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Abstract

Suspension Plasma Sprayed Aluminttria Stabilized Zirconia Nano-Composite
Thermal Barrier Coatings-Formation and Roles of the Amorphous Phase

Fariba Tarasi, Ph.D.

Concordia University, 2010

Thermal barrier coatings have been ufsgdhe lasthalf centuryto protect partsn high-
temperature service fronpremature damageThermal barrier coatgs are mostly
produced by thermal spray techniques, especially plasma spray processes. They are
widely used in the aerospace and automatideisties and in power plants, applications

in whichthere is an eveincreasing demand for further improvemehfunctionalityand
durability. In the field of material design, use of composite coatings rather than
monolithic material, and nanstructure instead of conventional grain sizes, are among
the solutions most often considered. Suspension plasmaisgnaiynovative process for
production of nangtructuredhermal barrier coatings

This research project was directed toward a supehermal barrier coatingising
suspension plasma spragposition of the alumingttria stabilized zirconiacomposite
materal with nanocrystalline structure. Crystallization of the amorphous phase is
introduced as a new route toward namgstallinity in ceramics, as was previously
applied in the metals and alloys. Tkaspension plasma sprgyocess was used in

production & coatings with comparatively high amorphous content. The work



concentrates on three major aspecthefmal barrier coatingnprovement. The primary
focus of the project is amorphous phase formation and the roles it plays in properties and
structure.This phase, which was found beneficial to nangstallinity, improves the
mechanical properties after heat treatmdite secondconcentrations the suspension
plasma spraprocess anthe versatility ofits resultingmicrostructures, and a comparison

of swspension with the conveahal plasma spray proces¥he third apectis the
properties of alumind SZ composite material as a choif thermal barrier coating
appliation. It was found that the material can compete with the present YSZ material in
some aspects(e.g. thermal resistivityand hardnegs but suffers from some other
deficiencieqe.g. brittleness and high erosion rate). Tuggest considering some other
compositions of the composite, while continuing in microstructural improvement of this

material for thermal barrier application
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Chapter 1 Introduction and Literature Review

Thermal spray processes for coating deposition include the practice of heating and
propelling the molten or heabftened material toward the substrat@igh velocity. The
process results in flattening of the individual splats and their adhesion to the substrate,
and produces the coatirjfj]. Plasma spray processes are among the most widely used
thermalspray processes in industry. The plasma gun consists of a copper anode and a
tungsten cathode. The electrical potential between the anode and cathode results in severe
ionization of the flowing plasma gas between the two electrodes. This forms a plasma
flame with temperatures ofp to 3,000K, in which the particles of various materials

with any melting point can be melted and accelerated toward the substrate. Such a
process thus suits the deposition of ceramics with a rather high melting point used in
high-temperature applications. Thermal barrier coatings like zirconia, which has a

melting point of about 270C, are mostly sprayed with this process.

Thermal barrier coatingéTBCs) have been a key in solving the problem of thermal
stability in hightempeature parts of engines, following three decades of efforts in
improvement of super alloys as the construction matg¢@hl Thermal stabilityis
especially critical for parts at higiemperature service with cyclleeat under abrasion,
erosion and, to some extent, corrosive environments, in addition to harmful deposits from

combustion processes. Combustion temperatures in car engines and aerospace gas



turbines are limited by the inability of common metallic struatunaterials to withstand
the high temperatures. The lifetime of blades and vanes, as well as turbine shrouds and
combustor cans, is crucial in performance of the gas turbine €j3jinEhese parts have

to be preseved at temperatures roughly above 1000 °C for as long as pdédsible

Zirconia has been found to be the material most matched with the required characteristics
of a good TBC that include, but are not limited to, higdlting point, high thermal, wear

and oxidation resistance, as well as high hardness and fracture toughnesiataredy

low density[3]. However, there is a harmful martensitic phase transformation in this
ceramc from tetragonal to monoclinic structure involving about 4% volume expansion
that causes cracking and deterioration of the codbt®j. Thus, stabilizing additives

have been used to prevtethis unfavourable transformation, normally by formation of
solid solutiond7]. Yttria stabilized zirconia (YSZ) is the most well known solid solution
used as a TBC. Details of the solution forming and othethads of stabilization will be

further explained in this text.

Although application of solution formers is an effective way to achieve stabilization, they
do have some drawbacks. There are two major concerns in this kind of stabilized zirconia
coating. Hist, the required low thermal conductivity can be achieved only at high
porosity conten{8], which in turn adversely affects the mechanical properties such as
hardness[9], erosion[10] or elastic modulug11l]. The second concern is oxygen
diffusion. The elements in solutieforming materials (e.g., yttrium in 203) normally

have lower capacity for oxygen bonding than zirconium, and substitution of these atoms
in the zirconium oxide cells leaves some oxygen vacancy within the unit cell. This

oxygen vaancy tends to enhance the oxygen transparency of the top coat toward the



substratavhere oxidation of the bond coat in the interface with substrate can Hagpen

This deficiency in yttrisdoped zirconia is faud to be more severe when the coating is
nancstructured12], for the reason of enhanced grain boundaries that in this material are
the favoured paths for oxygen diffusion. The oxygen transparency is partlyl dopve
using the protective bond coat to preserve the substrate from severe oxidation.
Nevertheless, the bond coat itself has many challenges in dealing with diffused oxygen
[13,14]andcan result in coating failur@ue to extensive oxidation of bond coat as will be
explained in sectiod.4. Another difficulty facing zirconia as a monolithic top coat is the
elimination of the microstructural defects due to sintering by increasing the service
temperature or heat treatment at high temperature. These processes lead to enhanced
thermal condctivity [15] as well as facilitating catastrophic crack propagation in the

coating[16].

Zirconia in TBC application is an example of durability operformance, meaning that

this material was selected in spite of the existence of other materials with lower thermal
conductivity[17]. However these materials are not able to withstand thermal cycling, or
do not have the high temperature stability as zirconia. Therefore, although the application
of materials such as multiple pants (solution formers) has succeeded in lowering
thermal conductivity[2,18], the effort to find proper substitutes is continuously in

progress and the present work is in line with this goal.

Graded and composite structures for TBC are among the most used means of meeting the
various needs of a successful TBC system. Anomamt composite under investigation

for replacing the present YSABC is its combination with alumina. Alumina is chosen



for a number of reasons that will be detailed later in this thesis. Alu¥fzais the

material of interest in this resear@ectiorl.5).

On the other hand, the benefits of the ranstalline structure of materials are now well
confirmed[19,20] Plasma spray processes are among the produatamtiges during
which nanecrystallinity is attainable by extremely high cooling rates of the molten
particles that impact the substrate at high velocities and flatten into thin lamella.
Application of nanometric feed materials is expected to be one ofvdlye to extend
nanocrystallinity. Nevertheless, the agglomeration of hanometric feed particulates into

large particles introduces difficulties in the injection process.

In the plasma spray process, the particles can be injected into the plasmagefiormth

of either dry powder, or wet condition dissolved or suspended in a liquid carrier.
Suspension plasma spray (SPS) is one of the most recent and innovative plasma spray
processes designed to circumvent the application complexity of-siz@odry feed

stocks. Briefly, it includes application of a carrier suspension liquid for injection of the

solid powders into the plasma jet to produce a r&inectured coating.

Amorphous phase formation is an interesting aspect in thermal spray deposition of
composie materials, and often accompanies nramnystallinity. It involves several
components that retard each othersdé crysta
in the creation of nowrystalline structures. Consequently, in plasma spray deposition o

the material of concern in this study, i.e., pseadtectic aluming&¥SZ composite,
considerable amorphous phase formation is highly probable. Many reports support the

observation of amorphous phase in alur¥i@ composite depositioj21-24]. It is now



well known that the deep eutectic composition of eutectic systems, including the present

system, is more likely to form amorplophassthan other compositions.

This study was organized mainly to investigate amorphous phase formation and its roles
in phase transformations and nargstallinity of pseudeeutectic alumingySZ
composite coating deposited by plasma spray processcutely suspension plasma
spray process. Furthermore, since the material is thought of as a potential TBC, some of
the prominent TBC properties have been investigated and compared with YSZ (the

present TBC material), while trying to understand the rbnworphous phase.

1.1. TBC Coating Processes

Therearea great number afhethodsfor coatingprodudion. Thermal sprayncludesa
versatile groupof these processedlontavon in his taxonomy25] introduces abat
twenty different thermal spray methods and techniques. However, for industrial
production of TBCs, the processes most often used ahgspal vapour deposition
(mainly using electron beam for evaporation of the matenacerneyl known as EB
PVD, andthermal spray processes consistingiigh velocity oxy-fuel (HVOF) spray and
aimospherigplasmaspray (APS).Of these, théAPS and EBPVD processeare the most
competitive Typical microstructureof thesecoating areshown inFigurel-1(a) and (b)

respectively.

The APS coatings are more thermal resistant tha#®¥B [17], while the unique comb
like microstructure of EBPVD coatingsasshownin Figure 1-1(b), gives them a better
strain tolerance and consequen#iylonger thermal cyclic life[26]. These coatings,

however, are more expensive than ARH. APS processes have attracted more attention



and versatile use ithe aerospace, automotive and power generation indysmniaisly
because of their lower cost, ease of application without the foeemlvacuum o gas

environment @nlike PVD processes) andbility to be applied to large areas in a

comparatively short time.

Figure 1-1 Typical microstructures of zirconia coated with a) APS[28]; b) EB-PVD over bond coat
[29]

1.1.1. Processes for Nand-eed Application

The superior mechanical properties of nastouctured coating$20] have led to the
development of many processes to produce such coatings. Some of these processes were
summarized byrazileavet al.[30]; includingthermalplasmachemicalvapourdeposition
(TP-CVD), HVOF, thermal plasma spray pyrolysis (TRSP), thermal plasma flush
evaporation (TPFE) antlypersonicplasmaparticle deposition (HPPD)Most of these

processes are recognized as beitiger economically unfavourable or difficult to apply.

In contrast,since the 1980g)lasma sprayindnas beerremgnized as one of the most
economi¢ easy to usend highly efficient processs in the industry. The most recent
innovations based on plasma spray technology promote the direct application of the

nanometric feed particles in production of natiacture. Tiese technologies involve the



application of a liquid carrier for transporting the nénar a few microri sizefeed into

the plasma jet. Due to technical difficulties in the transport process ofisegiowders,
especiallyissues withaggregation andl@gging, presently the only way to apply powder
feeds of this size rangg.e., <5 um) is the use of a carrier liquid instead of ghs.
responsgetwo technologiefaverecentlybeendevelopedthe ®lution precursorplasma
spray (SPPS) anduspensiorplasma spray (SPS) processes. Althoughs possible to
apply nanasized powder accumulated in large agglomerated or sdread masses of
nanoeparticulates byconventionalAPS [31-33], the liquidcarrierbased techniqueare
preferred forproducing denser microstructurg®t]. Furthermore, thsetechnique using
extrasmall particlescan yield thinner lamella with almost no inrtamellar eacks and
lower residual stresses compared witle largesized lamella produced in gas carrier
techniqued25]. The liquid carrielprocessefiave been superior to APS process also in
the application of mateals prone to decompositipsuch ad.aMnO; Perovskite, where
the thermal load imposeon the plasma due to liquid evaporation reduces the plasma

temperature and prevents overheating of the maf86al

In the SPPS techniquiB6-39], the liquids are salt solutions of the materialthe case of

yttria stabilized zirconigheseare zirconium ad yttrium salts. In this process, the liquid
precursors have normally been injected radially into the plasma flame. The precursor
droplets, after atomization during injection or in the plasma jet, undergo acceleration,
breakup and rapid liquid evaporatip followed by precipitation, gelation and pyrolysis

in the plasma flamg38]. The accelerated particles in the plasma flow impact the

substrate and incorporate into the coating.



The liquid carrier processes oPS and SPP&re quite similarwith the main difference
appearingn the decomposition of the liquith SPS the liquid composition is fixed until
evaporation takes placklany common features exist in the two processedudingthe
formation of very dese microstructures as well as the explosion phenomena. The particle
explosion happens during deposition of porous powders due to entrapped liquid in the
core of the melted particle. It hasanifestedas sheHlike splats in SPP§0], while the

SPS process is reported to end with smaléeticlesizes than expectdd0]. SPS as the

major process used in this studydiscussed in more detail in the folliong section.

1.1.2. Suspension Plasma Spray

As mentionedearlie; SPS consists of the injection of a liquid carrier containing the
suspended solid powders into the plasma jet. Therefore, panitissbe properly
dispersed to provide a stable suspension witkgaessive agglomeration or settlement
or both This is achievedwith the help of appropriate dispersant and using milling
processes before andixing during the injection process to prevent overly enlarged

agglomerateand to break them up if formed.

The feed injection may be external by radial injection from a nozzle as shokigure

1-2. This method has been used in most of the work on[3P&0-42]. Figure1-2 shows

that liquid droplet penetration and fragmentatiare strongly linked to the arc
fluctuations[43]. In the external injection method, in addition, the angle and the distance
of the feed injection nozzle to the torch are crucial parameters and the resulting coating is
sensitive to the ingion condition Besides, the particle injection velocity needs to be

high enough to allow penetration into the plasma core. Vdlicity has to be provided



by high injection gas pressure that can disturb the plasmahjstfactoris of major

importancg44].

Figure 1-2 Radial injection of the liquid carrier into the plasma jetshowing the jetfluctuations effect
on the feed penetration into the plasma corgt3]

The second injection method consists of axial injection, which is not applicable to the
ordinary plasma spratorches. Axial injection can be used with specific designs of
torches such as hollow cathode imadrequency plasma in which the hollow core of the
torch allows the passagef the liquid injection tubg45]. One of the recent technologies
(used inthe Industrial Material Institute ofhe National Research Couihof Canada in
Boucherville Quebec) uses a Mettedxial Il torch plasma system in which three
torches converge at a focal point where the liquid feed is axially emerging at high
pressure. This system will be discussed in more det&hapter 2 because it is the one

used in this study.

The spray distance in SPS process has to be rather short, since the feed particle sizes in
SPS are much smaller thainoseused in APS and can lose their absorbed heat and
momentum more rapidlj5]. Theoptimum spray distance (from tspraynozzle exit to

the substrateyvas found to be between 480 mm for efficient interaction between the



particle and plasma where melting is completed anflight solidification does not
happer{40]. The interaction between the particle and the plasma flame is also affected by
the droplet size that is injectadto the plasma flow. Thus the atomization of liquid

droplets can be importantrfthe resulting coatings and spray outcomes.

There are twatomization methods during liquidjection into plasma flame. The first is
air- (or gas) assisted atomization thatccording to Jordan et g¥6], using an argon
flow in the atomizing probe can produce droplets of 20 tou#t This kind of
atomization mixes the air or gas with the liquid before the injection nozzle exit and the
gas expansion upon emergifigm the nozzle results in fragmentation of the liquid
droplets into smaller ones. This methtehds to requirea high gas pressure and
introducessome difficulties when used with conventional plasma spray, Hieceethod
involves external injection andsuch high gas pressure can end up with strong
perturbation of the plasma j&asassisted atomization seems more appropriate when the
gun design allows the use of axial injectias doeghe gun used in this studylettech

axial 1ll. In this gun, basedrothe orientation of the three plasma torches that leave a
hollow core in the center, axial injection is possible. The geomettiyed¥lettech axial

[l gun will be discusedfurther inChapter 2

The second atnizationmethodis direct liquid injectionwhich is more appropriate for
conventional plasma process to avoid disruption of the flame. This injection employs a
high back pressure to the liquid container to expel the liquid from the exit point with
smalldroplet size. Using this method, Wittmann eff4F] could force the water droplets
with pressures below 0MPa to form indimensions ofbout 20Qum at a distance of 15

mm from the injection nozzle exit. They found a droplet velocity of 15 ton2s
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adequate for penetration intbe plasma core. In continuation of the same study, using
ethanol suspension the droplets were found to be further fragmentedgcendary
atomizaton) into dimensions ofa few micrometes because of the effect tfie plasma

jet. Secondary atomization by plasma jet was also reported by Fauchd48}t @here
droplets of YSZ suspension witdimensions ofa few hundred micrometerwere
fragmented intadroplets0.5 to 5um in diameter. In this work both methqdse., direct
injection and gasssisted atomizatignwere applied and the result of the particle
interaction with the plasma jet was scrutinizechgsine collected sprayed powders and

coatings.

1.2.  Particle Interaction with Plasma Jet
The interaction between the-flight particle andthe plasma jet haa direct effect on the
quality of the resulting coatingSince the characteristic heat and momentansfer to
the particles are directly linked to the mass of the particles, Fauchai$4&] alddressed
the importance of the particle size on its complete melting. According to them, the small
submicron partiles are more sensitive than large particles to the plasma arc fluctuations.
This causes their irregular treatme(uariation in heating and acceleratiprand

drastically affects the coating quality in this process where small particles are involved.

Delbos et al.[49] alsoreportedthat uneven size distribution is an important reason for
nonuniform treatment of thearticles[49]. Particles in the powdefsave awide size
range,and accordinglyeceive different theral treatment by thplasma This situation is
intensified when dealing with materials of low thermal conductisigh aszirconia or

alumina ceramic$50]. Material with low thermal condtigity requires longer time for
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complete melting throughout the particle bulk. It may seem that for small particles this
should not be an issue. However, it was noticed that even when correctly injected into the
plasma core, the small particles can esdaga the core and travel in the cold fringes of

the flame[40], thus receiving less heat for thorough melting.

In addition, plasma fluctuations are known to be a major reason for broad diversity in
particle temperater and velocity. In APSit is possible thathese fluctuations vgrthe
temperature and velocity of alumina particles by °“@@nd 200 m/s and of zirconia
particlesby 400°C and 60m/s, respectivel\{51]. Such evaluation for individual 4fight
nanoeparticles currently is not possible by the present diagnostic systems. However, it
may be expected that smaller particles/andow density (porous particles) with low
mass or mass densigre more severely affected by these fluctuations. Thelight
particle velocity and temperature can also affect the composition distribution of the
resulting coatings. It was suggested that longer dwelling time in the plasma flame result

in increased alloyingii Hydroxiapotaite (Ca (POy)s(OH),) and AFNi-Mo alloys[52].

1.3. TBC Systemand Materials
A TBC system aschematically showm Figure1-3 consists of three main components
The first two of these ara top coat as the thermal barrianda bond coat that reduces
the thermal expansion mismatch between the substrate and top coat and has a good
adhesion to the substrate. The common rredsefor bond coat are MCrAlY allgyin
which M is one of the Co or Ni metals, andaRiminide[17]. The bond coat, containing
aluminiumelement, is also the source of material for environmental protedtivenium

oxide. Thealuminium oxide layer is the main constituent of the third component in a

12



TBC systen{53], and is known athermallygrown oxide (TGO). TGO is preferred to be

co mp o s e-dluminé forlts low oxygen transparency and superior adherence to the

substratg¢54].

Hot gas temperature
Substrate

jeosn dojy
jeod puog

apIXO aAn23)01d

Substrate temperature

Figure 1-3 Schematic of a typical TBC system

TBC thickness for gasutbine engines isisually 250-375 pum of zirconia. For truck
engines off-road diesel engines or large marine diesel enginissthicknessmay be
much greater,for instancel.5-6.25 mm [3]. In general,a more porais zirconia layer
favours better heat insulation and spallation resistance, whereas the less porous layers

give improved erosion resistance. Thermal cyclic life can also be quite sensitive to

zirconia density3].

A thermal barrier coating should not only insulate the substrate metal from high
temperature, but alson some casegyrotect the base material against hot corrosion,
oxidation and wear damage. Stern ef3lhave named the fundamental requirements for
a successful thermal barrier coating as low thermal conductivity, high melting point, low

density, high surface emissivity and high thermal shock resistance. In addition, according
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to Stern et al. resistance tooxidation and corrosion, high coefficient of thermal
expansion, and resistance to gaseous and particulate erosion are other characteristics for a
favourable TBC Furthercharacteristics of an ideal TBC that can be added to @rese

being preventiveo corosives and oxygen diffusioandresistamnto the diffusion of fuel

combustion and corrosion deposits.

The success of zirconia as a thermal barrier coasndue toits propertiesbeing
relatively wellcompromised for the requirements of a TBese prperties,measured
againstthe requirements mentioned for a favourable TBC, have made zirconia the first
choice forTBC coating However, several other materials have been examined for this
application. Ma et al[39] listed some of them as zirconium phosphate and zirconates
with a perovskite structures(ich asSrZrQ;, BaZrQ;) or a fluorite structure (Lr.0O7,
Nd,Zr,0O7), and yttriaalumina garnet based ceramics (such a#lx0i; Y3FeO0i,,
Y3AlpFe.4012). Nonetleless,thesehave not been as efficient, long lasting or easy to

apply as zirconia, although some of them have been used by some manufi8iirers

As mentioned before, the effective performance of zirconia EB&rongly affected by

its phase transformation from tetragonal to monoclinic. Undoped zirconia goes through
the following phase transformations by heating up to temperatures that are not in a
complete consistency in different references. Monoclinic omic transforms to
tetragonal at 1114180 C [55-58] andthe transformation aletragonal to cubic happens

at around 237, finally melting at 2710C [58]. Tetragonal to monoclinic phase
transformation of zirconia happens during a martensitic transformation with almost 4%
volume expansiof3] and causethe deterioration of the coating properties by increasing

the residual stresses and crack formation.
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Three different forms of tetragonal zircon
al. [58]. Theseauthorshave resolved some ambiguities in the changes of the unit cell
parameter of tetragonal zirconium oxidehich was previously considered a cubic
structure. The tetragonal -trapdfoesidestetragonah nd t
zirconia) are mosty f ol | owed and reported I n diffe
tetragonal no report was found to show different characteristics from the two other
tetragonal phase The tO0 phase iis al sob9ceandiether i zed
study this designation is followed. A great number of efforts have focused on prevention

of the tetragonal to monoclinic transformatioBolutions to this problem can be

cakgorized in the following three groups:

a) Solid solution stabilizationby substitutingor some of the Zr atomthie base element

of oxides of alkali metal atoms like CaO, MgO or transient metals as@, 5603,

Er,O;3 [58] or rareearths such as CeO, X and or the whole Lanthanides grddg] in

the oxide cells. The stabilizing effect and thermal resistance increase with increasing the
amount of solution forer [7]. Figure 1-4 demonstrates the general equilibrium phase
diagram for solutiofformer oxides in zirconia. It shows that at higher amounts of metal
oxides,thehigh-temperature cubic structure is stabilized at ambient temperature. Zirconia
stabilized with various amounts of yttria is the most applied ,T@@henceis known as

YSZ.
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Figure 1-4 The general phase diagam for solution stabilizer metal oxides in zirconia[55]

b) Grain size controlled stabilization may be explaineddsed on the calculations by
Garvie[5] and followed by theexperimental works reported [66,60], it was revealed

that the prerequisite for tetragonal to monoclinic transformation of zirconia at any
specific temperature is a grain growth to a critisee at smaller grain sizes, the
transformation from tetragonal to monoclinienf) is prohibited. Thus, for -{ih) phase
transformation control, it is enough to control the grain size. Controlling the dimension to
prohibit the (tm) transformation wassed in the graded layer tfie alumina/zirconia
coating systenf57,61]. In this system, the layers of alumina, between the zirconia-nano
layers (less than 23 nm), served as the termomaurface for the zirconia crystallites and

could eliminate the {in) transformatio60].

c) Insoluble oxide stabilizationwith a material like alumina (AD3) is another solution
for preventing the unfavourable misformation of zirconia. Alumina can form a rigid

matrix around the Zr@crystals and impose a compressive stress against the expansion
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involved in the martensitic transformation of tetragonal to monoclinic, thus preventing

the autocatalytic reaction by kimne change contrg6].

In addition to stabilization for higher quality of the coatings, the study of the failure
mechanisms in TBC systems helps selection of more appropriate materials for this

application.

1.4. Failure Mechanisms of TBG
TBCs are used in two major domains:p@wer generation plants where there is high
temperature but minimum thermal cyglesid b)aero engines where extensive thermal
cycling exists[27]. In each of these applications, Evans et [2lf] have extensively
discussed the mechanisms of failure. Based on their discussion, excessive TGO growth
has a prominent role on the lifetime of TBCs. In addition, Schlighginal [62] suggest a
simple failure model based on the crack formation and growth in,TiGQvhich
thickening of the TGO | ayer is known as
failured A c c do Sthlichting et al[62], thermal expansion mismatch and elastic
modulus mismatch between the thick TGO and the bond or top coat results in cracking.
The cracks at the bond/top coat interface with TGOnalulation crests fored due to
out-of-plane tensile stresses that arise from the compressed TGO that continues
thickening. Thus top coat materials with more resistance to oxygen diffusion can be

beneficial toalonger lasting TBC system.

A second major soce of failure of the TBCs is produced during operation. Calcia,
magnesia, alumina and silica a@nbustiorproducts of gas turbine engswhere TBCs

are applied. When present, at high temperatinese productborm a compound referred
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to as CMAS. Thg can form a eutectic of low melting temperature of about 10 963]

or 1240C [64]. Upon formation at higlemperature service conditignthey are
amorphous. e CMAS melt infiltrates into the vertical asperities of celikb EB-PVD
microstructure, and after solidification, fosna solid with a large thermakxpansion
mismatch with the TBC. This leads to formation of large horizontal cracks in the TBC
and delammation of the system during service. Higher concentrations of alumina increase
the melting point and, consequently, the higher viscosity of the mixTine result isa

lower infiltration capability of the CMAS melt into the coatinghich in turnmeans a
lower depth of penetration. It should be noted that for the CMAS to end up with coating
spallation a minimum depth of penetratias required forthe stresses originated from

CMAS toresult in crack formation and propagatiés].

Efforts in producing dense vertically cracked (DVC) structures in plasma sprayed
coatings arecurrently in progress[64,65] DVCs in the APS coatingare intended to
prodwce a segmented structusgmilar to the comblike grains in EBPVD coatingsto
increase the strain tolerance of these coatilhigsn be concluded that in the same way,
CMAS can be a danger for vertical cracks in plasma sprayed coafisigg} aluminan

the coating is expected to help overcoming this problem.

Graded layer and composite materials were previously listed among the structures that
could lead to superior TBCs with better performance and longer lifetime. However,
because othe importance othese coatings in this research, ttiscussion of these

structuresvas reserved until after the details given above
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1.5. Graded and Composite Coating®f Zirconia-
Alumina

The requirements of a TBC material, as liseatlier are so versatile that it seemstqu
unlikely to find them all in one single material. Therefore, the idea of multilaydorand
composite coatings became thgbjectof many investigation$38,66:68]. Alumina for
several reasons is widely used as the alternative laydreigraded antbr composite

structures with zirconia that are mentioned below.

Graded and composite alumina with yttsiabilized zironia (aluminaYSZ) has shown

the capability of larger temperature drop in the substrate from the coating surface and
superior thermal shock resistance than Y&Z4. Moreover, compositesf alumina with
zirconiapossessower residual stred$9], higher hardness, lower porosity and improved

adhesiorj70]. Other reasons may be summarized as follows.

Alumina acts as the ailizer for tetragonal zirconia biwo mechanismsgrainsize
control in nanestructure coatings byirtue of its higher elastic modulus than zirconia
and solid solution formatiofb6]. By playing the stabilizemle, it allows the use of lower
amounts of other stabilizeendthus may reduce their harmful effecssich as oxygen
diffusion. Alumina presents higher resistance to oxygen diffusiondbaszirconia[70].
Hence, it lowers the transparency of the whole coategplting incontrolled growth of
TGO and other unwanted oxidgs4]. It also improves the resistance of the coating
against thedamagingeffects of CMAS [39 according to the above details. In addition,
the detrimentaleffects of sintering of the zirconia at high temperatures, (erdranced

thermal conductivity) can be eliminated by ndaminates of alumin§1,71]. Finally,
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alumina can prevent the diffusion of harmful elements dikéur from the bond coat or
substrate into the top cod#].

Furthermore,aluminaYSZ composite has showthe potential ofsome degree of
amorphous phaséormation [33,72,73] It is expected that upon appropriate heat
treatmentcrystallization of onghase (e.galumina or zirconia) and precipitation of the
additionaly dissolved proportion of the other componenrom the amorphous state
happes. This means thatthe amorphous phaséransforns into a combined
microstructure ofalumina matrix with zircania precipitates (i.e. alumifzardened
zirconia (AHZ)) and zirconia matrix with alumina precipitates (i.e. zircoftaughened
alumina (ZTA)). Hence, one purpose of this waskto producexcombined structure that
benefis from the properties of both. TBuknowledge ofthe possible phases for each
component of the compositeat form during heating is beneficiallhe structures of
zirconiahaving previously been discussdetre the stable phases of alumina at different

temperatures will be reviewed.

Alumi na has been found i n sever al crystall o
a n dalutdina[74]. The phas-aemina are the matasthble phases and are

called transient phases bedor t he cr yst al | i-alaina phase takes t h e

p | a eakiminadas cubic structure, where the anion oxygen atoms occupy the atomic

sites andaluminium cations are distributed in octahedral and tetrahedral interstices. The
U-alumina has a heganalclosp acked ( HCP) structur e:; and t
show an or t h-Ged stnduretype aespactivbly[75]. T fplease chas

also been known as monoclinic sture [76].The sequence of phase transformations

starting from 2 has °Beeln tre°gdndtedl I]aGAd byt d
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above 1200C [74,77] In thermal spray coatings, the-@dsposited structures have been in
form ofeithero or U phase. Il n addition, beyorel tr ans
the transformation temperature ans reported t o be directly

intermediate phase formatip#d].

To study the phase transformations of the alumin@onia systemFigure 1-5 can be
used.This figure presents the equilibrium phase diagram of the pdeindoy system of
aluminazirconig which contains eutectic point at86CFC with a composition ofbout

58% aluminaThe transformation of cubic zirconia solid into tetragonal phase cagsplet

at eutectoid temperature of 22@0and its transformation into monoclinic phase in the
presence of alumina happens at 1150 In addition to phase transformation
temperaturedrigure 1-5 shows thaalumina and zirconihave acomplete miscibilityin

liquid state, while thesolubility of alumina intosolid zirconia is very low less thar2%)
andthat of zirconia intosolid alumina is nedy zero.The solubility of the zirconia into

sdid alumina, according to the equilibrium phase diagrams in some other references

[121], may extend to about 5%.
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Figure 1-5 a) Binary equilibrium phase diagram of zirconia-alumina system[ACerS-NIST Phase
Equilibria Diagram, CD -ROM Database, Version 3.0][82] b) Critical cooling curves superimposed
on binary equilibrium phase diagram of aluminai zirconia system[121]

After knowing the phase trssformations in alumina, YSZnd aluminazirconia binary
system it is important to know the structure of theg®wayed coatingsince this is the
structurethat can go through transformation during heating and influence the eventual
coating structureThe coatings are not expected to show the same strugthiels are
predicted in the equilibrium phase diagram, because of the rapid solidification and non
equiibrium cooling ratesduring the spray process. Therefore, someenpected
structures might be observed indeposited composite coatin§ome of thepossible
nonrequilibrium (metastablephases in aluminairconiasystem can be found iRigure

1-5( b) s u a h damsiina ontetragonal and cubic zirconia. In additibig figure
predicts the formation of glass (/amorphous phases) at higher cooling rates when

solidification happens at lower temperatures.
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The formation of sch phases(such as solid solution of zirconia or alumina with

extensive solubility of the other constituent in solid stete¢ported in this work.

1.5.1. As Sprayed YSZ, Alumina and AluminaZirconia

Composite Coatings

According to the literaturg¢44,54,68,78] asdeposited YSZ coating, applied by APS
process, shows mainly tetragonal along with some cubic structure. Alumina, on the other
hand, presenta ¢ u b icrystalbstructure regardless of the plasma spray technique and
powder feed size. Nonetheless, some reports show that application giovader feed

can end up Wwi t h-stroctuie mkopvertienal plasmanspfég]. U

During the spray process of alumifdSZ composite coatings, the splats may be found in
at least three conditionsplats formed of unmelted or partially melted feed particles
splats consisting of melted particles of either alumina of W&hout mixing or blended
splats composed of melted and mixed alur¥i&Z. The unmelted particles in the
coating may preserve the crystalline structure of the feed matéssfsy APS process,

the melted particles of unmixed alumina or zirconia in tleatings transform into
structuresalmost the samas those describeabove, which means that zirconia in the
composite coating is reported to change from mainly monoclinic to larger amounts of
tetragongland t he al umi n-phasa fthptédalhes tarsams iogntd phas
al umi na f o f78]sIn aditibn, io §uenslssisted APS coating the zirconia
forms tetragonal along with cubic structure, while alumina is not observed in the XRD

pattern [80]. Liquid injection processes, on the other hand, have presented mainly
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tetragonal pl us s o me -alomina[B4¢70,%2,73y84]Tha bldnded e Y S Z

splats are strongly prone to amorphous phase form@io82]

1.5.2. Amorphous Phase in AluminaZirconia Composite

Coating

Formation of norcrystalline phases is a notable feature of thdegosited structure in
composite materials such as alumaigconia These pases, as mostly inseparable part of
assprayed coatingdave not been well considereddmorphousstructure is normally
formed as a result of rapid solidification. Kim et g@4], for the splat cooling ratein
atmosphdc plasma spray proceseefer to an about 18 K/s, based on heat transfer
calculations. On the other hand, the experimental results by FauchaiB8} aliggest a
coding rate of (100 to 600)10° K/s, which is more than two orders of magnitude
higher. At such high cooling rates the chances for ordering into crystalline structure
during solidification from the melt are greatly reducedcomposite systems with low
solubility such as the current systethis effect is more severbgecause o large atomic
number (size) difference between Al and Zr, so that there are reports of almost fully
amorphous coating during APS deposition of alunstabilized zirconia composite

powderq24,82]

Kim et al.[24] sprayed aluminairconia with 42wt% ZrO, stabilized with 2.3vt% TiO,

and 58vt% Al,O3 by APS using microisize powder and obtained a fully amorphous
coating. Sodeok#33] reported the presence of the amorphous phase in 50/50 volume
ratio of alumina/3YSZ (zirconia stabilized withn3o1% yttria) spra dried nanepowders

coated using the same process (APS). Alexander [@Rjlstated the same observation in
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the SPPS composite coating of alummmaonia in either binary compositg3] or
ternary with yttria[72], both with 10 and 20 mol% of alumina. They could observe the
amorphous phase througlansmissiorelectronmicroscopy studies. ObersBerghais et

al. [81] sprayed both nampowder and some comparatively larger particles (a few
micron) of aluminazirconia (zirconia was stabilized with &t% yttria) using SPS
process. They went farther and calculated amorphous content based on the XRD
pattern measurements. SPS coating of the -paniicles presented no amorphous phase,
while the amount of this phase for the larger particles was as highvaf/e5

These studies revealed some trerids the possil#® sources of amorphous phase
formation in various processes. However, for each specific process the factors leading to
amorphous phase formation have to be determined. Therefore, one goal of this study
investigate the parameters of the feed, systath substrate in SPS procesmt can

effectively vary the amorphous content in the resulting coating.

1.5.3. Thermal Changesof Alumina-Zirconia Composite

Coatings

Considering the higtemperature application of the TBC coatings, investigation of the
asdepositedcoatings characteristics may not be enough for evaluating the coating
effectivenesq38]. This is kecause during the first service operation thalemosited
phases and the microstructural features (porosiggkerintersplat bonds, etc.) may
undergo many changes. Such changes can severely affect thermal and mechanical

properties during the next service operation.
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YSZ[78,84] alumina[21,22,44,68]and their composite (alumirm@rconia)[24,70,85,86]
haveall been extensively investigated for crystalline and microstructural changes upon
heat treatment, in addition to thermal cycl[8d]. A summary of those resultsllows. In

the experiment done by Sodeoka et[aB] with 50/50 volume ratio of alumina/3YSZ
after heat treatment at 10@for only 30 minutes the crystallization of the amorphous
phase was completed. Howevanq further phase transformatioh r o ra | (uami Ra + t
zirconia) happened, even after 100 hours at G608y contrast,Chen et al[78], in

pl asma sprayaldumnmirryat adlhs emreved t heaumhase tr
after half an hour at 120Q. Moreover, Damani et al. [48] reported almost the same
temperaturdor thistransformation thatneans deat treatment dt18C0°C, for 12 hours

Nazeri et al[86], in fully amorphous alumina/pure zirconia composigposited by sel

gel process, reported the appearance of crystalline cubic phase of zirconig@t 600
Nevertheless, up to 1180 (which was the maximum temperature in this experijnent
crystalline alumina showed up and the transformation from cubmaiooclinic phase
started at 90U (noticing that the zirconia was not stabilized).

In a part of their experiment, Kirsch et §7] studied the performance of amorphous
alumina shell over zirconia naqpowders. The@owders were heatedndwhile using in

situ X-ray diffraction the structural changes were monitored. When the powder consisted
of amorphous zirconia within the amorphous alumina shell, the crystallization of cubic
zirconia started at 70Q, transformatiornto tetragonal seemed to be at 950and the
monoclinic phase appeared at 1100Neverthelesssincethe maximum temperature in

this study was 110C, the crystallization of alumina did not happen. On the other hand,

starting with the tetragonal crystak zirconia powder in the same shell of amorphous
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alumina phase, the onl vy odumiaa cvystallinetphasen s f or

formation out of the amorphous shell; no phase change in zirconia was distinglnshed.
contrastto the abovestudies Kim et al.[24], in Al,O3/ 2.3wt% TiO,-stabilized zirconia,
reported the simultaneous crystallization of both alumina and zirconia at 948-946

It can be seen that few of these investigations share the same transformati
temperatures. No work was found, to the knowledge of the writer, to explain the possible
reasons for these discrepancies in transformation temperatures. However, Kim et al. in
1999 [24] and Kirsch in 200487] predicted that the apparent contradictions in the
literature about the crystallization temperature of the amorphous phase in alumina
zirconia are based on the different amounts of this phase within the structure. However,
no effort has beesince madeo investigateéhe ways that this content (if any) may affect

the crystallization temperature and whether this can affect other transformation
temperatures and possibly the resulting crystal structures. Therefore, an objettige o
study was to find the way(#) whichthe amount of the amorphous phase may affect the
crystallization the following phase transformation temperatures and the consequent

crystal structures.

1.6. Objectives
Based on the abowaentioned detas| the objetives of this project can be summarized

as:

1) To enable the control of the coating microstructure by identification of influential
parameters on microstructural features of the composite coating using the new

technology ouspensiomplasmaspray (SPS) wittMettechaxial 1l torch;
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2) To pursue larger amounts of amorphous formation or manipulate the amorphous
content through parametric studies of the process as well as investigation of the

sources for crystalline and amorphous phase in the composite material

3) To determine the possible roles of the amorphous phase on the crystallization

temperatur@and consequent transformation temperatures

4) To investigate the changes in thermal and mechanical properties during heat treatment

of the composite coating with focos the roles of the amorphous phase

5) To produce a new composite of alumina hardened zirconia (AHZ) and zirconia
toughened alumina (ZTA) with nargrains out of amorphous structure. Such

composite structure may present the benefits of both structures.

Accordingly, this thesis started with chapter 1 containing background knowéetbbe
motivations for this researcln chapter 2 the general experimental procedures for tests,
monitoring and measurement techniques are explained. Chapter 3 covers APSodepositi
of the composite to verify which powder size can produce higher amorphous content and
to justify the use of nanpowder feed and involvement of SPS process. Some insights
into the main sources of amorphous and crystalline phases in spraying the tasgeatin

particles have opened the way for production of larger amounts of amorphous phase.

Chapter 4 considers the suspension plasma sprayed coatings-faght particles. It
starts with determining the role of different process parameters in the dewdjoped
system of deposition with suspension plasma spray and provides an efficient set of tools
(parameters) for managing the coating microstructure. This chapter then presents the

study of the crystalline phases formed in the alurYiBZ composite cdang under

28



various spray conditions in SPS process and determines which crystalline phases are
concurrent with larger amorphous content in the coating. It also discusses the
transformation temperaturascluding the crystallization temperatungithin the mixed
structure of the composite coatir@hapters introducesmethodsfor enhancement of the
amorphous phase contemt suspension plasma spray proce$his chapter, inits
subsequentsection, provides a brief comparison between the results obtained by
suspension plasma spray and atmospheric plasma spray processes in terms of crystalline
or amorphous phase formation.

In chapters, the results from the performance of the composite coating deposited by SPS
process before and after heat treatment, with iderstion of amorphous role, are
presented and partially compared with the conventional TBC materiak%8 YS2)

coated by the same proces$3snally, in chapter7 conclusios are drawnand main
contributions achieved in this study are summatiaed the gounds for further studies

on the present material (pseuwegtectic aluming¥SZ) are introduced. Moreover, other
compositions of alumin¥SZ composites surveyed for their ability in producing

amorphous structure and nacwystallinity, are suggestefr further investigation.
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Chapter 2 Experimental Procedures

This chapter covers the common experimental procedures for sample preparations in
terms of systems used, as well as measurengehhiques,monitoring systemsand
thermal/mechanicapropertiestest methodsHowever, since the samples for different
studies were produced by various feed powdedor suspensionghe feed information

and preparationonditionsareexplained in each corresponding section.

2.1. Spray Systems
Two different plasma spray processes wgsed in this investigation. The main process
thatis the focus of this works the SPS process using liquid (wet) feed. The second
served as a baseline procasshe conventional or APS process using large dry powders.

The equipment and systems apphkegte as follows.

2.1.1. Suspension Plasma Spray

Thefeedof the SPS process the form ofliquid suspensiopwas gas pressurised from
its container towards the injection nozzlhis nozzle wascorporated in the center of
the Mettechax i a ltorclz(Northwest Mettech, North Vancouver, Canpttzat would
allow the axial injection of the feed into the plasmaTéte plasma guoonsstsof three
anodes and three cathodes opegabn three power supplies (total power ranges from 50
to 150kW). The Mettechaxial 11l torch is shown irFigure2-1(a) and (b)from front and
back sideespectively In the frontimage the outlet of the liquid in the center surrounded

by three plasma outlets can be observéte rear view(Figure 2-1 (b)) illustrates the
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inlet of the suspensiohiquid and atomizing ga# the centerencircled by the three

plasma gas inlets.

Figure 2-1 Mettech axial Il plasma torch; (a) front and (b) rear view of the combined injection
nozzle and the three plasma torches iaxial Il system

The liquid is gas pressurized into the nozzidere it atomizes by eithéhe plasma
outside the liquidnjector (in the center othenozzle) or byanatomizing gasin the latter
casea thinner tube passes in the center of the liquid injector and carries the atomizing
gas. The liquid flow rate is controlldy computerso that the gas pressure automatically
varies based on thepecified liquid flow rate to keep it constantA simplified
arrangement of the system is showirigure2-2.

The spray distance was fixed at 5m from the nozzle exit in all experiments.
Depositon passeshad a3 mm overlap.A cooling procedure was usetb prevent
overheating the substratéhis was especially necessary because of tls@ort spray
distanceof the torch The elements of theooling processncluded front air pressure,
nitrogen gagpressure from the back of the sample, and ipésspauss. The use and the
pressure of the cooling gasses as well as the-patEspauss were manually varied to

keep the substrate temperatuiasthe favourable rangeln almostno casedid the

31



substra@ temperature exceed 6@ in the various samplesand for the most part it

reached anaximumof 400°C.

Axial lll Mettech
PlasmaTorch

Plasma &
Atomizing gases

E ' — Back pressure

c
O
5
(OR
o
0 |
3
0

Figure 2-2 Simplified Suspension Plasma Spray (SPS) system with axial injection

2.1.2. Atmospheric PlasmaSpray

For atmospheric or conventional plasma spray using dry powders the same lattech
Il torch was used. The dry powder injection vpesformedf r o m  &11 ihrh) hdgzée
size with a feed rate of 2§/min usingan Argon carrier gas flow of §m (standard litre
per minute). The depositions werdonewith 4 mm overlap anét 0.63m/s sprayrobot

speed.
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2.2. Measurement andMonitoring Systems

2.2.1. Particle Size Measurement

The particle size analyses, for either the feed powders or the sprayed and collected
powders, were performed usingaser Diffraction Particle Size Analyzer LS3 320
(Beckman Coulter, Miami, Fl., USAThe functioning of thisinstrumentis based on the

laser scattering techniquend the fact that the intensity of the light scattered by the

paticles depends on the dimension of the particle.

2.2.2. Accura-Spray Diagnostic System

During spraying thgowder feedthe size ofwhich is nano or a fewmicrons,in the
suspension plasma spray process, th#tight particle temperature and velocity were
measwed by AccuraSpray G2 (Tecnar Automation, St. Bruno, Canaddjis is a
diagnostic system based on indications from ensemble particle gfoather than
individual particles) thaallowsintegraton of theintensities ofa group ofsmall particls

with low emitting powerln this way adetectable intensity beyond the noise and plasma
plume emissionsan be produced he precision ofhe G2 model for particle temperature

is £50°C andfor velocity is +£20 m/s. The measurements were taken before deposttion a
the centdme of the torch at the spray distance whigxe@substrate should be located

Figure 2-3 representghe physical basis of the equipment. The main features of this
monitoring system are the two opticalri#s locatedht a fixed distancapartandaligned

with the spray streanthat receive the signals of the particles through a lens. The
measurement volume of each fibre is ab@it31 20) mm®in which thesignak from a

group ofl to 10particles can bdetected simultaneouslylThe number of particles in the
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specified volume depesan the particledsize and flow rate. As the distance of the two
receiver points is specified, there is a constant time shift for detections. Thshifine
crosscorrelation yietls a precise measurement of the time elapsed between the two
signals and the particléaverage velocityss].

The mean temperature is calculated using the two optical fihatsatiow the two wave
lengtrs ; @n d to pass and be detected by detectoysabd b. The mean particle
temperature is calculatextcording to the twaolor pyrometry and the intensity of the

fluctuations in the wave lengths passing through the two fibres.

Particle jet

Optical fibers

Sensor head
Filter 2 Filter 7

Plasma torch D1 D2

Figure 2-3 The operating basis of the particle velocity and temperature measuremensed in
Accuraspray sensor88]

2.2.3. DPV2000Particle Diagnostic System

For APS process dealing with large particles, the individual particle velocity and

temperature were monitored usinthe DPV-2000 monitoring system Técnar
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Automation, St. Bruno, Canada the center of the torch and at the spray distance from
thejet exit where the substrate is to be located.

The main feature of this equipmenas can be observed gure 2-4, is the double slits
parallel to each other that detect the passage of the same particle at different times by
transmitting the thermal radiation of the particle to the optical fibre through a focusing
lens. For calculation of the particle temperaiuhe ratio of the signals detected from the

two wavelengthss used, assuming that the particle igraybody[88].

sensor head particle

optical fiber

measurement
volume

Iﬁ\;lj;

— -

Figure 2-4 Physical basis for theDPV-2000ensemble diagnostic systelj88]

The particle velocity is measured based on time of flight using the two consecutive
detections of the patrticlat the slits at specific distance aparccording to the supplier

[89], the velocity measurememrror is 0.5% andthe temperaturemeasurement error

reaches 3%.
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2.3. Mechanical Tests

2.3.1. Microhardness

The microhardness & wasperformedusingthe AB-Buehler hardness testing machine
(Buehle, lllinois, USA) at 300grf for 15 seconds at 10 different locations with minimum
distance of 3 times the indent diagomathe cross section of the coatind$ebasis for

the functiming of thesystemis the Vickers hardness method with pyramidal indenter. A
computeraided camera provides the micrograpbf the indent and electronically
transmits temto the computer monitor where the hardness is calculated according to the
operatod hoice of the indent dimensionsand the result is directly digitalizedhe

probable errors are considered as the standard deviation calculated from the 10 readings.

2.3.2. Fracture Toughness

Fracture toughnessomparisons were done using B@f load based omhe formula in
Equation2-1 [70].
Kec = O.Olfi\/Ei3 Equation2-1

C?
WhereE andH are respectively th& oung modulus and the hardnebsth in GPaP
represents the applied load ailis the average of half crack lengths from 10
indentations. FoH values the measured hardness resultkis experiment were applied.
For Young modulusa constant value of 28 GPa #®0/40wt% alumindYSZ composite
was used based on the rule of mixtures and applying the data for plasma sprayed coatings

from [90,91] TheH value for YSZextractedrom [90,91]was equal to 2.5 GPa.
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2.3.3. Erosion Resistance

Erosion resistancéess were done fothe coatings on Inconel 625 substrates bound
coated with NiCrAlY,based on determination of material loss by-gatsained solid
particle impingementand accordingto amended ASTM standard test method 836
[92]. The standard practice uses a small nozzle that impacts the alv@si@ming gas

to the surface of the test specimen. Thesults in a comparable measure of erosion in
different samples that may be used to rank the materials based onofesty In this
experiment thaluminaabrasivepowder of 10Qgyrits wasblasted with air pressure of 10
LPM (litre per minute) The exposure was doma¢a 30° angleg(instead of 90° mentioned

in the standardjor 30 secondginstead of 10 minut@ssprayirg about 3.7g/min of
erodent powder to the coating surfa€he shorter time was used for the sake of thinness
of the coatingsThree replicates were used for each evaluation. The results were reported
based on the volume loss of the material per unit htetgass of applied erodent solid.

The errors bars are calculated from standard deviation of the three measurements.

2.4. High Temperature Performance
2.4.1. Thermal Conductivity

In order to study the thermal conductivity variatidthe laser flash thermal diffusivity
measurementvas employed93]. In this methoda thermal pulse generated by laser
beam is applied on one face of the fst@nding coatingf 7 mm squarédetached from
the substrate usindoiling hydrochloric aml with 50% concentration) and the

temperature history on the opposite side is used for calculations of thermal diffusivity
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through the coating thicknesas well as the specific heat capacithe formula for
correlating the thermal diffusivity to the timeal conductivity isgiven inEquation2-2.
k=rQ, & Equation2-2

Wherek is the thermal conductivityC, is the specific heat capacity @om temperature
andconstant pressurand} is the density of the coatirgalculated based on the formula
in Equation2-3 andUis the thermatliffusivity.

I = I yreoritica C'Ql— P%) Equation2-3

In Equation2-3, P% is the porosity percentage that was measuredrage analysis

techniques under the SEM with 500X magnificationaddition,} ieoriical Was calculated

based on the rule of mixtures and according to the individual densities of the components

and theproportion of each phase withtheinitial mixture. The value used for theoretical

density ofalumina is3.55g/cnt andfor zirconiait is 5.8g/cnB.

2.4.2. Thermal Cyclic Test

Thermal cyclictess for coatings, on Inconel 625 substrates bound coated with NiCrAlY,
was donefor 20, 100, 250 an®00 cycleson sets of 3 sample§he cycles included
heating the samples an induction furnace to 108°C in a 15-minute time period,

holding at temperature under air atmosphere for 1 hoalildev homogenous temperature

profile through the coatings and then cooling down in 15 minutes to room temperature

using air jet cooling. The life time and the remgt structural and microstructural

changes were then studied.
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2.5. Measurement Techniques

2.5.1. Microstructure and Porosity

Field Emsson-Scanning Electron Microscop@E-SEM; Hitachi S4700) was used to
image the coating microstructures in both secondary elec8Bj) &nd back scattered
(BS) modes. This microscope, in additiovas used for energy dispersive spectroscopic
(EDS) chemical analysis,compositional mappingand for highresolution microscopy
(HR-SEM).

SEM (Jeols JSM510) microscope was utilizédr imageanalysis at 500X magnification

and the average porosity was determined from measurements in 10 locations. Calibration
thresholds were selected between two reference materials, relomeipiumfoil and the
mounting material. This method is useful for kngorosities in the coatindt is, thus,
unable to detect porositiegith a dimension ofess than 0.5 pum at this magnification
[28]. All microscopic evaluations and micrographs on the coatings were done on the
cross section of the samples.

In addition, the irflight particles were studiedising the same microscopes and
microscopic techniques. The-flight particles were provided bgpraying the powder

into a large container ofater, collecting and eventualyr drying the resulting particles.

The microscopic investigations wetlene in two differenmethods In the first method,

the particles were glued to a polished stainless still substrate using conductive glue and
coated with gold, and thethe micrograps weretakento view themorphologyand a

rough estimationof their sizes. The secondethod of particle studies was done on the
sectiored viewof the particlesFor this purpose, the collected and dried powder particles

were mounted in resiandpolished andthengold coated.

39



2.5.2. Amorphous Phase Measurement

Two distinct methods were used to evaluate the amorphous comnésulted from
changing thespraying conditionsThe first method usethe XRD patternswhich in this
work areprovided by Bruker D®iscovery diffractometer (Bruker AXS, Inc., Madison,
WI, USA). Thesecondis based orthe differential scanningcalorimetric (DSC) graphs
produced bythe TG96 (SETARAM Inc., Newark, Ca, USA) machineescriptionof

each method is as follows

2.5.2.1. Measurement Bagd onXRD Patterns

In the first method the Xay patterns from the coating surface usingkCuradiationand
acquisition of 0.0%/sec were used. In this methadtie area under the humps in the
background of the XRD patterns that are characteristic ohdimecrystalline structure
were measured. The ratio of the hump area to the total area of the XRD, prattading
hump and sharp peak areaspresentshe amorphous percentage in the structure. This
ratio was measured within the range of 20 9C°, urlike the usual method used for
mainly amorphous materials with comparatively small number of crystalline peaks that
are measured in a small range of angles beldW34]. For this measuremerihe peak
fitting program GRAMS/AI from Galactic packag®5] was used. The peak types
selected for hump areas (diffused peaks of amorphous phase) were Gausdiam and
sharp peaks (crystallinghase)weremixed Gaussiafh.oranzian. This selection was based
on trial and error for the maximum correlation factoigogaterthan 996 and chi factor
(representinghe goodness of the fitting process) mostly less than 0.5 in the overall

resulting curveifs. The iterative curve fittings selected to be up to 50 runs were done by
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the softwareThe standard deviation of the calculations based on 5 to 7 readings were

considered as the probable error in the results.

2.5.2.2. MeasurementBased onDSC Graphs

The second ethod for comparison of the amorphous contents in this siseljthe DSC
graphsThesecurveswere also used for determining the transformation temperaturés

they were the basis for selecting the heat treatment temperatures as well.

The heating andaoling rates were selected &Chnin, whichis the minimum attainable

with the present equipmertb allow any unexpected transformation to be detected and
the role of superheating anghdercoolingto be at a minimum This rate was kept
constanthroughot the entire work to eliminate its role on transformation temperatures.
The tests were undertaken in a range from rdemperatureup to the maximum
temperature of 150C to find any possible delayed transformations in metasble phases.
This is also the teperature before which the tetragonal to monoclinic zirconia
transformation should happen.

The application o DSC curves in amorphous phase measurement was basfblon

where the area under the endothermic pedkeatrystallization temperatures, known as
the fAcr ypeakal i sz & tmifhé calgulatidn of the amorphous content. The
curves with larger crystallization peak area repretsger amorphous contefiz4,97]
Likewise, the area under the peak for any other transformation was basically selected as a
representative of the amount of the initial phase in that transform@tierfixed error of

8%, suggested by the equipment supplier was considered as the probable error for these

measurements.
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To measure the absolute value for the amorphous content in this method, a fully
amorphous reference sample would be necessary. However, since thesemesdaswe
amorphous phase were for comparison purpose, the crystallization peak areas with

arbitrary units are used.

2.5.2.3. Data Validation

Study hasshown that amorphous phase evaluations based on XRD pattern are more
accuratewhen theamorphous contentare lessthan about 20 percentyhereasDSC
crystallization peak is more reliable for larger proportions of this pf@se It is
important, also, to note that the results frimarmal analysis armassbased while the

XRD resultsarevolumebased data. So the absolute values of the changes in the results
from the two methods cannot be directly compared and onlyehdof the changes can
support the other test results.

A linear regression for a group of randomly selected data from various experiments in
this work was used to investigate the correlation between the results from the two
methods.Figure 2-5 illustrates areasonableagreement and close values to the linear
relation. Thus both methods can be applicable for comparison purposes and long DSC

analyss are alternatively replaced by XRD pattern calculations.
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Figure 2-5 Linear regression of the data from XRD andDSC evaluation methods of amorphous
content

2.5.3. Grain Size Measurement

Grain size was measured base®4[©8] Fdrthese Scher
calculations, the most reliable peaks (withouerlappingor with minimal overlapping)

for each phase were selected as follows: Planes (111) for cubic zirconia or (110) for
tetragonal zirconia both at@about 30, (200) at about 68f o falumina and (300) at

about 48 f o faluntina phase.

_ 0.9/
BCoxyy

Equation 2-4

Wheret is the diameter of crystal particiethe monochromatic Xay wawe lengthd the

diffraction angle andB is the broadening of diffraction line measured at its half at

maximum intensity (in Radians).
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The best curve fitting using t he[9fwae ak f
used for peak measurements (width and angle). Smoothing process for some scans was
necessary, wheman overly corrugated appearance could cause erroneous peak
measurements. The necessary data in terms of peak positions, concerning planes and
FWHM (full width at half maximum) for each phase, after corrections with machine
broadening data, are tharsed for grainsize calculation. To eliminate the machine

broadening effect, the formula in Equati&® was used.

B=.b*- b* Equation2-5

Whereb is the peak width at FWHM arfulis the machine broadening effect.

Machine broadenings ardetermined from the corresponding peaks of the above
mentioned planes in a LaBingle crystal. It is expected thiie peaks in a perfect single
crystalarewithout broadening by different crystallite orientations. Hence, if instead of an
extremely sharp peak (line) a peak with widtlappears in the XRD pattern, it can be

related to the machine broadening effect.

2.5.4. Phas Analysis

To measure the amount of each crystalline phase within the crystalline portion of the
structure XRD patternshave beerused. In this applicatiorthe peak intensities have
been used for calculation of the phaa#os. Howeverjn this studycoatingsnormally
include someamorphous phasevhich resuls in a background hump that can vary the
peak intensities at specific locations where the humps are distributed. In addition, the
texture (preferred orientation) is another issue in the coatingseshats in intensifying

some specific peaks related to the planes with larger number of repetitions. As,a result
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the XRD patterns need to be refined to eliminate background and texture effects. The
Rietveld refinement was appliadith the help ofthe PowderCell program99]. The
Rietveld method, based on fullbay patternapplies all factors contributing to the peak
intensityandrefines the data by a leasfuare procedure until the difference betwinen
observed and calculated pattern is minimizeéok such refinement, the necessary exact
structural data for each phase waakenf r om Pear son6s Handbook
Data [100]. In addition,to achieve the best refinement there is a nedmanual

refinement by the experimentidaroughouthe process.

2.5.5. Lattice Parameter Measurement

Rietveld analysiswas also used to determine the lattice parameters of the different

crystalline phase$or this, the same Powdeell program was used
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Chapter 3 Crystalline Structure and Amorphous
Phase Formation in Atmospheric Plasma
Spray Process

This part ofthe study investigatethe more appropriate feed si@ggano or micron¥or
production of larger amounts of arpbous phasaising conventional plasma spray
processand to justify the application of SPS process in this resefrcddition some

initial insightsinto the amorphous phase formation during plasma spray process could be

acquired to be eventually compd with the results of SPS process.

For this purposewo different types of powder, Tosoh TZ3460A composed of 60/40
wt% alumina/3YSZ (Tosoh Inc. Grove City, OH, USA) aAthperite 750consising of
Al,03-ZrO, 60/40 fused(nominal size range-32 ¢ m) C( Stiarck, Sarnia, ON, CA)
were axially injected into the Mette@kial Ill plasma torch The powdersvere sprayed

under the conditiohsummarized irmable3-1.

Coating were deposited omild steel coupong2.5 x 25 cnf with 0.5 cm thickness)
boundcoated with NiCrCoAlY. Each coag was produced by 12 deposition passes
After finishing each coating, the torch head wascted toa large water reservoir and for
about one minute spraying was done into the wateBat5 cm distance from the torch
exit. The resulting ifflight particles, cooled down in water, were next collected and air
dried. The collected powders wentdhgh size distribution analysis both thecollected
powders and the coatingdhe amorphougontents were measured usitigg XRD and

DSCtechniques.
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Table 3-1 Spray condition for the two types of powders and the resulting particle condition and
coating thicknesses

Spray | Total Gas Spray Coating
Condition | Gas CLIJZ;Ir?nT?A) Composition | Distance (;ré) (r\n//ps) Thickness
Powder | (slm) (Ar/No/Hy) (mm) (mm)
Amperite 2455 | 245 302
120 200 10/80/10 100
Tosoh 2250 | 222 463

Figure 3-1(a) to (d) presets the morphology of the feed powders and suggistt the
approximate size ratior Tosoh to Amperite powdds 3 and the average size of the
Tosohpowderis initially 45¢ m.

Figure3-1(a) shows the Tosoh powdas large agglomerates of naparticulates witha

large number of nanpores that are clearer in the magnified imagEigure3-1(b). This

figure also suggests a loose connection among the particulates ghtbmerateFigure

3-1(c) presents thdmperite 750 a powder of comparatively large fused and crushed
particles with sharp corners and dense structure. In this powder, no stabilizer was
observed, based on XRD panh assessmeriftigure 3-1(b) from Tosoh powder at 100
times higher magnification than iRigure 3-1(d), clearly shows the particulate size
differences. The XRD phaseaysis of the initial powders showed that thmperite 750
powder consists of a combination of monoclinic and tetragonal zirconia (with no trace of
stabilizing ageatnsdalumena ghases. Tpdoh powdar) on theathér U

hand, shows tettpo n a |  Y-8ldmina.nd o
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Figure 3-1 Feed powders, a) Tosoh powder atkX and b) Tosoh powder at 58X and back scattered
mode; c)Amperite 750at 1kX and d) Amperite 750powder at 50X and back scdtered mode

3.1. In-Flight Particle Study
The particle size analysis of the collected Tosoh sprayed powders/atershows an
averagesize of 46 um (1490 um), while the Amperite 750 collected particlehavean
average size of 1pm (6.723 um range)which is practically the same dbkeinitial feed
size This indicates that nragmentationgither before or after melting in plaspes
happened.
Figure 3-2 illustrates an assessment of the partitdenperatureof the Amperite 750 at
different distances from the nozzle enging DPV2000This figureshows the relation
between particleeemperaturesand spray distance in which the particle temperature

deaeaseswith increasing thalistance Based on thidigure, assuming an almost linear
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relation it is expectedhatat the distance of theater surface from the spray nozzle exit
(30-50 cm), particle temperatur® bebelow the melting point of both compemts of the
composite(alumina, which has the lower melting point, melts at 2@30so that they

could havesolidified in-flight before entering the water.

2650

2600 +

2550 4

2500 4

2450 4

2400 +

2350 1

2300 4

2250 1

2200 +

In-flight Particle Temperature (AC)

2150 4

2100 4

2050 T T T T T T T T T T T T T T
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Distance from Torch Exit (mm)
Figure 3-2 Variation of Amperite 750 particle temperature with the distance from the nozzle exit

The microstructure of theesulting collected particles from the two types of powdars

be compared inFigure 3-3. Tosoh powders, according to the initially weiixed
particulatesof the two components (alumina and YSZ), generally end with appropriate
mixing-in as sprayed particles. The collected particles from this powdegure 3-3(a)

contain large and small pores. These particles can be categorized as unmolten, partly
molten and fully molten particles, which are showtrigure3-4. The unmolten partiek,

as inFigure 3-4(a), are still porous but with larger particulates than the initial powder,
because of sintering during flight in the plasma jet. Fully molten and solidified particles
shown by the arrow irfrigure 3-4(b) are dense with mostly large pores in the center.

Figure 3-4(c) is an enlarged view of a partly molten particle that suggests how this
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transition from porous into hollow bpre is happening. When the melting starts from the
surface, the melt front progression sweeps the submicron pores away and makes them

coalesce with each other while moving toward the center. Thus, they leave several large

pores or merge into single porethe center, and a shéke molten particle forms.

Figure 3-3 Sectioned view of the allected in-flight particles into water after spraying under similar
plasma spray conditiors,a) Tosoh and b)Amperite 750

This phenomenon of shell formation by Tosoh particles can justify théaconsarticle

size observed between the initial and collected powders. However, while the majority of
the nane or submicrorsize pores are annihilated into larger pores, plenty of them are
still dispersed within the particle. The porosity of the feedigarplays an interesting

role in the resulting phase analysis of the solidified particles, as will be discussed later in
this section.

Figure 3-5 illustrates the collected particles of micrsize fused and crushe&mperite

750 powders. According to their spherical shape, these particles have been almost
completely molten, but with a variety of mixing behaviour. They can be categorized as
fully unmixed single component, partly mixed and fully mixed particles. The unmixed
components can be seen as white YSZ particles and dark alumina parti€igsirs

3-5(a), with dendritic solidification. In the partlyired particles ofigure 3-5(b), grains
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of unmixed portion are dendritic, and no grain can be seen in the mixed area at the left
side or in the fully mixed particles (indicated by arrows in the same figure)-tigina
magnification at 5KX by SEM in Figure 3-5(c) of the fully mixed particle presents no

sign of the crystalline grains that would suggest the structure to be amorphous.

¥~ Fully molten

A _
R e pp———

1.00um ‘CNRC—IMI 15.0kV 11.9mm x1.50k SE(L) 30.0um

SNE

CNRC-IMI 15.0kV 11.9mm x3.00k SE(L) 10.0um

LA B B |

Figure 3-4 Sectioned view ofTosoh collected powder a) unmolten particle; b) fully molten-
resolidified particle and partly molten particle consisting of ¢) unmolten region indicated by U,
molten region M, and enlarged pores designated by P.

Paticles with complete melting and mixing were the common category between the two
types of powdersFigure 3-6 is an SEM micrograph with EDS (Energy Dispersive
Spectroscopy) elemental mapping of the same patrticle obseri#gglire3-5(c). It shows
almost complete homogeneity in the composition and uniform distributiam both

aluminium and zirconium atoms resulted from full mixing of the two components. Since
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alumina and zirconia have very low mutual solid solubility, this could have only

happened after complete melting.

n_ Partlymixed

10.0um CNRC-IMI 15.0kV 12.1mm x4.00k SE(L)

Figure 3-5 Sectioned view of ollected inflight particles from Amperite powder sprayed by
conventional plasma spray a) unmixed; b) partly mixed and fully mixed particles; c) high resolution
microscopy of the fully mixed particle at 5&X showing no sign of crystalline grainthroughout the
particle

The EDSevaluation osome of these particldsowever,showsoff-eutectic compositions
typically 36/11 or 29/41 for the atomic ratio afuminiumzirconium (eutectic atomic

ratio is 1/1). Thigndicaesthat also the particles with nesutectic compositions show a
good potential for amorphous phase formation. The redsonthis is the high
immiscibility in solid stateof alumina and zirconia that according to Ando ef{HD1]

makes the formation of the amorphous phase more probable even at compositions far

from eutectic. This fact impairs, to some extent, the importance of initial composition of
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the composite on amorphous phase formation in plasma spedings. Tis means a
highly amorphous structure can be obtgiralso in offeutectic compositions during

plasma spray procesand a deep eutectic composition is not essential.

Electron Image 1

Figure 3-6 Sectioned viev of fully molten and mixed particle with no sign of crystalline grains(left)
and its EDS elemental mapping (right) showinghomogenous distribution of aluminum and
zirconium atoms

On the other hand, among the same group of fully mixed particles somgebeha
differently during solidificationasdepicted inFigure3-7. The details within the particle

of Figure 3-7(a) are shown irrigure 3-7(b), (c) and (d) retainingthe same letterasin
Figure 3-7 (a). Figure 3-7(b) shows the exterior part of the particle that has formed a
nanceutecticstructure withabout 10nm alumina and 2@m YSZ lanella; the interior
part with the crystalline structure appean Figure 3-7(c), which presents equiaxed
cellular grains of less thanm size centered by the pores. Moreno efl4l2], in rapid
solidification of thealuminazirconiamelt droplets on coppeurface, found &minate
size of 50nm for zirconia and 10@m for alumina at cooling rates of about’ ¥0s.

Comparing the laminate sizes in the present structuresthdtiesults oMorenoet al.
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and assuminga linear interpolationthe cooling rate for these particlesn be roughly
estimated asbout 5 10° K/s. This cooling rate, of course, depends roany factors
including the particle size. This comparison proposes a much lower cooling rate for the
in-flight solidified particlesthan thecooling rate for thectual coating splawhich can be

more than 10K /s [48].

In aclose look at the interface between the two types of structigume 3-7(d), it can

be seerhat the thickness of the eutectic lamella in the interface is not changed and it has
the same thinness as in the outernpast of the solidifying particleThis indicates that

the reason for the formation of the cellular gram&ot the slomg down of the cooling

rate from the outer to inner pasd nucleation on the solidified eutectic phas¢her

the solidificationhasoriginated from the pores as nucleation sites and at comparatively
higher temperatures inside the pdeticAccording toFigure 3-7, it is assumed in this
supposition thathe entire bulk of the molten particle is at temperatures below melting
point However, pointdartherfrom the particle surfacéloser to the centegre at less
undercooling due to low thermal conductivitgpf the materialfor homogenizing the
temperaturend elimination of the temperatugeadient fromsurfaceto the center of the
particle. The solidification frontoriginated on the pordsas next faced the solidification
front startedfrom outside at veryigh cooling rates and the two solidification fronts have
come to rest in the interface.

The homogeneity of the particle suggests that the cellular grains inside are supersaturated
solid solutions.The EDS evaluatiorunder SEM, on the particles with entiyratellular

grain structure,confirmed the happening of supersaturation and formation3@f13

atomic ratio of aluminum/zirconiurtor 0.36 atomic raticompared witHess than 0.01
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atomic ratio of aluminum/zirconium in saturation limit of alumina with zmecand 11
ratio for eutectic compositionuch supersaturatios againstwhat was expected in a
low solidification rate at high temperature, where sbiite atoms beyond theredicted
saturationlimit (by equilibrium phase diagrgncan diffuse out tdhe remaining liquid
phaseThe occurrence cfupersatwated solid solutioimn the coating may be investigak

as will follow.

CNRC-IMI 15.0kV 9.7mm x5.00k YAGBSE 10.0um

[
CNRC-IMI 10.0kV 9.2mm x50.0k YAGBSE 03/05/08

Figure 3-7 Structural features in an in-flight particle sprayed, solidified and collected into water a) a
typical particle; b) magnified external part and c) magnified internal part of the particle; and d)
interface area of the two phases

Enhanced solubilityin the solids can be seen in XRD pattetmg shifis in the
charactestic peaks of the parent materéd a result o€hanges in lattice parame{88].

Substitution of some zirconium or yttrium atoms by smadlieiminium can shrink the
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unit cell of the YSZ structureThe other pogsility for this dissolution is the allocation of
much smalleraluminiumatoms in the interstitial positions of the YSZ structure (either
cubic or tetragonal)which can result in expansioof the unit cell The former case can
bring apostive shift to sgcific peaksand the latter resdtin a negdive peak shift
toward smaler angles. Tas thepeakshifts are decided based on YSZ crystal structure
and the position that the alurnim atom can take within the unit cell. In th&gudy such

structural invesgjation is dondased on the Rietveld analysising Powdé&ell software.

3.2. Coating Structure and Amorphous Formation
The resulting coatings from the two different powders can be compafadure 3-8(a)
and (b) that show the coatings fromAmperite 750 and Tosohpowders respectively.
There is a considerable difference in the coating microstruciaohsding clearly higher
porosity and surface roughnesstire coatingfrom Tosoh powderThe reasorcan be
related to the formation ofa large number of shdike particles with large core
porosities.In such particles (formingdiiow droplets) bursting upon impactan cause

splashinghat resuks in both more porosity analrough surface.
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Figure 3-8 Coating microstructures: a,c) using Amperite 750, 60/40 alumina/zirconia; and
b,d) Tosoh 60/40 alumina/3YSZ powder

At higher magnification as ifrigure 3-8(c) and (d) the comparison of the splat cross
sections is possible. Thimperite 750powdercoating shows a structumnsisting of
distinct dark alumina and bright zirconia splats, in addition to somergipesd splats
Tosohpowdercoating, in ontrast, shows a uniform structuregséywell-mixed alumina

and stabilized zirconia. This uniformity is due to the intimate comthtte particulates
that helps their eagyixing (upon melting)within the plasmaet.

Another notable finding in this eepment with Tosoh powder is shownkigure 3-8(d).

This figureshowsanunmolten particle in the coating that presents segregation of zirconia
partiaulatestoward the exterior of the particlend concentration of the dark alumina

particulatesnside. According to SEM assessment of the initial jgens,the particles of
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this composite powder areformedof uniformly distributed alumina anzirconiananc
particulates Therefore this segregation has to have happened duheglasma spray
processThereoccurrencef thesegregategarticlesin thecoatingis shown by arrows in
Figure 3-8(b). Ths segregationof zirconia toward exterior regionwas previously
reported in the collected powders after melting andotelification, as well asin the
coatings of this composif@1]. This phenanenonin both solid andliquid statemay be
attributed to thehigher electrical polarity (stronger dipole)f zirconia molecules that
causs a highertendencyof zirconia toexpose itself to thenic environmenbf plasmaat

the exterior parts of the pate. According to basic chemistrjd03], moleculeswith
covalent bonohg between dissimilar atoms foretectricaldipoles. These dipoles arethe
result ofthe higher density of the shared electrons arounddhg ofatoms with smaller
size (atomic number) afat higherelectronegativity. The larger the difference between
the atomic number arttie electronegativity of the atoms involved in the bond, the higher
the polarity of the dipol¢103], so that in extreme conditierthe bonding turns to ionic
type. Thus the degree of polarity of the dipole translates to the degree of ionic character
of the bond or moleculén the bond with oxygen (atomic number 8 and etewgativity
3.44), Zr (atomic number 40 and electronegativity 1.33) shoavshigher ionic
characteristicompared with Al (atomic number 13 and electronegativity 1.65h)the
other hand, the materials can best dissolve in electrolytes of similar poliegity (
moleculeswith higher ionic character can more readily dissolve in ionic electrolytes).
Therefore, a higher affinity from zirconium oxide toward the plasma (as an ionic
electrolyte)can beexpected, which causes a stronger attraction toward theswfdhe

particle andbr melt.
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It is, however, clear that when sualparticle receives healuringlong enougtperiod of
time for completemelting, full mixing provides an ideal condition for amorphous phase
formation by intimate contact between dissaniparticles.Thus, the structure resuny
from well melted particles shana good uniformity.On the other hand, ithe distinct
lamella of theAmperite 750powder coatingthe chances for Hiight mixing seem to be
lower thanthoseof nanaeparticulatesuch asn the Tosoh powder.

However,Figure 3-9 suggests aecondpossibility for mixing and amorphous formation
that can happeim the intersplat regions of the coatingson impactFigure3-9(a) shows

the SEM micrograph of the infacearea of a solidified aluminsplat(dark layer) coated

by zirconia (lightcolor splat) It can be seen that thereagegionof aluminamixed with
zirconia(shown by arrows in thifigure) beside the interface. This has happened due to
re-melting of the alumina by thdarge heat input of the upcoming molten zirconia
particles with temperaturesigherthanthe melting pointof alumina(T, for aluminais

205CC and for zirconias 2700 C).
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Figure 3-9 Intersplat conditions in cross section of the coatinga) zirconia splat deposited on
solidified alumina splat and b) alumina splat on solidified zirconia

In contrastFigure3-9(b) shows the interface when an alumina splat is deposited over the

solidified zirconia splat. Thdistinct separating line between tive splats shows thai
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this casesuch a mixed regionhas not formed. Amorphous phase formatiat the
interface area ofhe zirconia splat on the solid NiCoCrAlY surface was previously
reported by Bartuli et al[104]. They explained this athe result of remelting and
intermixing of aluminium and dher bound coat elements intbe upcomingzirconia
splat. Thesebservatios, however, do nobverridethe possibility of irflight mixing in

this kind of particle.

In mixing and amorphous phase formation upon impact, it should be considered that the
total area of the interfacgsvolved in the interface mixinggompared with the entire
bulk of thesplas (involved in the irflight mixing) is limited. In additionjn this kind of
mixing, it is mainly the splat with higher melting poititat causs the irtermixing upon
impact Thus the chances for amorphous formation in this \aegconsiderably lower

thanin the caseof in-flight mixing.

3.3. Phase Analysis and Amorphous Phase
Contents

The measurement of the crystallization peak ardaSg graphs from the tov powders
shows an amount of 1Qenits for Tosoh powder coating, against 48its for Amperite
750 powdercoating. Thisindicates aconsiderably higher amorphous content within the
coatingby Tosoh powderwhichis simply due tdhe enhaned mixingresultng from the
intimate contact between dissimilar nanometric size particulates.

According tothe linear relation introduced in secti@®b.2.3for the estimation of the
amorphous contené line slope of 0.4 cabe used t@wonvertthe DSCresults into XRD
data Based on this, thestimatedamorphous phase for coating of Tosoh powdédess

than 44vol%. An approximation of the unmolten portion of the structtoe Tosoh
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coatingswaspossibleusing image analysiechniquegassuming the area percentage to be
equal to volume percent), whishows less than 281% for unmolten partThe balance,
equal to31 vol% of the structure, which is neither amorphous nor unmolten sbéd,to

be in the form of solid solutioformedaccording tadhe mechanismdescribed abovelhis

will be further investigatedsing lattice parameter measurements

Figure 3-10 showsXRD patterns of the coatings froboth powders and he observed
structuresof the coatings are compared with the 7YSZ coating deposited by the same
sprayconditiors. In the patterns dfigure3-10(a) and (b), stabilized zirconiaither with
alumina or without itpresents tetragonal strucé agpreviouslyobservedn APSprocess
[19,105] In the graph for Tosopbowdercoating shown irFigure 3-10(b), althoughthe 3
mol% yttria is just enough for partial stabilization, the stabilizing role of alumina
dissolution in this structure has completely preverag formation of monoclinic
zirconia. By contrast the XRD pattern of thémperite 750coating inFigure 3-10(c)
shows a considerable amount of monoclinic ph@kes isdue to unmolten feed powders,
the absence of yttria stabilizing agesud the lack of extended dissolution of alumina in
zirconiasplats as seen themicrographin Figure3-8(c).

Quantitative evaluation of unit cell parameters usirgPowdeCell program[99] allows
comparison of the lattice parametarandc for 8 wt% Y SZ-60 wt% alumina withthose

of 8 wt% YSZ withoutthe addition ofalumina. It was found that parametedecreases
from 3.6345 to 3.6306 and parametefrom 5.1196 to 5.0928This suggests that the
dissolution of alumina into tetragonal zirconia has to be substitutional so tlamhétier
radius of alumina has resultéd reduced parameters. The observed shifting in Tosoh

powder coating with tetragonal structure has some deviation from the report of
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supersatuttgon of cubic zirconialn this report,by increasing the solubility lirhifrom 4

to 40 mol% alumina, the unit cell of the cubic zirconia increases from 0.5095 to 0.5129
nm [106]. However, this report supports the possibility of supersaturation of the alumina
into zirconia as observed in this experiment.
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Figure 3-10 XRD patterns of the coatings a) YSZ coating with tetragonal structure (TZ), b)
Amperite 750 powder coating consisting of tetragonal zirconia (TZ) and alpha alumina (AA), ¢)
Tosoh powder coating showing (TZ) and monodtic zirconia (MZ) plus alpha (AA) and gamma
alumina (GA)

3.4. Summary
In this study of the ifflight collected particles and coatings of psewdectic alumina
YSZ sprayed by APS processeveral new facts concerning the crystalline and

amorphous phase formatihave beemevealed.
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Since the sizes of fegghrticlesandof particlescollected after spraying were constant, it
can be proposed that in dry deposition of the powders by APS processnsiderable
fragmentation of the particles in the plasma jethegspened.

The formation of supersaturated solid solution of alur¥iBZ was observed in the
collected particlesThe cellular grains nucleated on the ppeexl solidification at slow
rates started from inside the melted partibletthese grainsvere $opped at the border
of the eutectic solidification front without releasing their excessimeiteatoms whichin
this case wouldhave to diffuse into the solid rather than méhit cell parameter
measurements based on XRD pattesuygported the formatn of suchacrystalline phase
in the coating. This can be proposed as a new source of crystallinity in the sprayed
coatings Moreover, itsuggestshat in addition to amorphous phase, somgefalumina
whichis absent isomeXRD patternscan be disdwed in crystalline zirconia phase with
surprisingly high ratiogas high as eutectic composition)

Two major sources of amorphous phasere introduced They includethe inflight
melting and mixing of dissimilar materials addition to upoAimpact mixng when there
is a considerable difference between the melting points of the two components
Segregation of zirconia from alumiria unmolten Tosoh particleand its migration
toward the exterior regions of the particlehich was previously reported imdted
particles,was also found in solid stat€he reason is suggested to be the higher polarity
of the zirconia molecules in the electric field of the ionic plasma environment.
Agglomerates of nanparticulates yielded higher amounts of amorphous phdmes fbr

the sake of amorphous studies and enhancement of this phase in the coatings, application
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of nanepowders using the suspension plasma spray process was selectadeal e

the remaining partsf the work
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Chapter 4 Suspension Plasma Spragoating
Micro structure and Crystalline/Non-
Crystalline Structures and Transformations

4.1. Controlling the Microstructure of SPS
Coatingsand Resulting Properties

Since SPS is a newly developed process, there is not enough information on the optimum
condition for productio of sound coatingsTherefore, themain goalof this part ofthe

study was toidentify the major parameters irthe SPS process that can be used in
manipulating the microstructure and help production of coatings with favourable integrity
andreproducibility. To this end Taguchi statistical methdd07] has beemsedin design

of experiment (DOE)to evaluatethe importance of seven selected variabias
microstructural characteristics of the coatingie variables icluded feed, plasma torch

and substrateelatedparametes. The need to investigate a wide range of variables with
the minimum number of experimental ruwgygestedhe application of this DOELO7].

The variables rad their two selected levels drstedin Table4-1. Among the variables in

this table, the levels for solid content, torch condition and feed rate were selected based
on the initial datasuggested bthetorchsupplier, followed by preliminary trial and error

to establisifavourable working conditia Additionally, the substrate roughness was in

the range of what is used in the indusamyd the robot speed was changed from medium

to the maximum obtainable. The microstructural features and-flight particle

characteristics on which the effects ofiahles are studied include:
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A
A
A
A
A

Particle temperature ,Tat substrate distance from the nozzle ex) (
Particle velocity, ¥, at substrate distance from the nozzle exit (m/s)
Vertical cracks average spacing (um)

Horizontal cracks average spacingn(u

Porosity content in the cradkee area (%)

Thickness per pass of deposition or deposition rate (um /pass)

The vertical and horizontal cracks in the coatings were individually assessed and counted

per unit length or width of the coating. Five measnents were averaged per sample.

The nature of the cracks can have significant influence on the properties of the coating.

For example, it was observed that planar defects parallel to the substrate are more

influential on mechanical properti¢s08] and thermal diffusivity{108,109]thanis the

total porosity. Porosity measurements using image analysis technique were done based on

section2.5.1

Table 4-1 Variables and levels in Taguchi design of experiment

Variable Low & high levels
Solid content in suspension 10 & 30 wt%
Auxiliary gas H, & He
Torch condition (245sIm, 75Ar/10 N»/15 H, or He, 200 A)
(total plasma gasdiv, gas &
composition, torch current) | (275 slm, 65Ar/15 N,/20 H,or He, 240 A)
Injected feed rate 1.3 & 1.8 kg/hr
Powder type Nano &Micron
Substrate roughness (mesh sizei?ilﬁrﬁ%% grit blasgin
Spraying robot travel speed 0.6 &2 m/s
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Following the parametric study of the process and the resulting microstructures, the role
of microstructure on the mechanical properties (hardness) and thermal conductivity of the

composite coating was invegted. Vickers micro hardness test according to section

2.3.1 was evaluated for selected samples. Thermal conductivity was evaluated by laser

flash method93] accordng to sectior?.4.1

To produce the feed material for SPS coating, first the -s&® powders were
proportionally mixed to produc& mol% YSZ (equal to 8wt% YSZ2), which is the
common TBC material in gas tunes and diesel engines. The powders used in this
mixture included 3mol% YSZ nanepower (NaneComposite Powder, Inframat
Advanced MaterialsFarmington, USA nominal size 3660 nm) and 8mol% YSZ
(NanoComposite Powder, Inframat Advanced Materiddarmirgton, USA size 3060

nm). The resulting doped zirconia powders were then mixed with two different sizes of
alumina powders. The alumina component was either -sao (Nanostructured &
amorphous Materials Inc. USAnominal size 2743 nm) or micronsize (Malakoff,
Texas, USAsi ze 1.4 Om). The t@rmss pidNatniowe layn,d
here for these mixtures. The mixtures with the larger size powders were ball milled in a
concentrated suspension of @®6 solid for 24 hours before dilution toeHinal solid
concentration. This procedure ensured homogeneous mixing and stabilization of the
suspension. The namixture was only milled for the same period for enhanced stability
of the suspension. A weight ratio of 60/40 for the aluminaf® YSZ wasprepared and
suspended in ethanol at 10 andvid®o concentrations. This resulted in four suspensions

with different powder size ranges and solid contents. Suspension dispersion was done

67

s



using 9cc Polyethyleneeimine (MW 25000, Alfa Aesar, Ward Hill, MAand 4.5cc

Nitric acid (both with 10% concentration) for every 150 g of solids.

The wet analyses of the agglomerate size in different suspensions diluted in ethanol
showed that the size rangesere closely comparable regardless of the initial particie si

or solid concentratigrandwere all in the range of 10 ungpecifically, the measurements
showed0.2~3 pm in 30%t solid of micronsized particle suspension, 0.2~9 um in 10
wt% solid of the same powder and 0.2~5 pm in naize powder in 10wt% solid

suspension.

4.1.1. Rolesof the Parameterson Microstructure

The summary of thevaluationresultsis shown in bar chardiagramsn Figure4-1. The

first column for every variable shows the effect of its variation from the low level to high
level (as defined inrable4-1) on the corresponding parameter shown in this figline.
second column for e& variable is the standard erto help compagthe significance of

the effects with the erroin this figure the increasing or decreasing effects gecified

as follows.When changing the variable (e.golid weight%) from low to high level has
cawsed arincrea® inthe specific structural parameter (ewgrtical crack spacing) in the
coating, thecorrespondingolumn is shown on the positive side of theaXis and the
decreasing effects of variables on the measured parameter are shown omtilre sielg

of this axis.

By relating the particle temperature and velocity to the spray conditions, some general

trends can be observed and will be discussed in the following sections.
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Figure 4-1 The aveaged effects of the seven variables on particle characteristics and microstructural
parameters in suspension plasma spray (SPS) proceséaxes showing the 7 variables and -“éxes
presenting the change in the correspondingroperty due to change in the vaiables (bright columns),
as well aghe standard deviation (dark columns)

A. Solid Concentration

Increasing the solid content from 10 to @6 in the suspension liquid, as observed in
Figure4-1(a) and (b) has decreased both particle temperature and velocity. The coatings
from this lower temperature and velocity have shown no considerable change in vertical

crack density, but the spacing of horizontal cracks through the thickness increased
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slightly, as presented in the diagrams Rfure 4-1(c) and (d). Within therange of
porosity detectableby the methodused in these experimenfas explained in section
2.5.]), the porosity content of the coatings was not affected by the solid concentration.
However,the solid concentratiors foundto be the most effective factor on deposition
rate, as shown irigure 4-1(e) and (f). The higher solid content in the liquid feed has
produced thicker layers per pass, which can be translatachigher rate of material
deposition.

B. Plasma Auxiliary Gas

The plasma auxiliary gasas changedrom the commonly used hydrogen to heliuto
induce more porous microstructuresiitable for applications like thermal barrier
coatings. Helium is known to increase the plasma stability with its high viscosity at high
temperaturg5]. It also has a higher conductivityan hydrogemnd generallproducesa

wider hot core area that promotes entrapmeatlafger number of small particles, which
could otherwise escape from the particle jet without deposition. The observed effects of
replacing hydrogen with heliusre summarized iRigure4-1(a) to (f).

Interestingly changing from hydrogen to helium auxiliary gas has shown the most drastic
effect on almost all of the measured parameters in this vidyrkeplacing H with He

gas, the average particle temperature increases and the avel@mty decreases. One

by one comparison, howeveasrovides additionainformation which may be extracted
from Figure4-2. Thisfigure shows that at the same plasma torch conditionterms of

total gas flow ate, plasma gases ratio and arc curresitjgHe has dropped the resulting

plasma power by 20 to 40 kW. This can be observethéntwo different plasma
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conditions of fA245 sl m/ 16taubxighsafyowas.at &

and 02 7ndgasflomrate, 65Ar/15620 auxiliary gas, 240 A curremt.
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Figure 4-2 The effect of auxiliary gas, powder size, torch condition and plasma power on particle
velocity and temperature

On the other hanadomparison between the two sets of experimenEgure4-2 clearly
shows thatisingHe auxiliary gas resulted in both higher velocity &ighertemperature

of the inflight particles This was the caseven though only small differences of plasma
power(around 8682 and 8485 kW) were recordedThis temperature increasa spite of
shorter heat exposure time at higher velqe#tya result of highethermalconductvity by
helium gas.

The SPScoatings produced within the range of variables in this experiment show a very

dense microstructure. Thmorosity in crackree areas ranges from a minimum of almost
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zero, produced with hydrogen auxiliary gas, to a maximum ofrBfte case ohelium.

The two extreme microstructures of alumi8Z coatings are shown in the micrographs

of Figure 4-3(a) and(b). It is clear that the high density of the coatingFigure 4-3(c)
causes the vertical microcracks to develop within the stryctvnereas the porous
structure, espedis in the case of distributed porosities ag-igure4-3(d), eliminates the
microcracks. A comparison of the particle temperatures and velocities indicated on the

micrographs as (I Vp) shows that for high deties a high particle velocity is necessary.

=
|

[ ’ 5 T
IMI-CNRC 1 14.9mm x2.00k YAGBSE 15/02/07 20.0um

Figure 4-3 60/40 wt% alumina/zirconia suspension plasma sprayed coatings) resulting coating
using hydrogen auxiliary gas b) resulting coating using hdium auxiliary gas at 100X; ¢) and d) same
coatings as aand b, respectively, at 2kX

C. Plasma Torch Condition

Changing the plasma condition from low to high level, as describ8alte 4-1 and

based on the resulia Figure4-1(a) and (b), raised thparticle temperature and, to a
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greaer degree,increasedthe particle velocity. At higher particle temperature and
velocity, the density of both vertical and horizontal craskseases. This may originate

from formation of thinner splats that can more readily form vertical cracks during the
cooling process. The horizontal cracks branch from the vertical cracks. In thisheiay
similar behaviour from both types of cracks magoabe justified. The porosity remains
invariant and the deposition rate decreases slightly.

A direct comparison, however, is difficult since the parameters of spray torch condition
and auxiliary gas are not independent. To gain further insight into fixet, edeposition

runs can be grouped into four ranges of plasma powb6-57, 8082, 8485 and 116

118 kW. Accordingly, the effect of plasma power on the particle characteristics is
summarized irFigure 4-4. In this figure and its following discussion, the roles of other
parameters are not considered. However, other parameters could have played their role in
variation of the outcomes among the grouped samples (inside the elligsgaried-4).

It can be seen that an increase in plasma power generally increases the particle velocity.
At similar plasma power (884 kW), particle velocity in helium exceeds that in
hydrogen as shown inFigure 4-4(a). Nonetheless, the highest particle velocities are
obtained with hydrogen. The temperature of the particles, however, does not follow a
definitive trend, as seen iRkigure 4-4(b). Generally, it was observed thtte feed
parameters are better tools for controlling the particle temperatureateahe torch

operating parameters.
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Figure 4-4 Plasma power effect on a) particle velocity and b) particle temperata

D. Feed Rate
Based onFigure 4-1(a) and (b) Taguchi analysishows thatincreasing the feed rate
decreasedoth particle temperature arid a lesser extenparticle velocity.As a result,

Figure 4-1(c) and (d) showthatthe microcrack densities do not show any considerable
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variation. The porosity alswas notaffected by this change, as representedigure

4-1(e). This charateristic of the process that can tolerate the increase of the feed rate and
deposition rate without introducing more structural defects in the coating is promising for
higher production ratedt is noteworthy that the feed rate and the solid content have
shown similar effects and may be interchangeably used in controlling the coating
microstructure in the SPS process.

E. Powder Size Distribution

The effect of theinitial particle size rangen the coating microstructuseas studiedby
changing nanoto micron-size alumina powders mixed with nasize 8wt% YSZ This
variation showed a recurring drop in particle temperatugg, (it spite of the similar
agglomerate size in the suspensibat can be seen fRigure 4-2 and resulting average
particle temperature shown in Figurd@&). However,Figure4-1(b) shows no significant
velocity dropdue to feed particle size changde lower temperature from larger particle
feed stok may be explained by the formation of dense particles within the plasma plume
in comparison withthe hollow particlesthat can result from nansize suspensiofeed
stock [110]. A second reason for high&, can be tht the nangarticleswhich form
loose aggregates are of considerably higher surface twmesa showing lower energy
barrier for melting than solid micresize particles in thaggregatesExperiencingthe
same velocity and spray distance, the raggregtes, more rapidly meltedyill have
more possibilityto rise to higher temperatures.

In the resulting coating microstructurevhile the density of vertical microcracks
remained almost constafFigure 4-1(d)), the horizontal microcrack spacing increased

remarkably(Figure4-1(c)). The lower microcrack densities observed with larger particles
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can also be justified by the lowep, Tas the high particle temperatures can eshigher
thermal stresses. The porosity content looks indifferent to the powder size variation
(Figure 4-1(e)), which is somewhat unexpected. Considering the large standard error, a
possible underlying effect mayot be captured. The limited sensitivity of the porosity
measurement methpdlsqg has restricted the observation of the smaller pores {nano
pores) that might have affected the results.

F. Substrate Roughness

Keeping in mind that the substrate roughness maseffect on irflight particle
characteristics, this experiment shows that its variation is one of the least effective
parameters on the microstructural features, as seéiygure 4-1. Neither the porosity
(Figure 4-1(e)) nor the deposition rat€Figure 4-1(f)) has changed, and even the
microcrack densities (vertical/ horizont&igure 4-1(c/d)) have not been considerably
altered by banging the substrate roughness.

Additionally, the averages of coating roughness on the substrates blasted with #60
alumina grit (Ra=3 to 4m) and #24grit (Ra=6 to 7um) ae almost the same, namely
Ra=5.5 and Gum, respectively. The absence of strict correlation between the initial
substrate roughness and the resulting coatimogghnessis attributed to the small
aggregate sizes comparable with the size of substrate mggghhhe small particles at
high velocity diffuse into the roughness asperities and after the first few runs of
deposition the role of the substrate roughnediminishes significantly This
independency of the roughness between the substrate and coagestsuthat the
coating roughness can be controlled by spray condition for various substrgitmesses

On the other hand, changing the initial particle size from nanmicronsize powders
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causes a slightly more considerable effect on coating roughmasely, from Ra=5.1 to
6.3um.

G. Robot Travel Speed

The robot travel speedhas changedneither the porosity (Figure 4-1(e)) nor the
vertical/horizontal microcrack densififigure4-1(d/c)). A drop in deposition rat@-igure

4-1(f)) is simply related to less mass deposition time glidri robot travel speed.

The importance of the microstructural characteristics can be revealed when their effect on
mechanical andr thermal propertiess investigated. Thereforethe role of porosity
changes (due to variation of particle velocity) ondnass, as well as thermal diffusivity

of the coatingsvasstudied and summarized as follows.

4.1.2. The Effect of Porosity on Coating Hardness

Figure4-5(a) presentghe effect of particle velocity on the coating dens#iyowng that
coating density increases as a result of higher particle velddigh particle velocity
provides higher momentum for the splat flattenaogd resuls in enhanced intsplat
bonding that has clearly improved the hardness of the resulting coating as illustrated in
Figure 4-5 (b). This figure shows that with even less than 5% porosity the coating

hardness drops to less than onadtbf the highly dense structure.
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Figure 4-5 The variation of a) coating porosity vs. particle velocity andb) coating hardness vs.
coating porosity

4.1.3. The Effect of Porosity on Thermal Diffusivity

Thermal diffusivities for a group of samples withfferent porositieswere evaluated and

theresults are summarized kgure4-6. A surfaceporosity of O to 86 in the crackiree
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area obtained in this expemnent has not altered the thermal diffusivity of the coating.
The measured thermal diffusivities of tb@emposite alumind SZ coatings are, however,
comparable withthoseof the stabilized zirconia sprayed with the same proseisih is
4.09E7+1.5E9 m?/s. It is noteworthy that the thermal conductivity of Bievt% YSZ
formed by this processith 2% porositywas measured d@s04W/m°C. This value is in
turn comparablevith thevalues reported in the literatuj2] for air plasma sprayed YSZ
(0.9~1 W/nmiC) and YSZ deposited by EBVD (electron beam physical vapour

deposition)which isin the order of 1.8~2 W/AT [2].
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Figure 4-6 Thermal diffusivity versus porosity of the coatings

These results suggest that porosity may na berysignificant factorfor thermal barrier
application Hence,implementation ofa dense composite coatingay be preferred to
achieve bettemechanical propesds. It should be considered, in the thermal diffusivity
versusporosity results, that the smaller pores of submicron sizes could not be detected in

the image analysis method wiB®0X magnification. However, it is proven that the roles
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of size, shape andedsities of the intersplat porem thermal diffusivity are more
important than the total porosity cont¢hi1].

In conclusion in this part of the studythe importance of key variables in suspension
plasma sprayingof multi-component alumin¥SZ coatings was evaluated. It was
observed that the variables that directly affect the particle velocity and temperature were
the most influential on the microstructure. Considering the greater significance of particle
velocity in this regard, variables with more prominent effecttlus parametewere of

prime importance. On the other hand, the substoatghnes&nd robospeed do ngblay

any role on neither glhor V,, andconsequentlglo notaffect the coating microstructir

It was experienced that for variations in particle velocity, the plasma torch parameters
e.g, total gas flow rate and plasma gas composijtieere most important. On the other
hand, particle temperature is more readily manipulated by feed paramieteslid
content, particle size and feed rate.

Helium auxiliary gas was successfully used as a tool to achieve a wider microstructural
variety in the SPS coatings. It especially helpethtrodue higher porosity content in

the coating. The porosity, hw@ver, increaseat the expense of redutg the coating
hardness.Thermal diffusivity in SPS coating foa multi-component system o060

alumina/ 40 YSZ is reasonably low and it does not change wjilto 856 porosity

4.2. Phase Formation and Transformationdan SPS
Coatings

This part of the study is to investigatehow asdepositedcoating structure, either
crystalline or norcrystalline can vary according to the spray condisoror this

purpose, the samples provided in sectidiwere used. The initial powders as well as the
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coating samples went through XRD and the coatings underw&@ &valuations
according to section2.5.2.1and 2.5.2.2 for amorphous phase and crystalline phase
analysis respectively.

Investigation of theXRD patterns from th@owdersused in this experimershows that

the zirconia powder consists of cubic structure and the aluminapuamter contains

both rhomboheral (.e.,U) andiemybisct ructure. The ratio
supplier, is equal to 95/&t%, while the micrors i ze al umi na powder
structure. The loose nanandor micronsize powders were mixed and suspended in
ethanol for injection nto the plasmget. The 13 wt% YSZ nanepowder was also
deposited separately using the same process as a reference point and to investigate the
preferred crystalline structure of the material SPS processvithout the alumina
addition. The sample prepaiah conditions are summarized Trable 4-2. In thistable,

also, the resultinglasma power anith-flight particle velocity and temperature aredist

Table 4-2 Variables evaluated for the effect on phase formation
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Sample . Solid Feedrate  Powder  Power V20  T,50
Auxiliary gas

number content (kg/h) type (kW) (mis) Q)
1 He 30% 1.8 Nano 57 592 2880
2 He 30% 1.8 Micron 57 605 2811
3 He 10% 1.8 Micron 57 654 2600
4 He 30% 1.3 Nano 56 638 3015
5 He 10% 1.3 Nano 82 650 3030
6 H, 30% 1.3 Micron 84 730 2780
7 He 30% 1.3 Micron 81 788 2930
8 H, 30% 1.3 Nano 118 810 3000
9 H, 10% 1.3 Micron 117 814 2869
10 H, 30% 1.8 Nano 118 815 2850
11 H, 10% 1.8 Micron 116 840 2794
12 He 10% 1.3 Micron 80 770 3100
13 H, 10% 1.3 Nano 85 730 2995
14 H, 30% 1.8 Micron 85 712 2740
15 He 10% 1.8 Nano 82 790 3160
16 H, 10% 1.8 Nano 85 718 2880

4.2.1. Crystalline/Amorphous Phasesn As-Coated Structure

The asdeposited coatings present various structures as shawgure4-7. Figure4-7(a)
represents the XRD pattern of the unmixedvi® YSZ powder coating without alumina
that shows a fullyface centereaubic (FCC) structure.The investigation of the RD
patternsfor composite cdings, as appesry in Figure 4-7(b) through (d), shows that
stabilized zirconiehasbasically formedas FCC structure. The observed cubic zirconia
structures best match with the pattemlCSD database number -8246 with formula
ZrogYo2 O19. The ymmetry systemfor this structure i5225) equivalent to FRMm
(indicateda s t 0 st r uct urAesecbny pattenoempdtibléwdh this XRBE2 )
result wasnumber 301468 with formula Yo 15210850193 and the ame symmetryThis
structure appears in both stabilized zirconia without alumina and in its composite with

alumina.
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Figure 4-7 Typical XRD patterns from SPS deposition under various spray conditions showing cubic
zirconia (CZ) in a) 8YSZ b) in 60 Al,O4/40YSZ presening cubic zirconia (CZ) and U-alumina (AA)
as the major alumina phase c) in 60 Al,03/40YSZ showing cubic zirconia (CZ and o-alumina (GA)
as themajor alumina phase andd) in 60 Al,04/40YSZ showing mixture of both GA and AA alumina

in addition to cubic zirconia.

The difference between the cubdisplacaments t o zi
within the structure [ 1] . Thus, in to st
tetrahedral interstitial positions for oxygen atoms as compared withtheasb | ed A c ub i
st r u clt augroapoof the samples, however, slight splittinghef peaks at about 59

60° that are related to the planes (103) and (211) of tetragonal structurdsigsrav-8,

proves the presence of some tetragonal YSZ phase. This structure is compatible with
ICSD database number -8242 withformula Zp gsY 0.1201.94. In general, the dominant

structure for zirconia in this experiment
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Since differentiation between the cubic and tetragonal zirconia is more difficult than
differentiation between the phases of alumina, the resulting coating structures were
categorizedased on the alumina phasEgure4-7(b), (c) and (dyepreserdthe typical

structures of the coatings in which the alummg pear s i n mainly <cu
hexagonal U or miespectiely( o +U) structures

It was noticed t ha t-alumimaestrstaren@amples nhan 1ttch5 mai n |
in Table4-2) and XRD pattern similar t&igure 4-7(b) were normally deposited using
helium auxi l-aluminaywithgraombohedrél ghexaponal) structure is known

as coundum This structureis identified in the databaséy ICSD number 711123,

formula ALO3; and symmetry system (16@&juivalent toR-3c. According toTable 4-2,

this group of samples produced at low plasma powers of abouSzkW.

On the other handFigure 4-7(c) represents the second group of crystal structures,
consi sti ng o taluminabltican bers8en that m dhosbcases (samples 6 and 8

to 12 in Table 4-2); application of hydrogen auxiliary gas emrsis t he f o-r mati o
alumina phase with FCC structure. This structure matches with ICSD database number
75-0921, formula (AJOs3)133 and symmetry system (228quivalent toFm-3m. It can

also be nticed, based offable 4-2, that the majority of these samples are produced at

high plasma powers (11618 kW).

As a result, among the variables in this experiment, plasma auxiliary gas seems to be of
major influence on the phasarmation inasdepositeccoatings. It is worth recatlg that
plasma auxiliary gas was recognized as the most important variable on the particle

velocity as found in sectiod.l In that sectionthe dependerncof the velocity on the

84



plasma powewas alsqroven Therefore these resultsuggesthe study of the coatidg

crystalline phases in relation with the particle state.

The relationship between the particle temperature and velocity with the resulting
crystalline phases is illustrated Figure 4-9. In thisfigure, the coatings wit
alumina are shown as round symbols and the square points are representative of the
coati ngs walumiha. lmsevideht yhat @t lower particle velocities (below

650 mAlsmina wad formedwhile at higher velocities (i.eabove 730 m/s) the
dominaxtp h a s aluniir@. Asaguidefor the eyetwo lines are drawn ifigure4-9 to

show the trend of the structural changes according to the veldatyexplain this
observation, the microstructures resulting from these two particle velocity raages

beencomparedand will be discussed here
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Figure 4-8 Peak splitting as an indication of tetragonal ziconia phase formation and the planesf
each peak
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Figure 4-9 Alumina component phase formation behaviour within the asleposited composite versus
in-flight particle state

Typical SEM microstructures of tb coatings at high and low particle velocities are
shown inFigure 4-10. It is apparent irFigure 4-10(a) that higher velocitie&bout 810

m/s) have caused wider splatreadingthan the particles with lower velocifgbout 600

m/s) shown in Figure 4-10(b). This is expected because the particles with higher
velocities flatten fastgl12], therefore the flattening process happens before the start of
solidification [113] and the crystalline phase formatiorhin splats with large effective
contact area in the intersplat and stwdite interfaces are of great importance on phase
formation within the coating. It has been reported that the thermal contact resistance and
splat thickness strongly affect the cooling rgg8]. A thin splat with large contact area

can provide rapid heat dissipation and large cooling rates. Larger cooling rates are shown
tobeinfavourof f or mati on of raenmirads88]rhicexpambos e s | i

for alumina can be generalized to zirconia splakss meanshat amore stable tetragonal
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phase can appear in the coatings duéotver particle velocities (lower cooling rates),

while the cubic phase cdorm at higher velocities (larger cooling rat¢sD5].
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Figure 4-10 SEM micrographs of the coatings deposited using a) A4as with high particle velocities
and b) Helium auxiliary gas with lower particle velocities resulting in different splat flattening and
intersplat contact area(circles show some of the #flight solidified particles within the coating)

Additionally, the role of unmolten or semmolten naneparticles entrapped in the molten
particles should not be ignoreslome of the areacontaining such particles are circled in
Figure4-10(b) in the coating of the lowelocity particles. Figure4-11 presents a large
in-flight solidified particle within the coating illustrating such entrapmdihie clearly
round edges of the particle show tth& has encountered melting and-flight
solidification However, the internal particlesdicatedby the arrow in thidigure have
remained unmolten. These particles at low velogitrdsen the irflight solidification
happenscan play a pronounced ebn the resulting crystalline structure. They act as the
nucleation sites for the solidifying melt, so that the resultant follows the structure of these
solid particles. The Hflight solidification in lowvelocity particles can happen due to
their inabiity to penetraténto the stagnating gas adjacent to the subsfréis.resistance
from the stagnating gasakes these particles deflect towardoffnormalpath and delay

their deposition, as well apreventingtheir effective impacton the surface[114].

87



Therefore in amicrostructure with a high number of-fight solidified particles, as in
Figure4-10(b), there are more chances for the formation of the imityatallinestructure

of the feed powder (i.ei n t h i-sduminad. Jhés fadt causes more complications in
prediction of the deposited coating according to the previously discusfigghtrparticle

state and spray condition.

2
| OO |

CNRC-IMI 15.0kV 8.8mm x35.0k YAGBSE 22/09/08

Figure 4-11 Entrapped unmolten nano-particles inside the large inflight solidified particle in the
coating

Intermediate velocities, shown by triangleg-igure 4-9, present a mixed
+ -Blymina in addition to cubic zirconia along with different amounts of tetragonal
zirconia. This kind of structure can be seen in the XRD patteFigoire 4-7(d). Figure

4-12 indicates the relationship between timatento f -alumina compared with the cubic
zirconiain the coating. Thigigure suggests a dependency between the preseseplia

the coating, indicating that the percentage of the cubic zirconia increases with increasing
t h ealumina content. This predicts thdinetastableé o-alumina coincides with

fimetastablé cubic zirconia formation. Thus tHavourableconditions discusd for the
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alumina phases may be extended to the zirconia, as well. This means that the metastable

cubic phases are expected at higher particle velaatyl@rger cooling rate).

To investigate the importance of other variables, it should be notedhéhgiarticle
temperature is mainly dependent on feed parameters such as feed rate and solid content.
Therefore, these parameters can affect the structure through changing the particle
temperature. Considering the small size associated with the partithesSS procesa
comparatively uniform temperature throughout the particle is expected. Thghtn
particle temperaturesFigure 4-9) are high enough for complete melting of both
components (usually more ih&730C) and do not seem to play any major role in phase
formation within the coating. The exception is that for very high particle temperatures
(i.e., beyond 300€C, as in the last two points of the mixed structureBigure 4-9); this
appears t o resul t -aluminafpbasanat thigho velocibes where me
d o mi n at-phase is @dpected. The reason can be the impingement of overheated
particles on the substrate that contributes to excessive heating of the caading
consequent | y {albmg@na phasdue gotdéposition orf hot Substr§is]. In
addition, reheating the coating by the following deposition passes of the hot particles
coudhave caused more phase tr aialefinaduentt i on

heating to this transformation temperature

Although changing other variables such as particle temperature and powder size do not
seem to change the type of the phases preserd cotting, they may change the relative
amounts of these phases. The role of these parameters can be investigated by focusing on
t he coati ngs Amlunina stroctureeadd theoreldile amount of the

metastable or stable phases.
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Figure 4-13 shows the relationship between tAmount ofs-aluminaand the paicle
velocity in the samples with mixed structure. In tiggire, the points are indicated by the
sample number which correspondvith thosein Table4-2. To facilitate the comparison,
the particle temperature and the feeck sange are included. Comparing samples 13, 14
and 16 (left side) with samples 12 and 15 (right sid&jignire4-13, verifies the effect of
high temperature on phase formation. This comparison shows that vérypduiticle
temperatures in samples 12 and 15, in spithigh particle velocities, haveesulted in

al most equal 0 r -plraseadmpared with the coastigsmed dy lover
velocity particles This is against what was expected thatigher particle velocities
should result inargeramounts ofme t a s talrihaéerhisoobservation confirms the
previously stated role of very high particle temperatures in enhancement of more stable

p has e saluminak e U
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Figure 4-13T h ealumina phasecontentversus particle velocity in the samples with mixed structure
showing the role ofparticle temperature and feed size range

On the other hand, -alumeaphaseadrenobserved imsamfidss o f
and 14 the coatings from the micresize powders. In addition, larger amaupotf - 0
aluminahavebeen observed in samples 13, 15 a6dwhich are produced by the nano
powder feed material. The larger particle size forms thicker splats that decrease th

cooling rate and facilitate -alumea. f or mati on

Investigation of phase changes during heating was done on a group of samples provided
for this purpose. These samples, produced under various conditions, contained a range of

amounts of amorphous phase and a variety of crystalline structures.

Anothernoticeable feature observed in the XRD patterns of the coatings is the presence
of some background humps indicative of the formatioambrphougphase. They appear

along with wice crystalline peaks that show the very small or raysetalline grains. The
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presence of the amorphous phases was also confion&SC test resultsas will be

discussedn the next section.

4.2.2. Phase Transformation during Thermal Analysis

Typical DSCcurves of the alumina&SZ coatings as shown inFigure 4-14, basically
consistof three major peaks. The wide peak between 200 toG0y beconsideed as

the relaxation arethatis characteristic of the structuresntainingan amorphous phase
[115]. This relaxation involves changes in some physical properties by reduction of
vacancy concentration to the equilibrium value that during rapid solidification was not
possible. Tis reaction is irreversible when a glass is annealed to its glass transition
temperature. Thus the cooling curveFigure4-14 does not show thpeak of thaeverse

process.
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6 A Crystallization peak

Cooling curve e
5 i H 1
+ \
34
2
1 A
0 -
-1 1 , I
24 T oL
-3 4 [ i

/.

Relaxation peak

Heat flow (uV)

,,,,,,,,

Alumina transformation peak
'5 T T T T T T

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 4-14 Heating and coolingDSC curves of a typical SPS coating showing three different peaks
probable in heating process of 6@\,0s/40YSZ SPS cating
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However, since these peaks were sometimes observed in almost fully crystalline samples,
it is expected that some additional effeet® contributing to this phenomenon. For
instance, there may have beesome relieving of thermal residual stressesl/@n

reorientation of the crystalline planes to eliminate the texture.

The second peak is sharp and related to crystallizatiemomenorthat isexpeced to

happen simultaneously from amorphous into alumina and zircowitals at about

95C°C [24]. The third peak i s - & o taluinapphdase d t o
transformationwhich takes place at around 12Q(J44]. The peak identifications can be

verified by studying theheattreated samples at 700, 1008nd 1200C, as will be

explained further in thigork.

4.2.3. Transformation Verification by Heat Treatment

Heattreatedsamples at 70C for 12 hours show the same XRD patterns as the initial
coating. Besides, thepatterndoesnot show any peak shift or change in grain size
according to XRD evaluationThis suggests that for such samples the relaxation
phenomenon in the DSC curve Bigure 4-14 does not involve any crystallographic

phase transformation or thermal residual stress relief.

It was noticed that for most of tHeeattreatedcoatings even at higher temperatures
peak shifting did not happen. Thssggest the low level of theasidual streesin these
samples. This stress in the coatings with the microstructure Eigure 4-10(a) should
have been released by extensive crackit®]. On the other hand, the microstructures

such as that inFigure 4-10(b), with comparatively loose and small splat not
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accumulate any considerable residual stresses. Therefose SIA8 coatingsvhich are
formed of smaller inflight particles than the conventional plasma spray process (as will

be explained in sectioh3) do not involve any large accumulated residual stresses.

Heat treatment at 1000 for 1 hourhasbeencarried ot to investigate the crystallization
phenomenon noticed in the DSC spectra. The XRD pattern betitereatedsample was

similar to that inFigure4-15( a ) , consi sti ng -auminacln &dditon zi r co
background humps of some amorphous phases were ohsé&wiolving the heat

treatment at 100 for 1 hour, the amorphous humps were largely reduced; meanwhile

the coating showed wider peaks-aumnaphasseer e m
as shownin Figure 4-15(b). Since the primarnalumina structure formed from the

amor phous phas e-alumina[¥EL&], pvielar peakd indicate sinaller aveeag

grain size as a result of crystallization of amorphous phase inteangstalline structure.

The quantitative investigation of the grain sizccording to the amorphous phase

content will bepresentedn section6.4.

Heat treatment at 1200 for 24 hours(on the detached samples from the substrate)
results in theappearance dfa | umi na at t he e x pa@ummhapeakd. di mi
This observation supports the proposed iderftity the related peak that t&kes place

within the range of 1200 to 140C inthe DSC spectrum oFigure4-14. In contrast, in

t he coat i ng-slumina intheasdepositecynditidn, this heat treatment did

not result in any changas the crystalline phases.
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Figure 4-15 The effect of heat treatment on a) asprayed aluminaYSZ coating, b) heattreated
coating at 1000C/1 hr, c) heat-treated at 1200°C/24 hrs

The structures of differe samples after 150C heat treatment for 5 hours are similar
and c o naumiga andociibic Zirconia. Although, sometimes the tetragonal zirconia
phase is found in the samples, whengxesting tetragonal phase was present before heat
treatment, cule zirconia phase was mostly retained and no traces of monoclinic zirconia
could be found in any of theeattreatedsamples. Conversely, based on the reports in
ZrO,-8 wt%Y 03 coating, at 1000C the depletion of zirconia unit cells from yttria
started ard at 1400C after 24 hours about 35% monoclinic zirconia was forfidd].

This indicates the considerable stability of this composite compared thih
conventional YSZ and its ability to prent the transformation to monoclinic zirconia

which is a major concern in TBCs performance.
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4.2.4. Preferred Phase during Crystallization of the

Amorphous Phase

To investigate the preferred structure during crystallization of the amorphous phases upon
heating, tle transformation peak areas in DSC curves were used. Thisdhelpbtain

the relative amount of each specific phase undergoing the transfornfatiarger peak

area indicatea higher amount of the phase undergoing the corresponding transformation.

Therefore, the larger crystallization peak area stands for higher amorphous content and
t he |-a ro-@ldimina phase transformation peak represents the larger amount of the
op h as e .-phasd ean form duringhe deposition process afmt as a result of

crystallization of alumina out of amorphous phase during heating the DSC sample.

Figure4-16is a summary of the relation between transformatieaki o +t osaluthina

and the crystallizatiopeakthat represents the amorphaastent in the coating. In these
coatingsthe aluminainasle posi t ed ¢ o n doirt-siruzctare, baansixture i t her
of both phases. Thisgure shows that when the-aspr ayed structure con
alumina, there is a steep linear relationshigtween the crystallizatiopeak (the

amor phous content) anpeak(tthreato rteop rle sterna nss ftohr
alumina after crystallization process). This clearly indicates that increasing the

amorphous content increases the amount offtrans ma t o-gEhbke

Conversely, when the ase posi t ed al u mi-skruture, svencaf largerai nl y
amorphous contents, the transformatipgekf r om o2 to U iT®the ot i n
contrary, it is normally almost equal to that of the crystallem@@es with no amorphous

phase (indicated as point A kiigure4-16 where the crystallization peak area is almost
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zero). This shows that in such coatings the alumina in the amorphous phadevirars

tendency for crystallizatiom n t-ghaseit prefers to nucleate on the pgex i st i ng U
phase, So thaphadashe ambuanonsodguwent | peakt he 0
does not change with the amorphous content. In these cqativgggendency for
crystallization on prexistingU-structure can sometimes prohibit any transformation into

t h ephaseas can be seen in the sampidicatedby point B inFigure 4-16. Point B

represents a coating with very large crystallizap@ak (amorphous content) inhich

t h ephagk is the predominant structure for the alumina. In this samnglee 2 t o U
transformationpeak is zerq this means thatluring crystallization of the amorphous

p h a s ealummacoud have formed.
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Figure 4-16 o- t o -allnina transformation peak area vs. crystallization peak area in the coatings 5
with the major crystalline alumina phase of o, U o
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These observations suggest that the preferred phase during crystallizatitie of t
amorphous phase is dependent on the initial crystalline strucilmeh actsas the
nucleation site. Thus, in the coatings with mixed structure a compromise between the
amounts of t hean dalamina)tirtheadepositedscoaing is egpted

to determine the proportion of the resulting phases after the crystallization process.

The stabilized zirconia after crystallization did not go through any phase transformation.
Thus, this sort of evaluation for the zirconia component was not pmskibwever, the

XRD pattern of theheattreated sample, as will be discussed later, shows that the
resulting structure after crystallization is not different from the crystalline YSZ initially

present in the adeposited coating.

Another noticeable obseation inFigure4-16i s t hat t he coauminangs wi
structure show a higamountof amorphous phase. The reason for this concurrence must

be due to the lower particle velocity that was found here to favour the formati o f U
alumina. The lower particle velocity results in longer dwelling time at high temperature
which in turncould provide the possibility for better mixing. The amorphous formation in

a multkcomponent system is influenced by the ratio of dissolutidheoxcomponents. On

the other hand, alumina and YSZ are almost immiscible in solid state and can mix only
after melting. As a resylthe lower particle velocity that causagonger time at high
temperature leadto the ideal conditiomfor melting and nxing of the components

simultaneously. This issue will be investigated further in sectirapter 5
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Briefly, it was explainedn this sectionthat the particle velocity isa crucial parameter

which can dictatehe crystalline structure of the resulting coatings. Particle velocity can

be controlled by plasma parameters such as plasma gasntygeasma condition that in

turn determine the plasma poweétowever, particle temperature, as long as it is high
enough for complete melting of the particles, does not play an explicit role in the type of
phasespresent It, however, can affect the pleasatios, when raised far beyond the
melting points of the components. Feed size also can affect the phase ratios, so that the
larger particles result in formation of more stable phases in the coating. Other feed
parameters including feed rate and solidteat influence the results through variation of

the particle temperature. The presence of unmolten partizles increases the intricacy

of phase prediction itheasdeposited coating.

In addition, it was found thahérmal evolution of the combined stglline/amorphous
structure results in crystallization of the amorphous phasedictated by the pexisting
crystalline phases the asdeposited coatings. Thus theflight particle velocity can
also play a significant role on the final coatingusture after crystallization, as it

determines the initial phases in thedeposited state.

Heat treatment at the alumina transformation temperature €60 24 hous) leads to
a coating c¢ o mpaumieadin additionnathenclbyc zildoniapbh heat
treatment a@bout crystallization temperature, the amorphous structure seems to form
smaller crystalline nangrains than what could be produced during plasma spray

deposition. This is investigated more in sectoh
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A somewhatsurprising observation in this section was thatnsp | es wi t h ma i

alumina phaséthat form atlower cooling ratesare coincident with higher amorphous
phase(which is the preferred state at high cooling ratéB) explainthis, a moe detailed
investigation of amorphous phase formation seemed necessag will follow in

Chapter 5

43. Summary
Microstructural studies of the SPS coatings showed that the spray parameters can be
related to theeasulting microstructures, mainly through their effect offlight particle
characteristics (J Vp). The more prominent parameter is, Whereas Jdoes not play
very significant role. Therefore, spray parameters rulingaxe the ones that are most
suitable for microstructural control. Some of these parameters are plasma gas
composition, total plasma gas pressure and/or plasma power.
In addition, while working with alumirdSZ composite, it was observed that porosity,
as a major microstructural charatééc, may affect the mechanical properties (e.g.,
increasing hardness in the coating with decreasing porosity). Nonetheless, its role on
thermal diffusivity (up to 8% porosity) isot significant The material also showed about
the same thermal diffusiyi as YSZ at all porosity contents. d$hths composite may be
used even at very high density as a TBC without concern for reduced thermal resistance.
In addition, SPS process has the ability to produce extremelydeigsity coatings with
nearzero porody, as well as porous structures if required.
Investigation of phase analysis fihe asdeposited SPS coatings revealed that particle
velocity plays a crucial role on the type of the resulting crystalline phases, asiit tid

microstructure. Higher pacle velocity increased the formation of metastable phases

10C
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( s u ¢ klumire ama cubic zirconia). In contrast, particle temperature only affected the
phase ratios and not their type. Very high particle temperatures caused the formation of
less metastablgphases. Upon heating to crystallization temperature, the amorphous
portion of the coating transforms into crystalline phases that are dictated-byigtieg
crystals in the adgeposited coating. This means that the main part of the amorphous

phase willcrystallize into structures which were already present in the crystalline state.
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Chapter 5 DevelopingAmorphous Phase irthe
Coatings

This part ofthe studyaims atfinding the waysthat the amount of theamorphous pase

can be varied within thaluminaYSZ composite coatings using SA8ocess For this
purposea group ofmostprobably effectivevariables were selected. @evariablesare

the inflight particle velocity and temperature, feed powder size, substrate preheating
travel speed of the spray robahd bond coaf(presence and absenc&hese parameters
seemed to be influential on the amorphous content, based on the process nature and the
pre-assessment of the variables. In thizrk, the samples from three setf experiments

were used. The coatingseve deposited on small mild steel coupon substrates of (2.5%x2.5
cn’ with 0.05cm thicknesy Details of the material and sample preparatiorttia three

setk of samplesaresummarized imables-1.

Setl

This setof samples watb compare the different feed particle siaedto find the role of

the spray robot speed on the amount of amorphous phase in the coating. In addition, the
coatingspreparedor evaluation of the role of particle velocity were mostly selédtom

this group as will be explained later

Powders used in this part were a mixturamoéron-size powders, 18t% YSZ (Unitec
Ceramics, Stanford Engl and) nomi nal size 1 amaunt c ombi
of 5wt% YSZ (Tosoh TZ3YS, Tokyo, Japan) to producewd% YSZ and mixed with

alumina powder (Mal akof f, TX, USA) 60nomi na
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alumina/ 40 YSZ. The resultingnixedpowder si ze range was abo
mixture was next suspended in ethanol with a solid weight of 30%. Another suspension
with the same solid content was prepared usingndm®size powders, 13vt% YSZ
(Inframat, Farmington, CT, USAyith proportional weight of 5vt% YSZto produce 8

wt% YSZ andauminanancpowder (Nanostructured & Amorphous Materials, Houston,
TX, USA) with the same alumint®-YSZ ratio. Thenancpowder mixture size was 20

nm. As the dispersing materighlyethyleneimine (PEI) (MW 25,000 Alfa Aesar, Ward

Hill, MA, USA) and Nitric acid both with 10% concentration were used. Suspensions
were lightly ball milled for more than 24 hours at 120 rpm roll to avoid large aggregate
sizes.

Theamorphous contents were measureeraéitively withXRD and DSCevaluatiors for

the coatingsf om t he two types of s 0k pdditos,ithe in, ANar
flight particles were collected after spraying under similar conditioto a large water

pot. The powders were next aiiett andtheir micrograpic pictures were providedsing
high-resolution FE-SEM technique. Sample preparation condgidor this groupare

listed inTables-1 with numbers 1 to 6.

Set?

The second set of samples with production condstisted in Tables-1 as numberd to

10 was to evaluate the role of preheatangd of particle temperature on amorphous
content. The samples were in couples, wheree was preheated with laseradh to an

initial temperature of 35@ and the other was at room temperature when deposition
started. Three different spray conditions were usedprioduce different particle

temperatures.
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Table 5-1 Spray conditions for producing the comparison samplesand the resulting amorphous
measurement results

Totalgas (sIm), | Rebot _ , bsC XRD

Sample AN (s, speed szztlgle To50 | V20 | Preheat thiclg‘loez“sn(gum) cergskt:rlggailtgz 21(;/
# (mis) | range Q) | (m/s) | (°O) passes P _ _ °
current (A) (arbitrary uni} | volos

1 275, 65/15/20, 200 1 Nano 2783 748 - 540/70 125 40%

2 275, 65/15/20, 200 1 Micron 2831 750 - 760/70 132 45%

3 275, 65/15/20, 200 2 Nano 2755 758 - 410/70 127 41%

4 275, 65/15/20, 200 2 Micron 2783 748 - 520/70 152 64%

5 245, 75/10/15, 240 1 Micron 2810 702 - 620/70 139 43%

6 245, 75/10/15, 240 2 Micron 2822 670 - 350/70 127 62%

7 275, 65/15/20, 200 2 Nano 3064 684 350 340/50 129 44%

8 275,65/15/20, 200 2 Nano 3064 684 No 330/50 101 41%

9 180, 45/45/10, 190 2 Nano 2830 525 350 320/50 - 57%
10 180, 45/45/10, 190 2 Nano 2830 525 No 320/50 - 48%
11 245, 75/10/15, 200 2 Nano 3430 558 350 300/50 - 39%
12 245, 75/10/15, 200 2 Nano 3430 558 No 340/50 - 32%
13 275, 65/15/20, 200 2 Micron 2750 751 - 350/150 116 45%
14 275, 65/15/20, 200 2 Micron 2733 748 - 220/100 138 55%
15 275, 65/15/20, 200 2 Micron 2730 754 - 90/50 98 40%

Set3

A third set of coatingthat inclua the rest of the samplés Tables-1 (samples number

11 to 15)weredeposited to study the role of coating thickness waithrger number of
deposition passes. To study the role of bond coat on the resulting coatimdgsnds of
substates wereprepared One substrate was bare mild steel blasted with #54 alumina
grids and with a r ough n steesubsirbtdbondcoatet! witB ¢

Ni Cr AlY using HVOF process resulting in
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Threecouples of samples wh and without bond coat were coated under the same spray
conditiors with 50, 100 and 150 passesatdiminaYSZ composite resulting in 90, 220
and 350e m t h i, cegpeacsvelys The samples were XRD testadd the coatings
without bond coat werstudiedby DSC,as well.The feed in all sets was axially injected
withal8k g/ h f I ow r @.5rem)pglasnoanozzk siZZdnd the spray distance

for all samples was 5&m.

To evaluate the role of each paramgtigrto threecouples from the above lisof samples

were comparedThe amorphous phase was measured using both XRD method as in
section2.5.2.2and DSC method according to sectich5.2.1 The average values for

crystallite or grain size were evaluated using XRD peaks as detailed in sbt®n

5.1. Roleof Parameterson Amorphousphase
Formation

The results of the XRD pattern calculations for volume peaggmf the amorphous
phase and BCcrystallization peak measurement are summarized in the last two columns
of Tables-1. Comparingthese resulté the samplesntroduced inTable5-2 presents the

role ofthe correspondingarametethat difers between the two samplesaxfouple

Table 5-2 The importance of each parameter on the amorphous phase formation within the alumina
YSZ composite coating using SPS
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Larger : Higher . ! .

Higherrobot - Higherparticle ) Highernumber of

Parameter powgtze;feed speed \’/)glrc:filt?/ temperature Substrat@reheatng depositionpasses

C‘;’;‘,ﬂ;ﬂfﬁ” w2 | @4 | @3] e @5 4e) | ©10 | 1012)| 7.8 | ©.10) | 11.12)| @3.14)| (2315)
Change in

DSC 6% | 20% | 2% | 15% | -5% | -20% - - 28% - - -19% 18%
measures
Change in

XRD 13% | 56% | 0% | 42% | -5% | -3% -27% -33% 7% | 10% 22% -22% 13%
measures

A. Feed Particle Size

The micrographs of the driechicron- and nanepowdersuspensions were as igure
5-1(a) and (b) Theyillustrate the aggregates of thmicron- and nancpowdersin their
suspensiongespectivelylt is evident, in thifigure,that the aggregated nanopowder

are larger thathoseof micron-powder These aggregatenostly consist of particulates

of thesame materialgjtheralumina orYSZ) rather than mixa& aluminaYSZ.

Figure 5-1 SEM micrographs of aggregate in the dried suspensionsof a) micron-powders and b)
nano-powders

The inflight particlesresuling from spraying themicron- andnance powdersuspensions

and collected in the watare shavn in Figure5-2 (a) and (b) respectively
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Figure 5-2 Collected in-flight particles sprayed into water. a) micron-powder presentingfully molten
round particles and b) nano-powder that contains also semmolten and resolidified (SR), as well as
unmolten (U) particles

In this figure, 1 is clear that the Hflight particle size resulig from the smaller
aggregates ofmicron-powder sugpensionis smaller than that of th@anc powder
suspension. This means that the smaller aggregate size before spraying will endaup with
smaller sprayed particldn addition, the particles fromrmicron-powder suspensiorin
Figure5-2(a) are completely roundvhich indicates theifull melting within theplasma

path In contrastthe inflight particles fromnancpowdersuspensionat the end of their
routein plasmagcontain plenty otinmoltenor partly molten ad resolidified particlesas
shownin Figure5-2(b). Since he suspensions in this case were sprayed under different
conditiors, it was foundthat the resulting particle temperature and velocityrfamc
particleswere (3140C, 523 m/s), while thoseof micron-suspension werat (305C0C,

745 m/s). It was expected at thiswer velocity (onger tim@ at higher temperature for
the nanopowders to yielda substantialdegreeof melting. However, it seems that the
lower density(high porosity)has resulted inescaping ofmanynancpowderaggregates

to the cold periphergf the plasma flamandprevented them fromrmelting.



The coatingsesultingfrom these suspensions are showFRigure5-3. It can be seen that
in the coating fromnanepowder in Figure 5-3(b) the lamella are thicker and more
distinctblack (alumina) and white (YSZ) aretien inFigure5-3(a). This is the result of
the larger aggregates whncpowders many of which are of the same material instead of

being amixture ofalumina andvSZ.

L
20.0um

Figure 5-3 Microstructures resulting from a) micron- and b) nano-powder deposition showing more
distinctive color and thicker lamella in nano-particle coating compared with the coating ofmicron
particles with the same spray conditios

Basedon the comparisons presentedTiable 5-2 by changing the initial particle size
from nano to a fewmicrons (about two orders a@hagnitude larger), the crystallization
peak area inthe DSC graphhas increased by 6 to 20%. This result is supported by XRD
calculations as 13% to 56% increase ithe amorphous phase the samecouple(the
larger increase has happened at higher robot spEleid suggest thatnanceparticles are
more prone tenairtaining crystallinity, probably due tancomplete melhg in the plasma
flame. In addition, the lowemixing proportion observed in the particles and transferred
to the coating of theanoparticles reduces the chances of amorphous formation. The role

of the inflight alloying in this regard isliscussed imore detail in sectioB.3.
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B. Robot Speed

While other parameters are constant and the resultifigyim particle temperatures and
velocities are closely comparablegble5-2 shows that decreasing the robot speethfa
maximum of 2m/s to 1m/s results in some decrease in #mount of theamorphous
phase The changeanges between amegligible amountof 2% in the case of coatings
usingnancpowders to 15% for coatings fromicron-powders, based onSC analysis.
This comparison by XRD pattern calculations fanopowder deposition shows no
change in amorphous content by robot speed, butd&¥easén amorphous conterat
lower robot speedor micronpowder coatingsConsidering the close distance of the
torch tothe substrate in SPS process compared with other common practices of plasma
spray, a severheat flux is expected to be impressed by plasma jet to the c¢48ihg
Therefore, lower amorphous content at slowebotospeedcan be attributed to
crystallizationof some of the solidifiedmorphous phasetainedfor alonger timeunder
the heat of the plasma flam&he inconsiderable role of robot speedhncase ofhano
particle coatings is somdnatunexpectedndcould not be explained in the course of this
work.

C. Particle Velocity

To provide different particle velocitiegshe spray condition were changed and two
couplesof samplesi (2, 5 and (4, 6) i were produced using thmicron-powder
suspensions with constammbot speed. It can be seeriliable5-2 that increamg in-flight
particle velocities with similar or close particle temperatures redtiee amount of
amorphous phase in the resulting coatiBg an increase of about 4&/s in particle

velocity, from sample 2 to 5, the amorphous conteneéducel by 5% but atthe higher



velocity changebetweensample 4to sample6 of about 78m/s, the amorphous phase

drops by 20%. The XRD results also support this decreasing trend of amorphous phase
with increasd in-flight particle velocity.

Higher in-flight particle velocity was found to increatfiee metastable phasssch as-

alumina anccubic zirconiadue toaccelerated cooling raf@¢18]. In a similar manneiit

was expectedlsothatthe amorphous phaseould increas at a higher particle velocity

Thus, this decrease in the amorphous phase at higher particle velocities seems
unexpected.This is also contrary to the expsrent with pure alumina showing the

amor phous phase f or mawminaoahthecsarae unterfaecenand wi t h
extremely high cooling ratefd04]. Nonethelessin aluminayttria eutectic system the

amor phous phase i s r e-plaming[¥LH] Thissapparpnpoardlict al on
will be cleared subsequently in thighesis after confirming this result with more
investigation.

D. Particle Temperature

Using three different spray conditions theflight particle temperatures were varied
while the particle velocities were still comparalaled other parameters were constant
Theresultsin Table5-2 showthat at very high particleemperatures (more than 30Q)
compared with melting point of the componentsatings contaira lower amorphous
percentage. Thidecrease between the twamples8 (T,=3064C) and12 (T,=343CC)
has ended witha 27% decrease inthe amount of theamorphous phaselhe same
comparisonbetween samples 12 J3430°C) and 10 (T,=283CC) yields about33%

change.
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Sucha differenceis visible inFigure 5-4, which shows the superimposeXRD patterns
of samples 10 and 17 his figureindicatesthat not only the amorphous hump but also
the crystalline phase is affected Ilgyeatly higher particle temperaturdespite the
presence ofhe crystalline peaks ifrigure5-4, the high amorphous content of more than
50% (Table 5-1) can be explad by very low intensity of therystalline peaks
(maximum900 countsconparedwith intensity levels beyond 50Gfbuntsin crystalline

structure$ that also can be noted in the sdigeire.

——— T,=3440°C
—— T,=2830°C

1500 ~

1000 ~

Counts

500 -

2theta

Figure 5-4 XRD pattern for the two coating samples resuing from different in-flight particle
temperatures showing smaller amorphous hump and highecrystallinity at higher T,

Extremely highupcoming particle temperature (far beyond the melting point of the
components, yet belowheir boiling point) upon impact shoulchave reheated the
substrée. The temperature raise dhe solidified underlying splat to beyond

crystallization temperature has causediminishing of the amorphous phase by
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crystallizationprocess. In additiotheh ot substrate pr o-aswumings t he
at lower cooling rate/5].

In reporting the iAlight particle temperatures in SPS process using Accuraspray, it is
noteworthy that theneasurements may sometimes be interfered by the radiations from
the plasma flame. In such condition, the measured temperatures can be somewhat higher
than reality. However, since this is a systematic error the comparison is still possible.

E. Substrate Prehat

To study the role of preheating the substrate, compassifirst done betweenthe
samples(7, 8) by both DSC and XRD Table 5-2 presentsa 28% increase irDSC
crystallization pealarea forthe coating ornpreheatedubstratecompared with the coating

on nonpreheated substrateThis increasing trend, based on the samaele, was
confirmed by the XRD results. Two additional qbes were compared just by XRD
calculationsn samples (9, 10) and (11, 12) and confirmedaibeve results (that means
higher amorphous content was found in the coatingeattreatedsubstrate)lt was also
observed that preheating the substrate to°@G5While providing coatings of higher
guality, with almost halfthe number of horizontal and vertical crackeduces the grain
size of all present phasdse, U andalou mi na, t This @ompgarisons o ni a )
presentedin Figure 55. Since in the preheated substrate there is normally a better
interface bonding between the coating andsiliestratdy improved splaspreading and
interface contac{30], lower contact resistance at the interface helps more ragat h

extraction from the coating, whiclksuts in smaller grain sizen all the phases formed
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Figure 5-5 Substrate preheat effect on the grain size @sdepositedcoating

It may also be noted iRigures5t hat t he g r-aumimaissmallerthamU t he o
alumina as well s.zirconia phase According to the classical theory of solidificatidar
heterogeneous nucleation in contact wathothersurface the critical free enerdpr

formation ofeach phase s petheformula in Equatiorb-1 [115].

— 160("|-|-m)2~5"3 f(b)
3DH2DT?

- Equation 5-1

Wherep T =Tk, is the undercoolingi is the solidliquid interfacial energy, the heat of

fusion, f sig a function of wetting angle. Using T, f o faluminaas 2288Cand -f or U
alumina as 232 and other data frorfv5], and applying the wetting angle frofh20]

that is below 35f o r hase armg above 4% o rauniiha, the above formula suggests

t hat for every sol-phdse hascaau cdho nl aregreprer ae ga e
resulting in higher nucleation rate and smaller grairssizé hphase U

It should be noticed that both sampl@gth and without prehdimg the substrate to

350°C)in this comparison are deposited simultaneously ahather parameters are
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exactly the sameThus, the particles experience the same exact melting and mixing
conditiors.

F. Number of Deposition Passes

Increasing the coating ttknesswas doneby increasig thenumber of deposition passes
underthe same spray conditisnThe amount ofamorphougphasein the samples with

100 passes of deposition (with 220 um thickne&sy higher tham the coating witHL50
passe£330 um) Thisshould be the result ahcreased recurrence of heating the coating

to crystallization temperatures Another reason for lower amorphous content in the
thicker coating (acting as insulation) canaigibuted tathe greatlyeducel cooling rate.
Neverthelessthis dependency was not observed in the coating with 50 deposition passes
(90 pum). That means the amorphous contenthi& coatingformed with 50 passe

spite of the coatingbeing of minimum thicknesswas less thaihe two other coatings

with higherthicknesseskigure5-6 shows this coating and its interface with the substrate.

It can be seen that there is a clear disconnection between the coating and the ,substrate
shown bythe arrow. The loose interfaceliminates rapid heat withdrawal from the
coating through thesubstrate This observation ggeststhe importance oifinterface

contact resistanaen amorphous phase formation.
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CNRC-MI 15.0kV 11.8mm x500 YAGBSE 100um

Figure 5-6 Loose interface catact between the coating and substrate, causing lower cooling rate of
the upcoming splats

In addition, the discontinuous microstructudd this sample isdue tothe plasma arc
instability during deposition of this coating that prevents appropriate itdetspnding

and heat transfer to the substratberefore, the coating made with 50 passes is showing
an unexpectedly lower amorphous content, despite lower thickness and number of passes
than the two other coating samples.

G. Bond Coat

The coatingdor studyng the effect of the presence of bond coatre simultaneously
deposited on mild steel bare substrates and bond coated mild steel subsirageanc
powder suspensioihe XRD patterns of the bond coated and bare steel substrates were
almost similar(except a slightly higher intensity in crystalline peaks at lower angles in
the coatings on bare substjaendthe amorphous humps were overlapping in both types

of sample. The reasdar thisis that the metallic bond coat hathermal diffusivityclose

to that of the steel base material. The only difference might happen when the interface
with the steel substraie poorer than that othe bond coated substrate. As long as the

substrate and coating contact qualities are the same, the role of the bbod coaling
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rate, crystalline phases and even amorphous phase cdrdenbeen found to be

negligible as observed in this experiment.

5.2. CoatingsAmorphous Contents and Crystallite
Sizes

Thegrain size of the solidifying crystal is directly dependent @ndboling rateand the
smaller grain size under the same nucleation condittam be translated to higher
cooling ratesHence to evaluate the importance of the cooling rate on the amorphous
phase formationthe grain sizes of a large group of samphese been measured,
regardless of theonditioncausing the change in the cooling rates.

The relation between the grain sizes measured for each crystalline phase and the
amorphous content in each coatisgllustrated in Figure 5-7. In thisfigure it can be

seen that themallergrain size of different phaséas a sign of higher cooling rats)not
concurrent with higher amorphous contehhis suggests that the role of cooling rate
(within the range of plasmspray cooling rates) on the amorphous conteptasededy

some other parameters with stronger réligure 5-7 also confirms thab-alumina has
usually the smalkst grain size among the phases presasn¢éxplined above. In addition,

in this figureit can be seen that in tisase of ziconia by increasing the amorphous phase

a slight increase in the grain size is observed

As discussedin section 4.2, higher amorphos content is mostly coincident with

f or mat ralmmina.oMeanwhile, the decrease of amorphous phase at lower particle
velocities requiresa more detailed investigatiorf ¢the probable role of the -ftight

particle velocity on the amorphous phase fdram
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Figure 5-7 Grain size of different phases versusrystallization peak area(as comparison basis for
amorphous phasgin each coating sample deposited under various conditions with SPS process

Figure5-8 shows the relation between the amorphous phase dhghnparticle velocity

in a group of samples deposited watifferentspray conditior. Thisfigure suggestshat

in the presence ofmany other variatiog) the general tendency for a large group of
samples is the reduced amorphous formation by increasing-thghinparticle velocity
(that meansthe reducedtime of exposure tdigh temperaturdor the particles) This
observation has to be relatedthe in-flight mixing discussed irfChapter 3and section

5.3 that in the case of alumina and zirconia can only happen in molten state, since
according to their equilibrium phase diagratiney are highly insoluble in solid state
[121]. The slight grain size increase Wraluminaphase at higheamounts of amorphous
phase(that is coincident with lower particle velocitgan be due téhe reduced cooling

rate at lowe particle velocitiess a result ofess splat flatteninfL18].
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Figure 5-8 Crystallization peak area vs. inflight particle velocity showing formation of smaller
amount of amorphous phase ahigher velocities(The in-flight particle temperaturesin °C are shown
on the data points)

Thevariations in progression ahelting and mixingphenomenanay berecognisedisa
fundamental characteristiof thermal spray process in deposition of composite
materials that differentiates them from other processes involving rapid solidifichtion
such processesfully molten and well mixedcompositeallows thecomparison of the
crystalline and nowrystalline phasesimply according to thenolten particle dimensions
andor the cooling rategl01]. This issue will be discusséddrtherin section5.3.

As asummaryin this part of the workthe roles of several parameters on the amount of
amorphous phase formed within SPS coatingalaminaYSZ compositehave been
studied. It was revealed that larger powder feeds within the range of a few micron

submicron sizes are more prone to form amorphous phase than smaller particles with
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nanometric size. Other ways to erestamorphous phase within the coating include
application of higher robot speed and deposition on preheated substrate. Selection of
spray parameters resulting in lower-fiight particle velocities and lower temperatures
(above the melting temperatures of the components in favour of larger amorphous
contentsalsa

In contrast extended number of deposition passes can result imeliiom of this phase
within the structureMoreover, the gplication of bond coat has no role on the amorphous
phase formation. However, any factor that can effectively reduce the ceabstate
bonding and efficient heatdissipation from the coatingan strongly diminish the
formation of amorphous phase.

In plasma spray deposition of the small composite powders using SPS pitoeess of

lower inflight particle velocity precedes thenportance of higher cooling rate in
amorphous phase formatiomhe reasormost probably igelated to the importance of
mixing process that is a prerequisite for amorphous formation and the fact that
amorphous formation in the pure material is of quite low possibilitys fact is further

investigated in sectiob.3.

5.3.  Sources of Amorphous and Crystalline Phase
in SPSCoatings

The main focus of this part d¢iie studyis to find the sources of the amorphous phase in
the SPS procesh addition,this section helps a comparison of SPS with AftGdiedin
Chapte 3). To generate the sampleSPS processvas used for deposition of three
different powders withpseudeeutecticcomposition ofalumina8 wt% YSZ andone8

wt% YSZ powderas the reference point. Powder mixtuvggh a weight ratio of 60/40
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for alumind8 wt% YSZwere produced in three different groupderms ofsize ranger
morphology.Tables-3 summarizes the feed powders d@hedetail of the sprayed powder
mixtures Samples were produced by spraying thevB% solid concentration suspension

(as explained in sectichl).

Table 5-3 Powder feed details

§i3
[}
g Powdemixture type Feed powdemixture detail
c
1 ?gﬁg%g‘ﬁgfaste"; AlL,O,/3YSZ 60/40 (TosohGrove City, OH, USA, 4%im)
Loose nanaowderd (8 mol% YSZ+3 mol% YS2) (both Inframat Advanced Materials, Farmingt
2 @ 1 USA; 30-60nm) + Alumina (Nanoawr Advanced Ceramic Materials Inc,

mixture Houston, TX.USA; 23-47 nm)

Loose micron 8 mol% YSZfrom (UnitecNorwal, CT, USA average size 1/m) + 3mol%
3 owders mixture YSZ (Tosoh,Grove City, OH, USAaverage size @gm) + Alumina95% pure
P (Malakoff, TX, USA; average size 1j4m)

(8 mol% YSZ+3 mol% YS2) (both InframatAdvanced Materials, Farmingtg

4 Nano YSZ mix USA; 30-60 nm)

The gasassisted atomizationvas donewith two different methodsFirst was by
atomizing the suspension using a centrbétpassing through the liquid injection tube
Figure2-2). This central tube was used foairrying theargon atomizing gas with 6 sim
flow rate In addition,nitrogen shielding gas at 1 slmas transferred to the torch exit
through the space between the injection tube and the nozzle. This systemtiohirgad
atomization using two gasesdsa | Isystdm &iin this text The second methodias
liquid injection without central gas carrying tube and just 14 "itnogen gas passing

through the gap between the injection tube and the nazgledfisystem20.
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System lwas supposed to improve the deposition conditipmeducing theclogging at
the tip of the torch as wetb enhancemelting by atomizing the droplets into smaller
fragments In practice,even thoughhe jet stability looked better and the gging was
largely reduced the particle fragmentation andmelting and the coating qualities
(integrity) wereclearly better whersystem 2was usedDetails of the coating qualities
and particle melting in both cases will follow.

The spraycondition and injection systemfor each mixture, as well as the resulting
particle velocity and temperatufas \;, and T,) are indicated iTables-4. In addition, the
amorphous phassontentsand the crystallization peak argathe collected particles and
the coatings are listed in the last two columnsTable 5-4. The amorphougontents
reported for he coatings are based thre XRD calculations (details as in secti@rb.2),
and the results for the collected particles are either DSC or are converted from XRD
measurements to DSC resylesing the slope ahe line in sectior2.5.2.3which related

the XRD results to the DSC crystallization peak sire®nable the comparisons.

5.3.1. In-Flight Collected Powders

The measured crystallization peak areaT@ble 54, when system Iwas used for
spraying,was minimum forpowder#2(loose naneparticley, i.e., 10 units This peak in
the case opowder#l(agglomerated nanrparticulatey was slightly higherequal to12
units The largest amount of amorphoyshasewas formed after sprayingpowder#3
(micronsizeparticleg, with crystallization peak area as lame 28units.
However,usingsystem 2 resulted in larger crystallization peak areas in both pov&ders.
that for sprayed powd&2 the peak area increased to 20 uaitd that of powder#3 was

as large as 4Rnits To investigate the reasdar these differenceghe micrographs of
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the collectedparticles shownin Figure5-9, areused.In thisfigure, the different size and
melting ratio of the porous aggregates of ngmowders in either loose or agglomerated

conditiors as compared with dense (Rparous) microrparticles is evident.

Table 5-4 Spray condition and the resulting amorphous contents

8 | = [« slelgls -
0 - o 21 |o A & < > . XRD Crystalliza
* 5 © = |9 S | B | 2| = ~ Q) calculated | tion peak
o= £ g o o [oX > = = O
0] © ‘0 S= & |2~ %’(',,‘ 5 n o Q e é amorphous area of
kS £8 o % = g E 5 gl = = = 5 = o phase collected
o © E b I =T 215 5 g 4 ‘IL contents | powders
a8 S 5 g |x E|l 2| 3|3 = > +3% for +5%
et o =2 = I VA B coatings (units)
Ar/N,/He 0
1 75/10/15 2451 200| 61 | 80| 35 1 1.8 | 30 | 2905 608 45% 12
Ar/Nlee _ 0
2 75/10/15 2451 200| 61 | 80| 35 1 1.8 | 30 630 25% 10
Ar/N,/H, , .
3 65/15/20 275|240 | 114 | 40 | 26 1 1.8 | 30 | 3082 740 11% 28
Ar/N,/He 0 -
2 75/10/15 2451 200| 57 | 80| 60 2 1.5 | 25 | 3080 612 36% 20
Ar/N,/H, . .
3 65/15/20 275| 240| 114 | 40 | 60 2 1.5 | 30 | 3080 612 48% 42
Ar/Nngz -
4 75/10/15 2451 200| 86 | 80| 90 2 15| 25 | 2950 640 -

*Particle velocity for the collected iflight particles was different and equal to 698 m/s

**Converted to DSC results based on linear relation with XRD measures in s2&iar8(Data validation)
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CNRC-IMI 15.0kV 9.3mm x3.00k YAGBSE 10.0um

Figure 5-9 In-flight particles collected in water after spraying with SPS process at 3080from a)
powder #1 (large agglomerated nangarticulates) using system ;1 b) powder #2 (loose nane
particles) sprayedusing system 1 c) micron-particles by system 1 d) the same as b, sprayed using
system 2 e) the same as c, sprayed using systemfRpowder #1 sprayed with APS at 100%

The reason for diérent behaviour of nar@nd micronparticles against the atomization
process, and also the function of the atomizing system and its interaction with the flame,

are specialized subjects that require detailed studies. However, the differences in melting
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and mixing behaviour in this investigation helped to find out the significance of these
processes. The role of these phenomena on amorphous formation could explain why the
particle velocity played such a considerable role, a role that could exceed theamoport

of the cooling rate.

On the other hand, collected particles of powder#3 (mipamders) after spraying with
systems 1 and 2, shown kigure 5-9(c) and (e) respectively, are clearly smaller than
those of nangowders. This suggests their better treatment (in terms of heating, melting
and shear forces on the molten droplet) by plasma flame resulting in extensive
fragmentation. In addition, théotally round shape of almost all of these particles
(micronsize) indicates their advanced melting. Better heat treatment and melting in the
plasma flame has resulted in larger amorphous phase in this powder type, which initially
consisted of comparatilyelarge and dense particles. The effect of applying system 2 for
powder#2, also, can be observed by compaFigyre 5-9(b) and (d) in which better
fragmentation and more melted round particles can be distinguished when system 2 is

used.

Figure5-10 demonstrates two different steps of melting in typical particles of powder#2.
Figure5-10(a) is a particle itheinitial stage of meltingwith alarge proportion of initial
particles with distinct color of each component (white zirconia and black alumina). It is
expectedthat such partlynelted particles will preferably solidify in crystalline structure,
because of the presence of unmolten crystalline solids that play the role of nucleation
sites of crystalline structure. During heating and meltinghe flame the mixed region is
readily extended and appears as the developed grey color in the particle observed in

Figure 5-10(b). The main difference between using syseimand 2 in the particles
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collected from powder#2 was that the number of well melted and mixed parsisles
Figure 5-10(b), was greaterwhen system 2 wasgsal. Likewise, the observed change in
amorphoughase content powder#3 sprayed by the two systems was found to be for

the same reaspwhich is the different melting and mixing

1 ] 1
CNRC-MI 10.0kV 8.8mm x50.0k YAGBSE 13/11/08

Figure 5-10 SPSsprayed powder #2 (loose nanepowders mixture) showing different stages of
melting and mixing in the plasma jet a) partly melted with crystalline particles retained, b) largely
melted with extended mixing (grey color)

5.3.2. Comparison of the Collected Powders in SPSd APS

As mentionedearlier, this part ofthe study is also looking for the similarities and
differences between APS and SPS processgsre5-9(f), at 1000X, shows thecollected
powders afteAPS sprayingof powder#1(from the experiment detailed @hapter 3and
allows the comparison of the particle sizes raaglfrom the two processekl.is evident

that particles fromthe SPSprocess, as Figure5-9(a), aremuchsmaller than what was
formed in APS(average size o1.6 um from SPScompared with45 pm from APS
sprayingof the same powdgrlt is noeworthy thathe micrographin Figure5-9(a) from

SPS particles is at three times higher magnification than thiatgafe 5-9(f) from the
same powders sprayed by AFSnce the major difference between the two processes is

the presence o4 liquid carrier in SPSthe considerably smallgparticle sizecan be
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mainly relatedto the presenceof the liquid carrier. This observation is compatible with
the result of the experiemt by Chen et al[122], where in HVOF deposition of the
powder by liquid carrier process (solution precursor vglocity oxyfuel spray) they
observed ten times smaller splat see compared with dry depositionith HVOF
process (5 um splat diameter when using the liquid precursor compard30-50 um
with dry deposition of powder using the same procélsg reason is known to be the
significant insitu breakup of the liquidprecursor and formation of small droplets in the
high-velocity HVOF flame[122]. Such liquidbreakup in dry deposition is not possible.

This explanation can be applicable to SPSess, as well.

On the other handrigure 5-11(a) to (c) illustrate various types of particles formed
during spraying the nanrgowders into waterwhich areobserved in both loose and
agglomeratedsprayed powdergpowders#land 2), at high magnifications.In the
comparisorof the particlecollectedfrom SPSwith those fromAPS processdiscussed
in section3.1, there are some similaritieene of which isthe presenceof collected
particles with dendritisolidification Examples can be foura Figure5-11(a) with fully
dendritic structureand Figure 5-11(b) that showsa partly mixedparticle in which the
dendrites are formedThese particlegan bemore readilyfound amongthe particles
sprayed withsystem 2with higher meltingproportions Nevertheless, in casg SPS
particles dendrite sizes are much smaller (less than 100 nmtkiae what was found in
APS-sprayed microsparticles. In addition, particles with no sign of crystalline gramss
in Figure5-11(c), were foundamongSPSsprayed particlesaswas previously observed

in APS procesdt is asumed herg¢hat these particles are the source of amorphous splats.
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Conversely particles with indications of eutectic or cellular crystalli@sservedn APS
sprayedlarge particleswere absentwhen spraying the small particles using SPbe
reason can be thmvisibly small grain sizes within the small partiglesnd limited

magnificationof the present SEMs to provitiegher magnifications in obsang them.

1 |
2.00um

CNRC-IMI 15.0kV 9.3mm x40.0k YAGBSE

Figure 5-11 SPSsprayed nano-particles collected in water a) fully dendritic growth in unmixed
particles; b) dendritic growth in partly mixed particle (arrowed); c) non-crystalline particle

The absence of eutectic or cellular sture in the small particles (of SPS process) can
also be attributed to the extremely high cooling rates of small particles in SPS. Thus, if
any mixing happens, the dense (no porosity) and extremely small particle (less than 2
pm) tends to form amorphoush@ses instead of the crystalline phases reported in the
large and porous particle€llapter 3. The reality about formation of the crystalline

structures with high dissolution of solute atoms can be concluded from XRD patterns. In



these patterns peak shifting may happen by solid solution formatieinthar zirconia or
alumina crystalsand lattice parameters can show the solid solubility variation in the
crystalline solid. Such evaluation will follow in the coming sections.

Another difference between the APS and SPS sprayed powders is the segregation of the
zirconia solid component oward the large unmolten particles of agglomerated powders.

In SPS processometimes the segregation of dissimilar powder partiwkes observed

(to a very limited extent as inFigure 5-12(a). However most of the particles have not
encounteed this, because difie short traveling patland high speeth SPSprocessand

they havamaintainedhe initial form of the unmolten aggregatas inFigure5-12(b).

A J

A
CNRC-IMI 15.0kV 9.1mm x10.0k YAGBSE 18[02/09

Figure 5-12 Unmolten particles collected inflight from SPS process a) partial segregation of
components started b) no segregation accomplished

It should be noticed that in the cogfisamplessomedifferent trend may be expected
thanin collected powdersas they will be influenced by other spray parametech as

number of deposition passes and spray robot speed.

5.3.3. SPSCoatingsUsing Different Powders

The resulting coatings from thpowders detailed inTable 5-3 and sprayed under

conditions as inrable5-4 can be compared iRigure5-13(a) to (e).In addition,Figure
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5-13(f) showsan 8wt% YSZ (powder#4) coating using system 2. This coating was
produced for comparisoaf someof the properties of the material of interest with this

material as the present TBC.

|
10.0um

Figure 5-13 SPScoatings fromt a) powder #1 sprayed with system 1b) powder #2 sprayed with
system 1 c) powder #3 sprayed with system 1 d) same as bsprayed with system 2 e) same as c,
sprayed with system 2f) 8 wt% YSZ nano-powder coatedwith system 2



Figure5-13(a) frompowder#1 &gglomerated nanparticulate¥y depositedisingsystem 1
presents a low melting fraction. In this figure ti@mnoltenor partly molten particles are
cemented in the fully molten splat®rming a bi-modal structure(consisting of
aggregates of unmolten naiparticles embedded in the molten and solidified structure)
as found by Limeet al.in APS coating of Awt% YSZ [123]. This coating consists of
uniformly distributed phases amategrated microstructure. The molten part has formed a
homogeneous structyr@as observed in the namystalline particlesof the collected
powders.However, this bimodal structureonsistsof much smaller entities iterms of

bothsplat size and unmohearticles thanwhenAPSis used123].

Coatings from thgpowder#2 pose nangpowder$ injected usingsystem lareshownin
Figure 5-13(b). In spite of contiruity, these coatinggposses very loose intersplat
connections of dissimilar splats with irregular boundaries and low mixing ratios. The
coatingin Figure 5-13(d), usingthe same powdeaapplied withsystem 2in ite of the
better melting conditiamstill lacks well-bonded splatsThis is mainly becausef the
large fractionof partly molten particles observed in tharesponihg collectedparticles

in Figure5-10(a). The coatings from microepowders inFigure 5-13(c) and (e) propose

the improved melting and flattening wheystem 4s used

The calculated amorphous contefdr the coatings as summarized Tiable 5-4, show
that as a result of impred melting in powder#2vith system 2 this quantity has
increased from 25% to 36%; and in the coatings of pa¥&i@ijump from 11% tet8%
hasoccurred It can therefore be expected that parles with full melting and mixing
andnegligibleor no retained unmolten solidan show thdestpotential f& amorphous

formationwithin the coatings
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The monotonic structure of thev@% YSZ deposited by SPS-(gure 5-13(f)) presens
porosity sizes froomano to a few micra In addition, in this figure, no clear intersplat
boundary can be found. This in contrastvith aluminaYSZ coatings inFigure5-13(a)

to (e) with a large number of intersplat boundaries between the alumina and zirconia
splats. This microstructural differencap@rt from materiatlissimilarity) can result in
differences in the propertiespeciallyat high temperatures will be discussed section

6.5

5.3.4. Sources of Crystalline Phaseand the Nature of

Amorphous Phase

The XRD patterns of the resulting coatings Figure 5-14, propose similar crystalline
structures for the four above coatings that consisa @ombination of mainly cubic
zirconi a and agsbowninFigure5a4auThé exeeptiors the coating
shownin Figure 5-14(b) that is powder#3 ficronpowdery produced withsystem 2
This coatingwith the highest amorphous contef@#8% based orTables-4) presers only
o-alumina phase This suggest the extensivemelting and disappearance of the initial
crystalines t r uct ur e odlumind) and splidificatienrat highicooling rates.
The structure of theanepowder of 8wt% YSZ (without alumina)deposited with SPS
process irFigure5-14(c) illustrates mainly cubt as well as some monoclinic zirconia in
spite the comparatively higtontent ofyttria stabilizing agent. This structure is different
from that found inChapter 3where deposition of the same material usigSAprocess
resuls in mainly tetragonal structure. This difference can be explained with the high heat

input from the torch to the substratae tothe short distance and much higher particle
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velocity and temperature (found to be effective on phase famas discussedn
section4.2) compared with APScausing the formation of metastable phases

The sources for the crystalline structures in the composite coatings, other than unmolten
particles, can be the discrete splats of the unmixed material that tend to solidify in
crystalline form rather than amorphous. Nevertheless, at extremely high cooling rates
alumina splats on mild steel substrate interfaces have presented a very limited amorphous
phase[124]. The other possibility reported in APS deposition of this composite, as
detailed inChapter 3is the solid solution formation. To investigate the formation of such
crystalline solid solutions, the lattice parameters of various phases were measured using
the PowderCell program for structural refinement of the patterns, based on Rietveld

method as detailed in secti@rb.4
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2theta (degree)
Figure 5-14 XRD pattern of: a) typical pattern of the coatingssprayed with system 1 b) coatng of

powder #3 depositedwith system 2 c) coating of nanepowder of 8wt% YSZ; where z represents the
cubi c (or tzds mpnodincairconia,)GA showso al u misarad A\ e a-&Humida.
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The amorphous humps in these patterns are apparé&mngure 5-15, which showsthe

XRD pattern of the coating of naqpmwder depositedith system 2They are centereat

anglesof about 30 and 57 that are the locations of the maximum intensity peaks for

zircoria and the second maximum9 1 % i n t ealursinafrgspectivefyt istknown

that the maxima of the amorphous humps of each material are |ctatétfraction

angles where thpeaks with maximum intensity of its crystalline structaceurs[125].

Therefore, these locations of amorphous hump peaks ithphthe amorphous phase

within the coating igparented by zirconiandbr alumina It is noticeable that the first

ma x i mu salunoirfa (alB9) is overlapping vth the first zirconia hump.

Intensity

25 30 35 40 45 5K &5 60 65 F0O V5 80 85 90
2theta (degree)

Figure 5-15 XRD pattern of the coating of nanepowder 60 alumina-40 (8 wt% YSZ) deposited
without atomization showing the location of amorphous humpnaximums

It is known that the variation ifattice parameteof solid solutions can represent the

variation in concentration of the solute atoj®8]. On the other hand, as observed in this

work on plasma spray pr@sses, it can be presumed that the amount of amorphous phase
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is directly related to the mixing proportion. Therefoesy assessment of the lattice
parameters among the coatings with various amorphous contents was Tdhene
assessmemnwasundertakerto find out if the solubility measured by lattice parametisr
related to the amorphousontentresuling from extersive mixing. The relationships
between the amorphous content and the lattice dimensitimsarystalline portion of the
coatingsaredepictedn Figure5-16.

Figure5-16(a) demonstrates the variations of paramater the cubic lattice of zirconia

with the amount of amorphous phase. It shows that by increasing the amorphous content
as a result of improved ming, the lattice parametef cubic zirconia increases. T
suggests the enhancement of dissolution of the solute atoms in the crystalline structure of
stabilized zirconia. The horizontal line in tiigure represents the lattice parametes (
5.1177 A) of the stabilized zirconiawith no alumina addedleposited under the
conditiors set outin Tables-4. It can be seen that at lower amorphous contentérabe
translaté to less dissolution, the lattice parameter is smaller than; YY8Z at high
dissolution ratios it grows beyond the YSZ (with no dissolved alumifal can be
explaired by change in solute atom position in the latticBhus when thealuminium

takes the substitutional positions of the YSZ crystal, it causes the lattice to shrink. At
higher amounts of dissolution, considering the much smaller radius afluhenium
(1.18A) atomsthan zirconium (2.0&\) and yttrium (2.123), thezirconia structurenay
choosethe interstitial positions for the solute to reduce the distortion and the related
strain energy. Thysallocation of the remainingluminium atoms in the interstitial

position results in expansion of the lattice.
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Figure 5-16 Lattice parameters of the crystalline portion of the coatingsa) parameter a for cubic
zirconia; b) parameter a for U-alumina; c) parameterc for U-alumina
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As s e s s me naumioaf struttireewitithie two parameters andc reveals thathe
same approximatmcreasingtrend is followed as isapparent irFigure5-16(b) and (c).
This means increased anptious percentage is concurrent with the larger lattice
parameter as a result of extended solubility. Zirconium atomsawitbhchlarger atomic
radius thanaluminium cause the expansion of the alumina lattices fbyming
substitutional solid solution. Thisolubility sometimes is as high as supersatura@sn
found in Chapter 3 Thus, the disappearance thie alumina component when sprayed
with zirconia can be not only the result of amorphous phase form#imextended solid
solubility into zirconia during plasma spray depositasoplays a major role.

However,the large atomic number difference betwagminiumand zirconium that can
shadow thedetectionof small amounts of free crystalline alumina should not be ignored
[98]. This happens whein a system of elements A@B, intwo-phase region (e.gJ + b ,
wher e lresnoliddolufions of A with solute atom B and B with solute atom A,
respectively)the atomic number of one type of atofesg, A) is too small compared
with the otherelement (e.g.B), the intensity of A remains undetectéal difference of
more than 70 in atomic numbean prevent detection of up to 8@% o f -phlis¢ [98].
Accordingly, the oxides of these elements can show the same behabisumeanghat
small amounts of crystalline alunainn the system may exjsiutdueto low intensityof

the scattered beams afuminiumcompared with heavy (large atomic number) zirconium
and yttrium atoms, are not detected.

A summary of the results in this section includes the following. ilkgght collected
particle studies suggest that there are major similarities between APS and SPS processes

in terms of melting, mixing and phase formation as well as the effective parameters on
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these phenomenblowever, the fragmentation of the particles in AB®at considerable
as compared with SP8s a result, while this work has focused on the parameters in SPS,
both methods can be used in production of high amorphous coasimgssimilar roles
for the corresponding parametehs this section it waseveded that in-flight melting
followed by mixingare crucial processas amorphous formatioriThe observed role of
the lower particle velocitythat resuls in higher amorphous content, in spitethe lower
cooling rateswas justified. This meansthat the sgnificance of the irflight particle
velocity is duego its effect on longer melting and mixing time

Theamorphous phaga the coatingseems to be composed of twompositioral ranges.
One is withhigh aluminaandthe other withhigh zirconia This wa concluded fronthe
amorphoushumps maximawhich matched the locations of the crystalline peaith
maximum intensity of aluminandzirconia On the other handhe crystalline structures
presentan exceptionally extended solubility of bdtie componets, especially alumina
into the zirconia lattice. The lattice parameter studies suggest thaluh@niumatoms
possibly take the substitutional sites at low ratios and interstitial sites higher
amounts of alumina are being dissolved in zircolacontrast, &rge zrconium atoms
have no choice but substitutional positiodsring dssolution in alumina structure
resuling in ever increasing the lattice parameters of aluntbipalissolution ratioThe
components in the composite materials spdayy pasma processes may foorystalline
structure of alumina or YSZ with no additional solute aténas what they already had
dissolve the solute atoms of the second or more components andrimtadlinesolid

solutions(even to exceptionally high levets solubility), andor formamorphous phase.



5.4. Summary
It was observeth the SPS proceghat for the development of the amorphous phase in
the coatingsextremely small nanparticle feed is not necessary. Conversely, it is a
powder size of &w micrors that provids larger amounts dheamorphous phase. Other
spray parameters thaanenhance this phase are higher robot speed, fewer deposition
passes and preheating the substRggticle velocity also plays an important ratethe
amorphous content dhe coatingsuch that a lower velocity causg higher amorphous
content In contrast, particle temperature playsregligiblerole in the amorphous phase
formation(as long as it is above the melting point of the componeHt®)ever, when
the particle temperature is too hight can reduce the amount of the amorphous phase.
The key to amorpous formation in plasma spr& multi-component systemsuchas
aluminaYSZ composite consisting ofinsoluble components in solid stats their
mixing in molten sate. The amorphous phase can be parented by either alumina or
zirconig depending on the mixing rati@sthin the splatWhen the welimixed melt does
not solidify in the amorphous phase, it can foranystalline solid lution within the

saturation limit o in supersaturatecondition

13¢€



Chapter 6 Thermal Evolution and High-
Temperature Performance of the Mixed
Amorphous/Crystalline Structure

This chapter involves evaluation of the thermal and mechanical behaviotire
compositecoatingof interest(pseudeeutecticalumina 8 wt% YS2) in the presence of
amorphous phase. It investigates the roles of the amorphous phassleposied

coating as well as the properties of theating afterheat treatment.

6.1. Crystallization and Phase Transformation
Temperatures versus Anorphous Content

Onequestionthatthis research wa® address ithe role of the amorphous phase content

on the crystallization and consequenansformationtemperatures in the composite

coating. Figure 6-1 repesents the two main transformation temperatures versus

crystallizationpeak aredrepresentingamorphous contengxtracted from DSC curves
The crystallization temperature in this diagram varies in the range e®®BC while

the crystallizatiorpeak aearanges from 2 to 15@nits. As can be seethe variation of
crystallization temperature is not affected by the amorphous phase content.
observatiorcontradictshe proposition by Kinet al.[24] about the probde importance
of the amorphous content on crystallization temperaturehis composite causing
discrepancy in different reportén thesereports the compositesvere produced with

different processes and impurity contents. Thereforesdheces for théifferences irthe

This



crystallization temperaturesiay be referred to the production processes/oanthe

impurities.
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Figure 6-1 Transformation temperatures versus crystallization peak areg showing that neither

crystallizati on 1teongiminaaransformation temperatbhres are affected by the
amorphous content

In the same rangef @mmorphous contenthe transformation temperatuoé o-t o- U
alumina, changes between 12&&d 131C0C. Although this is not negligible change
dependencpetween this transformation temperature and the amount of amorphous phase

is not apparent

6.2. Crystalline Structure Changes after Heat
Treatments

The variation of the coatingscrystalline structure after 400/8 hr, 700C/24 hr,
1000°C/10 hr, 1300C/24 hr andl1500C/5 hr heat treatment were studieéieat

treatmens at 400°C for 8 tours and 70®C for 24hours were done to investigate if the
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diffusedpeakin the DSC curve includes any residual stress energy relief. XRD pattern of
the resuling coatings presented no peak shifiis suggests thahe diffused peak ithe
DSCgraph does not involve arpnstderableresidual stress relief. However it was seen
that in case of hida crystalline coatingafter both heat treatments some peak sharpening
happened due to grain growthhile the peaks in the high amorphous samples showed no
visible change.

Crystallzation heat treatment at 10@for 12 hours in the highly crystalline coatings
causé almostno crystallographic changes. In amorphous containing caatuity 35%

and 53% amorphous content some reduction in amorphous humps could be considered,
but the hmps did not fully disappear afte0 hours and the calculated amorphous
content reduced to about 24f#6m 53% amorphousandto 21% from 35% amorphous
content.This observatiorshowsthat thecrystallization as a diffusioncontrolled process

is time depedant Later results from thermal cyclic tested samples in sed@i&®
confirm this observatiomy showing that the crystallization hhsencompleted in the
samples after many heating cyclghe same temperaturehenthetime is long enough

for thecompletion of the crystallization process.

In the sample used fdneat treatment at 1300 for 24 hours, the initial crystalline
structure in high amorphous sample (with about 64% amorphouB)gure 6-2 (a)

c o n s i salursinaanticubit zirconia The presence of some tetoagl patternclosely
similar to cubic phase cannot be deni€de hghly crystalline structure ifrigure 6-2(c)
(with about 11% amor phaonudalymina and alsiczipconsaend o f
ascoatedcondtion. The comparisonf this patterrwith that ofthe coatingheattreated

at 1300C for 24, hours shown irFigure 6-2 (b) and (d) suggests that in both structures
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U-alumina is the only alumina phapeesent inlie coating The difference is in th¥SZz
dominant phasewhich in the case ofthe heattreatedhighly amorphous structure in
Figure 6-2(c) presents some tetragonal struct(nevealed by peak splitting at dieg
between 32-35° and 59-60°). It suggests that the amorphous phase should have
crystallized in the form of tetragonal mainly by releasing the dissolved alumina as the
stabilizer of hightemperature cubic phask contrast,in the highly crystalline coating

after the same heat treatmanfigure6-2(d), the metastable cubic YSZ solid solution is

still the dominantphase.

6000 -
5000 - AA “ AA 1 ‘L AAPA
d

4000

J\ A GA
3000 a C

tz
tz ttZ
A J L h_ - JLj L-.J\.........J'NJL..b

Intensity

2000
1000 - cz
Ccz Cz cz
cz cz

Cz

0 : ﬁ-ﬂﬁhh S —
20 a0 a0 a0 =1 T
2theta

Figure 6-2 Comparison of crystalline structure of heattreated coatings with fully crystalline and
highly amorphous coating a) coating with 64% amorphous b) 64% amorphous coatingheattreated
at 1300°C for 24 hrs; c) highly crystalline (11% amorphous) coatingnot heat-treated; d) same asc
after heat treatmentat 1300°C for 24 hrs
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Further heat treatment at 13@for 5 hours tanvestigate the possibility of monoclinic
zirconia phase formation showed that excépt some grain growth, irany of the
structures traces of this phase could not be foGodyverselyformation of monoclinic in
8YSZ (8 mol% equal to 13 wt% yttriatablized zirconia) has been reported at 14Q0D
[117]. This proposesthat the very high temperature stability of the composite against
martensitic transformation of tetragonal to monoclinic ziraois due tothe added
stabilizingeffectof alumina to that of yttria.

In additionto the coatings with high amorphous conteéhé composite in the crystalline
ascoatedsample shows the high stability of the cubic solid solution of YSZ even at
temperatues as high as 150C. These results support the role of alumina as a stabilizer

through extended solubility in the zirconia.

6.3. Microstructural Changes after Heat
Treatments

The microstructures of the coatings after heat treatments of @A@hrs, 1300C/24
hrs and 1500C/5 hrs has beernnvestigatedln Figure 6-3, the microstructures of thes
depositedcoatingswith high amorphous conterfthat has appeared a&xtensive grey
areas inFigure6-3(a)) andcoatings withlow amorphousontent(with distinctive black
andwhite regions inFigure 6-3(b)) are shownThe crystallization heat treatment for 10
hours at 100TC did not end with any visible change in the coatdwgscrostructures
However,after heat treatment @300 C for 24 hoursthe two coatingsan be compared
in Figure6-3(c) and (d). It can be seasoemespotty areashatareformed of precipitdon

of alumina and zirconias a result o€rystallization of the amorphoygha®. Therefore,

thereare clearly morspots(precipitatesformedin the case ohigh amorphous structure.

145

























































































































































