)

Outline

« Precipitation Hardening

« Dispersion Strengthening

* Martensite

» Mechanical Properties of Steel
« Effect of Pearlite

)

Precipitation Hardening

« Particles impede dislocations.

« Things that slow down/hinder/impede dislocation movement
will increase, oy and s

« And also other phases - especially v. small, well dispersed particles.
In some alloys, we can get small, uniform particles to precipitate out of
(solid) solution. Hence named ““precipitation hardening” also known as
"AGE" - hardening. Examples include:

Al-Cu

Cu-Be

Cu-S

Mg-Al

Some alloy and stainless steels

» Many Al-alloys are precipitation hardenable
* Al - Cu is best known alloy, e.g. Al - 4%Cu
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C Precipitation Hardening C Precipitation Hardening
Procedure: * Ex: Al-Cu system T °7((:)G
- « Procedure: C) L CuAl2
¢ Heat to T, ; Hold until only a. - phase X 600@ o+l OeL
present. L - Pt A: solution heat treat 50017/
« Quench (rapid cooling) to Ty ; because - prt (get a solid solution) C a+0
rapid, no diffusion occurs - SSSS - TD‘"‘“?/M ' - Pt B: quench to room temp. 4007
%ﬁ;’?ﬁ%ﬁ solid so'”t,',oim ot Er - Pt C: reheat to nucleate o
. batoms “........... . 2 2 ot ap - hd }
thermodynamically stable. 2 / small o crystals within « (AI)O;B;10 20 30 40 5Q40.
N

« Reheat to T, ; diffusion can occur, small "1~

B
precipitates of B-phase form. ' cT(, oA cT‘
Composition (wt% B)
L et
l R M = Max. solubility of
g : metal B in metal A.
i, ok Solid solubility decreases
/ \ toNas TV
"
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:(_)“composition range

crystals. needed for precipitation hardening

o + 0 — Heat (~550°C) — Quench (0°C) — o (ssss) — Heat/age (~150°C) a + Oppt

Temp.
Pt A (sol'n heat treat)

recipitate 0)

yTime

PtB
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Single phase - a

Solvent (Al] atom

Precipitation Hardening

a + 611 t
(SSSS) i

" Phase particle

Solute (Cu)
atom

- form various zones
or small Cu clusters
- upon further aging
form 0" particles

Initially have a
supersaturated solid
solution of Cu in Al

o+ Gppt

o Phase particle

Can no longer match up
with each other (............. )
- less resistance to
dislocation movement

Lattices are trying to match up with each
other (stay ............. ) - large lattice strain -
high resistance to dislocation movement
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Precipitation Hardening

Max. strength/hardness

Strength or hardness

Logarithm of aging time

Formation & growth of precipitates.

These are very small (5 x 10-°m)
initially but grow with time.

Too long at temperature and
precipitates get too large and
............ occurs.

* & is the optimum for strengthening

* dis overaged because the precipitates are becoming incoherent
with the Al matrix
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Precipitate Effect

On TS and %EI

* TS peaks with & S
precipitation time. =
eIncreasing T ............... 2 400
process. %
° 300
. 2 200 L | | !
* %EL reaches minimum e 1min  1h 1day 1mo lyr

with precipitation time.

o
* Higher strength achieved at lower g—
ageing temperatures but for longer times s
 Consequently, if cold-working is to be 3
done, it should be carried out after e
................ and before ........... %
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precipitation heat treat time (h)

w
o

n
?

-
o
I

| | | |

1min  1h 1day 1mo1yr

precipitation heat treat time (h)
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Simulation of Effect of Precipitate Size on
Dislocation Movement
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Precipitation Hardening

S

R 1 T T

2014 Al Alloy:

« Natural aging occurs at room =
temperature
- sowill start aging at RT unless
stored at low temperature - freezer!
E.g. some Al-alloys for rivets
 Artificial aging occurs at e 0 1w @ e
elevated temperature and is Qusten et satan st sesiment 0
accelerated o T T 7

Tenside strangth (MPa)
&

Tena e strength sl

* Aluminum alloys which show age dish s%h  dp

hardening are:
—Al-Cu
-Al-Mg
—Al-Mg-Zn

— combinations of above

o1 50 ma)

HOC
1500°F

Ductility (% EL im 2 in
=

ol | | [ [
T 7 1 3 3 4
L] L 1) 1 10 i 1 1

Duraten of precapitabon heat Seatment (hi
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Dispersion Strengthening

< Adding very small foreign particles (hard + inert/non-reactive) into
matrix metal.

« Particles may be metals/non-metals but oxides are often used -
Thorium oxide (Thoria/ThO,)

« Like precipitation hardening, particles interfere with dislocation
movement

« But not as large strengthening effect, however, not greatly affected by
temperature - so good for .............. e applications.
Examples:

> Nickel + 3 vol% Thoria (TD Nickel)

» SAP (sintered Al. powder)
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Martensite

S

» Austenite dissolves ~2%C
whereas ferrite only dissolves
0.022% max.

 If amedium to high carbon
steel is quenched then C
remains in solid solution

forming a body-centred |EAY:
tetragonal phase (BCT) called w5
martensite\\ ——

carbon sites

martensite is ............... and does
not appear on the phase diagram
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Martensite Microstructure

Retained
Diffusionless transformation: austenite

v— a-martensite (very fast)

platelike or needle-like
appearance

microstructure always contains
retained austenite

microstructural development
of martensite and bainite
defined by transformation
curves,

— e.g.: time, temperature,

transformation (TTT)

alloying element affect the
ease of martensite formation

martensite
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Temperature (°C)

Note: need to
cool faster than
140°C/s to get
100%
martensite!
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200 ‘
"\\ Eutectoid temperature — 1400
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Alloy steel; + Ni,
Cr, Mo.

Get martensite at
slower cooling
rates.
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800
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— 1400
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Bainite

How does the bainite look like?

FIGURE 10.17 Transmissior

electron micrograph (TEM)
showing the structure of
bainite. A grain of bainite
passes from lower left to
upper right-hand corners,
which consists of elongated
and needle-shaped particles
of Fe,C within a ferrite
matrix. The phase
surrounding the bainite is
martensite.
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Martensite

Cementite

Ferrite
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Effect of
Fe,C and
pearlite

Yokt and tersde strngth

Mechanical Properties of Steel

Ferceat FayC

Percont FesC

Ductility (%)

8 [ E]
end ierpact anergy (14 by)

)

Composition (wis C)

1
az a4 as as Lo
Compunition (at% €

» Depending on microstructure, obtain different mech. properties

» amount of Fe,C (hard phase) in microstructure

hardness and strength
« whereas, the ductility and impact resistance
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C Effect of Pearlite C Spheroidite
« Fine pearlite is stronger and harder than coarse pearlite « least boundary area/unit volume
« cementite adheres strongly to ferrite and restricts its deformation « soft, low strength and ductile structure (easy to machine)
(reinforces) « spheroidized carbide is a low stress raiser
* plastic deformation (dislocations) cannot cross a.-Fe,C phase .
boundary . Sphegdlts N
Parcent FayC . [l L J ] oy "
bt S - % s s s Coarse Pearlite é)ﬂgg(}] ao*l ?.3,0(3'[)2;“% aﬁ.'ﬂo e
2207 . - 212 s = T 1 T T % bl %
I I I 7 28, oW Oop’ ey 2,000,
o} - S d'Q; Q?-acu-""o-- o 0
L E Sorisiiitn i -5100 a0 v, q-‘,-f ’-_‘:.Q" [
m 10X Rl cgo.:'::’-'_'_ =30
Boundary § sk N a T oW e WA I e
area/unit volume iy SRR e I | Fe,C 3.9 % oo o S00¢ Z:‘:"c,\-%u\
is much greater § - i — - g:'_-;‘c;-"'.},-;'g_; “
inthecase of 3 "3 3% s o 0294, ?D.,-' ) 93208
fine pearlite o wi . . A ??ﬁ:”fﬁdp %os ) et
. .t RO o
" —— '“;DOD it A f‘”‘::'u.
|- ot~ . 1000X 538 % o s die g
P (RN T N T T - -oTT - e
W R Spheroidite vs. fine and coarse pearlite
ngesition (et C) wm (i )
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C Martensite C Tempered Martensite
» Hardness of martensite is Percen FesC | g&'}l%e””g (heatihg) at 220 4
o sl allows diffusion of carbon
dependant on the carbon O B R out of supersaturated martensite:
~0 69 . . -
e 4 = T
o C ccC
(dislocation motion) is g soof w2 . .
) . /. : £ » Microstructure is tempered
restricted by interstitial Lol T martensite .
carbon E {temperad at 371°C) 2 . L.
« high carbon martensite is T w0 1y 2 * Cementite precipitates (hard) are
the hardest most brittle 2001 ot | Very.ﬁne and dlspe!’sed c : .
microstructure in steel « Continuous o (ductile) phase ementite precipitates
100 - .
« there is an increase in * Very large boundary area/unit  yynen hoth TM structure and pearlite
| hi L CE TR TR volume structure have the same strength, the
Vo _Ume upon quenc m_g Compasitian (wt% I e This microstructure makes TM fracture toughness of TM structure W.i”
which can cause cracking and ... bemuch ........... than that for pearlite
structure.
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Tensile and yield strength

1000

Effect of Tempering on Mechanical Properties of Steel

Tempering temperature (“F)
400 600 800 1000 1200
I

Tensile strength

Yield strength

Reduction
in area
—_—

120

100 | | | |
200 300 400 500 600

Tempering temperature ("C)

1 hour tempered 4340 steel
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Reduction inarea (%)
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« The mechanical properties are
affected by the precipitate size

* Precipitate size .............. with
tempering time and temperature
up to the eutectoid composition
(carbon diffusion)

The microstructure will become Spheriodite

Note high yield strength:

Maximum with fine pearlite was 500MPa.
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Summary: Processing Options

Austenite ( 7)

slow
cooli
Pearlite Bainite Martensite
(« + FegC layers + a | (& + Fe3C plates/needles) (BCT phase
proeutectoid phase) diffusionless
transformation)
Martensite reheat
T Martensite
bainite Tempered
fine pearlite Martensite
coarse pearlite (& + very fine
spheroidite Fe 3C particles)
General Trends

Dr. M. Medraj
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Summary

* The versatility of steel arises
because of the wide range of
microstructures that can be
achieved, and the corresponding
wide range of mechanical
properties.

* In general, steel
microstructures in which
carbides are more finely

dispersed have ........... strength
and ........... fracture toughness.
Dr. M. Medraj
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Martensite
T Martensite
bainite
fine pearlite
coarse pearlite
spheroidite

Strength
Ductility

General Trends
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Next topic:
Composites
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