co10B13.5Si10Nb3Cu0.7.glassy.alloy.annealed.at.873.K.for.
5.min..Note.that.10–15.nm.size.grains.of.α-(Fe,.Co).phase.are.uniformly.dispersed.in.the.glassy.
matrix..(Reprinted.from.Shen,.B.L..and.Inoue,.A.,.J. Mater. Res.,.19,.2549,.2004..With.permission.)
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FIGURe 9.2
(a).DSC.curve.of.a.melt-spun.(Fe0.75B0.2Si0.05)96Nb4.alloy.showing.that.crystallization.takes.place.in.
one.stage..(Reprinted.from.Chang,.C.T..et.al.,.Appl. Phys. Lett.,.89,.051912-1,.2006..With.permission.).
(b).DSC.curve.of.Fe62.8Co10B13.5Si10Nb3Cu0.7.alloy.showing.that.crystallization.takes.place.in.two.
stages..(Reprinted.from.Shen,.B.L..and.Inoue,.A.,.J. Mater. Res.,.19,.2549,.2004..With.permission.).
This.situation.helps.in.obtaining.the.precipitation.of.a.crystalline.BCC.α-Fe.solid.solution.phase.
in.a.glassy.matrix.on.annealing.the.alloy.above.the.first.crystallization.peak.
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The.magnetic.properties.of.these.multicomponent.BMG.alloys.in.the.[(Fe,Co,Ni)0.75

B0.20Si0.05]96Nb4.system.were.investigated.by.measuring.the.Is.and.Hc.as.a .function.
of.composition.on.melt-spun.ribbons.annealed.for.5.min.at.a.temperature.50.K.
below.the.glass.transition.temperature..Figure.9.4b.and.c.shows.the.variation.of.
Is.and.Hc.as.a.function.of.composition..The.saturation.magnetization.shows.high.
values.of.over.1.3.T.in.the.Fe-rich.Fe–Co–B–Si–Nb.alloys.and.it.decreases.with.
increasing.Co.and.Ni.contents..But,.almost.all.the.alloys.show.a.low.value.of.
coercivity.(<2.5.A.m−1).and.it.decreases.gradually.with.increasing.Co.content..The.
lowest.values.of.≤.1.A.m−1.are.obtained.in.the.most.Co-rich.alloys.

Irrespective.of.whether.the.BCC.α-Fe.solid.solution.phase.is.forming.or.some.
other. crystalline. phase,. the. magnetic. properties. of. glassy. alloys. are. gener-
ally. improved.on.annealing..Table.9.3. lists.several.examples.. In.every.case,. it.
may.be.noted.that.the.coercivity.decreases.and.the.permeability.increases.on.
annealing..There.was.not.much.change.in.the.saturation.magnetization.values..
Additionally,.it.was.noted.that.such.samples.showed.the.lowest.core.losses.[40].
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9.3	 Nanocrystalline	Alloys

The.observations.made.above.make.it.very.clear.that.in.order.to.achieve.a.
high.saturation.magnetization,. it. is.necessary.to.have.as.high.an.Fe.con-
tent.as.possible.and.decrease.the.other.metal.and.metalloid.contents.to.the.
minimum.value.that.is.necessary.to.obtain.the.glassy.phase..Investigating.
on. these. lines. Makino. et. al.. [41]. selected. the. Fe94−xNb6Bx. alloy. system. to.
arrive.at.the.best.composition.to.achieve.the.best.soft.magnetic.properties..
They.noted.that.a.fully.glassy.phase.was.obtained.only.when.the.Nb.con-
tent.was.a.minimum.of.10.5.at.%..The.saturation.magnetization.of.higher.
than.1.6.T.was.obtained.in.an.alloy.with.x.≤.9,.where.the.alloys.have.a.mix-
ture. of. the. glassy. +. α-Fe. composite. structure.. The. highest. permeability,.
μe.of.28,000.and.the.smallest.grain.size.of.10.5.nm.were.obtained.at.x.=.11..
Thus,.a. single.composition.was.not.going. to.offer. the.best. soft.magnetic.
properties..Therefore,.they.limited.the.Nb.content.in.the.alloy.to.6.at.%.and.
small.amounts.of.Cu.and.P.were.added.to.this.alloy.to.optimize.the.com-
position.at.Fe84.9Nb6B8P1Cu0.1..They.were.also.able.to.fabricate.this.alloy.by.
melt.spinning.in.air..This.alloy.contained.the.α-Fe.phase.with.an.average.
grain.size.of.10.nm.dispersed.in.a.glassy.matrix.and.showed.excellent.soft.
magnetic. properties. with. a. saturation. magnetization. of. 1.61.T,. coercivity.
of.4.7.A.m−1,.and.permeability.of.41,000..The.core.losses.for.this.alloy.were.
very.low.at.0.11.W.kg−1.

The.best.soft.magnetic.properties.are.achieved.by.crystallizing.the.amor-
phous. phase. to. produce. a. uniform. nanostructure.. And. in. FINEMET. and.
other.alloys,.the.volume.fraction.of.the.nanocrystalline.phase.is.very.large,.
reaching.a.value.of.almost.90%..Since.a.glassy.precursor. is.a.prerequisite.
to.achieve.this.microstructure,.one.has.to.have.a.minimum.amount.of.dif-
ferent.metals.and/or.metalloids.to.first.produce.the.glassy.phase..Further,.
to.achieve.the.large.volume.fraction.of.the.nanocrystalline.phase,.the.pres-
ence.of.metals.like.Cu,.Nb,.Mo,.W,.and.Ta.is.required..The.presence.of.these.
nonmagnetic.metals.can.significantly.reduce.the.saturation.magnetization..
Further,.these.metallic.elements.are.quite.expensive..To.overcome.these.dif-
ficulties.and.the.requirement.of.metallic.elements.and.also.to.achieve.a.very.
high.saturation.magnetization,.Makino.et.al.. [42,43].have.developed.novel.
Fe-based. alloys. that. contain. only. metalloids.. The. generic. composition. of.
their.alloys.is.Fe83.3–84.3Si4B8P3–4Cu0.7.and.is.based.on.the.Fe82Si9B9.alloy.that.
proved.most.promising.among.the.Fe-based.melt.spun.magnetic.alloys..In.
the.modified.composition,.P.substitutes.for.B.and.Cu.for.Fe..(The.presence.
of. a. small. amount. of. Cu. is. necessary. to. achieve. nanocrystallization.). The.
large.concentration.of.Fe.provides.a.high.saturation.magnetization,.and.the.
absence.of.the.metallic.elements.(other.than.Fe).ensures.that.the.alloys.are.
not.expensive.

Figure.9.5a.shows.the.x-ray.diffraction.patterns.of.the.melt-spun.ribbons.of.
Fe82Si9B9.and.Fe81.7Si9B7P2Cu0.3.alloys..The.XRD.patterns.show.a.single.peak.
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centered.at.2θ.=.45°.and.is.identified.as.the.110.diffraction.peak.of.α-Fe.for.
the.ternary.alloy..The.grain.size.of.this.phase,.as.determined.from.the.peak.
width,.was.93.nm..The.grain.size.is.expected.to.decrease.with.either.P.and/or.
Cu.addition..The.Cu-.and.P-containing.alloy.appears.to.be.glassy..Figure.9.5b.
and.c.shows.the.high-resolution.TEM.image.and.diffraction.pattern,.respec-
tively,.from.the.Fe81.7Si9B7P2Cu0.3.alloy..While.the.XRD.pattern.and.the.elec-
tron.diffraction.pattern.show.only.a.diffuse.and.broad.peak/ring,.indicative.
of.the.glassy.nature.of.the.alloy,.high-resolution.TEM.image.does.not.reveal.
it.to.be.fully.glassy..Instead,.it.shows.the.presence.of.extremely.small.crystal-
line-like.phase.with.about.3.nm.or.smaller.in.diameter..This.phase.appears.
to.be.randomly.dispersed.in.the.glassy.matrix..From.the.lattice.fringes.in.the.
micrographs,.it.is.concluded.that.they.represent.the.{110}.planes.of.α-Fe..From.
these.observations,.the.authors.concluded.that.the.93.nm.sized.grains.pres-
ent.in.the.ternary.alloy.transform.to.very.fine.grains.of.about.3.nm.through.
the.simultaneous.addition.of.2–4.at.%.P.and.0.3.at.%.Cu..On.annealing.these.
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FIGURe 9.5
(a). X-ray. diffraction. patterns. of. the. as-quenched. Fe82Si9B9. and. Fe81.7Si9B7P2Cu0.3. alloys.. The.
(110)α-Fe. peak. is. reasonably. sharp. for. the. Fe–Si–B. alloy. and. much. wider. for. the. Cu-  and.
P-containing.alloy..(b).High-resolution.TEM.image.showing.medium-range.order.and.(c).the.
corresponding. electron. diffraction. pattern. from. the. Fe81.7Si9B7P2Cu0.3. alloy.. (Reprinted. from.
Makino,.A..et.al.,.Mater. Trans.,.50,.204,.2009..With.permission.)
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alloys.at.temperatures.in.between.the.two.crystallization.peaks,.a.uniform.
nanocrystalline.structure.with.a.grain.size.of.about.10.nm.is.produced.

Table.9.4.lists.the.soft.magnetic.properties.of.Fe83.3Si4B8P4Cu0.7.nanocrystal-
line.alloy.and.compares.them.with.some.of.the.popular.soft.magnetic.alloys.
including.the.industrially.used.Fe-3.5.wt.%.Si.alloy..It.is.worth.noting.that.the.
magnetic.properties.of.the.newly.developed.nanocrystalline.alloys.are.better.
than.those.of.the.recently.developed.alloys.(glassy,.composite,.or.nanocrys-
talline).and.also.those.of.the.commercially.important.crystalline.alloys.

9.4	 Hard	Magnetic	Materials

There.has.been.very.little.work.done.on.the.hard.magnetic.properties.of.the.
BMG.alloys..Even.though.Nd–Fe.[49].and.Pr–Fe.alloys.[50].were.produced.
in. the.glassy. condition. by.melt. spinning. methods,. their. section. thickness.
was.limited.to.a.few.tens.of.micrometers,.typically.<30.μm..Addition.of.Al.
was.found.to.significantly.increase.the.GFA.of.these.alloys..As.an.example,.
Figure.9.6.shows. the.structure.of. the.Nd–Fe–Al.alloys. in. the.as-quenched.
condition..Depending.on.the.alloy.composition,.the.as-spun.ribbon.contains.
either.a.fully.glassy.phase,.or.a.crystalline.phase,.or.a.mixture.of.both..But,.it.
is.important.to.note.that.the.glass-forming.region.in.the.system.is.very.wide..
A.fully.glassy.phase.is.obtained.0.to.90.at.%.Fe.and.0.to.93.at.%.Al..[51]..It.was.
also.subsequently.reported.[52].that.very.large.rods.of.up.to.10.mm.diameter.
could.be.produced. in.alloys.with.20–40.at.%.Fe.and.10. to.30.at.%.Al..The.
largest. diameter. of. 12.mm. could. be. obtained. in. the. Nd70Al10Fe20. composi-
tion,.and.the.maximum.diameter.of.the.glassy.rod.decreases.with.deviation.
from.this.composition..Therefore,.most.of.the.investigations.were.focused.on.

Table 9.4

Grain.Size.and.Soft.Magnetic.Properties.of.the.Newly.Developed.Nanocrystalline.
Alloys.and.Their.Comparison.with.Previously.Reported.Nanocrystalline,.Glassy,.
and.Crystalline.Alloys

Material
Grain	

Size (nm) Is	(T) Hc	(A	m−1) μe	(at	1	kHz) λs	(10−6) Reference

Fe84.3Si4B8P3Cu0.7 17 1.94 10 16,000 3 [42]
Fe83.3Si4B8P4Cu0.7 10 1.88 7 25,000 2 [42]
Fe73.5Si13.5B9Nb3Cu1 20 1.24 0.5 150,000 2.1 [33]
Fe90Zr7B3 13 1.7 5.8 30,000 −1.1 [44]
Fe85.5Zr2Nb4B8.5 11 1.64 3.0 60,000 −0.1 [45]
Fe82.7Si2B14Cu1.3 22 1.85 6.5 — — [46]
(Fe0.7Co0.3)88Hf7B4Cu1 10 1.77 200 240 — [47]
Fe78Si9B13 Glassy 1.58 1.6 10,000 27 [48]
Fe-3.5.wt.%.Si Crystalline 1.97 41 770 6.8 [36]



472	 Bulk	Metallic	Glasses

Nd90−xAl10Fex.composition.with.x.=.20,.25,.or.30..In.some.cases,.Fe.is.partially.
substituted.with.Co.[53].

An.important.difference.between.these.Nd–Al–Fe.and.other.BMG.alloys.
is. that.a.clear.glass.transition,.Tg,.was.not.observed.in.these.glassy.alloys..
Instead,.one.directly.observed.only.the.crystallization.temperature.and.no.
supercooled.liquid.region.was.noted..The.reason.for.the.absence.of.Tg.in.these.
alloys.was.thought.to.be.due.to.the.fact.that.Tg.is.higher.than.the.crystalliza-
tion.temperature,.Tx.[54]..But,.it.is.now.believed.that.it.is.due.to.the.chemical.
inhomogeneity.of.the.glassy.phase.[55]..A.clear.Tg.was.later.observed.in.a.
3.mm.diameter.rod.of.Nd60Al20Fe20.BMG.alloy.on.reheating.the.glassy.alloy.
at.a.heating.rate.of.20.K.min−1.[56].

Inoue.et.al.. [51]. reported. that.Nd70Al10Fe20.and.Nd60Al10Fe30.alloys. in. the.
as-cast. glassy. condition. exhibited. hard. magnetic. properties. at. room. tem-
perature.. It. was. also. reported. that. this. property. disappeared. in. the. fully.
crystallized. condition. [52].. Another. important. observation. was. that. while.
the.BMG.alloys.were.reported.to.exhibit.the.hard.magnetic.properties,.the.
melt-spun. ribbons. exhibited. only. the. soft. magnetic. properties. [49].. These.
interesting.features.of.the.Nd–Fe–Al.alloys.created.lot.of.interest.in.the.mag-
netics.community,.and.detailed.studies.were.conducted.on.the.origin.of.the.
hard. magnetic. behavior. of. these. alloys.. Table. 9.5. lists. the. hard. magnetic.
properties.of.the.Nd-.and.Pr-based.BMG.alloys.

Figure.9.7.presents.the.hysteresis.curves.for.the.glassy.Nd70Al10Fe20.glassy.
rods. of. different. diameters.. The. hysteresis. loop. is. significantly. different.
for.samples.of.different.diameters..Even.though.no.distinct.difference.in.Br.
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Structure. of. melt-spun. Nd–Fe–Al. alloys.. Depending. on. the. composition,. the. as-quenched.
alloy.contains.either.a.fully.glassy.phase,.or.a.crystalline.phase,.or.a.combination.of.both..Note.
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Inoue,.A..et.al.,.Mater. Trans.,.JIM,.37,.99,.1996..With.permission.)
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Table 9.5

Hard.Magnetic.Properties.of.Different.Nd-.and.Pr-Based.BMG.Alloys

Alloy
Sample	

Dimensions Is	(T) Br	(T)
Hc	

(kA m−1) Tc	(K)
(BH)max	
(kJ	m−3) Reference

Nd60Al20Fe20 3.mm.rod 12.5 8 160 [56]
Nd60Al10Fe30 3.mm.rod 16 11 230 [56]
Nd60Al10Fe30 5.mm.rod 0.112 288 19 [51]
Nd60Al10Fe30 12.mm.rod 0.086 321 16 [52]
Nd60Al10Fe20Co10 5.mm.rod 10.82.(A.

m2.kg−1)
7.22 326.3 465 [53]

Nd65Al10Fe25 5.mm.rod 11.79 7.53 271.4 446 [53]
Nd65Al10Fe20Co5 5.mm.rod 12.18 8.05 302.4 452 [53]
Nd65Al10Fe15Co10 5.mm.rod 9.91 6.38 301.2 466 [53]
Nd65Al10Fe25 12.mm.rod 0.076 315 15 [52]
Nd70Al10Fe20 30.μm.thick.

ribbon
0.010 5 [51]

Nd70Al10Fe20 5.mm.rod 0.059 209 5 [51]
Nd70Al10Fe20 12.mm.rod 0.076 292 13 [52]
Pr60Al10Fe30 1.mm.rod 0.09 321 13 [54]
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Hysteresis.loops.of.the.as-cast.glassy.Nd70Al10Fe20.alloy.cylinders.with.diameters.of.1,.3,.and.
5.mm..The.data.for.melt-spun.glassy.ribbon.of.30.μm.thickness.is.also.included.for.comparison..
(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans.,.JIM,.37,.99,.1996..With.permission.)
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is.clearly.seen,.one.can.notice.a.tendency.for.the.Hc.value.to.increase.with.
increasing.sample.diameter.from.1.to.5.mm..Accordingly,.for.the.melt-spun.
ribbon.of.30.μm.thickness,. the.Hc.value. is.significantly. lower. than. it. is. for.
the.bulk.rods..Whereas.the.Hc.value.is.209.kA.m−1.for.the.1.mm.diameter.rod.
sample,.it.is.only.5.kA.m−1.for.the.thin.ribbon.sample..This.may.be.contrasted.
with. the. situation. in. soft. magnetic. materials,. where. no. significant. differ-
ences.were.noted.between.the.ribbon.and.bulk.samples.and.also.between.
the.ribbon.and.powder.forms.(Figure.9.1).

Another.important.observation.reported.is.that.the.hard.magnetic.proper-
ties.completely.disappear.in.the.fully.crystallized.alloys..Figure.9.8.shows.the.
variation.of.coercivity,.saturation.magnetization,.and.remanence.with.the.iso-
thermal.annealing.temperature.for.the.Nd60Al10Fe20Co10.BMG.alloy..The.inset.
shows.the.hysteresis.loop.at.room.temperature..It.may.be.noted.that.the.hard.
magnetic.properties.exhibited.by.the.alloy.at.room.temperature.are.retained.
almost.unchanged.on.isothermal.annealing.up.to.about.740.K.and.completely.
disappear.after.full.crystallization.of.the.BMG.alloy.above.about.760.K.[57].

The.most.characteristic.property.of.the.hard.magnetic.alloys.is.the.coer-
civity..It.has.been.suggested.that.the.high.coercivity.in.these.alloys.is.related.
to.the.presence.of.crystalline.clusters.in.the.glassy.matrix..These.nanocrys-
talline. magnetic. clusters. have. a. random. anisotropy. and. are. dispersed. in.
the. glass.. The. strong. magnetic. exchange. coupling. between. these. clusters.
is.expected.to.lead.to.the.high.coercivity.[49]..High.resolution.TEM.studies.
on.these.alloys.have.clearly.shown.the.presence.of.clusters..The.size.of.these.
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B,.64,.012406-1,.2001..With.permission.)
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clusters.has.been.varyingly.reported.to.be.from.about.0.5.nm.[54].to.about.
5.nm.[53]..From.the.typical.morphology.of.the.fine.particles.dispersed.in.the.
glassy.matrix,.it.was.suggested.that.they.could.be.formed.due.to.phase.sepa-
ration.of.either. the.melt.or. the.slightly.undercooled. liquid. into. two.meta-
stable.phases.[58]..Other.reasons.have.also.been.suggested.[59].

9.5	 Concluding	Remarks

The.magnetic.properties.of.BMGs.and.melt-spun.ribbons.have.been.investi-
gated.in.multicomponent.alloy.systems..Both.soft.and.hard.magnetic.alloys.
have. been. investigated.. It. was. noted. that. the. number. and. type. of. inves-
tigations. is. much. more. in. the. soft. magnetic. materials. category.. The. mag-
netic.properties.have.been.studied.both. in. the.as-quenched.and.annealed.
conditions.

There.appears.to.be.a.large.scope.for.enhancing.the.soft.magnetic.properties.
of.materials..Whereas.the.highest.saturation.magnetization.in.a.fully.glassy.
alloy.is.only.about.1.5.T,.that.in.the.FINEMET.type.alloys.(in.which.a.large.
volume.fraction.of.the.nanocrystalline.α-Fe.phase.is.uniformly.dispersed.in.
the.glassy.matrix).is.only.about.1.3.T..These.low.values.have.been.essentially.
due.to.the.presence.of.a.reasonably.large.percentage.of.nonmagnetic.metals.
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in.the.alloy..But,.it.has.been.recently.shown.that.a.fully.nanocrystalline.alloy.
without.any.metallic.elements.(other.than.Fe).can.exhibit.a.very.high.satura-
tion.magnetization.of.1.9.T..The.other.soft.magnetic.properties.of.these.alloys.
can.be.tailored.by.suitable.annealing.treatments..As.mentioned.in.the.intro-
ductory.part,.a.good.soft.magnetic.alloy.should.have.high.saturation.mag-
netization,.low.coercivity,.and.high.electrical.resistivity..Figure.9.9.shows.the.
plot.of.coercivity.vs..electrical. resistivity. for.a.number.of.magnetic.alloys..
Values.for.the.nanocrystalline.alloys,.melt-spun.ribbons,.and.Co-based.and.
Fe-based. BMG. alloys. are. shown.. It. may. be. noted. that. both. Fe-based. and.
Co-based.BMG.alloys.show.the.desirable.combination.of.low.coercivity.and.
high.electrical.resistivity.

The.number.of.studies.on.hard.magnetic.materials.is.limited..But,.it.was.
interesting.to.note.that.hard.magnetism.was.detected.only.in.the.BMG.con-
dition.and.not.in.the.melt-spun.ribbons..Further,.the.desired.value.of.coer-
civity.could.be.obtained.by.controlling.the.diameter.of.the.BMG.rods.
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10
Applications

10.1	 Introduction

The. previous. chapters. have. described. the. criteria. for. bulk. metallic. glass.
(BMG).formation,.the.different.methods.for.their.preparation,.their.crystal-
lization.behavior,.and.a.description.of.their.physical,.chemical,.and.magnetic.
properties..From.these.descriptions,.it.is.clear.that.BMGs.have.an.interesting.
combination.of.properties..They.exhibit.very.high.strength.(both.in.tension.
and.compression),.large.elastic.elongation.limit,.very.high.hardness,.excel-
lent.corrosion.resistance,.and.a.good.combination.of.soft.magnetic.proper-
ties..Even.though.the.melt-spun.glassy.ribbons.also.have.somewhat.similar.
properties,.BMGs.exhibit.some.special.characteristics.

10.2	 Special	Characteristics	of	Bulk	Metallic	Glasses

One.of.the.greatest.advantages.of.BMGs.is.that.they.could.be.cast.into.large.
section.thicknesses..As.mentioned.earlier,.because.of.the.presence.of.a.large.
number.of.components.in.the.alloy.system.and.its.composition.being.close.
to.deep.eutectics,.the.critical.cooling.rate.required.to.form.a.glassy.phase.is.
very.low,.typically.1–10.K.s−1..Consequently,.it.becomes.possible.to.produce.
large.section.thicknesses.in.the.fully.glassy.state..Glassy.rods.with.diameters.
of.>10.mm.have.been.produced.in.alloy.systems.based.on.Ca,.Co,.Cu,.Fe,.La,.
Mg,.Ni,.Pd,.Pt,.Ti,.Y,.and.Zr..Currently,.the.largest.diameter.that.could.be.cast.
into.a.fully.glassy.state.is.reported.to.be.72.mm.in.a.Pd40Cu30Ni10P20.alloy.[1]..
But,.there.does.not.appear.to.be.any.theoretical.limit.on.the.section.thickness.
that.can.be.achieved.for.a.fully.glassy.structure,.as.long.as.one.can.design.an.
appropriate.composition,.and.solidify.the.melt.at.a.rate.higher.than.the.criti-
cal.cooling.rate.for.glass.formation..The.advantages.of.a.large.section.thick-
ness. for. industrial. applications. are. limitless.. Parts. could. be. produced. not.
only.for.electronic.applications.or.MEMS.(micro-electromechanical.systems).
devices.but.also.for.large.components.
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BMGs.are.also.characterized.by.a.large.supercooled.liquid.region,.defined.
as.the.temperature.interval.between.the.glass.transition,.Tg,.and.crystalliza-
tion,.Tx,.temperatures,.that.is,.ΔTx.=.Tx.−.Tg..This.value.can.be.really.large.and.
the.highest.value.reported.so.far.is.131.K.in.a.Pd43Ni10Cu27P20.alloy.[2]..The.
viscosity.of.the.BMG.is.very.low.in.this.temperature.regime.and,.therefore,.it.
is.very.easy.for.the.BMG.to.be.conveniently.fabricated.into.complex.shapes..
In.fact,.superplastic.forming.(SPF).of.BMGs.in.this.temperature.interval.has.
been.achieved.[3–7]..It.has.been.frequently.pointed.out.that.the.SPF.of.BMGs.
is.very.similar. to.the.processing.of.plastics.[4]..Since.SPF.is.an.established.
commercial. practice,. this. should. prove. extremely. beneficial. and. economi-
cal.in.the.processing.of.BMGs..The.only.point.that.needs.to.be.kept.in.mind.
during.SPF.of.BMGs.is.that.the.time.available.for.processing.of.the.BMGs.is.
limited,.since.they.tend.to.crystallize..The.time.for.crystallization.is.short.at.
high.temperatures.and.is.reasonably.long.at.lower.temperatures..Of.course,.
the.actual.values.are.different.for.different.types.of.BMG.alloys.

In.the.case.of.SPF.operations,.the.time.for.processing.has.to.be.shorter.than.the.
time.required.for.crystallization..Since.the.time.for.crystallization.depends.on.
the.pressure.and.temperature.also,.these.parameters.also.need.to.be.optimized.

But,.if.filling.of.a.die.is.involved.[6],.then.the.formability.of.a.BMG.in.the.super-
cooled.liquid.region.can.be.quantified.using.the.Hagen–Poiseuille.equation

.
p v

L
d

= 16 2η
.

(10.1)

with.p.as.the.required.pressure.to.move.a.liquid.with.viscosity,.η,.at.a.veloc-
ity,.v,.through.a.channel.of.thickness,.d,.and.length,.L..The.maximum.time.
available.for.the.forming.process.is.given.by.the.time.to.reach.crystallization,.
tcryst..Substituting.v.=.L/tcryst.in.Equation.10.1,.we.get.for.the.maximum.length.
that.can.be.filled.as

.
L

pt d
= cryst

2

16η .
(10.2)

This.filling.length.can.be.used.to.quantify.the.formability.of.the.BMG.and.to.
determine.the.optimum.processing.conditions.

Another.very.important.characteristic.of.BMGs.is.their.large.elastic.strain.
limit..Unlike.crystalline.alloys,.where.it.is.much.less.(about.0.5%),.most.BMG.
alloys.exhibit.an.elastic. strain. limit.of.about.2%.at. room.temperature. (see.
Chapter. 8).. The. most. powerful. combination. of. low. Young’s. modulus. and.
large.elastic.strain.limit.can.find.useful.applications.in.a.variety.of.commer-
cial.and.large-volume.applications.

Yet.another.special.feature.of.BMGs.is.their.high.yield.(or.fracture).strength.
and.hardness..Because.of. this,.BMGs.could.be.used. in.applications.where.
scratch.and.wear.resistance.become.important.

The. last. feature. that. is. characteristic. of. BMGs. is. the. ability. to. achieve.
a.very.high.surface.finish..Since. the.BMGs.are.glassy.and.so.do.not.have.
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microstructural.features.such.as.grains.and.grain.boundaries,.the.surface.of.
BMGs.is.very.smooth,.and.they.can.also.be.polished.to.a.very.high.surface.
finish,.if.required..In.fact,.such.good.surface.finishes.were.earlier.obtained.
only.in.oxide.glasses.and.perhaps.in.polymeric.materials.

As. different. applications. require. different. forms. of. the. glassy. material,.
BMG. alloy. compositions. are. produced. in. the. form. of. rods,. sheets,. plates,.
spheres,.pipes,.etc..Figure.10.1.shows.the.photographs.of.the.different.forms.
and.shapes.in.which.BMGs.are.synthesized.

As.far.as.selection.of.a.material.for.real.applications.is.concerned,.it.is.prob-
ably.not. just.one.single.property.that. is. likely.to.be.important. in.selecting.a.

(a) (b)

(c) (d)

(e) (f )

100 μm

FIGURe 10.1
Different. forms. in. which. BMGs. have. been. produced.. (a). Cast. cylinder,. (b). rods,. (c). pipes,.
(d) sheets,.(e).powder,.and.(f).spheres.
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material.(whether.crystalline.or.glassy).for.any.specific.application;.more.often.
than.not. it. is.a.combination.of.a. few.properties..Added.to. this,. the.continu-
ous.availability.and.constant.supply.of.the.material,.and.its.compatibility.with.
environment.and.human.body.(if.it.is.to.be.used.as.a.replacement.in.the.human.
body).also.are.important..But,.the.most.important.aspect.that.a.manufacturer.
looks.for.in.any.material.is.the.cost.involved.(the.cost.of.the.material.and.the.cost.
of.fabrication)..Unless,.it.is.less.expensive.than.the.existing.competing.material,.
it.is.unlikely.to.be.replaced.with.a.novel.material,.irrespective.of.the.enhanced.
properties.and.performance..The.only.exception.to.this.could.be.in.some.criti-
cal.applications.where.either.a.material.is.either.not.available.or.an.application.
where.the.cost.does.not.play.an.important.role,.for.example,.in.military,.space,.
or.life-saving.medical.applications..Inoue.and.Nishiyama.[8].have.recently.pre-
sented.a.succinct.summary.of.some.of.the.potential.applications.of.BMGs.

Ashby. and. Greer. [9]. have. summarized. the. attractive. and. unattractive.
attributes.of.metallic.glasses.and.suggested.that.a.useful.starting.point.[10].
to.search.for.applications.for.these.materials.could.be.to

. (1).Identify.the.attributes.of.the.new.material.that.are.better.than.those.
of.existing.materials.

. (2).Identify.the.attributes.that.are.worse.

. (3).Explore.applications.that.exploit.(1).and.are.insensitive.to.(2).

Based.on.a.wide-ranging.comparison.with.conventional.engineering.materi-
als,.they.have.shown.that.currently.metallic.glasses.are.restricted.to.niche.
applications..But,.due.to.their.outstanding.properties,.there.could.be.many.
more.future.applications.awaiting,.for.example,.in.MEMS.devices.

Liquidmetal.Technologies,.in.the.United.States.(http:⃫    www.liquidmetal.com).
has.already.commercialized.some.of.the.BMG.products.[11]..Some.other.com-
panies.are.BMG.Corporation.in.Japan.(http:⃫    www.bmg-japan.co.jp),.which.
has.been.currently.manufacturing.BMG.samples.for.testing.purposes.

Let.us.now.look.at.some.of.the.existing.and.potential.applications.of.BMG.
materials..These.are.grouped.under. the.categories.of. structural,. chemical,.
magnetic,.and.miscellaneous.applications.

10.3	 Structural	Applications

The.high.yield.(or.fracture).strength,.low.Young’s.modulus,.large.elastic.strain.
limit,.and.easy.formability.in.the.supercooled.liquid.region.are.the.main.attri-
butes.of.BMGs.that.make.them.attractive.for.structural.applications..We.will.
now.discuss.the.different.possible.applications.in.this.group..As.mentioned.
earlier,.the.large.supercooled.liquid.region.in.BMG.alloys.offers.an.excellent.
opportunity.to.form.complex.shapes.easily..This.is.mainly.because.the.plastic.
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flow.of.the.material.in.this.temperature.regime.is.Newtonian.in.nature.(i.e.,.the.
strain.rate.is.proportional.to.the.applied.stress)..This.attribute.of.BMG.alloys.
has.been.extensively.exploited.to.produce.different.types.of.parts.with.com-
plex.shapes.such.as.gears,.coiled.springs,.and.other.complex.parts..The.parts.
using.BMG.alloys.have.complex.shapes,.and.the.sizes.of.these.parts.are.much.
smaller.than.what.have.been.achieved.using.conventional.crystalline.alloys.

10.3.1 Sporting Goods

BMGs.have.first.found.widespread.application.in.sporting.goods.due.to.their.
desirable.mechanical.properties,.viz.,.high.strength.and. large.elastic.elon-
gation. limit.. The. excellent. mechanical. properties. of. Zr-based. BMGs. were.
exploited. commercially. in. golf. clubs,. followed. by. tennis. rackets,. baseball.
and. softball. bats,. skis. and. snowboards,. bicycle. parts,. scuba. gear,. fishing.
equipment,.and.marine.applications.[11].

The.BMGs.are.generally.produced.in.the.form.of.rods.or.plates..But,.for.appli-
cation.to.golf.clubs,.it.is.necessary.to.make.near-net.moldings.that.should.be.
heavy.with.a.wide.area..Therefore,.Kakiuchi.et.al..[12].have.developed.the.“mold-
clamp.casting.method”.to.produce.250.×.220.×.3.mm.flat.sheet.of.a.Zr-based.
BMG.alloy.Zr55Cu30Al10Ni5..The.copper.mold.used.in.this.method.has.two.parts..
In.the.first.stage,.the.master.alloy.is.arc-melted.on.the.lower.copper.mold,.which.
is.cooled.by.water..After.the.alloy.is.molten,.the.lower.mold.is.pushed.into.the.
press.stage.. In. this.stage,.an. inclined.upper.copper.mold.presses.down.onto.
the.molten.alloy.spreading.it.uniformly..Due.to.the.efficient.heat.extraction,.the.
molten.alloy.solidifies.into.the.glassy.state..The.mechanical.properties.of.such.
mold-clamp-cast.BMGs.were. found. to.be. superior. to. those.produced.by. the.
regular.copper.mold.casting.method..The.contour.of.the.produced.glassy.alloy.
face.was.properly.arranged.by.machining,.and. this.was. then.bonded. to. the.
concavity.provided.in.the.face.of.the.head.body.of.golf.clubs.made.of.Ti-6Al-4V.

“To.fly”.is.one.of.the.most.critical.performance.requirements.for.both.clubs.
and.balls.in.a.golf.game..The.main.factor.that.causes.a.club.to.let.a.ball.fly.
is.a.property.of.repulsion.between.them..To.improve.the.repulsion,.efforts.
have.been.made.in.the.past.mainly.on.modifying.the.ball.materials.because.
the.repulsion.is.largely.governed.by.the.energy.loss.arising.from.the.defor-
mation.of.the.ball.. In.the.present.case,. it.has.been.possible.to. increase.the.
repulsion.efficiency.using. the.Zr-based.BMG.golf-club.head..For.example,.
the.repulsive.efficiency.(defined.as.the.ratio.of.ball.velocity/club.head.veloc-
ity).was.found.to.be.1.43.for.the.BMG.alloy.face,.whereas.it.is.only.1.405.for.
the.Ti-alloy. face..The.overall.flying.distance.was.225.m. for. the.BMG.alloy.
face,.whereas.it.is.only.213.m.for.the.Ti-alloy.face.

All.these.improvements.are.essentially.due.to.the.mechanical.properties.
of.the.BMG.alloy..The.BMG.has.a.very.high.yield.strength.coupled.with.a.
large.elastic.strain.limit,.typically.about.2%,.which.is.more.than.twice.that.
in.a.crystalline.material..Hence,.the.modulus.of.resilience,.U,.calculated.as.
the.area.under.the.elastic.portion.of.the.stress–strain.curve.works.out.to.be
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where
σy.and.εy.are.the.yield.stress.and.elastic.strain.limit,.respectively
E.is.the.Young’s.modulus

Since.the.εy.value.for.BMGs.is.at.least.twice.that.in.a.crystalline.material,.the.
modulus.of.resilience.is.at.least.four.times.that.of.a.crystalline.material..It.is.
suggested.that.99%.of.the.impact.energy.from.a.BMG.head.is.transferred.to.the.
ball..This.value.should.be.compared.with.70%.for.a.titanium.head..Figure.10.2.
shows.the.outer.shapes.of.the.golf.club.heads.made.of.a.Zr-based.BMG.manu-
factured.by.SRI.Sports.Ltd..(3-6-9.Wakinohoma-cho,.Chuo-ku,.Kobe,.Hyogo.
651-0072,.Japan),.a.subsidiary.of.Dunlop.Corporation.in.Japan.

Liquidmetal.Technologies.calls.this.high-energy.transfer.as.“Pure.Energy.
Transfer.”.This.company.has.started.marketing.baseball.bats,.tennis.rackets,.
and.other.sporting.goods.(Figure.10.3)..The.HEAD.Radical.Liquidmetal.ten-
nis.rackets.seem.to.offer.large.sweet.spots,.plenty.of.control,.and.impressive.
feel,.with.very.little.vibration.

FIGURe 10.2
Outer.shapes.of.commercial.golf.club.heads.in.wood-,.iron-,.and.putter-type.forms.where.the.
face. materials. are. made. of. Zr-based. BMG. alloy.. (Reprinted. from. Kakiuchi,. H.. et. al.,. Mater. 
Trans.,.42,.678,.2001..With.permission.)
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10.3.2 Precision Gears

Forming.of.complicated.structures.from.BMGs.in.their.supercooled.liquid.region.
offers.many.advantages..Firstly,.BMGs.are.ideal.materials.for.small.geometries.
since.they.are.highly.homogeneous.even.on.a.nanoscale,.due.to.the.absence.of.
crystalline.features.such.as.grains.in.the.glassy.material..Secondly,.the.solidifi-
cation.shrinkage.during.SPF.of.BMGs.in.the.supercooled.liquid.region.is.about.
an.order.of.magnitude.less.than.what.it.is.in.typical.casting.alloys..This.is.due.to.
the.absence.of.first-order.phase.transformations.(liquid-to-solid),.which.intro-
duce.significant.shrinkage.into.the.casting..Thirdly,.the.degree.of.porosity.in.
the.formed.part.is.very.significantly.reduced..It.is.estimated.that.if.a.feedstock.
material.that.contains.2%.porosity.with.pores.of.10.μm.or.larger.is.formed.under.
a.pressure.of.50.MPa,.the.porosity.after.SPF.is.reduced.to.0.004%.[6]..Lastly,.the.
superior. surface. imprintability. and. net-shape. forming. capability. have. been.
found.to.be.very.attractive.in.the.field.of.micro-machines.[13].

Because.of.the.excellent.filling.characteristics.of.BMG.alloys,. it.has.been.
possible.to.produce.extremely.small.parts.of.complex.design.using.BMGs..
Let.us.now.look.at.the.fabrication.of.a.micro-gear,.referred.to.in.the.literature.
as.a.sun-carrier..A.conventional.sun-gear.is.usually.produced.by.assembling.
five.individual.machined.parts..But,.using.the.BMG.alloys,.it.is.possible.to.
produce.the.sun-gear.in.just.one.step.[14].

Figure.10.4a.shows.a.schematic.illustration.of.the.two.dies.used..The.cav-
ity.in.the.upper.die.(die.A).consists.of.two.concentric.cylindrical.holes.with.
the.diameters.of.1.7.and.0.6.mm.and.heights.of.0.3.and.0.4.mm,.respectively..
Figure.10.4b.shows.a.schematic.illustration.of.the.specimen..The.cavity.has.
the.simplified.geometry.of.the.micro-gear..The.filling.characteristics.of.the.
lower.die.were.investigated.by.preparing.the.top.plane.of.the.lower.die.(die B).

(a)

(b)

FIGURe 10.3
(a).Baseball.bat.and.(b).tennis.racket.made.of.Liquidmetal.(BMG).alloys.
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in. three. different. finishes—electro. discharge. machining,. polishing,. and.
Vickers. indentation—as. shown. in.Figure.10.4c..The.Ni53Nb20Zr8Ti10Co6Cu3.
BMG.and.a.conventional.Al–Si–Cu.die-casting.alloy.(ADC.12).were.used.to.
study.the.filling.characteristics..It.was.shown.that,.in.comparison.to.the.Al-die.
casting.alloy,.the.BMG.has.superior.filling.characteristics..It.was.also.shown.
that.the.BMG.could.faithfully.reproduce.the.surface.features.of.the.die,.thus.

Die A

Die B
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0.
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m
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Evaluation surface

0.1 μm Ry5.3 μm Ry 6.2 μm

(b)

(c)

(ii)(i) (iii)

φ1.7 mm

φ0.6 mm

(d)

300 μm

FIGURe 10.4
(a).Schematic.illustration.of.the.die.assembly..(b).Schematic.of.the.specimen.with.the.dimen-
sions.indicated..(c).Schematic.illustrations.of.the.top.surface.of.Die.B.prepared.by.(i).electro-
discharge.machining,.(ii).polishing,.and.(iii).Vickers.indentation..(d).External.appearance.of.
the. Ni-based. BMG. sun-carrier. fabricated. by. the. precision. die. casting. technique. from. an.
electro-discharge. machined. mold.. (Reprinted. from. Ishida,. M.. et. al.,. Mater. Trans.,. 45,. 1239,.
2004..With.permission.)
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ensuring.that.the.surface.imprintability.of.the.BMGs.is.good..The.die.cavity.
is.filled.using.a.precision.die.casting.technique.in.the.temperature.range.of.
1300–1690.K..The.actual.sun-carrier.made.with.a.Ni53Nb20Zr8Ti10Co6Cu3.BMG.
alloy.is.shown.in.Figure.10.4d..It.consists.of.a.micro-gear,.carrier.plate,.and.
three.pins..The.outer.diameter.of. the.gear. is.0.65.mm,.it.has.14.teeth.with.
a.module.of.0.04.and.the.micro-gear.is.seated.on.a.carrier.plate.1.7.mm.in.
diameter..Three.pins.with.a.diameter.of.0.30.mm.and.a.length.of.0.45.mm.are.
located.at.the.bottom.of.the.carrier.plate.for.rotating.planetary.gears.

Similar.complex.gears.were.also.fabricated.by.Schroers.et.al..[6].by.micro-
replication.from.<100>.Si.molds..Since.the.fabricated.part.is.connected.to.a.
large.reservoir,.it.needs.to.be.separated.from.the.reservoir..But,.conventional.
cutting.and.grinding. techniques.are. incapable.of.holding. tight. tolerances..
Therefore,.the.authors.have.processed.the.BMG.and.the.mold.in.the.super-
cooled. liquid. region.and.a. scraper.was.used. to.hot. separate. the. reservoir.
from.the.part..This.method.resulted.in.a.plane.surface.on.which.further.lay-
ers.could.be.fabricated.for.MEMS.devices..The.parts.could.also.be.etched.out.
to.obtain.3D.micro.parts..Figure.10.5.shows.a.complex.gear.and.a.coil.shape.
spring.made.by.such.a.process.from.a.Zr44Ti11Cu10Ni10Be25.BMG.alloy.

10.3.3 Motors

Micro-geared.motors.with.high.torque.have.been.used.in.different.engineer-
ing.fields..With.advancing.technology.and.the.need.for.miniaturization,.the.
size.of.the.motors.has.been.constantly.decreasing..For.example,.the.minimum.
size.of.the.motors.was.12.mm.in.the.year.1985,.and.it.was.reduced.to.7.mm.
in.2000.and.to.2.4.mm.in.2005..Generally,.micro-gears.with.complicated.3D.
shapes.are.fabricated.by.lithography,.micromachining,.chemical.or.ion.etch-
ing,.or.LIGA..(LIGA.is.a.German.acronym.for.LIthographie,.Galvanoformung,.
Abformung.[lithography,.electroplating,.and.molding].that.describes.a.fabri-
cation.technology.used.to.create.high-aspect-ratio.microstructures.)

(a) (b)
20 μm

20 μm

100 μm

FIGURe 10.5
(a).A.complex.micro.gear.and.(b).coil.shape.spring.made.from.a.Zr44Ti11Cu10Ni10Be25.BMG.alloy..
(Reprinted.from.Schroers,.J..et.al.,.Mater. Sci. Eng. A,.449–451,.898,.2007..With.permission.)
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The.wear.resistance.behavior.of.a.2.4.mm.diameter.gear.was.evaluated.using.
sliding-wear.and.rolling-wear.tests.[15]..It.was.reported.that.the.wear.loss.(vol-
ume).of.the.Ni-based.BMG.was.larger.than.that.of.the.carbon.steel.under.sliding-
wear.conditions,.but.smaller.under.rolling-wear.conditions..Since.the.Ni-based.
BMG.has.a.high.hardness,.this.result.suggests.that.factors.other.than.the.hard-
ness.may.be.playing.an.important.role.in.determining.the.wear.loss..The.wear.
loss.was,.however,.different.depending.on.the.type.of.material.used.for.the.gears.

Figure.10.6a.shows.the.appearance.of.the.gear.made.of.the.Ni-based.BMG.
after.2500.h.of.durability.test.(corresponding.to.1875.million.revolutions),.and.
Figure.10.6b.shows.the.appearance.of.the.gear.made.of.the.carbon.steel.after.
8.h.(corresponding.to.6.million.revolutions)..The.gear.teeth.of.the.carbon.steel.
are.worn.off.and.heavily.damaged.even.after.just.8.h.of.use,.while.the.teeth.of.
the.BMG.alloy.are.in.very.good.condition.even.after.2500.h.of.use.[15].

Figure.10.7.shows.the.comparative.wear.behavior.of.gears.made.with.dif-
ferent.types.of.materials.in.a.2.4.mm.diameter.geared.motor..The.gear.made.
with.the.carbon.steel. is.used.as.a.reference..The.wear. life.of. the.gear.was.
1.6 times.higher.than.an.all-steel.gear.when.a.BMG.alloy.gear.replaced.one.of.
the.gears..However,.the.wear.life.increased.by.seven.times,.when.more.gears.
were.replaced.with.BMG.alloys..But,.in.the.case.of.all.BMG.alloy.gears,.the.
wear.life.was.313.times.higher.than.all.steel.gears.[16].

Encouraged.by.this,.Inoue.et.al..[17].have.fabricated.the.world’s.smallest.
size.micro-geared.motor. (1.5.mm.in.diameter.and.9.4.mm.in. length).using.
a.high-strength.Ni-based.BMG.alloy..The.components.of.this.geared.motor.
cannot.be.made.by.any.mechanical.machining.methods..Figure.10.8.shows.
the.different.components.of.this.motor..It.consists.of.a.sun-carrier,.an.output.
shaft,.and.six.pieces.of.planetary.gear,.all.made.out.of. the.Ni-based.BMG.
with. the. composition. Ni53Nb20Zr8Ti10Co6Cu3.. It. was. confirmed. that. this.
micro-geared.motor.had.high.rotating.torques.of.0.1.mNm.at.two.stages.of.

(a)

2500 h 8 h

(b)

100 μm 100 μm

FIGURe 10.6
SEM.images.of.the.gears.after.the.durability.tests..(a).The.gear.made.out.of.the.Ni-based.BMG.
alloy.after.2500.h.of.use.(1875.million.revolutions).and.(b).the.carbon.steel.gear.after.8.h.of.use.
(6.million.revolutions)..Notice.the.serious.damage.in.the.carbon.steel.gear.even.after.just.8.h.
of.use,.while.the.BMG.gear.is.intact.even.after.2500.h.of.use..(Reprinted.from.Ishida,.M..et.al.,.
Mater. Sci. Eng. A,.449–451,.149,.2007..With.permission.)
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stacked.gear-ratio.reduction.system.and.0.6.mNm.at.three.stages.that.were.
6–20.times.higher.than.the.vibration.force.for.a.conventional.geared.motor.
with.a.diameter.of.4.5.mm.in.mobile.telephones..These.micro-geared.motors.
are. expected. to. be. used. in. advanced. medical. equipments. such. as. endo-
scopes,.micropumps,.rotablator,.and.catheter.for.thrombus.removal,.preci-
sion.optics,.micro-industries,.micro-factories,.and.so.on.(Figure.10.9).
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All-steels
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Steel gear

Glassy alloy gear
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2500 h (1875 million R)

8 h (6 million R)

FIGURe 10.7
Comparative.wear.resistance.behavior.of.gears.made.with.different.materials.in.a.2.4.mm.diame-
ter.geared.motor..(Reprinted.from.Inoue,.A..et.al.,.Mater. Sci. Eng. A,.441,.18,.2006..With.permission.)

(d)

(a)

500 μm 500 μm 500 μm

(b) (c)

FIGURe 10.8
Precision.microgear.parts.produced.by.injection.casting.of.an.Ni53Nb20Zr8Ti10Co6Cu3.BMG.alloy:.
(a).sun-carrier,.(b).planetary.gear,.and.(c).an.output.shaft..(d).Micro-geared.motor.with.a.diam-
eter.of.1.5.mm.and.a.length.of.9.4.mm.fabricated.from.the.Ni53Nb20Zr8Ti10Co6Cu3.BMG.alloy.
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10.3.4 automobile Valve Springs

The.mechanical.properties.of.BMGs.are.ideally.suited.for.spring.materials..
They. exhibit. high. yield. strength. and. a. large. elastic. strain. limit. and. both.
these. increase. the. modulus. of. resilience.. Further,. the. high. strength. and.
low.Young’s.modulus.allow.the.spring.wires.to.be.slimmer.and.the.springs.
themselves.to.be.shorter..Additionally,.by.using.the.appropriate.BMG.alloy.
compositions.in.automobile.valve.springs,.it.should.be.possible.to.decrease.
the.weight.of. the.engines.by. reducing. the. cylinder.head.sizes.and.conse-
quently.the.fuel.consumption..It.was.estimated.that.if.the.conventional.valve.
springs.made.of.oil-tempered.and.shot-peened.Si–Cr.steel.are.replaced.with.
Zr-.or.Ti-based.BMGs,.the.overall.weight.of.the.engine.will.come.down.by.
4.kg.(about.10.lb).

Son.et.al..[18].have.developed.a.method.to.produce.wires.by.the.rotating.
disk.quenching.method..They.were.able.to.produce.wires.with.diameters.
ranging. from. 1.4. to. 5.mm.. In. this. process,. the. molten. alloy. was. injected.
into.a.semicircular.groove.on.a.rotating.copper.disk.of.500.mm.diameter..
By.varying.the.process.parameters.such.as.nozzle.diameter.(500–900.μm),.
injection. pressure. (30–50.kPa),. and. the. rotation. speed. of. the. copper. disk.
(0.47–0.58.m.s−1).the.authors.were.able.to.optimize.the.conditions.to.achieve.
a.wire.with.a.uniform.cross.section.and.good.surface.finish..The.metallic.
wires.were.then.wound.over.a.metallic.mold.heated.to.683–700.K.(which.is.
about.50.K.above.the.glass.transition.temperature.of.the.alloy.investigated).
to. obtain. helical. springs.. To. avoid. crystallization,. coiling. was. completed.
within. 20–30.min,. followed. by. cooling. to. room. temperature.. Figure. 10.10.
shows.the.helical.springs.of.Zr55Cu30Al10Ni5.alloy.produced.by.the.coiling.of.
glass.wires.of.1.and.2.mm.
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FIGURe 10.9
Projected.application.areas.where.micro-geared.motors.will.find.application.
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10.3.5 Diaphragms for Pressure Sensors

Pressure.sensors.are.used.for.fuel-injection.control.to.lower.the.fuel.con-
sumption. of. automobiles. and. thus. reduce. toxic. and. CO2. exhaust. emis-
sions.. Miniaturized. and. high-sensitivity. pressure. sensors. for. braking.
oil-pressure. control. are. also. desirable. for. active. safety.. Pressure. sen-
sors.of. the.metal-diaphragm.type.with.a.strain.gauge,.which.detect. the.
magnitude.of.strain.caused.by.pressure,.are.widely.used.in.the.industry..
Generally,. the. sensors. act. as. transducers,. which. transform. the. param-
eters. that.we.wish. to.detect. into.strain.or.displacement..The.metal.dia-
phragm.is.made.of.cold-forged.stainless.steel..Since.the.magnitude.of.the.
generated.strain.determines. the.measurement. sensitivity,. it. is.useful. to.
employ.a.material.that.has.a.low.Young’s.modulus..To.obtain.sensitivity.
higher.than.that.possible.with.a.commercial.diaphragm,.it.is.necessary.to.
develop.a.new.material.with.lower.Young’s.modulus.and.higher.strength..
Zr-based. and. Ni-based. BMGs. are. very. appropriate. in. this. regard.. The.
yield. strength. and. Young’s. modulus. of. commercial. stainless. steel. (SUS.
630).are.1200.MPa.and.200.GPa,.respectively,.whereas.these.values.for.the.
Zr-based. and. Ni-based. BMGs. are. 2000.MPa. and. 100.GPa,. and. 2700.MPa.
and.135.GPa,.respectively..Thus,.it.is.clear.that.the.Zr-based.BMGs.with.a.
lower.Young’s.modulus.are.appropriate.for.a.high-sensitivity.diaphragm.
and.the.Ni-based.BMG.with.a.high.strength.is.suitable.for.a.high-pressure.
resistance.diaphragm..In.other.words,.since.the.Young’s.modulus.of.the.
Zr-based.BMG.is.about.half.that.of.the.stainless.steel,.the.sensitivity.can.
be.correspondingly.doubled.simply.by.replacing.stainless.steel.with.the.
Zr-based.BMG.

The.strain,.ε.in.the.bottom.plane.of.the.diaphragm.can.be.expressed.as

.
ε α= Pa

Et

2

2
.

(10.4)

(a) (b)

FIGURe 10.10
Helical.springs.of.Zr55Cu30Al10Ni5.BMG.alloy.produced.by.the.coiling.of.wires.of.(a).1.mm.and.
(b).2.mm.in.diameter..(Reprinted.from.Son,.K..et.al.,.Mater. Sci. Eng. A,.449–451,.248,.2007..With.
permission.)
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where
α.is.a.constant
P.is.the.applied.pressure
a.is.the.effective.diameter.of.the.diaphragm
E.is.the.Young’s.modulus
t.is.the.thickness.of.the.diaphragm

In.such.situations,.BMGs.offer.a.large.potential.to.produce.miniaturized.dia-
phragms.with.high.sensitivity.and.high-pressure.capacity.due.to.their.low.
Young’s.modulus.and.high.strength.

For.pressure.sensing,.a.strain.gauge.with.a.fine.pattern.needs.to.be.deposited.
on.the.bottom.plane.of.the.diaphragm..Since.the.deposition.substrate.is.heated.
during.the.conventional.chemical.vapor.deposition.(CVD).methods,.and.this.
could.lead.to.crystallization.of.the.glassy.material,.a.low-temperature.deposi-
tion.process.was.developed.(Cat-CVD.and.excimer-laser-annealing.methods)..
Figure. 10.11. shows. the. Zr-based. Zr55Cu30Al10Ni5. BMG. diaphragm. complete.
with.a.strain.gauge.made.by.this.low-temperature.deposition.process.[19].

The.sensitivity.of.both.the.commercial.stainless.steel.and.Zr-based.BMG.
alloy.sensors.were.evaluated.by.monitoring.the.output.voltage.under.a.given.
applied.pressure..The.results.are.summarized.in.Table.10.1.. It.can.be.seen.
that.the.sensitivity.of.the.Zr-based.BMG.diaphragm.increases.by.about.four.
times.over.a.conventional.diaphragm.[20].

Figure.10.12.shows.the.different.components.in.an.automobile.where.pres-
sure.sensors.could.be.used..It.is.expected.that.the.market.for.the.sensors.in.
only.the.automobile.sector.will.be.about.$100.million..Nagano.Keiki.Co..Ltd..
in.Japan.has.already.constructed.their.mass.production.facility.with.a.capac-
ity.of.5.million.pieces.of.sensors.a.year.

FIGURe 10.11
Zr-based.BMG.diaphragm.with.a.strain.gauge.deposited.at.low.temperatures..(Reprinted.from.
Nishiyama,.N..et.al.,.Mater. Sci. Eng. A,.449–451,.79,.2007..With.permission.)
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10.3.6 Pipes for a Coriolis Mass Flowmeter

The.Coriolis.mass.flowmeter.(CMF).is.a.unique.flowmeter.used.to.directly.
measure. the. mass. of. a. fluid.. The. value. obtained. using. this. instrument. is.
independent.of. the.environmental. temperature.as.well.as. the.structure.of.
the.measured.fluid,.a.feature.that.is.appealing.for.applications.in.different.
industries,.including.petroleum,.coal.or.natural.gas,.semiconductor,.biomed-
ical,.and.advanced.chemical.industries..This.flowmeter,.commercialized.in.
1979,. consists.of.a. sensing.pipe. through.which. the.fluid.whose.mass. is. to.
be.measured.flows,.and.a.vibration.generator.that.gives.a.primary.flexural.
vibration.to.the.sensing.pipe..These.vibrational.amplitudes.are.proportional.
to. the.mass.of. the.fluid..By.measuring. the.maximum.elastic.deformation,.
δmax,. in. the.pipe,.one.can.calculate. the.Coriolis. force,.FC. (the.force.exerted.
by.the.fluid.against.the.wall.of.the.pipe),.and.from.that.the.mass.of.the.fluid..
The.δmax.is.given.as

Table 10.1

Output.Voltage.for.Pressure.Sensors.at.a.Testing.Pressure.
of 20.MPa.Using.Commercial.Stainless.Steel.(SUS.630).
and Zr-Based.Zr55Cu30Al10Ni5.BMG.with.Strain.Gauges.
Deposited.under.Identical.Conditions

Output	Voltage	(mV)	Using

Process
Stainless	Steel	

(SUS	630)
Zr-Based	

Zr55Cu30Al10Ni5	BMG

Plasma.CVD 60 —
Cat-CVD 50 100
Excimer.laser.annealing 110 230

Monitoring coolant gas of
compressor

Number of sensors: 1

CVT
Oil pressure control for

belt position of CVT
system

Number of sensors: 2

DPF
Clogging monitor for �lter

Number of sensors: 1

Brake control
Monitoring oil pressure 

of brake unite
Number of sensors: 4–6

Fuel cell
Monitoring pressures of
hydrogen, air, and water
Number of sensors: 10

Injection control
Monitoring storage and injection

pressure of fuel
Number of sensors: 1

Air conditioning

FIGURe 10.12
Expected.market.for.pressure.sensors.to.be.used.in.different.parts.of.an.automobile.
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where
l,.d1,.and.d2.are.the.length.and.inner.and.outer.diameters.of.the.pipe
E.is.the.Young’s.modulus

Thus,.one.can.see.that.δmax.is.inversely.proportional.to.the.Young’s.modulus.
and.therefore.a.higher.sensitivity.can.be.obtained.by.using.a.material.that.
has.a.low.E.value.

Commercial.CMFs.are.fabricated.using.stainless.steel.or.Hastelloy.for.their.
high.corrosion.resistance..BMGs.have.the.advantages.of.high.corrosion.resis-
tance.coupled.with.high.yield.strength.and.low.Young’s.modulus..Because.of.
the.high.strength,.BMG.pipes.with.thinner.wall.widths.can.be.used..The.low.
Young’s.modulus.leads.to.a.large.elastic.deformation.for.the.same.applied.
force..From.these.synergistic.effects,.the.sensitivity.when.using.a.BMG.pipe.
is.several.times.higher.than.with.a.commercial.stainless.steel.pipe.

Glassy.alloy.pipes.of.Ti50Cu25Ni15Zr5Sn5.with.2.and.6.mm.in.diameter.were.
produced.by.the.suction.casting.method..While. the.pipe.with.2.mm.diam-
eter.was.glassy.with.nanoparticles.of.about.5.nm.in.diameter.dispersed.uni-
formly.throughout,.the.pipe.with.6.mm.diameter.was.mostly.crystalline.[20]..
Figure 10.13.shows.the.photographs.of.the.Ti-based.BMG.pipes.of.2.and.6.mm..
The.tube.thickness.is.0.8.mm.for.the.6.mm.diameter.tube.and.0.2.mm.for.the.

(a)

(b)

FIGURe 10.13
Ti-based.BMG.pipes.with.outer.diameters.of.(a).6.and.(b).2.mm..(Reprinted.from.Nishiyama,.N..
et.al.,.J. Non-Cryst. Solids,.353,.3615,.2007..With.permission.)
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2.mm.diameter.tube..Figure.10.14.shows.the.Coriolis.mass.flow.meter.fabri-
cated.using.the.Ti-based.BMG.pipes.

The. sensitivity. of. the. CMF. was. evaluated. using. the. Ti-based. BMG. and.
compared.with.an.electromagnetic.flowmeter.as.a.de facto.standard..The mea-
sured.values. indicate.similar. linearity. in. the.flow.range.from.0.1.mL.min−1.
to.1000.mL.min−1..Figure.10.15.shows.the.obtained.sensitivities.of.the.CMFs.
made.using.the.6.mm.diameter.and.2.mm-diameter.Ti-BMG.tubes.and.also.the.
stainless.steel.tube..The.linear.correlation.coefficients.of.the.data.measured.by.
each.CMF.are.evaluated.to.be.0.9997.for.2.mm.diameter.Ti-BMG,.0.995.for.the.
6.mm.diameter.Ti-BMG,.and.0.997.for.the.stainless.steel..The 2.mm.diameter.

Electric circuit

Connecting part
BMG pipe Casing Sensing device

FIGURe 10.14
CMF.developed.using.the.Ti-based.BMG.pipes.
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FIGURe 10.15
Sensitivity.obtained.by.the.CMF.using.the.Ti-based.BMG.with.diameters.of.2.and.6.mm..Their.
sensitivity.is.compared.with.that.of.commercial.stainless.steel.(SUS.316L).pipe.with.a.diameter.
of.6.mm..(Reprinted.from.Ma,.C.L..et.al.,.Mater. Sci. Eng. A,.407,.201,.2005..With.permission.)
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Ti-BMG-based.CMF.has.a.sensitivity.of.about.30.times.higher.than.the.pres-
ent. commercial. units. using. stainless. steel. pipes. [21].. These. results. suggest.
that.the.Ti-based.BMG.pipes.with.low.Young’s.modulus.and.high.strength.
enhance.the.performance.of.the.CMFs.

10.3.7 Optical Mirror Devices

The.main.requirements.for.a.mirror.are.smooth.surface.finish.and.high.reflec-
tivity..These.requirements.are.easy.to.be.met.with. in. the.case.of.noncrys-
talline.(or.glassy).materials.since.they.do.not.have.any.grain.structure.and.
therefore.no.grain.boundaries.to.scatter.the.light..Both.polymeric.and.oxide.
glasses.have.been.used.for.such.purposes.since.they.are.also.transparent.

Metallic.glasses.(including.BMGs).are.noncrystalline.and.they.can.be.easily.
formed.into.complex.shapes.in.the.supercooled.liquid.condition..Further,.they.
also.exhibit.metallic.luster..Therefore,.BMGs.have.been.explored.for.reflective.
parts.of.optical.devices..Hata.et.al..[22].presented.an.example.of.an.optical.mir-
ror.produced.by.viscous.flow.forming.of.a.Zr-based.BMG.with.the.composi-
tion.Zr55Cu30Al10Ni5..This.alloy.composition.was.chosen.because.it.has.a.wide.
supercooled. liquid. region.of.86.K..By. investigating. the. relationship.of. strain.
rate.sensitivity.with.temperature,.it.was.shown.that.the.strain.rate.sensitivity.
exponent,.m,.was.almost.1.0.at.700.and.720.K,.suggesting.that.the.BMG.could.be.
considered.as.an.ideal.Newtonian.liquid.at.these.temperatures..Based.on.this.
viscous.workability.in.the.supercooled.liquid.state,.a.concave.spherical.mirror.
was.prepared.at.a.forming.temperature.of.730.K.under.an.applied.pressure.of.
30.MPa.for.under.8.min..The.Zr-based.BMG.mirror.thus.formed.had.a.smooth.
surface.and.exhibited.good.reflectivity..The.surface.profile.obtained.by.laser.
interferometry.showed.a.maximum.surface.roughness.of.90.nm.and.a.deviation.
from.sphericity.of.500.nm..These.close.dimensional.tolerances.suggest.that.this.
route.using.BMGs.can.form.optical.mirrors.with.high.dimensional.accuracy.

10.3.8 Structural Parts for aircraft

BMGs.are.being.considered.for.aircraft.parts,.specifically,.for.the.slat-track.
cover. surrounding. a. set. of. guide. rails. at. the. front. of. the. wings. (Figure.
10.16a).. Such. parts. are. conventionally. fabricated. by. machining,. although.
in.recent.times,.superplastic. forming.of.crystalline.Ti.alloys.has.also.been.
employed.. In.contrast,.BMGs.can.be. formed.at. lower. temperatures.and.at.
lower. stresses. in. the. supercooled. liquid. region.. Generally,. high. corrosion.
resistance.is.required.for.the.inner.face.of.the.cover,.because.of.exposure.to.
ambient.atmosphere.moistened.by.rain.or.seawater..Zero.leakage.is.required.
for.the.outer.face.of.the.cover.because.it.acts.as.part.of.the.fuel.tank..In.addi-
tion,.reduced.weight.and.volume.are.desirable.to.reduce.fuel.consumption.

Using.high-strength.BMGs,.thinner.and.lighter.parts.can.be.prepared.and,.
additionally,.low-cost.production.and.high.throughput.can.be.expected..The.
Zr55Cu30Al10Ni5. BMG. alloy. was. fabricated. into. the. slat. track. cover. through.
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viscous. flow. forming. at. a. gas. pressure. of. 3.5.MPa. at. a. temperature. of. 10.K.
above.the.glass.transition.temperature.of.this.alloy.(Tg.=.680.K)..The.desired.
shape.was.obtained.(Figure.10.16b).showing.that.crystalline.parts.fabricated.
by. superplastic. forming. methods. can. be. conveniently. obtained. by. viscous.
flow.forming.of.the.BMGs,.at.low.applied.stresses.and.lower.temperatures.[23].

10.3.9 Shot Peening balls

Shot.peening.is.a.commercial.process.to.induce.residual.compressive.stresses.
on. the. surface. of. a. specimen. to. improve. its. fatigue. resistance.. The. shot.
peening.medium.used.is.steel.balls.since.they.are.cheap..The.requirements.

(a)

(b)

FIGURe 10.16
(a).Some.areas. (see. small. arrows).of. an.aircraft. in.which.BMGs. could.be.exploited.. (b).Slat.
track.cover. fabricated.by. joining. two. identical.parts.obtained.by.viscous.flow.forming.of.a.
Zr55Cu30Al10Ni5.BMG.plate.
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of. the.material. to.be.used.as.shots.are.high.strength,.good.ductility,.high.
endurance.against.cyclic.bombardment.load,.and.high.corrosion.resistance..
Further,.since.these.are.used.in.large.volume,.their.cost.must.be.low..That.is.
why.traditionally.high-carbon.steels.are.used.for.this.purpose.

It. has. been. possible. to. produce. Fe-based. alloy. compositions. in. a. fully.
glassy.state.up.to. large.section.thicknesses.of.up.to.16.mm.in.an.Fe-based.
BMG.alloy.with.the.composition.Fe41Co7Cr15Mo14C15B6Y2.[24]..This.alloy.can-
not.be.used.for.shot.peening.purposes,.since.it.is.brittle..Further,.for.peening.
purposes,.the.BMG.needs.to.be.in.the.form.of.shots..Therefore,.a.high-speed.
atomization.process.was.developed.for.producing.glassy.alloy.spheres.in.the.
range.of.0.1–2.mm..The.production.capacity.was.240.t.year−1.

Figure.10.17.shows.the.outer.shape.and.surface.finish.of.the.commercialized.
Fe44Co5Ni24Mo2B17Si8.glassy.alloy.shots.with.a.diameter.of.about.80.μm..These.
were.produced.by.water.atomization.and.sieved.to.the.required.powder.size.
distribution.[25]..The.shot.peening.performance.of.this.steel.was.compared.
with. two.conventional. crystalline.steels:.a.high-speed.steel.with. the.com-
position.Fe–1.15C–4Cr–5Mo–2.5V-6.5W–8Co.(wt.%).and.a.cast.steel.with.the.
composition.Fe–1C–0.9Si–0.7Mn.(wt.%)..Table.10.2.compares.the.mechanical.
properties.of.these.three.steels..Results.were.obtained.on.bombarding.two.
commercial.crystalline.steel.sheets.with.the.Fe-based.glassy.alloy.shots.and.
the.cast.steel.(crystalline).shots..The.tests.were.done.on.two.commercial.steel.
sheets.with.the.approximate.compositions.of.Fe–0.83C–0.25Si–0.5Mn.(wt.%).
(JIS-G4801).and.Fe–1.5C–12Cr–1Mo–0.35V.(wt.%).(SKD11)..The.performance.

100.0 μm/div

FIGURe 10.17
Size.and.surface.finish.of.commercial.Fe44Co5Ni24Mo2B17Si8.glassy.alloy.shots.of.80.μm.diameter.
produced.by.water.atomization..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans.,.44,.2391,.2003..
With.permission.)
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of.the.Fe-based.BMG.was.much.better.than.the.other.two.crystalline.steels.
in.all.aspects..Table.10.3.summarizes.the.observations.

The.crystalline.steel.bombarded.with.the.glassy.shots.had.a.very.homoge-
neous.crater-like.surface.pattern..The.average.crater.size.was.measured.to.be.
about.20.μm.for.the.glassy.alloy.shots.and.about.7.μm.for.the.cast.steel.shots..
Close. observation. of. the. crater. pattern. suggests. that. the. bombarded. area.
generated.by.one.bombardment.was.much.larger.for.the.glassy.alloy.shots..
The. average. height. of. the. crater. edges. was. measured. to. be. 15.μm. for. the.
glassy.alloy.shots.and.5.μm.for.the.cast.steel.shots..Further,.on.bombarding.
for.40.s,.the.depth.of.the.affected.region.was.100.μm.for.the.glassy.alloy.shots.
and.about.45.μm.for.the.cast.steel.shots..Thus,.it.is.clear.that,.under.identi-
cal.conditions.of.shot.peening,.the.glassy.alloy.shot.could.produce.a.much.
larger.affected.area.than.the.cast.steel.shots..More.importantly,.the.surface.
compressive.stresses.were.higher.(1600.MPa).with.the.BMG.shots.while.they.
were.only.about.1470.MPa.with.the.cast.steel.shots..The.depth.up.to.which.

Table 10.2

Mechanical.Properties.of.the.Fe-Based.BMG.and.Two.Other.Cast.Steel.
Shots Used in.the.Investigation

Property
Fe-Based	BMG	

Fe44 Co5Ni24Mo2B17Si8

High-Speed	Steel	
Fe–1.15C–4Cr–5Mo–

2.5V–6.5W–8Co	(wt.%)

Cast	Steel	
Fe–1C–0.9Si–
0.7Mn	(wt.%)

Young’s.modulus.(GPa) 80 215 210
Fracture.strength.(MPa) 3200 2100 1100
Vickers.hardness 930 815 810
Density.(g.cm−3) 7.4 7.7 7.55

Table 10.3

Effects.of.Bombardment.with.Fe-Based.BMG.
Alloy Shots and.Cast.Steel.Shots.for.40.s.on.
Two Commercial.Steel.Sheets

Attribute Fe-Based	BMG Cast	Steel

Crater.size.(μm) 20 7

Average.crater.height.(μm) 15 5

Depth.of.affected.region.(μm) 100 45
Surface.Vickers.hardness 510 480
Maximum.compressive.stress.
on the.surface.(MPa)

1600 1470

Depth.(μm).of.the.region.at.
which.the.compressive.stress.
was.500.MPa

27 18

Endurance.time.needed.to.final.
rupture.of.the.peening.shots.(h)

28 —
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the.compressive.surface.stresses.were.retained.was.higher.when.bombarded.
with.the.BMG.shots..A.compressive.stress.of.500.MPa.was.retained.up.to.a.
depth.of.27.μm.in.the.case.of.BMG.shots.and.only.18.μm.in.the.case.of.the.cast.
steel.shot..Most.importantly,.the.endurance.lifetime.of.the.BMG.shot.was.an.
order.of.magnitude.longer.than.that.of.the.cast.steels.

10.4	 Chemical	Applications

The.superior.corrosion.resistance.of.BMGs.over.their.crystalline.counterparts.
plays.a.major.role.in.this.group.of.applications..In.addition.to.this,.the.high.
strength. and. easy. formability. also. assume. importance.. BMGs. have. been.
specifically.considered.as.most.appropriate.materials.for.fuel.cell.separators.

Fuel.cell.systems.are.known.to.have.a.higher.efficiency.in.comparison.to.
internal.combustion.engines.by.directly.converting.chemical.energy.of.fuels.
to.electrical.energy..Use.of.fuel.cells.is.expected.to.reduce.consumption.of.
fossil.fuels.and.to.reduce.CO2.emissions.that.lead.to.global.warming..There.
has.been.recent.progress.in.the.development.of.proton.exchange.membrane.
fuel.cells. (PEMFCs).by.utilizing. the.superior.corrosion.resistance.and.vis-
cous.deformability.of.BMGs.

Because.of. its.high.output. current.density.and. low-temperature.opera-
tion,.the.PEMFC.is.desirable.for.household.use.and.for.automobile.appli-
cations..However,.the.main.constituent.parts,.viz..the.membrane,.catalyst,.
and.separator,.still.present.problems.that.need.to.be.solved..In.particular,.
the. functions.of. the.separator.are. to. transfer. the. fuel.and.the.oxidizer. to.
the.reaction.site,.contain.the.reaction.products,.accumulate. the.electricity.
generated,.and.mechanically.support.the.cell..The.separator,.having.such.
significant.roles,.accounts.for.more.than.60%.of.the.weight.of.the.fuel.cell.
and. more. than. 30%. of. the. production. cost.. Therefore,. the. mass,. volume,.
and.cost.of.the.fuel.cell.can.be.significantly.brought.down.by.substituting.
the.present.separator.substrate,.fine.graphite,.with.another.suitable.mate-
rial..Even.though.stainless.steel.is.an.attractive.substitute,.it.was.reported.
that.a.drastic.drop.in.output.voltage.is.expected.to.occur.due.to.the.forma-
tion.of.a.surface.passive. layer..Therefore,.BMGs.are.being.examined.as.a.
replacement.material..BMGs.should.be.ideal.for.fuel.cell.separators.because.
of. their. high. strength,. superior. corrosion. resistance,. and. excellent. form-
ability. in. the. supercooled. liquid. region.. Fe-based. BMGs. are. inexpensive.
and.also.have. the.required.corrosion.resistance..But,. they.have.been.dis-
counted.for.application.because.of.their.brittleness..On.the.other.hand,.the.
corrosion.rates.of.Ni-based.glassy.alloys.in.dilute.H2SO4.solution.(simulat-
ing. the. actual. PEMFC. conditions. around. 368.K). are. one. order. of. magni-
tude.lower.than.those.of.stainless.steel..Jayaraj.et.al..[26].have.also.shown.
that.the.corrosion.resistance.of.Ni-based.glassy.alloys.is.superior.to.that.of.
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Fe-based.glassy.alloys.under.cathodic.conditions..Consequently,.attention.
was.focused.on.Ni-based.BMGs.

A.series.of.Ni-based.Ni–Nb–Ti–Zr.BMG.alloys.were.investigated.and.pre-
liminary.corrosion.studies.were.conducted.on.these.alloys.in.boiling.H2SO4..
Based.on.these.results,.it.was.shown.that.the.corrosion.rate.decreased.with.
increasing.Nb.content.and.that.there.was.no.benefit.beyond.about.15.at.%.of.
Nb..Therefore,.the.alloy.with.the.composition.Ni60Nb15Ti15Zr10.was.chosen.for.
further.study.[27].

A.prototype.fuel.cell.separator.with.grooves.0.9.mm.wide.and.0.6.mm.deep.
with.a.pitch.of.2.7.mm.was.fabricated..Figure.10.18a.and.b.shows.a.photo-
graph.and.the.cross.section.profile.after.the.groove.was.formed,.respectively..
It.may.be.noted.that.the.cross.section.profile.is.extremely.good..Tests.using.
the.prototype.show.that.the.Ni-based.BMG.separator.generates.a.high.voltage.
at.the.actual.operation.current,.higher.than.that.using.a.stainless.steel.sepa-
rator..In.addition.to.this,.the.durability.test.at.a.current.density.of.0.5.A m−2.
shows.no.degradation.at.350.h.(Figure.10.18c)..Hence,.it.was.concluded.that.
the.Ni-based.BMG.is.a.promising.material.for.the.next-generation.separators.
in.fuel.cells.

It.has.also.been.shown.that.the.glassy.Ni–Nb–Pt–Sn.alloy.can.be.an.excel-
lent.anode.material.for.application.in.fuel.cells.since.it.has.a.higher.catalytic.
activity.as.well.as.a.longer.lifetime.than.that.of.polycrystalline.platinum.that.
is.being.presently.used.[28].

(a)

(b)

(c)

FIGURe 10.18
(a).Prototype.fuel.cell.separator.using.a.Ni-based.BMG.sheet,.(b).cross-sectional.morphology.
of.the.groove-formed.specimen,.and.(c).appearance.of.the.BMG.separator.after.power.genera-
tion.for.350.h..(Reprinted.from.Inoue,.A..et.al.,.Mater. Trans.,.46,.1706,.2005..With.permission.)



504	 Bulk	Metallic	Glasses

10.5	 Magnetic	Applications

The. magnetic. properties. of. melt-spun. glassy. ribbons. have. been. exploited.
for. a. variety. of. applications.. The. outstanding. soft. magnetic. properties. of.
the.Fe-based.melt-spun.ribbons.have.found.applications.in.power.distribu-
tion. transformers. and. several. other. applications. [29–31].. The. present-day.
electronic. devices. have. been. going. down. in. size. and. miniaturization. is.
reaching.micrometer.and.even.nanometer. levels..Micro-electromechanical.
systems. (MEMS). and. nano-electromechanical. systems. (NEMS). are. the.
operative. words. of. today.. In. addition. to. this,. multifunctionality. has. been.
another.requirement..All.of.these.will.lead.to.faster.processing.and.further.
integration,. supported. by. semiconductor. integrated-circuit. technologies..
The.required.dimensional.control.for.production.is.from.50.to.5.nm..Thus,.
the.development.of.nanometer-accurate.linear.actuators.is.highly.beneficial..
Further. applications. would. be. in. such. devices. as. X–Y. stages. for. accurate.
positioning.of.cell-operation.manipulators.in.the.biomedical.industry..Soft-
magnetic.BMGs.with.high.permeability.and.low.coercivity.appear.to.be.the.
most.appropriate.materials.for.magnetic.yokes.of.such.linear.actuators.

Nishiyama.et.al..[32].have.produced.30.mm.long,.20.mm.wide,.and.1.mm.
thick.Fe73Ga4P11C5B4Si3.BMG.plates.by.the.squeeze.casting.(a.combined.cast-
ing.and.forging).process..This.alloy.has.excellent.soft.magnetic.properties.
(Is.=.1.32.T;.μmax.=.110,000;.Hc.=.33.A.m−1).and.these.are.improved.by.anneal-
ing.(μmax.=.160,000.and.Hc.=.2.7.A.m−1)..Using.this.material,.a.yoke.and.a.pro-
totype.linear.actuator.were.fabricated,.and.these.are.shown.in.Figure.10.19..

Fe-based glassy
alloy plate

Linear actuator
Amplifier

Power supply

Control circuit

FIGURe 10.19
Magnetic.yoke.made.of.an.Fe73Ga4P11C5B4Si3.BMG.plate.for.a.prototype.linear.actuator.
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Tests.show.that.the.force.generated.by.the.actuator.using.the.Fe-based.BMG.
yoke.is.higher,.in.the.frequency.range.of.20–45.Hz,.than.when.Sr-ferrite.is.
used.as.a.permanent.magnet..The.large.Lorentz.force.suggests.that.linear.
actuators.using.Fe-based.BMG.yokes.can.show.good.acceleration.and.decel-
eration..In.addition,.the.high.relative.permeability.(μ).of.the.BMG.permits.
the.actuators. to.be.driven.with.high-frequency.current.pulses,. leading. to.
fine.pitch.control.through.a.feedback.system.

Based.on.the.high.μ.and.low.Hc.of.Fe-based.BMGs,.it.has.been.suggested.
that. they. are. appropriate. for. low-loss. magnetic. cores. for. choke. coils. [33]..
Cores.using.Fe-based.BMGs.exhibit.a.constant.μ.of.∼110.for.frequencies.up.to.
10.MHz,.comparable.to.commercial.cores..The.Fe70Al5Ga2P9.65C5.75B4.6Si3.BMG.
showed.a.low.core.loss.of.610.kW.m−3.at.100.kHz.in.a.magnetic.field.of.0.1.T..
Using.these.excellent.high.frequency.magnetic.properties,.as.well.as.viscous.
formability,.magnetic.shielding.sheets.for.laptop.computers.are.being.devel-
oped.(Figure.10.20).

10.6	 Miscellaneous	Applications

The.high.strength.and.wear.resistance.of.BMGs.along.with.their.biocompat-
ibility,.smooth.surface.finish,.and.aesthetic.appearance.determine.the.type.
of.material.to.be.used.and.the.appropriate.applications.

FIGURe 10.20
BMG.magnetic.shielding.sheets.for.laptop.computers.
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10.6.1 Jewelry

Jewelry.has.fascinated.humankind.for.several.hundreds.of.years..The.two.
important. material. characteristics. that. are. important. for. jewelry. are. their.
aesthetic.appearance.and.retention.of. their. luster.and.brightness,.or. inert-
ness.to.environment..Gold.is.perhaps.one.single.metal.that.has.been.exten-
sively.used.for.jewelry.due.to.its.special.attributes..It.is.estimated.that.about.
two-thirds.of.the.newly.mined.gold.today.goes.to.the.jewelry.industry.and.
the.remaining.one-third.is.for.the.electronics.and.dental.industries,.coinage.
and.bullion,.aerospace,.glass-making,.and.decorative.gilding..The.smooth.
surface. finish. and. aesthetic. appearance. are. considered. important. in. this.
group.of.applications.

Gold.is.very.soft.and.ductile.and.so.it.can.be.fabricated.into.complex.designs..
In.fact,.it.is.so.soft.(its.Vickers.hardness.is.8).that.it.has.to.be.alloyed.with.Ag.
and.Cu.to.make.it.easy.to.handle.and.impart.some.scratch.and.wear.resis-
tance..It.can.have.a.very.good.surface.finish.and.can.be.aesthetically.pleasing.
due.to.its.bright.yellow.color..Lastly,.since.it.is.a.noble.metal,.it.will.not.corrode.
and,.therefore,.its.surface.luster.and.bright.appearance.can.be.retained.

Due.to.the.special.attributes.of.BMGs.based.on.Au.and.Pt,.Schroers.et.al..
[34].have.developed.these.alloys.for.jewelry.applications..The.authors.chose.
one.composition. for.each.of. the.alloys:.Au49Ag5.5Pd2.3Cu26.9Si16.3. (referred. to.
as.LM18kAu).and.Pt57.5Cu14.7Ni5.3P22.5. (referred.to.as.LM850Plat)..Both.these.
alloys. have. very. good. glass-forming. ability. as. evidenced. by. the. produc-
tion.of.5.mm.thick.plates.for.the.Au-based.alloy.and.16.mm.thick.plates.for.
the. Pt-based. alloy.. Conventional. processing. of. Pt-based. alloys. is. difficult.
because.of.their.high.liquidus.temperature.(over.1800°C),.reaction.with.the.
crucible.material,.tarnishing.and.oxidation,.and.solidification.shrinkage,.due.
to.thermal.contraction.and.phase.transformation.(liquid-to-solid).shrinkage..
Table.10.4.lists.some.selected.mechanical.properties.of.these.BMGs.and.their.
approximate.crystalline.counterparts..It.may.be.noted.that.the.BMG.alloys.
are. harder. and. stronger,. show. higher. limits. of. elastic. limits,. and. are. also.
lighter..Additionally,.the.S.index,.defined.as
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where.Tx,.Tg,.and.Tℓ.represent.the.crystallization,.glass.transition,.and.liquidus.
temperatures,.respectively,.is.a.measure.of.the.formability.of.the.alloy..The.S.
values.are.0.24.and.0.34.for.the.Au-based.and.Pt-based.alloys,.respectively,.and.
these.are.much.higher.than.those.for.Zr44Ti11Cu10Ni10Be25.and.Pt42.5Cu27Ni9.5P21,.
which.are.considered.very.good.glass.formers..SPF.formed.these.BMG.alloys.
in.the.supercooled.liquid.region.at.150°C.for.200.s.under.a.pressure.of.100.MPa.
for.the.Au-based.alloy.and.at.270°C.for.100.s.under.a.pressure.of.28.MPa.for.
the.Pt-based.alloy..Figure.10.21. shows. the.net-shape. formed.Au-based.and.
Pt-based.alloys..The.smooth.surface.finish.is.worth.noticing.



Applications	 507

Because.of.the.application.of.pressure.during.the.SPF.operation,.the.shrinkage.
porosity.in.the.processed.material.is.significantly.reduced,.as.also.the.porosity.
in.the.formed.product..Additionally,.due.to.the.high.strength.of.the.alloys,.they.
should.be.more.scratch-.and.wear-resistant.than.the.conventional.crystalline.
alloys..Further,.it.has.been.suggested.that.the.large.elastic.strain.limit,.com-
bined.with.the.high.strength,.of.the.BMG.alloys.should.open.up.opportunities.
for.new.jewelry.designs..Liquidmetal.Technologies.has.been.commercializing.
some.of.these.jewelry.items..The.additional.jewelry.items.commercialized.by.
Liquidmetal.Technologies.include.watch.casings.(to.replace.Ni.and.other.met-
als,.which.can.cause.allergic.reactions),.fountain.pen.nibs,.and.finger.rings.

10.6.2 biomedical applications

Many.metallic.materials.have.been.used.as. implants. in. the.human.body..
But,. for.a.material. to.be.used.as.an. implant,. the.metallic.material. should.

Table 10.4

Selected.Properties.of.Au-Based.and.Pt-Based.BMGs.and.Their.
Approximate Crystalline.Counterparts

Material
Density	
(g	cm−3)

Yield	
Strength	

(MPa)

Elastic	
Elongation	

(%) Hardness S	=	ΔTx/(Tℓ	−	Tg)

Au49Ag5.5Pd2.3Cu26.9Si16.3.
(LM18kAu)

11 1200 1.5 360 0.24

Au–Ag–Cu.(18k) 15.4 350 <0.5 150 —
Pt57.5Cu14.7Ni5.3P22.5.
(LM850Plat)

15.3 1400 1.3 402 0.34

Pt/Ir850/150 21.5 420 <0.5 160 —

(a) (b)

FIGURe 10.21
Net.shape.formability.using.Au-based.and.Pt-based.BMG.alloys..(a).The.Au-based.alloy.was.
formed.at.150°C.for.200.s.under.a.pressure.of.100.MPa..(b).The.Pt-based.alloy.formed.at.270°C.
for. 100.s. under. a. pressure. of. 28.MPa. using. pellets. as. feedstock. material.. (Reprinted. from.
Schroers,.J..et.al.,.Mater. Sci. Eng. A,.449–451,.235,.2007..With.permission.)
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be. biocompatible,. inert. (it. should. have. a. high. corrosion. resistance),. and.
have.mechanical.properties. that.are.very.similar. to. the.part. that. is.being.
replaced.. Apart. from. the. toxicity. issue,. the. mismatch. of. the. modulus. of.
elasticity.(Young’s.modulus).between.the.metallic.implant.and.the.human.
part.is.a.serious.issue,.since.this.could.develop.undesirable.stresses.(stress.
shielding).and.consequent.damage..Hence,.a.biomedical.replacement.mate-
rial.should.have

•. A.reasonably.low.density
•. Little.or.no.cytotoxic.metals.in.its.composition
•. A.high.strength.and.long.fatigue.life
•. A. low. Young’s. modulus. comparable. with. the. part. that. is. being.

replaced
•. A.large.room.temperature.plasticity.so.that.it.can.be.easily.formed
•. Good.casting.properties.so.that.it.can.be.easily.cast.into.defect-free.

materials

These.requirements.could.be.different.depending.on.the.part.to.be.replaced.
Different. metallic. materials. including. stainless. steel,. Vitallium. and.

other.Co-based.alloys,.and.Ti.alloys.have.been.used.for.biomedical.appli-
cations..But,.the.mechanical.properties.of.some.of.these.alloys.have.been.
found.to.be. inadequate.as.also. their. reasonably.high.Young’s.modulus..
BMGs. are. highly. suitable. for. this. purpose. since. they. have. very. high.
yield.strength,.large.elastic.elongation.limit.of.about.2%,.and.low.Young’s.
modulus,.and.they.can.be.easily.cast.into.shapes..Further,.Ti-based.alloys.
have. low. density,. excellent. biocompatibility,. and. corrosion. resistance..
Therefore,. Ti-based. BMGs. appear. to. be. ideal. materials. for. biomedical.
applications.

Many.of.the.Ti-based.BMGs.contain.toxic.elements.such.as.Al,.Ni,.and.
Be.. Therefore,. Zhu. et. al.. [35]. have. developed. a. Ti-based. BMG. that. did.
not.contain.any.of. the. toxic.elements..The.alloy.series.has.a.composition.
of.Ti40Zr10Cu40−xPd10+x. (with.x.=.0,.2,.4,.6,.8,.and.10).and.it.was.possible. to.
obtain. these.alloy. compositions. in.a.bulk.glassy. form.with.diameters.of.
4–7.mm.. For. example,. 7.mm. diameter. glassy. rods. could. be. obtained. in.
Ti40Zr10Cu36Pd14.and.Ti40Zr10Cu34Pd16.alloy.compositions..The.Ti40Zr10Cu36Pd14.
BMG.alloy.was.chosen.for.further.study..This.alloy.exhibited.a.compressive.
strength.of.1950.MPa,.Young’s.modulus.of.82.GPa,.and.an.elastic.elongation.
of.2.3%.[35].

Hydroxyapatite.(HAp).is.the.main.mineral.constituent.of.teeth.and.bone,.
and.it.shows.excellent.biocompatibility.with.hard.tissue,.skin,.and.muscle.
tissue..Further,.HAp.does.not.exhibit.any.cytotoxic.effects.and.can.directly.
bond.to.the.bone..Therefore,.HAp.has.been.frequently.used.either.as.a.coat-
ing.or.a.reinforcement. in.different.materials..Coating.of.HAp.to. improve.
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the.surface.bioactivity.of.Ti.alloys.was.not.effective.since.it.flaked.off.due.to.
the.poor.ceramic/metal.interface.bonding..To.overcome.this.problem,.Zhu.
et. al.. [36]. have. produced. Ti40Zr10Cu36Pd14. BMG. alloy. composites. contain-
ing.6.vol.%.of.HAp.through.solidification.methods..The.compressive.frac-
ture. strength,. Young’s. modulus,. and. elastic. elongation. limit. were. almost.
the.same.for.both.the.monolithic.and.the.composite.alloy,.suggesting.that.
the  addition. of. HAp. did. not. adversely. affect. the. mechanical. properties..
Since. wetting. of. HAp. particles. occurred. spontaneously. with. the. molten.
metal,. it. can.be.assumed. that. the. interfacial.bonding.between. the.glassy.
matrix.and.the.HAp.phases.is.good.

A.bone-like.apatite.film.formed.on.the.Ti-based.BMG.alloy.surface.after.
electrochemical.and.chemical.treatments..It.was.noted.during.a.scratch.test.
that. the. HAp. film. started. peeling. off. at. loads. of. >25.g. with. a. hydrother-
mal. treatment,. whereas. it. required. only. 5–10.g. without. the. hydrothermal.
treatment.

The.monolithic.Ti40Zr10Cu36Pd14.BMG.alloy.was.found.to.be.good.replace-
ment.for.teeth.and.as.plates.and.screws.for.fixing.bones.(Figure.10.22).

10.6.3 Medical Devices

As.mentioned.in.Section.10.6.2,.many.BMGs.have.no.cytotoxic.effects,.they.
are.corrosion.resistant,.and.they.are.biocompatible..Further,.they.have.a.high.

Ti-based BMGs for
biomedical implants
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T-type tooth implants
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FIGURe 10.22
Ti40Zr10Cu36Pd14.BMG.alloy.implants.for.T-type.teeth.and.plates.and.screws.for.fixing.bones.
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tensile.strength.and.therefore.they.are.wear.resistant..Added.to.these,. the.
easy.formability.and.control.of.surface.finish.offer.excellent.opportunities.
for.these.to.be.used.in.the.medical.industry.

The.above.features.are.taken.into.consideration.in.using.BMGs.to.develop.
products. for. reconstructive. devices,. fractured. fixations,. spinal. implants,.
ophthalmic.surgery,.and.cataract.surgery..The.BMGs.have.also.been.shown.
to. yield. surgical. blades. that. are. sharper. and. long. lasting. than. steel,. less.
expensive.than.diamond,.and.more.consistently.manufacturable.(since.they.
are.produced.from.a.single.mold).and.ready.for.use..Other.edged.tool.appli-
cations.include.knives.and.razor.blades.

Vitreloys. (trade. name. for. Zr-based. BMG. alloys. manufactured. by.
Liquidmetal. Technologies). are. also. being. used. for. materials. in. knee-
replacement.devices,.pacemaker.casings,.etc.

10.6.4 Others

Since.BMGs.can.be.stronger.and.lighter.at.the.same.time,.and.can.be.eas-
ily.molded. into.different. shapes. in. the. supercooled. liquid. region,. they.
have.been.used.to.produce.components.for.liquid.crystal.display.casings.
on. cell. phones,. the. “uncrushable”. SanDisk. U3. Cruzer. titanium. Flash.
Drive,.and.to.create.a.Vitreloy-encased. laptop.that.rolls.up. like.a.piece.
of.paper.

Liquidmetal.Technologies.has.recently.developed.glassy.alloys.for.use.in.
the.field.of.hinge.components.for.electronic.housings.in.the.mobile.phone.
industry.. With. the. increased. complexity. in. handset. circuitry,. a. greater.
demand. is. placed. on. the. performance. of. internal. structural. components..
Consequently,.the.traditional.materials.have.been.found.to.be.inadequate.in.
meeting.the.new.performance.benchmarks.

Currently.used.materials.such.as.zinc,.magnesium,.stainless.steel,.and.
even. titanium. have. inherent. design. and. performance. limitations.. Other.
lower-strength.metals.are.also.not.suitable.since.they.have.less.resilience.
to.impact.from.dropping.or.the.daily.wear-and-tear.of.repeated.flip-phone.
actions..The.high.strength.and. large.elasticity.enable. thinner.profiles. to.
be.made.

The.kinetic.energy.penetrator.(KEP),.the.key.component.of.the.highly.effec-
tive.armor.piercing.ammunition.system,.currently.utilizes.depleted.uranium.
(DU).because.of.its.high.density.and.self-sharpening.behavior..Ballistic.tests.
have.shown.that.the.Vitreloy.+.W.composite.KEP.exhibits.self-sharpening.
behavior,. similar. to. the. DU-KEP.. It. has. been. mentioned. that. examples. of.
new.military.applications. for.BMGs. include.composite.armor;. lightweight.
casings.for.ordnance;.MEMS.casings.and.components;.thin-walled.casings.
and.components.for.electronics;.casings.for.night.sights.and.optical.devices;.
missile. components. such. as. fins,. nosecones,. gimbals,. and. bodies;. aircraft.
fasteners;. and. electromagnetic. pulse. (EMP). and. electromagnetic. interfer-
ence.(EMI).shielding.
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10.7	 Concluding	Remarks

BMGs.have.an.interesting.combination.of.properties..They.exhibit.very.high.
strength,. large. elastic. elongations,. low. Young’s. modulus,. good. corrosion.
resistance,.and.the.ability.to.be.easily.formed.in.the.supercooled.liquid.state..
Coupled.with.the.fact.that.these.materials.do.not.have.a.crystal.structure.and.
consequently.no.grains.and.grain.boundaries,.the.surface.finish.is.extremely.
smooth..Such.a.fine.texture.has.earlier.been.possible.only.in.polymeric.mate-
rials.and.oxide.glasses..Thus,.the.potential.applications.for.these.materials.
seem.to.be.unlimited..In.fact,.as.described.in.the.above.paragraphs,.several.
different.existing.and.potential.applications.for.metallic.glasses,.with.special.
reference.to.the.BMGs,.have.been.reviewed.

The.prospect.of.BMGs.being.used.as.engineering.materials.is.still.not.fully.
clear..However,.the.present.results.imply.that.metallic.glass.exhibits.a.new.
feature,.that.is,.“smaller.is.safer.”.Therefore,.metallic.glasses.can.be.potential.
candidates.as.materials.in.MEMS.[37].

Even.though.specific.applications.have.been.mentioned.in.some.cases,.and.
the.parts.went.into.production,.the.actual.production.of.the.part.is.not.being.
currently.pursued..The.reasons.may.be.different.for.different.products..But,.
it. has. been. explained. by. John. Kang,. Chairman. and. CEO. of. Liquidmetal.
Technologies,.Pyongtaek,.South.Korea,.that.“Manufacturing.process.limita-
tions,.higher-than-expected.production.costs,.unpredictable.customer.adop-
tion.cycles,.short.product.shelf-life,.and.intense.pricing.pressures.have.made.
it.difficult.to.compete.profitably.in.this.commodity-driven.market.”.He.fur-
ther.goes.on.to.say.that.“Processes.are.not.yet.refined.to.the.point.that.we.
can.cost-effectively.manufacture.price-sensitive,.commodity.products”.[38].

The. excellent. combination. of. mechanical. properties. of. BMGs. has. been.
touted.as.very.special..While.it.is.true.that.they.have.a.very.high.strength.
and.hardness,.their.wear.resistance.does.not.appear.to.be.satisfactory..One.
reason.for. this.unsatisfactory.performance. is.because.wear.resistance.of.a.
material.may.not.depend.just.on.the.hardness.of.the.material.alone;.other.
factors.also.could.be.playing.a.role..It.has.been.occasionally.mentioned.that.
the.wear.resistance.of.BMG/crystalline.part.combination.is.worse.than.that.
of.the.crystalline/crystalline.combination..One.could.think.of.the.following.
reasons.for.this.decreased.wear.resistance.of.the.BMG/crystalline.combina-
tion..Firstly,.it.could.be.due.to.the.fact.that.the.surface.roughness.of.the.crys-
talline.and.BMG.parts.is.different.and,.therefore,.the.BMG.may.be.getting.
worn.out.faster..Secondly,.the.wear.debris.gets.deposited.at.the.interface,.and.
this. could. cause. some. stress. concentration. and. therefore. the. components.
may.be.failing.sooner..Lastly,.it.is.possible.that.the.deformation/wear.mech-
anism.is.different.in.the.crystalline.materials.and.the.BMGs..But,.instead.of.
the.BMG/crystalline.combination,.if.one.uses.a.BMG/BMG.combination,.the.
wear.resistance.appears.to.be.much.better.than.the.crystalline/crystalline.or.
BMG/crystalline.combinations.
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The. low. Young’s. modulus. and. high. elastic. elongation. could. be. used.
advantageously..This.is.because,.for.a.given.stress,.the.elastic.elongation.is.
large. and. therefore. the. BMG. materials. offer. a. high. sensitivity. for. detect-
ing. elastic. deformation.. Further,. if. this. deformation. is. transformed. into.
other.measurable.units.such.as.electric.signals,.flow.rate,.etc.,.this.would.be.
extremely.useful.for.sensor.applications..Some.of.these.have.been.described.
in.the.Section.10.3.6.

Another. important. attribute. of. BMGs. is. that. they. could. be. fabricated.
into.complex.shapes.in.the.supercooled.liquid.region..Further,.they.can.be.
fabricated.into.net.shapes..While.it.is.true.that.one.can.produce.parts.with.
complex.design,. the. time.available. for. forming. is.determined.by. the. time.
for.crystallization.of.the.glassy.material..This,.of.course,.can.be.determined.
and.the.process.is.carried.out.without.allowing.the.crystallization.process.to.
occur..But,.it.has.been.mentioned.that.the.actual.forming.of.the.BMG.parts.in.
the.supercooled.liquid.region.is.more.expensive.than.for.forming.the.crys-
talline.parts..Therefore,.if.the.properties.and.performance.of.the.crystalline.
part.are.satisfactory.for.the.intended.application,.the.use.of.BMGs.may.not.
be.advantageous.

The.supercooled.liquid.region,.ΔTx.=.Tx.−.Tg,.where.Tg.and.Tx.represent.the.
glass.transition.and.crystallization.temperature,.respectively,.is.reasonably.
large.for.BMG.alloys..But,.more.than.just.the.ΔTx.value,.the.ratio.of.ΔTx/Tm,.
where.Tm. is. the.melting.point.of. the.alloy,.seems.to.be.more. important. in.
determining.the.thermal.stability.of.the.glassy.alloy.

The. soft. magnetic. properties. of. BMGs. are. very. good.. They. have. a. low.
coercivity. and. very. high. permeability. at. high. frequencies.. The. saturation.
magnetization. can. also. be. suitably. adjusted. by. optimizing. the. chemical.
composition..But,.in.comparison.to.the.melt-spun.ribbons,.the.composition.
range.in.which.the.BMGs.could.be.obtained.seems.to.be.limited,.and.they.
require.more.number.of.components..Consequently,.the.saturation.magne-
tization.is.low..In.other.words,.there.appears.to.be.very.wide.possibilities.to.
obtain.metallic.glasses.using. the.melt-spinning. technique;.but.BMGs.also.
have.some.specific.advantages.such.as.their.high.glass-forming.ability.and.
ease.of.forming.operations.in.the.supercooled.liquid.state.

From.the.above.discussion,.it.is.clear.that.while.BMGs.have.some.unique.
features,.there.are.also.difficulties.and.unattractive.features.associated.with.
commercializing.them..The.specific.advantages.of.obtaining.the.glassy.alloys.
in.the.BMG.condition.over.the.melt-spun.ribbon.condition.for.commercial.
applications. are. still.not.very. clear.. It. is. becoming. more.and.more.appar-
ent.that.the.special.attributes.of.BMGs.could.be.better.exploited.when.the.
volume.of.the.product.produced.using.the.BMG.is.small,.i.e.,.for.small.size.
products..Processing.costs.could.be.significantly.reduced.in.this.case..Thus,.
one. could. think. of. imprinting,. micro-gears,. MEMS. parts,. ID. tags,. etc.,. as.
potential.applications..Alternatively,.the.BMGs.could.also.be.used.in.appli-
cations. where. cost. is. not. the. main. consideration,. for. example,. in. military.
applications,.space.applications,.surgery,.and.security.areas..Additionally,.it.
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is.also.worthwhile.to.use.the.basic.scientific.knowledge.gained.in.the.study.
of.BMGs.to.develop.new.crystalline.materials.(may.be.nanostructured.materi-
als).at.a.low.cost.

It. is.most. important. to.remember. that. for.successful.commercial.exploi-
tation. of. BMGs,. it. is. essential. that. we. have. a. low-cost. production. process.
for.mass.production.and.commercialization..The.BMGs.amply.satisfy.these.
requirements.because.forming.them.in.the.supercooled.liquid.region.could.
be.rapid.and.also.less.expensive..The.current.high.cost.of.the.BMGs.can.be.a.
big.deterrent.for.their.use.in.consumer.goods..Extensive.usage.of.the.BMGs.
in.several.different.applications.could.increase.their.volume.of.production.
and.consequently.bring.down.their.cost.
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11
Epilogue

11.1	 Introduction

We.have.so.far.surveyed.the.different.growth.stages.of.bulk.metallic.glasses.
(BMGs),. starting. from. their. inception. in.1989,. to. the.present-day. status.of.
turning. into. a. mature. field.. We. had. looked. at. the. formative. stages. when.
BMGs.were.produced.by.water.quenching. in.a.La-based.alloy.and.then.a.
major. breakthrough. when. a. 14.mm. diameter. BMG. rod. was. produced. in.
a. Zr-based. alloy.. It. is. estimated. that. about. 5000. research. publications. are.
available.in.the.open.literature.on.the.different.aspects.of.BMGs,.and.inter-
national.conferences.are.being.organized.periodically.in.different.parts.of.
the.world.

The.properties.of.BMGs.do.not.appear.to.be.significantly.different.from.
those. of. melt-spun. metallic. glass. ribbons.. But. there. are. also. differences.
between.BMGs.and.melt-spun.glassy.ribbons..It.has.been.shown.that.BMGs.
offer.excellent.opportunities.to.fabricate.complex-shaped.products.because.
of. their. excellent. forming.characteristics. in. the. supercooled. liquid. region,.
i.e.,.the.temperature.interval.between.the.glass.transition.and.crystallization.
temperatures..Further,. the. supercooled. liquid. region.has.provided.a.most.
convenient. way. to. study. the. physical. properties. (especially. the. transport.
properties). in.this.otherwise. inaccessible.region.. In.comparison.with.their.
crystalline.counterparts,.BMGs.have.shown.impressive.property.enhance-
ments..The.question.on.everyone’s.mind.is:.Where.do.we.go.from.here.and.
in.which.direction?

It.is.always.difficult.to.predict.the.future..It.is.more.so.if.one.has.to.predict.
the.future.trends.of.an.adolescent.technology.such.as.BMGs,.since.it.has.been.
known.that. it. takes.about.15–20.years.for.any.invention.to.be.successfully.
marketed.for.commercial.applications..Since.BMGs.were.first.reported.only.
in.1989,.we.can.consider.that.BMGs.are.just.round.the.corner.for.serious.con-
sideration.as.suitable.materials.to.replace.the.existing.materials.

Before.we.venture.into.predicting.the.future.of.BMGs,.let.us.see.the.cur-
rent. status.of.BMGs..Figure.11.1. shows. the.best.properties. that.have.been.
achieved.so.far..BMGs.have.been.prepared.with.a.section.thickness.of.a.few.
millimeters.to.a.few.centimeters,.with.the.maximum.diameter.achieved.being.
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72.mm.in.a.Pd-based.alloy.[1]..Large.supercooled.liquid.regions.of.131.K.were.
obtained.in.a.Pd-based.BMG.alloy.[2]..Extremely.high.fracture.strengths.of.
over.5.GPa.were.obtained.in.a.Co-based.BMG.alloy.[3]..Plastic.elongations.of.
nearly.20%.were.achieved.in.a.Pt-based.BMG.alloy.[4]..Interesting.soft.mag-
netic. properties. of. saturation. magnetization. of. 1.5.T,. coercivity. of. 1.A. m−1,.
and.magnetostriction.of.2.×10−6.were.obtained.in.an.Fe-based.BMG.alloy.[5]..
A.reasonably.high.magnetic.energy.product.of.19.kJ.m−3.was.obtained.in.an.
Nd-based.BMG.alloy.[6]..BMG.composites.containing.a.large.volume.fraction.
of.the.reinforcements.and.with.good.ductility.have.been.synthesized.[7]..All.
the.above.facts.suggest.that.significant.improvements.have.been.achieved.in.
the.synthesis.and.properties.of.these.novel.materials.

11.2	 Size	and	Shape

There.has.been.a.constant.drive.to.increase.the.section.thickness.of.BMGs.in.
different.alloy.systems..This.has.been.achieved.through. innovative.chem-
istries.and.design.principles.based.on.an.approach.to.searching.3-D.com-
positional.space.to.improve.the.glass-forming.ability.[8]..Figure.11.2.shows.
the.increases.in.the.critical.diameters.of.Cu-based.and.Mg-based.BMGs..It.
is.interesting.to.note.that.the.maximum.diameter.for.a.fully.glassy.rod.has.
increased.up.to.15.mm.in.a.Cu-based.alloy.and.up.to.27.mm.in.an.Mg-based.
alloy.. Further,. the. largest. diameter. of. 72.mm. for. a. fully. glassy. rod. estab-
lished.in.1997.for.a.Pd-based.alloy.has.not.been.surpassed.so.far.

It.will.be.most.desirable.to.obtain.even.larger.critical.diameters.in.differ-
ent.alloy.systems..For.example,.the.potential.for.applications.will.certainly.

Bulk
metallic
glasses

Soft magnetic properties
Is = 1.5 T, Hc = 1 A m–1,

λs = 2 × 10–6

Hard magnetic
properties

(BH)max = 19 kJ m–3

Plastic elongation
= 20%

Maximum diameter
= 72 mm

Fracture strength
= 5 GPa

Trg = 0.71ΔTx = 131 K

Good corrosion
resistance

FIGURe 11.1
Current.achievements.of.BMGs.
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increase.if.one.is.able.to.synthesize.fully.glassy.rods.with.a.critical.diam-
eter.of.over.10.cm..But,.this.will.be.even.better.if.this.could.be.achieved.in.
the.most.useful.commercial.alloy.systems,.e.g.,.those.based.on.Al.and.Fe..
The.present.scientific.understanding.of.the.glass-forming.ability.of.alloys.
has.not.been.able.to.produce.rods.larger.than.16.mm.in.the.Fe-based.alloy.
systems,.and.it.has.not.been.possible.to.obtain.even.a.1.mm.diameter.rod.
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FIGURe 11.2
Increase.in.the.critical.diameter.of.BMG.alloys.based.on.(a).copper.and.(b).magnesium.
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in.the.Al.alloy.system..Therefore,.it.will.be.extremely.useful.if.BMG.rods.
could.be.obtained.with.about.30.mm.diameter.and.5.mm.diameter.in.the.
Fe-.and.Al-based.alloy.systems,.respectively..Precise.and.reliable.computer.
simulation. methods. to. identify. the. components. of. an. alloy. system. pos-
sessing.very.good.glass-forming.ability.could.be.a.valuable.asset. in. this.
direction.

Current.reports.indicate.that.it.has.been.possible.to.produce.BMG.alloys.
in.different.forms.such.as.rods,.sheets,.tubes,.spheres,.etc..The.dimensions.
of.these.products.have.been.limited..The.likelihood.of.these.products.to.be.
used.in.applications.will.significantly.increase.when.sheets.with.a.reason-
ably. large.surface.area.(1.×.1.m),. longer.rods.or.cylinders.with.a. length.of.
over.2.m,.and.long.tubes.with.a.small.wall.thickness.of.about.0..1.mm.could.
be.produced..All.these.are.doable.and.the.existing.manufacturing.methods.
need.to.be.modified.to.achieve.these.goals.

11.3	 Mechanical	Properties

Ultrahigh.strength.has.been.reported.in.a.large.number.of.BMG.alloys,.with.
the.strength.exceeding.about.3.GPa;.the.highest.strength.reported.was.over.
5.GPa..Since.it.has.been.well.known.that.high.strength.(and.hardness).and.
wear.resistance.go.together,.it.is.only.natural.to.hope.to.obtain.higher.and.
higher.strength.values.for.the.BMGs.so.that.they.could.be.used.in.applica-
tions.where.wear.resistance.is.important..In.this.respect,.it.will.be.useful.to.
have.even.higher.strength,.say.exceeding.6.GPa,.to.provide.increased.wear.
resistance.

Associated. with. the. high. strength,. the. elastic. elongation. limit. of. BMG.
alloys.has.been.reported.to.be.about.2%..This.value.is.about.four.times.larger.
than.what.has.been.traditionally.achieved.in.a.crystalline.alloy..This.high.
elastic. elongation. limit. has. found. interesting. applications. in. springs. and.
sporting.goods..But,.it.will.be.beneficial.if.we.can.achieve.a.still.higher.value..
The.reduced.modulus.of.elasticity.of.BMGs.appears.to.be.a.very.important.
property.that.can.help.in.finding.a.number.of.commercial.applications.

The. Achilles’. heel. of. BMG. alloys. has. been. their. low. ductility.. In. most.
cases,.the.BMGs.experience.only.elastic.deformation.in.tension.and.therefore.
the. ductility. has. been. virtually. zero.. But,. through. innovative. approaches,.
some.amount.of.ductility.has.been.introduced.into.the.BMG.alloys—mostly.
through.introduction.of.a.ductile.reinforcement..But,.if.a.reasonable.amount.
of. ductility,. say. about. 5%,. could. be. achieved. in. a. monolithic. BMG. alloy.
(without. sacrificing. the. strength.by. introducing. a.ductile. component),. the.
fabrication.of.BMGs.could.be.achieved.more.easily..Additionally,.if.the.frac-
ture.toughness.of. the.BMGs.could.also.be. increased.to.over.120.MPa.m1/2,.
the.BMGs.could.be.more.forgiving.and.tolerant.to.the.presence.of.cracks.in.
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the.alloys..Fatigue.resistance.and.stress-corrosion.resistance.could.also.be.
improved.

Aluminum. and. titanium. alloys. are. used. extensively. in. the. aerospace.
industry.. High. specific. strength,. good. formability,. fatigue. resistance,. and.
resistance. to. stress-corrosion. cracking. are. the. properties. needed. for. such.
applications.. Further,. titanium. alloys. are. also. used. for. biological. applica-
tions.necessitating.the.BMGs.to.have.biocompatibility..Improved.BMG.alloys.
based.on.Al.and.Ti.with.these.desirable.properties.will.be.a.welcome.addi-
tion.to.the.family.of.BMG.alloys.

11.4	 Magnetic	Properties

Metallic.glasses.in.general,.and.BMGs.in.particular,.exhibit.interesting.mag-
netic.properties..They.show.both.soft.and.hard.magnetic.behavior..If.we.can.
learn.any.lessons.from.the.experience.of.melt-spun.metallic.glasses,.it.is.possi-
ble.that.the.magnetic.properties.of.BMG.alloys.will.be.the.most.important.ones.
in.exploiting.them.for.commercial.applications..But,.due.to.the.large.number.
of.alloying.elements.needed.to.synthesize.BMG.alloys,.the.saturation.magneti-
zation.of.BMGs.is.low..The.presence.of.rare.earth.elements.in.the.BMGs.is.also.
not.desirable..Therefore,. if.BMGs.can.be.synthesized.without.the.rare.earth.
elements.and.with.the.minimum.of.alloying.elements,.the.saturation.magneti-
zation.can.be.high,.say.above.about.1.8.T..Further,.such.BMGs.will.also.be.more.
affordable.since.the.expensive.rare.earth.elements.are.not.being.used..Further,.
even.though.the.magnetostriction.of.the.BMGs.is.relatively.low,.a.zero.value.
has.not.been.achieved.so.far..Hence,.the.development.of.alloy.compositions.
with.zero.magnetostriction.and.ultrahigh.permeability.is.an.urgent.need.

11.5	 Fundamental	Properties

A.vast.amount.of.science.base.has.been.developed.with.the.synthesis.and.
characterization.of.BMGs..A.very.large.number.of.BMG.compositions.have.
been.synthesized.in.the.glassy.state..In.spite.of.this,.we.do.not.seem.to.have.a.
clear.idea.of.the.glass-forming.ability.of.alloys.and.which.compositions.will.
produce.fully.glassy.alloys.with.a.large.section.thickness..The.mechanism.
for.the.high.stability.of.the.supercooled.liquid.is.still.not.clear..Further,.it.is.
still.a.matter.of.speculation.regarding.the.width.of.the.supercooled.liquid.
region,.ΔTx..For.example,.is.it.possible.to.obtain.a.ΔTx.value.of.over.200.K.in.
any.alloy.system.and.if.so,.how.do.we.achieve.it?.Can.we.also.predict.the.
glass.transition.temperature?.Can.it.be.a.really.very.low.value,.say.300.K,.
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or. a. high.value?.Can.we. identify.alloys.with.a.high. reduced.glass. transi-
tion. temperature,.Trg?.All. these.are. still.open.questions.without.any.clear.
answers.

It.has.been.possible.to.study.the.rheological.behavior.of.metallic.glasses.
in.the.supercooled.liquid.region..Interesting.observations.have.been.made.
on.the.diffusion.behavior.of.BMGs.and.many.other.investigations.have.been.
conducted.to.obtain.basic.information.about.the.structure.and.properties.of.
BMGs..While.the.results.obtained.have.produced.useful.information,.they.
have.also.raised.additional.questions..Thus,.there.appears.to.be.a.lot.of.scope.
to.continue.to.delve.deeper.into.the.subject.and.generate.new.ideas.

11.6	 Concluding	Remarks

BMGs.have.been.shown.to.exhibit.an. interesting.combination.of.physical,.
mechanical,.chemical,.and.magnetic.properties..New.scientific.information.
has.been.generated.during.the.last.20.years.and.the.rate.at.which.progress.
is.being.made.during. the. last.5–10.years. is.phenomenal.and.a.number.of.
applications.have.been.suggested.for.these.materials..There.are.still.many.
unsolved.problems.and.the.chances.of.these.novel.materials.put.to.industrial.
uses.are.very.high.once.solutions.are.found.for.these.problems.

As.mentioned.in.Chapter.10,.the.adoption.of.a.new.material.into.the.existing.
systems.is.besieged.by.many.hurdles..Among.the.many.issues.to.be.resolved,.
the.most.important.is.the.cost..Therefore,.if.we.are.able.to.produce.these.BMG.
alloy.parts.at.low.cost.and.with.high.reliability,.chances.are.that.these.will.
be.adopted..In.addition,.we.also.need.to.look.into.the.recycling.of.the.used.
parts..Further,.a.very.profitable.avenue.to.be.pursued.will.be.to.impart.novel.
functionalities.to.BMGs.through.forming.composites.and.multiphase.BMGs.
and.this.is.likely.to.open.up.new.areas.of.research.and.increase.their.applica-
tion.potential..The.fact.cannot.be.sufficiently.overemphasized.that.one.has.to.
consider.the.full.cycle.of.the.material.from.cradle.to.grave.
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