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ABSTRACT

The hotsectioncomponentsn turbineengines rely on ceramic thermal and environmental
barrier coatingqT/EBCs) for insulation and corrosion gtedion. The ability of these
coatings to mitigate premature failure caused chjciummagnesiuraluminosilicate
(CMAS) basedtorrosive deposits iwitical to ensure the desired component lifetirméss

work proposes advanced multiphase rare earth (RE) aluminate zirconates as candidate
coating materials to promote a more predictable and consistent cGAliA§ reaction
response against a range epdsit compositions. An integrated process using experiments

and thermodynamic modelling tools was used to accelerate coating design.

Understanding reactions between coating materials and CMAS deposits is important to
design next generation coatings thah withstand CMAS attack to higher temperatures.
This need was addressed through three experimental thrusts. The first focused on
understanding the intrinsic stability of mutiation, mixed oxide/sulfate deposits. The
results showed that specific reaasobetween sulfates and CMAS oxides drive rapid
decomposition of the sulfate, implying that the deposits inducing coating degradation
would be primarily oxides. The second thrustproved the understanding of the
temperatureand compositiordependent extd of therare earth aluminosilicatgarnet

phase fieldand the influence oRE ion identity on the equilibrium transitions between
silicate apatite and garnphases in Gd/Y/Yb+CMAS systems. Guided by computational
design tools developed using resultairthe early experiments, the third thregaluated

the performance of RErich multiphase aluminate zirconate novel candidate coating
materials. The inclusion of alumina in traditional Y or Gd zirconate coating compositions
was hypothesized to stabilizgarnet as a CMAS reaction product, promoting more
consistent reaction sequen@esoss a variety of deposit compositions, and improving the
reliability of coating materials in different service environments. The extent of reactive
melt spreading and coagtCMAS reaction depths in conjunction with microchemical
analyses of reaction products were used to evaluate the response of sintered pellets of
candidate coating materials against model deposit compositions. As hypothesized, the

addition of alumina to # coating material resulted in garnet formation along with a range



of crystalline products which maximized the reactive consumption of molten deposits. This
work has established an efficient protocol towards utilizing targeted experiments integrated

with thermodynamic computations to accelerate materials discovery.
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three reaction zones seen in each reaction layer. (d), (e), (f) Micrographs showing a
magnified cross section of the reaction layer in each test coupon. White dashedeines

used to delineate the different reaction ZONES.........cooee e 83

Figure 38: Reaction profile as a function of lateral position plotted fesYAdsZrizs
composition afteexposure to the three model CMFAS compositions. Pie charts next to the
reaction profile for each test coupon show the areal distribution of the three reaction zones
seen in each reaction layer. (d), (e), (f) Micrographs showing a magnified cross skction o
the reaction layer in each test coupon. White dashed lines are used to delineate the different
reaction zones. Reaction layer in theioXkssZri3sCioMsFsA10S70 test coupon shows
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Figure 39: Each of the plots () show reaction profiles for TB@MFAS tests for
CMFAS exposures of 1h at 1400 °C. In eaabke, profiles for reactions between the same
CMFAS composition with test coupons of the same overall rare earth aluminate zirconate
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Figure 40: Plots (ajd) show reaction depth profiles for the different TBOIFAS
reaction tests. Each plot shows the reaction depth profile for one TBO composition as
reacted with each of the three CMFAS compositions. Plotéhjeghow the cumulatey
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XVii



Figure 41: Calibration of CMFAS melt consumption efficiency of common reaction
products observed in literatuji¥s,28,146,43,44,48,50,51,8344,145]..................... 95

Figure 42: Micrographs (a), (b) correspond to test coupon® AlsZri3.5CaiMoFsA 1253
and AbkoYs9.5Zr105CaiMoFsA 1243 respectively Both these samples show the reaction
progress type 1. Similarly, micrographs (c) 1Xl76.52r13.5CisM12F12A16S45 and
(d)Al30Y 59.52r10.5C1sM12F12A 16545 ShOw reaction progress type. 2...........vvvvvvennnnnn. 102

Figure43(a) and (b) correspond to micrographs from the periphery and center respectively
of the AkoYs9.52r10.5C10MsFsA10S70 test coupon whereas (c) and (d) represent the center
and periphery repsectively for the 1Y 76.57r13.5C10MsFsA10S70 test coupon. Reaction

sequences in (b) and (d) are very similar with varying melt volumes between. tHéA.

Figure 44: Micrographs and EPMA maps show reaction sequence type 6 (a)
Al10Gdre.5Zr13.5CisM12F12A 16545 coupon, (b) AdoGdsg sZr10.5-CaiMoFsA12S43 test coupon,
and (c) AboGbg.5Zr10.5C1sM12F12A 16545 reaction layer............oooevvvvvvvvviiicmeeeeeennnns 107

Figure 45: Micrographs (a) and (c) corresponding to theGake sZr13.5CioMsFsA10S70

and AkoGdse.sZr10.5C1oMsFsA10S70 test coupns respectively show reaction sequence type

9. (c) represents the reaction layer closer to the test coupon whereas (b) shows the nature
of the reaction layer towards the periphery of theo®dkos sZri05CioMsFsA10S70 test

coupon. (d) corresponds to the reaction layer observediG @b 5Zr13 5CaiMoFsA 12543

test coupon and shows a unique reaction SEQUENCE. .........uureeesiceceeereeennnnnenns 108

Figure 46: Bacharts showing average cation% of each individual ion present in the garnet

phase in each teSt COUPON.......ccciii i 114

Figure 47: (a) Melt consumption efficiency parametens different crystalline phases
observed in this work across all test coupons. (b) Efficiency parameters for garnet formed
iN INdividual teSt COUPONS.......ceie i 119

Figure 48 Pictures showing pellets of mixed oxide + sulfate deposits before and after heat
treatments in dry air, argon, and dry air with 10 ppm SO2 at 875 °C and 1025 451

Figure 49: Plots of the normalized mass retained by the mixed oxide+sulfate deposits after
heat treatments at different temperatures in dry air between 675 °C and 1225 °C (varied

XViii



colors for each panel), and at 8% and 1028C in Ar (~1 ppm Q) andin dry air
containing 10 ppm SO Most, if not all, mixed oxide+sulfate compositions achieved
complete sulfate decomposition by 1025 and there was not a meaningful effect of the
gas atmosphere on the deCoOMPOSItION PrOCESS. ........uuuurrrrrrrriaeeiirrreereeeereeeeeeeeens 151

Figure 50: Samples anneal ed at 1200 f o
stoichiometry (0.5,0.5,2) showed heterogeneity in the form of large agglomerates of a
single phase. Theircle highlights one such region (b) Sample (1,0,1) shows isolated
regions of different phases where the arrows indicate two different regions such that the
darker phase in one of the regions might not be in equilibrium with the lighter phase of the

(011 0 T=T (=T [0 o 1F O PPRRRTR 165

Figure 51:Different heat treatment protocols followed to address the heterogeneity issue in
sample with bulk composition (0,1,0). {e)200°C 200h (p 1200 °C 200h, reground,
1200C 100h (c) and (d): As synthesized powder reground with ethanol followed by 1250°C

Figure 52: Different heat treatmemtotocols followed to address the heterogeneity issue
in sample with bulk composition (1,0,1). {4200°C 200h (b): 1200 °C 200h, reground,
1200C 100h (c) and (d): As synthesized powder reground with ethanol followed by 1250°C
10 200 N o TSRS RRRR 166

Figure 53: Compositions which showed the f
These samples were subject to a-h00r heat treatment and were quenched post
annealingAll these nominal stoichiometries are present at the periphery of the theoretical

(V0] (810 4 LT UPT PR UPRTPRUPRO 168

Figure 54: Comparison between nominal stoichiometry (0,2,0)theat at ed at 120C

200 hours and 1250 for 500h. It is evide
show the presence of heterogeneity.........coooevviiiiiiiicceii e 168

Figure 55:Compari son bet ween nominal stoichi omet
200 hours and 1250 for 500h. Al though th

XiX



the presence of macroscopic heterogeneity, there is significant reduction in the size of

heter@enous phase agglomerates. Additionally, the grain sizes are also.larger169

Figure 56: Comparison between nominal stoic
200 hours and 1250 for 500h. The sampl e
di stribution upon heat treatment at 1250
enough for analysis using EDS and EPMMBDS..............oovviiiiii s v, 169
Figure 57: Comparison between nominal stoic
200 hours and 1250 for 500h. The sampl es
phase distribution. However, trgrains are too small for characterization by EDS or
EPMACWDS . ...ttt e ettt enrt e e e e e e st e e e e e e e annnrraeeeeeeaanns 170

Figure 58: Reaction layer for Al s 5Zr10.5-C10MsFsA10S70 test coupon................... 171

Figure 59: Reaction layer for &l s9.57r10.5-CisM12F12A16545 test coupon................ 171

Figure 60: Reaction layer for Al s9.57r10.5-C3iMoFsA12S43 test coupon................... 171

Figure 61: Reaction layer for Al 76 2r13.5-C10MsFsA10S70 test coupon................... 171

Figure 62: Reactiorayer for AhoY 76 5Zr13.5-C1sM12F12A16545 test coupon................ 172

Figure 63: Reaction layer for Al 76 5Zr13.5-Ca1MoFsA12S43 test coupon................... 172

Figure 64: Reaction layer for &G dse 5Zr10.5-C10MsFsA10S70 test coupon................. 172

Figure 65: Reaction layer for &lGdse sZr10.5-C1sM12F12A16545 test coupon.............. 172

Figure 66: Reaction layer for &Gdsg 5Zr10.5-C31MoFsA12S43 test coupon................. 173

Figure 67: Reactiorayer for AhoGdrs sZr13.5-C10MsFsA10S70 test coupon................. 173

Figure 68: Reaction layer for AlGdrs 5Zr13.5-CisM12F12A16545 test coupon.............. 173

Figure 69: Reaction layer for AlGdze s2r135-C3iMoFsA12S43 test coupon................. 173

Figure 70: EPMA map compilation for &l s9.5Zr105t€St COUPONS........ccceevvvviiinnnne 174

Figure 71: EPMA map compilation for Al 7e.5Zri13ste€st COUPONS..........ccceeverennenn 175

Figure 72: EPMA map compilation for &(Gdse.5Zr10.5teSt cOUpoNs...........ceevveeeee... 177

XX



Figure 73: EPMA map compilation for G dz6.52r135t€St COUPON.......ccvvvvveeeeennnne 177

XXi



CHAPTER 1: INTRODUCTION

The global demand for reducedeenhouse gas emissions drives the need for incréasled
efficiency for fossHfuel powered systems, alongside development of new cdrben
technologies. The potential emissions reduction is especially great for proagétssésge
carbon footprints, or for which carbareutral replacements are not on the horizon. There is
thus an added impetus to improve the fuel efficiency of jet engines and gas turbines.
Additionally, higher engine efficiencies result in lower opetosts. A higher difference in
turbine inlet and outlet temperatures translates to higher engine efficiency based on
thermodynamic consideratiofik,2]. For the commercial jet engines and gas turbines, even a
small increase in efficiency translates to eyéareduction in C®@emissions and significant
reduction in operating costs. Unfortunately, current materials capabilities are limited and stall

a further increase in operating temperatures for these systems.

Traditionally used materials for making engimat section components are single crystal
nickelbased superalloys. Although technology developments on alloy compositions over
the years have helped attain some increase in operating tempg@tureanges in metal
propertiesat high temperatures and their melting points limit further temperature
improvements. To keep thesengmonents cool, air flow is diverted from the compressor
through cooling channels in the ks#ction components. In service, it is desirable to divert

minimum amounts of air towards component cooling.

To attain the goal of minimizing alloy surface temperas with minimum use of cooling
air, decadeso6 worth of research |l ed to the
[417]. These coatings shown schematically Rigure 1, are applied to hot section
components to provide thermal insulation reducing compaweface temperatures and
cooling air requirements. Thermal barrier coatings are about 100 to 500 pum thick and have
a layered architectudi3]wi t h a met al |l i ¢ bonédAl@oxade , a t
layer, and then the pocoat which has one or more layers of ceramics. The primary
prerequisite is for these coatings to have low thermal conductivity. They are processed to
have columnar microstructures or to have mioracks and porosities to facilitate low in
plane moduli ad better strain tolerance. Consequently, the coating materials should also
show high sintering resistancéjgh toughness, and phase stability to retain these
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microstructures through thermal cyclifgg7,10,11] They are typically composed of yttria
stabilized zirconia (YSZ) with a metastall&rO, phase with 8 mol %Y Ozso0r other

rare earth (RE) zirconates and hafngfds Traditionally used YSZ materials are tough,
have lowthermal conductivity, and low CTE mismatch with the alloy substrates. However,
they undergo phase transformations at high temperatures and are susceptible to
thermochemical damage and corrosion. Other TBC materials include RE titanates and
tantalates andRE zirconium oxides such as gadolinium zircondf®rochlore
phaseGdZr.07) [12i 14]. RE 4rconates with stoichiometries RE3012( e . phase inl

the YOL5-ZrO- system) are also us¢tb,16]
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Figure 1. (a) Schematic diagram of a simple thermal barrier system (Figure courtesy
David Poergshke) and (b) Micrograph of EBVD coated thermal barrier coating adapted
from[17]

Modern day gas turbines and jet engines are aiming for surface temperatures over 1600 °C
whilst reducing cooling air use. To attain these goals, ceramic matrix comgGMEs)

have been introduced in stationary hot section components. Typically compadaxbof
carbide matrix and fibeyshese materials have a third of the density of metal alloys and a

third of their weight{18i 21] thus providing significant improvement in thrust to weight



ratios, which is a particular benefit for aviatiapplications. They are also inherently more
heat resistant than alloys requiring lower cooling air volumes. Although these properties
make CMCs enticing for engine hot section applications, they face practical challenges in
the corrosive combustion envimment. The SiC based CMCs develop a passi@e layer

during thermal cycling which is prone to volatilization in the presence of moisture
[5,22,23] Over several thermal excursions during component lifetime, the CMC

componentgan experience significant recession.

To prevent this degradation, CMC components need a layer of environmental barrier
coatings (EBCs). These coatings need to be dense and hermetic and have properties like
low coefficient of thermal conductivity (CTE) smatch with the CMC substrate, |&iO,
activity, corrosion resistance, and high phase stafidty26]. Formation of cracks in these
coatings provides low resistance pathwaysi®. volatilization meaning that the coatings
should retain their integrity through thermal cycling. EBCs (shown schematic&ligure

2) are typically composed the celsian phase (barium strontium alumino silicate) and RE
mono and dsilicates with nominal formulae of R&iOs and RESi>O7 respectively where

RE can be Y, Yb, or some other lanthanid2s,27] Electron beam physical vapor
deposition (EBPVD) or plasma spray deposition techniques e.g., air plasma spray (APS)
are more commonly used to enggm the coating microstructures for TBCs and EECH
although other techniques such as suspergasma spray (SPS), plasma spray physical
vapor deposition (R8VD) among others are also being develddddl
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Figure 2: (a) Schematic diagram of a simpémvironmental barrier coatingdFigure
courtesy David Poerschke) and (b) Micrograph asf environmentalbarrier coating
adapted fron28]

There has been a significant evolution in TBC and EBC compositions, architectures, and
microstructures. Research efforts are focused on the development of next generation,
multifunctional coatings[29] which satisfy their primary purpose of environmental
protection and thermal insulation along with additional thermophysical and mechanical

requirements.
1.1 Coating failure modes

TBCs canundergo failure by spallation of the top coat duentreaseckelastic energy
causedby CTE mismatch between the substrate and the coating durisgriite
temperature cyclinf80,31] Sintering othe coating material can also cause a reduction in
the compliance leading to coating failye9]. TBCs can also face erosion and foreign
object damage (FOD) by particulate matter, corrosion by ingested debris, growth of the
TGO layer, rumpling of the bond coat, d&,32]. In case oEBCs given their nominally

dense nature, thermomechanical failure in the form of coating delamination and spallation



occurs primarily due to CTE mismatch between the coating and subkikateEBCs,

TBCs can also face mechanical damag®ubh erosion and FOD. EBCs also face
corrosion challeng€d9,33] Furthermore, with higher operating temperatures, it is likely
that coatings will have to face newer degradation modes or exacerbated versions of

traditionally studied degradation modes

This work has focused on the damage caused to both EBCs and TBCs byIsis=ate

ingested particles. The following section elaborates this coating damage mode.
1.2 The CMAS problem

Jet engines and gas turbines ingest aerosolized sand, ash, dusheartbris that can
adhere to highemperature component surfaces and give rise to deposits composed
primarily of calcia, magnesia, alumina, iron oxide, and silica (abbreviated CMAS or
CMFAS). The deposits can have a range of compositions depending sauttve of
aerosolized particles and can be ingested in various proportions depending on region of
engine operations. Other elements can also be present in minor frf@4icd8]. In some

cases, during operations in gypsum rich areas or in marine environments, the deposits can
also include chlorides and sulfates of calcium, magnesium, and sodium and potassium.
Interactionsbetween these deposits and the TBCs/EBCs or underlying alloy or CMC
components render them vulnerable to thermomechanical ddBage9 41]. At lower
tempeatures, the ingested particles can cause impact damage to the coatings, and in areas
where there are thick layers of these CMAS deposits, the airflow patterns around the
components are affected. At component surface temperatures abovelP2@0°C, these
deposits melt and react with the coating materials. Reactions between the coating and

CMAS result in the formation of crystalline phases and modifications to melt compositions.

CMAS induced degradation of coatings is primarily thermomechanical in né&are.
TBCs, the damage arises when the initially sttalarant coating is stiffened after the melt
infiltrates coating porosity or segmentation. This increases the cyclic strain energy induced
by coefficient of thermal expansion (CTE) mismatch betweerdating and alloy. The
severity of TBC damage scales with the depth of melt infiltration. Conversely, for dense,

CTE-matched EBCs, the damage is driven by reactions that convert the coating into a phase

5



assemblage with increased CTE mismatch. The sewdi#BC damage is dictated by the
overall depth of reactive consumption and the thermophysical properties of the reaction
products that formlThe formed crystalline phases could also have |&@f volatilization

resistance and poorer mechanical properties.

Approaches to mitigate depositduced coating degradation focus on controlling the
reactions between the coating and melt. Formation of reaction products can be classified
into three differentypes: (1) intrinsic crystallization, where crystalline products contain
elements only from the molten deposit e.g., anort@dLSi-Og, melilite (gehlenite:
CaAl2SiO; or akermanite GdMgSiO7). These products are typically formed if the
temperature gdients induce direct crystallization of some phases from the melt. (2)
reprecipitation, when the ions dissolved from the coating material reprecipitate out as
crystalline products without incorporating ions from the deposit melt e.g., fluorite. (3)
reactive crystallization, where crystalline products have both ions coming in from the
coating material and from the deposit melg, apatite (Ca,RE}RE,Zr)g(SiO4)sO2 or
garnet(CaMg,FeREX(Zr, Ti,Mg,Al,Fe)(Si,Al,Fe)xO12.

For TBCs, the objectivi® mitigatedeposit induced coating degradation is to promote rapid
reactive crystallization to block melt infiltration pathways, thereby limiting the stiffened
depth. For higherefficacy of this approachthere are three major prerequisit€$)
nucleation and growtof the crystals should ideally occur at time scales faster than melt
flow (2) volume of crystallized phagsermedshould be much greater than the volume of
coating dissolved (3)ystal grains should have a morphol@gytable foblocking coating
channeld5,41]. For EBCs, the objectives are to either minimize reactivity, to form dense
reaction product layers that slow further reactions, or to avoid CTE mismatched product
formation. These reactiofibased mitigation approaches are expected to be less effective at
higher operating temperatures due to increased reaction rates and reduced driving force for
crystallization reactions. AeffectiveCMAS degradation mitigatiostratey involvesthe
developnent ofcoating compositionwhich gotimizereactive crystallizatiomnd possess

the desired functional properties. Much of the efforts of this work have thus focused on

understanding the deposibating reactions for better coating design.



Coating and deposit chemistries influence the formation of their crystalline reaction
products. Developing an experimental understanding of all the equilibrium
thermochemical interactions in the coatihgposit system is a tremendous task given the
nortuniformity in compositions and amounts of environmental deposgsiivice, coupled

with variations in coating compositiorfi41,42] The sheer volume of experiments that
would be needed motivates the development of thermodynamic tatopal tools and
databases to predict these interactions and aid coating design. Modelling efforts so far have
worked towards incorporating the underlying thermodynamics of reactions in EMAS
coating systems into databaseg, ThermoCaleTCOX8 [5]. Design tool extension or

expansion is achieved by an iterative process as shokigurne3.

Calibration of the thermodynamic tools requires data from temperdépendent
experimental studies of reactions between deposits and coatings, specifically, data about
equlibrium phases that form, their nucleation and growth kinetics, @ra$e fractions

[15].
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Figure 3: Schematic representation of the iterative process behind coating design. The
development of thermodynamic tools is a key part of coating design and performance
assessment.



Coating design tools must haae integratebility to predict melting and crystallization
behavior of reaction products, equilibrium phase behaviors, coating infiltration and
recession behavior and information about failure modes. An important piecakingm

these design tools effective is the inclusion of descriptions and models of the entire array
of equilibrium crystalline products which can form in the coatlegosit systems.
Crystallization process kinetics are crucial in determining CMAS degeedatitigation
efficacy inservice, whereas their thermodynamics aspects dictate local equilibria and
reaction sequences. Along with the thermomechanical aspects, both these factors are
important for efficient coating design. This dissertation focuses @rhgrmodynamics
aspects of coatindeposit interactions. Experimental data from this work was used by our
collaborators at ThermoCalc Software in the assessment of new thermodynamic models
for specific multicomponent phases, including the RE aluminotligarnet phase. The
newer models were then used by collaborators at QuesTek Innovations LLC to
systematically assess new candidate coating materials for preferable reactivity. Selected
compositions were then synthesized and tested for their CMAS reaeatintdegradation
mitigation efficacy as part of the work presented heréherewas iterative feedback
between model refinement and experimegespecially in the early stagekhus, although

this thesis focuses on experimeragpectand resultsthe nodel development carried out

by the collaborators was an integral part of the work

While it is evident that coating degradation modes are inherently complex, it is imperative
to design nexgeneration coatings that are robust against CMAS attack wbisessing

the menu of thermophysical and thermomechanical property requirements. This
dissertation addresses the development of new candidate coating magpaténental
techniques used in the studies presented in Chapters 3, 4, Sa@nprésenteith Chapter

2.

Although traditional studies have separated sulfased alloy hot corrosion from CMAS
oxide induced coating degradation, thergr@wvingevidence that mulication sulfate and
mixed sulfateoxide depositsthreaten material durabilityia new mechanisms across a

wide range of temperatures. Chapter 3 documents systematic studies of intrinsic stability



of multi-cation mixed oxidesulfate deposits to evaluate conditions under which these
deposits revert to purexide forms versus act synergistically to accelerate materials
degradation. A key finding from this investigation is that sulfate decomposition is
sufficiently fast to convert mixed deposits to oxides. Thus, in all subsequent chapters, the
CMAS or CMFAS eposits are composed just of oxides.

There is growing evidence that Rantaining aluminosilicate garnets are also an important
reaction product. The garnet phase can incorporate a variety of cations from both the
deposit and the coating material YAIC&*, F&€***, Mg?*, RE, Si*, Ti**, Zr**, etc.), and

has been observed to form alongside or instead of ajatitd,37,48355]. Chapter 4
develops a systematic understanding about the factors influencing the stability or
compositional extent of the garnet phase in Gd/Y/Yb+CMAS systlms. insights into

the effect of the RE cation size on the extent of the garnet phase and the relative stability

of garnet and apatite have also been discussed.

It is possible that multiphase coating materials based on combinations of RE zirconates and
alumnates could produce a more uniform reaction response to a broad range of CMFAS
compositions compared to singd@ase binary compounds. To explore this hypothesis 4
new candidate coating materials were designed and tested. Chapter 5 documents the effect
of the alumina content and RE identity (either Y or Gd) on the CMFAS melt consumption,
reaction depthand reactive spreading. Chapter 6 discusses the overall cCAIRSS

reaction sequences, reaction product compositions, and their overall efficacy of melt

consumption and degradation mitigation.

Overall conclusions drawn and proposed future directions stemming from this work are

presented in Chapt&r



CHAPTER 2: EXPERIMENTAL PROCEDURES
2.1 Materials andsamplepreparation

Materials studied in this dissation were synthesized via solidtate synthesis (ball
milling, drying, prereaction) or by solutiofrecipitation (reverseoprecipitation). Parts

of this chapter have been adapted from published manus@4ipis6,57] Deposit
compositions are abbreviated using modified cement chemistry notation wherein the first
letter of the cation symbol is used to denote oxides using single cation formulae (C = CaO,
A = AlO15 S = SiQ, etc.) and'Ydenotes the sulfate anion. CMBArather than CMAS,

captures Fe as an important cation constituent.

2.1.1 Synthesis of complex deposits

Multi-cation oxides and multiation oxidesulfate mixtures intended to represent the types

of debris ingested in turbine engines were synthesized by systematic stepwistaselid
synthesis shown irFigure 4 to prevent premature decomposition or melting. The
synthesized deposits have been used for studies throughout this thesis. The synthesis steps
were developed using melting and decomposition teryesa of individual feedstock
material from literature and estimated melting and decomposition temperatures of the final
mixtures. Additional information about the synthesis of mixed eglderide and oxide

sulfatechloride mixturess presented i\ppendlx 2.
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Model Mixed Deposit Preparation
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Figure 4: Synthesis approach for the mixed anion depos#igecific compositions
synthesized are defined in Chapter 3.

2.1.1.1 Pure Oxides

High melting oxides like calcia (99.95% pure, Alfa Aesar (AA), Ward Hill, MA)),
magnesig98%, Acros Organics (AO), Morris Hill, NJ), alumina (99.95%, AA), and silica
(99%, AA) were dried, calcined at 1100 °C, weighed in their required proportions, and
mixed with iron(lll) oxide (99.9%, AA). This oxide mixture was ball milled (40 Hz, 20
min) using alumina jars and milling media with 200 proof ethanol as a dispersing medium.
The CMFAS oxide mixtures were then pesacted for 24 h at either 1000 °C or 1100 °C,
depending on the incipient melting temperature identified in preliminary experiments.
Sodium aluminate (tech. grade, AA) and potassium silicate:] wt.%Si02:K20, AA)

were useds sources for N® and KO, given the reactive and corrosive nature of pure
sodium and potassium oxides. These compounds are hygroscopic aneéd¢@wposition
temperatures lower than the other oxides. Thus, they were dehydrated at 250 °C, added to
the prereacted CMFAS oxide mixture, ball milled, and dried, followed byrpeetion at
600°C.
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2.1.1.2 Mixed oxidesulfates

For the oxidesulfate mixtures, Ca3 (99%, AO) MgSQ (99.5%, AA), NaSQs (99%,

AO), and KSO: (99+%, AO), were used as feedstock. To avoid decomposition of the
sulfates during the synthesis process, these compounds were dehydrated at 300 °C, mixed
with the prereacted oxides, ball millediried, and then preeacted at 300 °C. Separate
alumina crucibles were used for each of the sulfate feedstock powders during the
dehydration and calcination steps and separate alumina crucibles were used for the oxides

and oxidesulfate mixtures during thare-reaction steps to avoid cressntamination.

2.1.2 Reverse cgrecipitation

Compositions synthesized in the Gd/Y/Yb aluminosilicate garnet stability study and the
candidate multiphase Gd, Y aluminaieconate TBOs were synthesized using the solution
predpitation based reverse @ecipitation method (schematic shownHFigure5). The
solution precipitation synthesis route guarantees more homogenirsg nof the
component elements resulting in very fine, welked powders. Furthermore, reverse
coprecipitation is better suited for mudtation mixtures to ensure homogenous reaction
and precipitatiorf58].

Calibrated
precursor
solutions

Woashed
Centrifugation precipitates

NH,OH

Pyrolyzed
Precipitated Dried powder
hydroxides precipitates

Figure 5: Schematic showing steps involved in reverspreaipitation
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Precursor soluties of tetra ethyl ortho silicate (TEOS 98% purity, Acros Organics) and
high purity nitrates of calcium, magnesium, alumingedolinium yttrium, and ytterbium

(from Alfa Aesar, purity > 99.9% on a metal basis) were prepared in 200 proof éthanol
The ziconium nitrate precursor was prepared in distilled water. All precursor solutions

werecalibrated to determine timeoxide yield.

The precursor solutions were mixedsitoichiometric ratio@nd then added dropwise to
solutions containing excess ammonium hydroxide3@®% Fisher Chemicals) and, in the
compositions containing calcium, ammonium carbonate (for analysis, Acros Organics), to
precipitate hydroxidearbonate mixtures. The ratio ofmeonium hydroxide to
ammonium carbonate for calcium containing compositions was varied depending on the
relative fraction of calcium in the composition to be synthesized. The pH of the reaction
mixture was maintained above 10 during and after the preapitdhe precipitates were
washed with 200 proof ethanalried at 70 , andthencalcinedatl 0 0 0

Additionally, the calcined Y/Gd aluminate zirconate candidate coating materials were ball

milled (25Hz, 4h) using zirconia jars and milling media.
2.2 Heat treatments and CMFAS tests

Different heat treatments were carried out in appropriate furnaces for each of the
experiments detailed in this dissertation. Additional information about the furnaces used is

presented i@ppendix 1

2.2.1 Stability of complex depds

The oxidesulfate deposits were subjected to separate isothermal heat treatments at various
temperatures with 58C increments between 725 °C and 1225 °C to determine the
temperature dependent stability of the mixed oxsdiéate deposits. Separatergades were

used at each temperature to obtain results representing the behavior at that temperature
rather than cumulative behavior. The pure oxide deposits were annealedth fatr 1225 C

as a baseline. Each composition was cold pressed into pel@tsrofdiameter weighing

1 Since TEOS is moisture sensitive, 200 proof ethanol was the preferred solvent to make the precursor
solutions and to wash the precipitatescase of the zirconium nitrate, distilled water was used as the
solvent instead of 200 proof ethanol dudlissolutionchalenges.
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approximately 10@ng. These pellets were placed in individual platinum foil cups within

an alumina boat in a silica furnace tube. The samples were heated to the test temperature
at 10 °C/min, held for 10 h, and cooled at a maximum @&8 °C/min in dry air (< 6 ppm

H20) flowing at 0.2 L/min. A schematic representation of the experimental set up is shown
in Figure 6. Separate furace tubes and alumina boats were used foptine oxideand

oxide 1 sulfate samples, and those with or without Na and K to prevent-cross
contamination. Dehydration heat treatments at “8DQvere used to account for post
synthesis hydration of the sulfateuring storage or handling. In several cases, multiple
pellets of the same deposit were tested to ensure repeatability. The pellet masses were
recorded before and after each heat treatment using a balance with an accutagyraf.+

Each heatreated ample mass was normalized based on ther@ssed sample mass and

to account for mass loss after dehydration at 300 °C.

Additional experiments at 875 °C and 1025 °C to determine the influence of inert or
reducing atmospheres were conducted under argoaiawidh 10ppm S@ Gas flow rates
and heating and cooling rates were kept the same as those for dry air experiments. Results

from these experiments are given in appeidix

To exhaust

Quartz tube

Dry
Air

Figure 6: Schematic diagram of experimental setiged for determining the stability of
complex deposits

2.2.2 Stability and extent of the aluminosilicate garnet phase field
To develop an understanding of the compositional extent and stability of the
aluminosilicate garnet phase, synthesized compositions MHB&AS system were heat
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treated to temperatures of 120Q 1250°C and 1400 with varying dwell timesThe

1400 equilibration temperature wch sel ec
indicatedthat this temperature was between the liquidus and solidus for most compositions,

and therefore gives useful insights into phase equilibria between garnet and the liquid
phaseThe other annealing temperatures were chosen to provide insights into swsolidu
equilibria associated with the garnet phaBeesetemperature are also relevant to the

design of next generation coatin@arnet phase equilibria in the Yb/Gd+CMAS systems

were only studied at 1400 .

Due to inherently sluggish solid state diffusi&imetics, subsolidus studies of the
aluminosilicate garnet phase field in the Y+CMAS system were very challenging.

Additional details of these sets of experiments are writtapgendix 3

Synthesized compositions in the Gd/Y/Yb+CMAS systems were ceksed into 6mm
diameter pellets, annealed at 1400for 100h, and then quenched by extraction from the

hot furnace. Each of these pellets was kept in a separate platinum cup and placed in an
alumina crucible for heat treatment. Additional heat treatmeetts performed to confirm

that the 100h duration was sufficient to reach equilibrium.

2.2.3 Multiphase rare earth aluminate zirconates test coupons

Synthesized compositions were uniaxially pressed intmh3diameter pellets weighing
approximately 25@ng each. Tainter the pellets to the desired density, and to attain the
desired homogenous microstructure, they were then placed in platinum cups in covered
alumina crucibles, annealed at 1500for 50 h with a ramp rate of 2 /min and a cooling

rate of 10 /min. The sintered coupons were then flattened and polished using SiC papers
and diamond lapping films.

2.2.4 CMFAS exposure of rare earth aluminate zirconates test coupons

The deposit compositions experienced by engines in service vary vastly in their amounts
and compsitions. Variations in the deposit compositions directly translate into variations
in their viscosity and crystallization behavior which have a profound effect on the nature
of their reactions with coating materials. To investigate the effect of key paemsuch

as the Ca:Si ratio and the total MgF&*®* and APF* content in the CMFAS deposits on
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the candidate coatings, a set of three CMFAS oxides was used for this study.
C10M5FsA10S70, C15M 12F12A 16545, andCziMoFsA 12543 were chosen as model depositsl

were synthesized using methods detaiteskection 2.1.1.1The flattened and polished test
coupons were exposed to the model CMFAS composifltrssCMFAS powders were
applied to the center of the polished pellet surface by sieving through a diamater
stencil to achieve a with a 15 mg/€areal loadingas shown irFigure 7. The CMFAS
loaded test coupons were placed in a platinum cup in eredalumina crucible, heated

to 1300 at20 /min, then from 1300 to 1400 at10 /min, held at temperature

for 1h and then step cooled to room temperature.

CMFAS applicator lid

Sieve

CMFAS powder ——

(Stencil )
[ Coating coupon |

Deposited
CMFAS
powder

Coating coupon

Figure 7: Schematic diagram showing CMFAS application on coatiatenal coupons
using a 4mm diameter stencil

2.3 Sample characterization

2.3.1 Sample preparation
After heat treatments or CMFAS exposures, the samples were subjected to different

characterization techniques and the sample preparation techniques varied depethding on

characterization technigues used.

In case of the rare earth aluminosilicate garnet study, preliminary phase identification was
performed using powder X Ray Diffraction (XRD). For this method, a portion of each heat

treated sample was powdered usingalumina mortar and pestle. The remaining portion
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was used for microstructure characterization and microanalysis. Sdionoésg a melt

were mounted in epoxy and polished to a 1 um finish using diamond suspensions. The
small number of samples that didtr&how evidence of melting were polished with
diamond lapping films, thermally etched at 14@¥or 3 h and quenched.

To preserve the reaction interface in the CMFAS exposed coating material test coupons,
these were mounted in epoxy, creestioned andhen remounted (schematic shown in
Figure8). The final epoxy pucks were then polished using diamond suspensions to a 1 um
finish.

Unreacted Epoxy mount

material \ /. / \
Reaction/ >‘ 7 é < X
* surfacé /\;Zj / %
Cut ’

: |
plane /

for analysis

N

(4
‘ |3
el 13

| /

“—— Cutting plane —

Figure 8: Schematic showing planes used for crssstioning and analyzing coating
deposit interaction test coupons

To attain semguantitative chemical data using energy dispersive spectroscopy (EDS) on
the mixed oxidesulfate compositions, the &etreated sample pellets were powdered,
dusted in a thin layer onto carbon tape, and coated with carbon.

Specifications of the characterization techniques used in the study are mentioned in the

sections below.

2.3.2 Powder XRD

Powdered, heat treated samples in the rare earth aluminosilicate garnet study were
subjected to standard powder XRD scans. The powders were scanfidakuaMiniflex

600, with a2d range ofl0°to 70° and total scan time 0 mirutes. Phasglentification

was performed using databas€systallography Open Database, MBO0) or XRD scans
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reported in literatureRietveld refinement to determine the garnet lattice parameters was

performed using the MDI JADE 8.0 software.

2.3.3 Electron microscopy anchemical analysis
The microstructures were characterized with backscattesthsg electron microscopy
(BS-SEM- Hitachi SU8230)Contrast and brightness settingsre selectetb clearly show

eachphase.

Where possible,esni-quantitative energy dispeve spectroscopy (ERShermo Noran
System 7 Spectral Imagirag ThermoeNoran Vantage systdmvas used for preliminary
phase identification in th&EM. In some cases, particularly in Yb and Gd containing
systems, where characteristierXys of elements werwithin EDS resolution limits, EDS

was unable to deconvolute those signals and accurately identify elemental compositions.
In these situations, particularly for the aluminosilicate garnet samples and the CMFAS
exposed test coupons, quantitative chemicalysesvereperformed using electron probe
microanalysis with wavelength dispersive spectroscopy (ERNDIS, JEOL JXA
8530FPluy This method is better than EDS at resolving characteristiayXlines.

Additional information about EPMA is given in sectidmsow.

2.3.3.1 EPMA

2.3.3.2 EPMAWDS analyses of rare earth aluminosilicate garnet phase stability
studies in the Gd/Y/Yb+CMAS systems

EPMA, WDS was used to obtain quantitative chemical analyses using a 7 kV accelerating
voltage, 30 nA beam current for the Y+CMAS systamd a 10 kV accelerating voltage,

30 nA beam current for the Gd/Yb+CMAS systems. A focused beam diameter was used in
all cases. Appropriate interference corrections were applied foayXines where

necessary.

For samples in the Y+CMAS system, data \maquired using PETL crystals for ®ay
and Y-Lg TAP for Al-Kg and TAPL for MgKy and SiKg For compositions in the
Gd/Yb+CMAS systems, thBETL crystalwas usedor CaKy TAPL for Al-Kg, Yb-My
and GdMg, TAP for Mg-Kgand SiKg, and LiFLfor Yb-Kgand GdK g Anorthite (NMNH
18



137041), spinel (Taylor, MgADas), YAG (MAC Y3Als012), YbPQu (NMNH 168498,
National Museum of Natural History), GGG (MAC Gadolinium Gallium Garnet), GdPO
(NMNH 168488) forsterite (George Rossman, pMgOs), diopside Taylor, CaMgSiOs)
and aluminum oxide (MM, AD3) were used as standards. Line compounds YbAG
(YbzAl2Al3012) and GAAG GasAl2AI3012) observed in the samples under study were also

used as secondary standards for the analyses.

A total of 10 to 12 spots werselected for analysis of the solution phases (e.g., garnet, glass
and apatite) and 5 to 6 spots were selected for analysis of line compounds (e.g., spinel,
olivine, anorthite). Analysis points were placatithe center of large graimg glassy

regions whichrepresenthe high-temperatureequilibriumeven in cases where there was
microstructure evidence of precipitation during the quench. Additional cross checks were
performed by comparing measurements for glass pools near and fah&arystalline
phases. The line compounds were used as internal standards and their results were within

+ 1 a®b of the expected stoichiometries

2.3.3.3 EPMAWDS analyses of CMFA&®ating material test coupons

CMFAS-coating material test coupons were analyzeith EPMA-WDS quantitative X

ray maps and point scans using JBOL JXA8530FPluset up. To obtain point scans for

both Y and Gd systems, a focused beam diameter was used with conditions of 15kV
accelerating voltage and 30 nA beam current. For acquirsngulntitative Xray maps,

the acceleration voltage was retained at 15kV and the beam current was set at 150nA with

a map pixel size of O0.25e&gm and a dwel | ti
established such that there were at least 4 pixelgra@r to obtain sufficient statistical
confidence in the compositional data per grain. For these data, background intensity
correction was performed using the mean atomic number (MAN) calibration [Gfives

61]. The measurement uncertainty for this mode of data acquisitieBdat%.

Quantitative chemical data for theM-Zr-O TBO-CMFAS interactionsvas acquired
using analyzing crystalslFL for Fe-Kg, PETL for Zr LgandCa Ky, TAP for Al- Kgand
Si- Ky, and TAPLfor Mg- KgandY-Lu To optimize signal to noise ratio whilst staying

within instrument error limits, second order diffraction lines of th&gignal were
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analyzed. For the GAI-Zr-O TBO-CMFAS interactionslLIFL crystal was usetbr Fe-

KyandGd-Ly PETL forZr- LyandCa Ky, TAP forAl- KyandSi- Kg, and TAPL forMg-

Ku The standards were Anorthig&mithsonian InstitutiorNMNH 137041, limenite
(NMNH 96189, Spinel {Taylor, MgALLO4) Orthoclase(Taylor, KAISisOs), Periclase
(Taylor, MgO), Yttrium Aluminum GarnetYAG) (MAC, Y3Als012), Zirconia (MAC,

Zr0o), GAPQ, (NMNH 168488, andGGG: gadolinium gallium garnéMAC).

Data from point analyses was acquired and analyzed using Probe for EPMA software.
Three grains per phase were chosen from different regions coatiagCMFAS reaction

Zone.

Quantitative Xray maps were acquired using Probe Image softwargrpoessed using
Calcimage and analyzed using Surfer (Golden Software). At least 8 maps with different
dimensions were acquired for each coafiigFAS sampleset. Chemical compositions
for individual grains of each phase were obtained by averaging data for each pixel
contained within each grain. Additional details pertaining to quantitative chemical analyses

of coatingCMFAS test coupons are given@hapter 6
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CHAPTER 3: INTRINSIC STABILITY OF COMPLEX DEPOSITS
3.1 Background

There isgrowing evidence that mukcation sulfate ananixed sulfateoxide deposits,
hereafter t er me dthredtenomaterlaledurébilitylacnevo meachamsisms
across a wide range of temperatui@d 65]. Many reports involve deposits containing
CaSQ, whichmay be ingested as gypsum or could form within the engine. Importantly,
CaSQ accelerates alloy oxidation at temperatures above the typie&(Nhot corrosion
regime via react i-A0:TGQ inta & mixtusenof eoprotectivesh e U
calcium aluminatef66]. Accelerated alloy corrosiorak also been observed ingxrvice
hardware in the vicinity of deposits containing a combination of cations including Ca, Al,
Mg, and Si[38,67] Similar effects have been confirmed in laboratory investigations of
alloy oxidation in contact with mixedxide and oxidesulfatechloride deposit$62i 64].
CaSQ has also been implicated the infiltration and stiffening of TBCs operating at
higher temperatur7,52]

Understanding the influence of complex mixed anion, roaition deposits is crucial while
designing materials that can withstand their attack. Thiapteln elucidates the
experimental results that have explored (1) the influence of oxides on the stability of
sulfates, (2) the role of low melting sulfates on thermophysical properties of mixed oxide
sulfate deposits, and (3) the compositions and temperatinges under which it is
important to differentiate between mixed oxsidfate deposits and pure oxibdased
deposits. Results from computational thermodynamics models are used to help explain
possible reaction pathwayBetailed experimental methodsed for this workhave been

presented ilChapter2.

The work presented in these sections has been adapted58pnThe computational
thermodynamicsalculations presented below were performed by Atharva Chikhalikar and
Dr. David Poerschke. Detailed protocols followed for these thermodynamic calculations
have been reported jB6]. This report uses those calculations to draw relevant insights in

context of the experimental results.
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3.2 Selection of representative deposits for study

Eleven representative deposit compositions were selected to provide direct and systematic
comparisons about the role of cation constitution and anion makeup (oxide and sulfate) on
the deposit chalcteristics and reactivity. The three main parameters considered while
defining cation ratios for the mixed deposits were: (i) Ca:Si ratio, which is known to
influence apatite formation during CMAS reactiéril5,51,57,68,69] (ii) total combined

Mg?*, Fe€*?* and APF*content B 0 "0, which are known to influence the melt properties
and diversity in the crystalline reaction prody&td5,70] and (iii) the Naand K" content

(B 0 0) which are important in marine environmenBased on these parametensd
knowledg fromthe CMFAS oxideliterature five mastercation ratiosveredefined able

1, Figure9). The compositiorCsiMoFsA12S43iS based on observations of field hardware

by Borom et al.(1996)[40] and has served as the basis fomynaynthetic laboratory
deposits. @MsFsA10S70 and CooMsFsA10Se0 Were originally defined by Summers et al.
(2018)[71] to explore the effect of reducing the Ca:Si ratio relative $0VigFsA12Ss3.

While keeping the Ca:Si ratio fixedGi1sM12F12A16545 doubles theB 0 "Odrelative to
C20MsFsA10Ss0, and GaN10K1iM11F11A14S40 adds Na and K (B U 0) approximatingthe

Na:K ratio in seawatdi72,73]

Two sets of deposits were synthesized using these 5 cation ratiosefQrmnprises just
oxides (denotedO) and the other set contains mixed oxides and sulfates (desioied

For the mixed) “Ydeposits, C&, Mg?*, Na', and K were added in a 1:2 sulfate-oxide

ratio and the F&*, AI®*, and Si* were added only asmles. This constitution was based
on the relative instability of iron and aluminum sulfates relative to iron and aluminum
oxides and instability of silicon sulfafé4i 76]. Thus, thdatter cations are more likely to

be present as oxides than sulfates in a turbine deposit. Indeed, studieseoviex
shipboard and aircraft engines have identified oxides and sulfate$*oMgg*, Na', and

K* in the deposits whereas ¥eAl**, and $** were present only as oxid§37,52,67]
Anhydrous CaS®was used as a control.
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Tablel: Summary of Mixed Deposit Compositions

B0 "Odor
. Ca:Si o v . T solidus T solicus for
DepositName | B0 "00 0 { Sulfatesin H|
Ratio for k H
(mol%)
C1oMsFsA10S70 0.14 20 CaSQ, MgSQGy | 1186°C 1186°C
Ca0MsFsA 10Ss0 0.33 20 CaSQ, MgSQGy | 1136°C 1177°C
CaiMoFsA 12543 0.72 26 CaSQ, MgSQ: | 1220°C 1136°C
CisM12F12A 16545 0.33 40 CaSQ, MgSQGy | 1186°C 1186°C
CasQ, MgSQ,
C1aN10K1M11F11A 1440 | 0.33 46 1065°C 1065°C
NaSQi, KoSQy
CasQ - 0 CasQ - -

* Corresponds to cation stoichiometry (mol¥%)Ca:5Mg:5Fe:10AI:70Si

® AdiNa K Y MFA(NK)

@ Add Mg, Fe, Al

. Increase
Decrease /i Ca§j

CasSi /&
s =4

v @~ C13N10K;1M11F11A14S40
0, ®-C15M12F12A16S45

®- C31MoF5A (58,3

90,
0.14 033 0.72=CasSi

Si 10 20 30 40 50 60 70

Figure 9: Model deposit compositiongere chosen teary thecation contents to monitor
the effect of the Ca:Si ratio, Mg/, Fe ion content and Na, K ion content.

3.3 Optical analysis of deposit behavior over a temperature range

Figure 10 shows the appearance of the Ca%m@d (" ¥Ysamples apressed and after
representative heat treatments, and of the oxide samples after the 1225 °C heat treatment.
Aside from modest shrinkage, the pellet appearance is unchangedlOpSt¢C. With

increasing temperature, the samples darkened, developed a glossy appearance, and then
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melted. Samples with a glossy appearance while retaining the cylindrical shape are
presumed to have a small melt fraction. More significant morpholodiealges including
spreading or dome formation were ascribed to a larger melt fraction or complete melting.
Compositions C13N10K1M11F11A14S40-0 "Y and C20MsFsA10Ss0-0 “Y showed accelerated
shrinkage beginning at 10P& and 1125 °C, respectively, indicatihgir approach to the
incipient melting temperature. By 1196 the CiaN1oKiM11F11A1480-0"Y
C15M12F12A16545-0 Y and C2oMsFsA 16Ss0-U "¥had melted, an@siMoFsA1:S43-0 "¥Ymelted

by 1225°C. The C1oMsFsA10S70-U “Yshrank significantly and showed indication of initial
melting but retained its pellet shape at 1225 The lower melting onset for
C13N10K1M11F11A14S540-0 "Yis consistent with the presence of the lowesiting Na and K
oxides and sulfates. The trends in relative melting temperature are generally consistent with
the calculated values iffable 1. However, the high experimemtmelting point for
Ca1MoFsA1,S43-0 "Yis more consistent with the calculated for the oxide rather thaih™¥
deposit shown ifTable 1. As confirmed in later results, this behavior suggests that the
sulfate decomposefast enough that th&"¥deposit behaves as though it only contains
oxides after heating to a high temperature. Similar melting behavior was observed for the
oxide samples that, except f@ioMsFsA10S70-O were significantly molten at 1225 °C.
CaSQ showed no change in physical appearance other than densification.
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3.4 Analysis of the mass lost leposits

Each heatreated sample mass was normalized based on {hessed sample mass and

to account for mass loss after dehydration at 300 °C. The results are sHeguraill

The 0 "Ysamples begin to lose mass above 725 °C. The retained mass decreases with
increasing annealing temperature until reaching a plateau corresponding to the expected
mass in the case that the sulfates decompose iatootiesponding oxides. Conversely,

the oxide samples retain their initial mass to 1Z2%®xcept for a small (~2 %) mass loss

for C1aN10K1M11F11A14S40-O. The pure CaS(3s stable below 1075 °C, and even afteh10

at 1225°C the retained mass remains wallove the relative mass corresponding to
complete sulfate decomposition. Based on the collective results, it is reasonable to assume
that the mass loss in thig¥samples is primarily due to sulfate decomposition and SO

volatilization.

The inferred fration of sulfate decomposed in each experimEntas then calculated by
dividing the normalized mass loss by the theoretical mass loss corresponding to complete
sulfate decomposition. The experimental values of the fraction of sulfate decomposed are
shown inFigure12. Experimental uncertainty from the mass measurements arising from
the finite balance precision and modest mass gain due to hydration during sample transfer
and weighing was propagateddhgh this calculation to generate the error bars. Small
deviations abové& = 1 at high temperatures Figure12 are likely due to measurement
uncertanty or unaccounted moisture in the initial samples. The curve figyirel2 are

based on a generalized logistic function

oY )

where the fitting parameters A, B, and C reflect the rate of tempedpendent
accelerated decomposition, the temperature midpoint of the decomposition process, and
the skewness toward faster decomposition at higher temperaturestivespeThe key

observations include:

1. For thed "Ysamples, there is modest sulfate decomposition afterat@25°C and

775°C. Sulfate decomposition accelerates as the temperature increases, and most
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of the sulfate is decomposed after HOat 1073C. Conversely, minimal
decomposition of pure CaS@ccurs in 1th below 107%C, and the CaSQonly
partially decomposes in hGat higher temperatures.

Figure12 (a) compares the results 16ioMsFsA10S70-0 ¥ C20MsF5A 10Se0-0 “Yand
C31MoFsA1,S43-0 Y to illustrate the effect of changing Ca:Si ratio. The three
compositions show similar trend, but the curve for the higher SiMsFsA 10S70-

0 "Ycomposition is shifted to lower temperatures.

Figure 12 (b) shows the effects of changing the MFA(NK) content. The
C1sM12F12A16545-0 "¥ composition shows the broadest temperature range for
decomposition. The accelerated mass loss at lower temperatures could be
associated with the higher fraction of the istsble MgS@compared to CaS{or

as elaborated below, the activation of a reactmathway producing higher
equilibrium gsoxin the initial stages of the reactions.

Adding sodium and potassium oxides and sulfat€sNioK1M11F11A 14840

0 Figure 12 (b)) narrows the temperature range for sulfate decomposition. The
mass is essentially unchanged until 825 with a rapid increase in sulfate
decomposition at higher temperatures. However, the results for this composition
reach a plateau slightly belo®(T) = 1 at higher temperatures. The implication is

that a small fraction (5 to 10%) of the sulfate is retained even at higher temperatures.
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Figure 12 Fraction of sulfate in deposit decomposed to oxides after 10 h isothermal
anneals in dry air at each temperature, calculated assuming that all mass loss above 300
°C is attributed sulfate decomposition. The effects of changing the @di& are
illustrated in (a) while the effect of increasing the MFA(NK) content is illustrated in (b).
Data for pure CaS® and CaMsFsA1050-0 "¥samples are shown in both panels for
comparison.

EDS was used to confirm that sulfur was removed fronatimealed samples. Portions of

the spectra in the vicinity of the sulfr W energy (2.307 keV) are shownfigure13 for

the assynthesized oxide ang¥samplesKFigure13 (a-e)), and CaS@(Figure13 (f), with

Ca0), and the 1125 °C heat treated samples. Priolotobng, the EDS spectra were
normalized to the intensifory ¥soaf mptlhees parnidmaQ ay
for CaSQ, and scaled to pr oupeskistensity Haclvaditheeas t | ni
synthesized (before) sulfatentaining sampe s h o ws  apeakl Teeanixed®xidé U
samples (but not pure CaO) do not have intensity aboverdra€trahlungtt 2.307 keV

but do have a low intensity peak near 2.26 keV. This intensity is thought to originate as a
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secondary signal generated by $i®ut by sulfur. The spectra for all the 11250"Y
samples excemisN10K1M11F11A14S40-0 “Yivere nearly coincident with the corresponding
oxide curves, confirming that the sulfur had been eliminated. A small residual intensity
around 2.30keV for C13N10K1M11F11A14540-0 "Ysuggests that a small fraction of sulfur
remains. For CaSQ t h epeaB deétdases slightly after heat treatment at 1125 °C but
a significant fraction of the sulfur remains. This se@muantitative EDS data aligns well
with the retained mass data, which showed that the 112% YGamples except
C13N10K 1M11F11A14S40-0 “¥6hauld have lost all of their sulfate, ti&aN10K1M11F11A14S0-

0 ¥should have a small fraction of retained sulfate, and the £s&@ple should contain
~90% of the original sulfate.

—— OS (before) ——- OS (after 1125 °C)  ------ Oxides
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Figure 13: EDS spectra in the vicinity afulfur-K W characteristic energy for the as
synthesized and 1128 0§ Ysampled and the corresponding oxide sample.

3.5 Discussion
3.5.1 Reaction pathways for sulfate decomposition

The first calculations compared individual sigactions involved in sulfate decoogition
in complex depositgrigure14(a) shows the qa» for the decomposition of the individual
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pure sulfates. At 102%C the relatively high gz for MgSQs decomposition (0.3 atm) limits
the transporbased kinetic mdrance for MgS@decomposition. Thegae above CaS®is
considerably lower (3 x 10atm), consistent with the limited decomposition observed at
this temperature. The decompositiaagfor NeeSOy and K:SQq is even lower, suggesting

that these sulfates are unlikely to decompose if retained in the condensed deposit at this

temperature.
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(@) <00 : ; O >
K,SO, Na,SO, CaSO, _ MgSOq
by <3 @ @0 -0
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C) 4—0—”—“—0—0—)
102 3R 100
C31MgF5A13S43-08 %Y ~CysMypFpA468,5-0S
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Figure 14: Equilibrium partial pressure of S(pso2 for decomposition of sulfates at 1025
°C in dry air.(a) The wide decompositiorsgprange for the pure sulfates increases (foy
reactions involving other oxide3hepsoz range narrows for(c) the mixedoxide sulfate
deposits stuéd experimentally

Figurel4(b) shows the equilibriumspge for reactions between specific sulfates and oxides
in equimolar ratios. In each case, the» above the decomposing sulfate increases
compared to the pure sulfaiéhe magnitudéor the increase when adding oxides to CaSO
is significantly greater than when adding oxides (e.g.2)3®MgSQ, given that the latter
already has a high equilibriumsg®. Reacting CaSPwith Al>Osz or SiQ at 1025°C
increases thespoby approximately 2.5 or 3.5 orders of magnitude due to the driving force
to form CaAbO4 or CaSIiQ, respectively. Adding BE&z with SiO; increases gp2slightly

for reactions forming calcium ferro silicates (CFS) likefk&SizO12. Adding MgOalong

with SiO; has a more pronounced effect in increasing te& py forming calcium
magnesium silicates (CMS), CaMgSi. The o2 above CaS@at 1025 °C is highest
when AbOs and SiQ are both added, stabilizing the calcium aluminulicage (CAS)
anorthite, CaAdSi-Og. One implication is that the decomposition rate would be maximized
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for deposits containing sufficient quantities of multiple oxide reactants to convert the
sulfate into a mixture of ternary silicates. However, the cotaptensumption of one

reactant could then significantly reduce tkepfas the decompositions proceed.

Figure 14(c) shows the initial 2 abovel "Ydeposits studied experimentally at 1025

They are significantly igher than pure CaSO(consistent with the fastet™¥
decomposition) and cluster near the center of the range for the individual binary and ternary
reactions shown ifrigure14(b). The gozfor the individual deposits spans approximately

an order of magnitude, and the relative positions are generally consistent with the rate of

decomposition observed in the experiments.
3.5.2 Influence of cations on sulfate decomposition rate

The fraction of sulfee retained as shown ifigure 12 along with insights from
computational thermodynamics shown kigure 14 demonstrate that specific reaction
pathways influence the overall stability of these mixed osidéate, multication deposits

and that relative compositions of certain compounds are respongilitegfering these
reaction pathways. Between tBeoMsFsA10S70-0 "¥and C2oMsFsA10Ssc-U Y which differ

only in Ca:Si ratio, it is evident that a higher Ca:Si ratio slows the sulfate decomposition
due to the reduced availability of Si@s a reactant. @aparing the decomposition trend

of C1sM12F12A16545-0 "Yand C2oMsFsA 10Ss0-U Y which differ only inB 0 "0¢ shows how

the secondary cations can accelerate sulfate decomposition. The sulfate retained in the
liquid formed in theC13N10K1M11F11A14S40-0 “¥persists at higher temperatures. If most of

the sulfate content decomposes under engine operating conditiers,would be an
absence of sulfate content adjacent to the alloy. However, it is also important to consider
that if there is a high concentration of sulfate coming in, there could be instances during
the engine operation when the sulfate decompositechanisms could result in very high
psozin the vicinity of the alloy. It is therefore important to also consider the transient nature

of sulfate decomposition causing local variationpss.

So, if engines are operating in environments which are gypstirthe sulfate is likely to
persist up to higher temperatures and for longer time durations. The persistent sulfate

content could then accelerate the hot corrosion of alloy components. Furthermore, if
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operating conditions include high concentration @frime salts, the presence of sodium

and potassium sulfates would drive the formation of sulfate based ionic liquids with the
sulfate content retained at higher temperatures. This would also expand the temperature
range where alloy hot corrosion is an aetimechanism. On the other hand, in
environments where ingested debris is silica rich, as is the case for volcanic ashes and
desert sands, it is likely that reaction pathways accelerating sulfate decomposition into
oxide mixtures would be active leading nwore traditional oxiddased attack of alloy
component. Thus, there are critical concentrations of calcium sulfate and other oxides that
would determine whether or not sulfate decomposition occurs. This provides us with a

framework for testing new matersaagainst deposit attack.
3.6 Conclusions

In this work, a mechanistic understanding of the factors influencing the intrinsic stability

of complex, mixed oxidsulfate deposits has been studied.
Some key conclusions of this study are as follows:

1. Overall conposition of the deposit is critical in determining the overall intrinsic
stability of the deposit and the rate of sulfate decomposition. The presence of
mixed oxides leads to rapid decomposition of the sulfate in the deposit by forming

reaction products wh highpsce.

2. Deposits with high Ca:Si ratios tend to have slower sulfate decomposition rates
with pure CaS®@showing the most sluggish decomposition.

3. Decomposition of sulfate in deposit compositions with higher Mg, Fe, and Al
content is quickened by atteate reaction pathways which form CAS, CMS, and
CFS products with higpsce.

4. The presence of Nand K ions in the deposits tends to form low melting mixtures

with sulfate solubility. This slows down the overall rate of sulfate decomposition.
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CHAPTER 4: STABILITY OF THE RARE EARTH ALUMINOSILICATE
GARNET PHASE IN THE Gd/Y/Yb+CMAS SYSTEM

4.1 Background

The compositional flexibility of garnet has been harnessed in a variety of scientific and
technical applications. Silicate garnets like pyrope MgSizO12), grossular
(CaAl2Siz012), and their solid solutions have been studied for their pefioimportance
[77,78] Rare earth (RE) aluminate, gallate, and ferrite garnets, eAsM2 (YAG) and

Y 3Fes012 (YIG), exhibit useful optical and magnetic properties that are used in lasers, solid
state lighting, and data transmission and storage applicaién82]. YAG and related

RE aluminatesare also candidate thermal and environmental barrier coating (TBC and
EBC) materials that could enable the development of turbine engines capable of operating
at highertemperaturefl 2,43,83]

Knowledge about the garnet crystal chemistry and the extent of solid solutions enabled by
cation substitutions is important for each of these applications. Prior efforts to understand
phase equilibria involving garnet have focused primarily on the bimalyesnary systems
relevant to doping the pure endmembé¢Bdi 86], or on the higkpressure phase

relationships in the silicate garnets relevant to geological applicdfidr&s]

More recently, a need to understand the stability of garnet in systems with mixed oxyanions
(i.e. silicatealuminateferrite garnets) haswerged as part of a larger effort to understand
and mitigate the degradation of T/EBCs caused by molten silicate deposits.

CMAS deposits containing larger fractions of MgO,®eandAl >0z appear to promote

the formation of aluminosilicate garnet solid wgans at the expense of apatite

crystallization, particularly for coatings based on the smaller RE cations (e3gqrv¥6,

compared to G Nd®*, or L&") [15,43 46,49 51,53,55,68] Interactions of titania and

iron oxiderich CMAS with YSZ coatings has shown the formation of kimzeyite type

garnetd37,52] There is evidence that the shift from apatite formation to garnet formation

negativelyaffectscoating durabilitydue to slower crystallization iketics (for TBCs) or

the generation of proportionally larger volume of the @iiiEmatched phases per mole of

coating dissolved (for EB(45,28,71] Despite the apparent importance of the garnet
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phase for the performance of REntaining T/EBCs, little is known about the extent of
possible garnet solid solution stoichiometries or the detdittutahow the deposit
composition impacts the transition between apatited garneforming reactions. The
prospective development of niuphase T/EBCs containing aluminates for improved
phase stability and toughnd4£] further motivates the need to understand the formation
of aluminosilicate garnets given that dissolution of these coatings into CMAS deposits

would contribute additional Afto promote garnet formatids,43].

This chapter documents how the theoretical extent of the garnet phase field was established
using crystal chemistry and charge neutrality constraints, which samples were synthesized
and studied, and how the quantitative chemianalyses gave insights into the
compositional extent of the garnet phase along with details about cation partitioning into
different crystallographic sites. These results appear in published grtic/gg]and some

sections in this chapter were adapted from these works.

Although this report isestricted to the Gd/Y/Yb+CMAS systethlays a solid foundation
for future work that could consider additional ions. For example, the ingested debris
contains significant amounts of iron, in addition to trace amounts of other elements like

titanium.

This chapter documents how the theoretical extent of the garnet phaseaBaldtablished

using crystal chemistry and charge neutrality constraints, which samples were synthesized
and studied, and how the quantitative chemical analyses gave insights into the
compositional extent of the garnet phase along with details about gatititioning into
different crystallographic sites. These results appear in published gric/g8g]and some

sectbns in this chapter were adapted from these works.

Although this report is restricted to the Gd/Y/Yb+CMAS system, it lays a solid foundation
for future work that could consider additional ions. For example, the ingested debris
contains significant amountd iron, in addition to trace amounts of other elements like

titanium.

This chapter will focus on results from experiments conducted at 1400 °C where most
samples showed the formation of liquid and in samples that stayed subsolidus, the high
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temperaturensured sufficiently fast diffusion kinetics to allow for overall homogeneity in
the samples. Grain sizes of individual phases were large enough to allow for precise

guantitative chemical analyses using EDS and EPMA.

It is also important to understancetitability of the garnet phase in subsolidus systems.
However, due to the slow diffusion kinetics of sedigte diffusion, it was challenging to
obtain homogenous samples at lower temperatures. These efforts are highlighted in

appendix 3

Given the impaance of ¥based TBC and EBC materials including YSzZ¥0:2 (and

related solid solutions), 26207, Y2SiOs, and Y-aluminates, garnet phase stability was first
studied in the Y+CMAS system. The data from this quinary system was then used to
provide a baeline for to choose specific compositions for study in the Gd/Yb+EMA
systems to understand the effects of changes in the RE cation on the stability of the garnet

phase.

4.2 Garnet phase crystal chemistry and theoretical extent of the garnet phase

. ¢ v s Sy ’ o ®
Site A (Dodecahedral) Site B (Octahedral) Site T (Tetrahedral)

Figure 15: Schematic representation of the different oxygen coordinated cation sites in the
garnet structure

The garnet crystal structure is cubiogd@and can be representedfa8,T:01ow h e Ade, 6
a@o , aon dr edpthrez sryestallbgraphically distinct cationic sites. As illustrated in
Figure 15, the dodecahedral sité)(is largest and is coordinated by 8 oxygen atohes, t
octahedral siteR) has a coordination number of 6, and the tetrahedralBiie émallest

with a coordination number of 4. The large range in the size of these sites enables a variety

of ions to be incorporated into the garnet structure.
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To help setup the theoretical extent of the garnet phase fieldARE is used as the
prototypical garnet endmember. In &, the dodecahedral site is occupied by Riad

the octahedral and tetrahedral sites are occupied ByiA. REAIAlzO012. The silicate
endmembers include grossular @&Siz012) and pyrope (MgAl2SisO12). In case of the
Y+CMAs system, an additional endmember menzefit€Y .CaM@Siz012) is also
known[87] YAG, pyrope, and grossular have been described as isolated end members in
thermodynamic databases, e.g., The@ac TCOX9J88] and FactSage FTox[89]
Extended solid solutions between grossular and pyrope have been studied in geologic
sampleg90,91] but there is no evidence that these endmembers or their solid solutions
form at ambient pressuf@2i 94] The extent of solubility between rare earth aluminate
garnets and the alkali earth silicate garnets has not been studied, but the existence of the
menzerite endmember and the observations of garnet formation in dMWES
systemfb,15,43,49kuggests the existence of a solid solution betweeA®EANd silicate

garnets

Table 2 lists the ionic radii for the cations in the Gd/Y/Yb + CMAS system for the
coordination numbers corresponding to the garnet struf@&r86] Information about

geol ogical garnets and Paulingbs rul es wer
in each site in the garnet structure. This analysis suggestREfatnd C&* can ony

occupy the dodecahedral site, Mganoccupy the dodecahedral and octahedral sités, Al

can occupy the octahedral and tetrahedral sites dh@a8i only occupy the tetrahedral

site.

Using REAG as the starting endmember, this understanding of the garnet crystal chemistry
was used to define the theoretical extent of the garnet homogeneity range. Given that there
is no evidence for deviations from the nominal oxygen stoichiometryagssmed that

any cationic substitutions must either be isovalent or involve coupled substitutions, e.g.,
c&* for REX* combined with A* for Si**, to maintain charge neutrality. Substitutions of

Ca* or Mg?* for REZ" in the A site (with concomitant subigitions of Sf* for Al®*ions in

theTsi t e) wh Bd ef dlelayw i maft gépeiate the joins betweeh RS,

grossular, and pyrope shownHigurel6 (a). Based on the imposed oxygen stoichiometry
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constraint, the allowed composition range is restricted to the shaded plagereil6 (a),
which is represented on the Gibbs trianglEigurel6 (b) using two composition variables

6x6 and 6yd6 according to Equation 1.
(REzxyCaMgy)(Al2)(Al 3y Six+y)O12 1)

In this formulation, the composition is constrainedsto w o since there are only three
availableA andT sites per formula unit. The endmembers-RE, grossular, and pyrope

are represented by the coordinates (0,0), (3,0), and (0,3), respectively. An additional
compositiozalcanatihaml é ed i n? substdution odAf* ino cap't
theB site according to:

(R EsxyCaM gy) (Al 22M gz) (Al 3xyzS ix+y+z) O12 (2)

This formula is constrained tm & ¢ based on the tw8 sites per formula unit, and

W O «a ogiven the three availablEsites per formula unit for charge compensating
substitutions oSi** for Al®*. These boundary conditions set the limits on the theoretical
range of the garnet solid solution in the RE + CMAS system, which is shdvigure16

(c). In this figure, the »axis extending from RRAG at (0,0,0) to grossular at (3,0,0)
represents the allowed Mgee compositions, they-z plane represents deee
compositions, and the remainder of the volume represents compositions containing both
Ca andMg.

Table2: Typical cationic site occupancies in apatite and garnet phases formed in T/EBC
CMAS interactions. Cations listed in parenthesis are beyond the scope of this study.

Phase 606ADd si 60BO6 sit 6TO si
Apatite:
RE, C&*, Mg?* RE, (Zr*) Sit*
[A2Bg(TO4)sO2]
Garnet RE*, C&*, Mg?*, Mg, Al (Fé, Al3*, Si
[A3B2T3017] (Fez+) Ti%, Zr4+) (Fngr)
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4.3 Stability of the aluminosilicate garnet phase and silicate apatite phase as

documented in literature

RE;Al;04,
0.96 ~ Ca,REg(Si0,)s0,
I == REg 33(Si04)60
I (o) Lu3+
) Yb3+
1.00 }
B ® Y3+
< 104}
(e 0]
] 3+
L. ® A Cd
()
S
§ 1.08 | ® A Sm*
P
= L
O
= . A Nd3+
1.12 oA P

1.16 } QA  La3

Figure 17: Stability of silicate apatite and aluminate garnets at 1400 °C as a function of
RE cation radius. Filled symbols indicate that the phase is stable, open symbols indicate
inconsistent evidence in the literature, and the absence of the symbol indicates that the
phase is not reported to be stable

Initial insight into the relative stabilitpf apatite and garnet is gained by examining the
endmembers RE{SiO1)eO (the apatite terminus in the RE&SBIO, binary),
CaREs(Si0)s02 (the vacancyfree nominal apatite stoichiometry), and REO:2 (the
rare earth aluminate garnet, fA&). These have been studied in a variety of contexts
including nuclear waste immobilizatiof®7] solid oxide fuel cells and sensors, phosphors,
and laser technology 9i 81,98] and for their petrologic and geochronologic importance
[99,100] Data from the REQs-SiO [1017 104] and AlOL5-REQOL 5 [31,105 115] binary

systems, studies into apatite crystal chemi&ry98,116 119]for calcium containing rare
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earth apatite stability, and the literature on T/EBRIAS interaction$5,51,120,121\ere

used to infer the stability of the endmembers at X400The results are plotted Fgure

17 as a function of the-&Id coordinated RE ion radi®6]. With increasing RE ion radius,
the stability of the Gdree apatite increases while that of the pure aluminate garnet
endmember decreases. Thed@ataining apatite endmember is stable for most RE oxides,
but RE cation partition coefficients geological samples suggests a preference for the RE to
enter the garnet phase for the smaller RE cafiohls These observations hint at a strong
dependence of the rare earth i@dius on the stability of apatite and garnet phases. The
transition in their relative stability appears to occur over the RE cation size range
encompassing Y, Y3, and Gd*, which are selected as the focus for the present
investigation. Additionallythese three cations are arguably the most important for state
of-the-art TBC and EBC compositions.

4.4 Specific research questions answered through these experiments

A set of 29 compositions as markedHigure 18 was chosen for study in the Y+CMAS
system. Data from these compositions was used to address the following questions related
to the stability of the garnet phase in the Y+CMAS system at abyimessure:

i) What are the maximum solubilities and relative partitioning ét&a Mg in the
A site considering that Gais roughly 10% larger and Mgis 12% smaller than
Y3*in 8-fold coordination?

i)  What is the relative tendency for Kfgo partitioninto A vs. B given that Md" is
observed in th® site in many geologic garnets, but Mis 35% larger than Af
in 6-fold coordination?

i)  What combination of alkaline earth (AE) substitutions maximizes tHs@&ubility
in the garnet crystal structure?

Using the understanding gleaned from the Y+CMAS study, a set of 8 compositions
annotated ifrigurel8waschosen in each of the Gd+CMAS and Yb+CMAS systems. The
following questions pertaining to the stability of the silicate garnet and silicate apatite

phases in the RE+CMAS system were answered:
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i)  How significant is the influence of the RE ion radius on themmsitional extent
of garnet phase given that ¥is roughly 3% smaller and &ds roughly 3% larger

than ¥¥* in the 8fold coordination site of the garnet crystal structure?

i)  To what degree do structural distortions caused by changes in the RE caion siz
affect the solubilities and partitioning of other cations in the different cationic sites

of silicate garnets?

iii)  How does the rare earth ion radius influence the relative stability of the garnet and

apatite phases?

iv)  How do the C&" Si** ratios and the carentration of A} influence the equilibria

between apatite and garnet?

e Y+CMAS garnets z=2 0’2)

@ Gd/Y/Yb+CMAS garnets

Volume of
constant
oxygen

(3,0,0) (RE3-x-yCaxMay)(Al2-zMgz)(Al3-x-y-zSix+y+2)012 (0,3,0)
CazAL,Si;0;, Mg3ALSisO

Figure 18: Compositions studied in the Y+CMAS and Gd/Yb+CMAS systems have been

marked on the theoretical volume diagram

4.5 Compositions studied in the Gd/Y/YbMAS systems

Of the 29 compositions chosen for study in the Y+CMAS system, a majority represent
equally spaced coordinates within the theoretical extent of the garnet homogeneity range
shown inFigurel6(c). The preliminary results were used to select additional compositions

within the Y+CMAS system to refine the assessment of the garnet stability Taide7
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summarizes all the compositions studied in the Y+CMAs system. Compositions
highlighted in bold were also studied in the Gd/Yb+CMAS systems.

The compositions selected to study garnet stabitityhe Yb and GACMAS systems
delineate the boundary of the aluminosilicate garnet phase field in@dAS system at
1400°C. These compositions proved sufficient to understand the relevant equilibria in both
systems. Most of the chosen compositiongtin 25 mol% SiQ (x + y + z = 2), with
varying concentrations of the other catiodsvo additional MgQrich compositions
((0,0.5,2), (0,1,2)) were studied to elucidate the influence of My apatite and garnet
stability. The pure aluminate garnet endmembéysAlAl3012 and GdAI2AlIzO12 were
synthesized and studied to confirm their stability at 1400

4.6 Assigning garnet stoichiometries and site occupancies

The cation site assignments Trable 2 were used to infer the site occupancies of the
equilibrium garnet phases based on their measured compositions. This analysis assumes
thatvacan@s and i nterstitials dondét play a sig
in the solid solution stoichiometries. As elaborated in the discussion, the results support
this assumption given that the deviation from the nominal oxygen stoichiometties in
measured compositions are within the confidence bounds for the EPMA tecHriigtie

the normalized cation atomic percentages (cav&se converted to a number of atoms per
formula unit based on the 8 cation sites per formula unit. Then,*alW&ie assigned to

the T sites given that $i can only occupy th& sites. The empty sites were then filled

with Al®* before assigning the remaining®Ato theB sites. M@+ was apportioned to first

fill the remainder of thdB sites and then to begin til the A sites. C&" and ¥8*, which

can only occupy tha site, were then assigned to the remaifvgites.

Several crosshecks were performed to confirm the preliminary site assignments. First, it
was confirmed that the sum of £aY3* and Mg* assigned to thA sites was equal to three
atoms per formula unit. Second, the number of* Ah the B site for the Mgfree
compositions was confirmed to equal 2. Finally, the oxygen stoichiometry calculated based
on the cations present was compared &ahticipated stoichiometry of 12 oxygens per

formula unit. Each of these cross checks yielded differences of less than 1% between the
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expected and observed values, giving high confidence in the accuracy of the compositional

analysis and site occupancy igesnents.
4.7 Overall phase equilibria observations

For samples in all three systems, equilibrium phases were identified based on the XRD
analyses and microstructural and chemical data was obtained frorESEMINd EPMA
analyses. Key observations about ougpalase equilibria occurring in each of the three
systems have been presented below followed by more specific details of the observed phase
relationships and the trends in the corresponding equilibrium garnet and apatite
compositions. Powder XRD data andSB micrographs are have been shown for
representative samples in the Y+CMAS systeigyre19) and for all the studied samples

in the Gd/Yb+CMAS systen(Figure 20). In both figures, the XRD spectra were
normalized to the strongest reflection.

Table3: Designations and enashember formulae for observed phases

Phase name Stoichiometry Abbreviation
Corundum Al203 Cor.
Anorthite CaAlSiOs An.
Apatite (Ca,MgpREsSisO26 Ap.
Garnet A3B2T3012 G.
Liquid L.
Melilite (Gehlenite) CaAlSiO; Mel.
Olivine Mg2SiOs Oli.
Spinel MgAI 204 Sp.
Yttrium aluminum monoclinic Y 4Al 2009 YAM
Yttrium disilicate Y 2SOy YDS
Yttrium monosilicate Y 2SiOs YMS
Pyroxene MgSiOs Px.
Ytterbium disilicate Yb2SiO7 YbDS
Ytterbium monosilicate Yb2SiOs YbMS
Gadolinium aluminunperovskite GdAIO3 GdAP
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Table4: Summary of the observed equilibrium phase assemblages

Observed Phase List

ID Coordinate
Yb Y Gd
1 RE-(0,0,0) G G G, GdAP, Al
2  RE-(0.5,0,0) G, YAMA
3 RE- (1,0,0) G, An, Ap
4  RE-(1.5,0,0) G, Mel, L
5 RE- (2,0,0) G, L G, L Ap, L, Mel
6 RE- (3,0,0) L
7 RE- (0,0.5,0) G, Cor, L
8 RE- (0,1,0) G, Sp, L
9 RE-(0,1.5,0) G, Sp, L
10  RE-(0,2,0) G, Sp, L G, Sp, L Sp, L
11  RE-(0,3,0) Sp, Oli, L, Px*
12 RE-(0.5,0.5,0) G, Sp, L
13  RE-(1,1,0) G, Sp, L G, Sp, L Ap, Sp, L
14 RE-(1.5,1.5,0) L
15  RE-(0,0,1) G, YMS
16 RE-(0.5,0,1) G, Sp, Ap, L
17  RE-(1,0,1) G, Sp, Ap, L
18 RE-(1.5,0,1) Sp, Ap, L
19 RE (2,0,1) Ap, L
20 RE-(0,1,1) G, Sp, L
21 RE-(0,1.5,1) G, Oli, L
22  RE-(0,2,1) oli, L
23 RE-(0.5,0.5,1) G, L G, Sp, Ap, L Ap, Sp, L
24  RE-(1,1,1) Ap, L
25  RE-(0,0,2) G, YbMS G, YMS Ap, Oli
26  RE-(1,0,2) Oli, Ap, L
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27 RE-(0,0.52) G, YbMS, YbDS,Oli G, Oli, Ap, L Ap, Oli, L

28  RE-(0,1,2) YbMS, YbDS, Oli  Oli, Ap, YDS Ap, L, Oli

29 RE-(0.5,0.5,2) Oli, Ap, L

* The microstructure and subsequent testing with other heat treatment conditions suggests that the
pyroxene in this sample was formed on cooling amsbisan equilibrium phase.
A Grains of YAM were very small and the exact

characterization limitations
4.7.1 Y+CMAS system
i) Garnet was observed for all samples definedwbyw & ¢ but only sample
(0,0,0) (correspading to the YAG endmember) formed single phase garnet.
i) Most ofthe samples formed a liquid at 1400 °C.
iii) Nearly all Mgcontaining samples exhibited either spinel or olivine as a secondary
phase.
iv) Apatite was observed in a smaller subset of samples. Iplesigontaining only Mg
or Ca, the measured compositions corresponded to close to the nominal
stoichiometries of MgREsSisO26[122] or CaREsSisO2. The apatite formed in

samples containing both Mg and Ca incorporated little Mg.
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Figure 19: XRD and BSSEM microstructure data of representative equilibrium phase
assemblages. The XRD patterns were normalized to the strongest reflection; intensities
extending beyond the plot scale are represented with line breaks(//).
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Table5: Summary of equilibrium garnet compositions in Y/Yb+CMAS systems

Equilibrium garnet stoichiometry (EPMA)

D Sample Y+CMAS system Yb+CMAS system

1 RE-(0,0,0) (Y3.09 (Al 1.96) (Al 3.00012.00 (Yb2.99)(Al 1.99) (Al 3.00O11.98

2 RE-(0.5,0,0) (Y2.50Ca0.49) (Al 2.01) (Al 2.46Si0.51) O12.01

3 RE- (1,0,0) (Y2.25Ca0.76) (Al 1.99) (Al 2.26S1i0.74) O11.99

4 RE-(1.5,0,0) (Y2.1Ca.89) (Al 1.99) (Al 2.15S1i0.88) O12.00

5 RE- (2,0,0) (Y 2.14Ca.86) (Al 2.00) (Al 2.155i0.85) O11.99 (Yb2.11C&.92) (Al 1.97) (Al 2.04S10.96) O12.02

7 RE-(0,0.5,0) (Y 2.62MQo.39) (Al 1.88VIg0.12) (Al 2.46S10.39) O12.01

8 RE- (0,1,0) (Y 2.49MQo.55) (Al 1.81MJ0.19) (Al 2.22Si0.78) O12.02

9 RE-(0,1.5,0) (Y 2.40MQgo.60) (Al 1.7Mg0.30) (Al 2.08Si0.92) O12.01

10 RE-(0,2,0) (Y 2.2dM100.74) (Al 1.26Mgo.74) (Al 1.54Si1.46) O11.99 (Yb2.04Mdo.96) (Al 1.53VIg0.47) (Al 1.49Si1.51)O12.04
12 RE-(0.5,0.5,0) (Y2.31Ca&.39Mgo.30)(Al 1.99Mg0.09)(Al2.2:Si0.78)O12.00

13 RE(1,1,0) (Y2.16C.54MQ0.28) (Al 1.72M90.28) (Al 1.90Si1.10)O12.00  (YD2.14C&0.54MJo0.32) (Al 1.6dV1Q0.32) (Al 1.80Si1.20)O12.01
15 RE-(0,0,1) (Y'3.00) (Al 1.03Mg0.96) (Al 2.04S10.96) O12.00

16 RE-(0.5,0,1) (Y25%C&@.44MQ0.03)(Al1.00Mg1.00)(Al1.565i1.44)O11.08

17 RE-(1,0,1) (Y2.17C&.62M7o0.20) (Al 1.41Mgo.59) (Al 1.61Si1.39)O11.99

20 RE-(0,1,1) (Y 2.33Mgo.65) (Al 0.8aVIg1.16) (Al 1.15511.85) O12.02

21 RE-(0,1.5,1) (Y 2.30MI00.64) (Al 0.66M101.39) (Al 1.06Si1.94)O11.08

23 RE-(0.5,0.5,1) (Y22dCa.30Mgo.40)(Al0.7dV101.22)(Al1.07S11.99O12.00  (Yb2.22C&.42MJ0.36) (Al 0.90MJ1.10) (Al 1.04S11.95)O12.03
25 RE-(0,0,2) (Y 2.9V1g0.04) (Al 0.0dVIg1.91) (Al 1.05S11.95) O12.00 (Yb2.76Mgo.24) (Al 0.23M101.76) (Al 0.89Si2.11) O12.05
27 RE-(0,0.5,2) (Y 2.49M1go.55) (Al 0.38VIg1.62) (Al 0.84S12.16) O11.99 (Yb2.34Mgo.66) (Al 0.13MQ1.87) (Al 0.36Si2.62) O12.04
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4.7.2 Yb+CMAS system

Seven of the 8 compositions form garnet phadd@d°C. The equilibrium garnet
stoichiometries inferred from the EPMA data are reporte@ainle5. The only

composi i on t hat di dgrdatersificacomentgigr @wedt chad

I. The apatite phase was not observed in any of thR€EMBAS samples

iii. Half of the samples stayed below the solidus and the other half showed melt

formation

Most of the compositions containing MgO formed spinel or olivine in equilibrium
with the other phases. Those with a comparatively higher MgO concentration

formed olivine.

The aluminate end member ((0,0;0YbsAl2Al3012) formed essentially single
phase ganet; scattered grains of a ¥izh phase suggest a small deviation of the

synthesized composition from the intended bulk stoichiometry.

4.7.3 Gd+CMAS system

The garnet phase was only observed for-(G6,0), the pure aluminate

endmember. Garnet was not formadany of the silicacontaining samples.

Every sample except G@,0,0) and G€0,2,0) formed apatiteT@ble 6). For
samples containing both Ca and Mg ions, the spatintained significantly more
Ca&*than M¢". Silicate apatites closely aligned with the nominal stoichiometries
of CaREsSisO260r Mg:REsSisO26 for samples containing only €zor only Mg

as the AE ions.

Six of the 8 samples partially melted18t00°C. In most cases the liquid was
quenched as a glass, WBtH(0,1,2) showed fine crystallites in the melt pools
(Figure20).

iv. All the magnesiurtontaining samples formed either spinel or olivine at

equilibrium.
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Overall, Y/Yb+CMAS systems showed equilibrium garnet formatiob4@0°C. Except

for the pure aluminate garnet entember, compositions studied in the Gd+CMAS system

did not form garnet. Subsequent sections outline results specific to the garnet phase formed
in the Yb/Y+CMAS systems.

Table6: Equilibrium apatitestoichiometries for th&d systemsneasured by EPMA.

Composition

ID Sample

CaO MgO AIO15 SIiO; GdOs1s
2 Gd(2,0,0) 13.2 - 04 373 490
4 Gd(1,1,0) 124 04 0.2 374 497
5 Gd-(0.5,0.5,1) 9.9 2.8 0.2 374 499
6 Gd(0,0,2) -- 9.0 4.3 33.6 53.1
7 Gd-(0,0.5,2) -- 12.2 0.6 36.7 50.5
8 Gd(0,1,2) -- 12.5 - 375 501
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Figure 20: XRD plots and BSE micrographs depicting equilibrium phase assemblages for
compositions studied in the Yb and Gd + CMAS systems. All XRD data was normalized
to the strongest reflection and line breaks igfresent peaks with intensities extending
beyond the scale
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4.8 Y+CMAS system

4.8.1 Mg free samples

The xaxis (with y = z = 0) irfFigure16 (c) represents sample compositions havingf @a
their A site without M@ in either theA or theB sites. Microstructures for each sample
along this axis are shown Figure21. The fractions of garnet and liquid decrease and
increase, respectively, with increasing Ca (and Si) concentration in the sample
compositions. The composition cesponding to the grossular endmember, (3,0,0), forms
a singlephase liquid at 1400 °C. The equilibrium garnet stoichiometries calculated from
EPMA data show a shift in stoichiometry towards YAG, i.e. the (0,0,0) end of the axis.
The equilibrium garnet conagitions for the samples (2,0,0) and (1.5,0,0) are similar,
suggesting that the €asolubility limit in the A site is 11 cat% in the Y+CMAS garnet
system with 11 cat% of Si(in theT site) for charge compensation with the corresponding
equilibrium garne stoichiometry of (¥.13Céa.s9)(Al1.99)(Al2.12Si0.89O12.00. The sample
(0.5,0,0) falls within the maximum €&asolubility limit and forms garnet with essentially
equivalent stoichiometry of (0.49,0,0); the small fraction of a secondary phase is ascribed

to a small offstoichiometry in the asynthesized bulk composition.

Shift from sample to

Equiliprigm garnet /‘ garnet stoichiometry
stoichiometry \ /:/\ /-Sample composition

7 ® Single phase garnet
@® Garnet and other phases
® Garnet not observed

Figure 21: Results for the Gaontaining, Mgfree compositions represented by thaxis

(y = z = 0) inFigure 16(c) in which the A site contains €aand ¥*, the B sites are

filled with AP*, and the T site contains3land St*. The BSSEM micrographs show the
equilibrium phase assemblages andshdt between the sample compositions and the
equilibrium garnet stoichiometries computed from EPMA data are shown with arrows.
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4.8.2 Ca free samples

The results for the Mgontaining, Cdree samples are presented on tkeplane (x = 0)
from Figure16(c) to reflect the ability for M§ to occupy both thé andB sites in garnet.
Considering first the samples in which z = 0 in the nominal compositioiM@#.in A but
notB, shown along the baseBigure22), it is evident that the stability of garnet diminishes
as MgO and Si@are added. Garnet is nformed for (0,3,0), which corresponds to the
pyrope endmember. The upward, leftward diagonal shift from the nominal sample
compositions to the equilibrium garnet stoichiometriggyre 22) indicates preferential
partitioning of Md@" into theB sites. A similar trend is observed for samples with nominal
compositions with z = 1, i.e. Mg partially filling bofhandB. The maximum solubility of
Mg?* in A (9 cat% shown by equilibrium garnet composition
(Y 2.2aMgo.74) (Al 1.2aMgo.79) (Al 1.54S11.49 O11.99 is slightly less than that for €a

Conversely, for sample stoichiometries containingMuply in B, i.e. (0,0,1) and (0,0,2),

there is virtually no patibning of Mg into the A site in the equilibrium garnet
composition. Likewise, the equilibrium garnet stoichiometry formed in sample (0,0.5,2),
wherein B is filled with M@*, shows essentially no change in the concentration éf Mg

the A site between the sample and equilibrium compositions. Thus, the extent of the garnet
solid solution range in the x = 0 plane reveals an overall preference for Mg substitution in
B compared tA. The maximum total magnesia solubility in the Y + CMAS gamm&t7

mol%, which was observed in the equilibrium garnet stoichiometry corresponding to

(0,0.5,2) when considering substitution in both sites.
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Figure 22: The results for the G&ee samples define the extent of the garnet solid

solution in the yz (x = 0) plane oFigure 16(c). Majority of the samples exhibit upward,
leftward diagonal shifts between the nominal sample coriposind the observed

equilibrium garnet stoichiometry indicating that fdavors the octahedral sites over

the dodecahedral sites. Representative micrographs are shown for samples compositions
withx =z =0.

4.8.3 Ca and Mg containing samples

Figure23 projects all of the equilibrium garnet stoichiometries onto tyeplane (z = 0)
shown inFigurel6(c). Samples (1,1,0) and (0.5,0.5,0), which are formulated to have equal
Ca&* and Md¢" concentrations in tha site, provide insight into the relative tendency for
these elements to be accommodated in gaiiet. equilibrium garnets formed in both
samples show a diagonal shift towards the y = 0 axis, i.e. i@ga of the Gibbs triangle.

The formulation for sample (0.5,0.5,1) contains more&*\NgB thanA, and the resulting
equilibrium garnet compositioshows a very slight shift of additional ¥fginto A, i.e.
towards the x = 0 axis or Mg side of the Gibbs triangle. Overall, the projected equilibrium

garnet compositions on the x =z = 0 and y = z = 0 axes indicate a higher solubiliyy of Ca
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than Mg in the A site. These observations suggest a slight preference foirCthe A

site compared to Mg. On the contrary, equilibrium garnets corresponding to bulk
compositions (0.5,0,1) and (1,0,1), show a shift toward th& Bds of the Gibbs triangle
indicating a partitioning of Mg into the A site. Since the garnet structure has many
connected polyhedra, changes in the substitution of one site can distort the other sites
influencing the sitespecific partitioning of catias) thus affecting the nature of coupled

Ca&* and M¢" substitutions.

YAG

@ Sample Composition

Projection onto
z=0plane

A Equilibrium Garnet Stoichiometry

Maximum

/ Mg*2 solubility

(0.5,0.5,0)

Maximum < %,

Ca*? solubility YAG

:(0.5,0.5,0)

(0,0.5,0)
(0.5,0,1) .
(0,15,0)
(0.15,1)
0,1,1)
(0.2,0)

(0.5,05,0)

A A
(0.5,0.5,1)

(1,1,0)

L

(3,0-) (1 .5,‘1.5,0) 0,3-)

Figure 23: The projection of synthesized sample stoichiometries and the equilibrium

garnet stoichiometries onto the z = 0 plafég(re 16) shows diagonal shifts and

solubility differences suggesting a slight preference foi* CamparedtoM§fi n t he 0 A
site.

4.9 Yb+CMAS system

4.9.1 Ca free samples

Figure24 shows the equilibrium garnet stoichiometries corresponding to the four calcium
free samples plotted on tlye z (x = 0) plane ofFigure16(c). This analysis indicates that
Mg?* ions occupy both the A and B sites in Yb containing silicate garnets. The equilibrium
garnet stoichiometry formed in sample -{®2,0) shows an upward, leftward diagonal

shift away from the nominal stoichiometry. This indicates a preference fort®igartition
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into the B site vs. the A site. This conclusion is further supported by the smaller relative
shift in the opposite directn for samples Y4§0,0,2) and Yb(0,0.5,2) in which the B site

is fully occupied by M§" in the notional formula. In those samples, the equilibrium garnet
compositions show a slight decrease in thé\égncentration of the B site as it partitions

into theA site.

(0,0,2) (0,0.5,2) 0,1,2) ® Sample composition

A Yb
z ’»Garnet EPMA
'[ A Y
¥ « yp | Shift from sample
J Mg in ‘A’ ’»composition to
; <Y equilibrium garnet

a i\ Gametextent
b/ v} inYbsystem

A 1 \ F4

\
'\ Garnet extent

] X Yy
f v inY system
" \

| « ®
(0,0,0) (0,2,0)

Figure 24: Sample compositions and equilibrium garnet stoichiometries of tHee€a
samples plotted on thezyplane. Yb data from this study overlaid on results from the
Y+CMAS system. The equilibrium garnet stoiclétmes were used to determine the
extent of the garnet solid solution field at 1400°C. In both systems tHestgbility is
greater in the B site vs. the A site. The?Mgplubility limit in the A site for the Yb
garnets slightly higher than for the Y garnets.

4.9.2 Ca and Mg containing samples

Figure 25 shows projections ofquilibrium garnet stoichiometries onto tké y (z = 0)

plane of the theoretical garnet extent. The influence of cation partitioning in the A site on
the extent of the garnet phase field can be inferred from this projection. The equilibrium
garnet compasons formed in the YH0.5,0.5,1) and Y41,1,0) samples, which have

equal concentrations of €aand M¢" in the A site in the nominal stoichiometries, show
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a small deviation towards the €axis / = 0) from the central axis of ttze= 0 plane. This

indicates a slight preference for the larget*Qas. the smaller Mg) in the A site.

REAG

® Sample composition

AYDb *‘
Garnet EPMA
AY (0,%4.2)
Garnet extent Garmet extent

in'Y system A3
Y [ AAY = in Yb system

(2,0,0)
(1,1,0)

(3,0,-) (0,3-)

Figure 25 Projections of synthesized stoichiometries and equilibrium garnet
stoichiometries on the z = 0 planeFigure 16(c) for the Yb+CMAS and Y+CMAS

systens. The extent of the garnet phase field in the Yb+CMAS system extends to slightly
higher MgO compositions than the Y+CMAS system

4.10 Si solubility in Y/Yb+CMAS garnets

For both Y/Yb+CMAS systemsFigure 26(a) shows the relationship between the
concentration of silicon and the total alkaline earth (AE) cation (calcium + magnesium)
concentration in the equilibrium garnet. The garnet crystal chemistry and charge neutrality
constraints dictate that these values should be equal (i.eX&y+z in the chemical
stoichiometry and fall along the dashed line. The results are consistent with these
constraints within the uncertainty bounds of the chemical anahjigisie26(b) shows the
equilibrium silica solubility limit as a function of the AE concentration in the sample
overall. Values falling below a orte-one relationship indicate that Si@referentially

partitions into equilibrium phases other than garnet.
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4.10.1 Maximum Total Alkaline Earth Oxide Solubility and Maximurii Siolubility in
Y+CMAS systems

The maximum silica solubility in the Y+CMAS garnet phase at 1400 °C is the 27 mol%
Si0Q, for the equilibrium garnet (XasMgo.s5(Alo.3dMg1.62)(Alo.8aSiz.16)O11.00 This
solubility limit is significantly less than the maximum theoretical solubility of 37.5 mol%
based on the pyrope and grossular endmember stoichiometries.

4.10.2 Maximum Total Alkatie Earth Oxide Solubility and Maximunf'SSolubility in
Yb-CMAS garnets

Based on data from the samples analyzed, the maximum solubility*dh She Yb +
CMAS garnet at 1400°C is 33 cat%. This corresponds to an equilibrium garnet composition
of (Yb2.3dMgo.66) (Al 0.13Mg1.87) (Al 0.38Si2.62) O12.10 formed by the YKO0,0.5,2) sample. This limit,
which corresponds to ~ 90 % of the maximum 20lubility limit defined by the crystal

chemistry, is considerably higher than the maximum in #Hu®Maining system.
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Figure 26: For both Y and Yb garnets, a direct correspondence between the total alkaline
earth concentration and measured*Scontent in equilibrium garnets follows the
stoichiometry dictated by chemistry and charge neutraliystraints. This is consistent
with the assumption that vacancy and interstitial mechanisms do not play a significant role
in charge compensation The"'Ssolubility in Yb garnets is higher than that of Y garnets.
(B) The presence of Mg enhances garnesi** solubility in both Y and Yb systems.
Uncertainty estimates are comparable to the symbol size.
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4.11 Discussions

4.11.1 Garnet stability and extent in Gd/Y/Yb+CMAS systems (ternary projections)
Garnet stoichiometries corresponding to the maximum cation solubdgiiesmine the
extent of the garnet phase field. In Y/Yb+CMAS systems, garnet stability decreases as
yttria or ytterbia are replaced by calcia or magnesia, with concomitant replacement of

alumina by silica. Secondary crystalline phases are also formethircéses.

Furthermore, in the Y/Yb+CMAS systems, the overall trend is toward liquid formation as
the fraction of rare earth oxide decreases. Two explanations are plausible. The first is that
the combination of cation sizes in thedRE are simply bettesuited to stabilize the garnet
structure and that, regardless of temperature, garnet would be destabilized as the silica
content increases. In this case, the liquid would be replaced with phases other than garnet
below the solidus (but with a similar exteaf the garnet stability range). This hypothesis

is supported by the fact that the silicate endmembers appear to only form at extreme
pressures. The second explanation is that the refractory nature of yttria/ytterbia and alumina
simply increases the meig point of garnet relative to the silicantaining compositions.

In other words, the melting temperatures for more silica rich garnets could be sufficiently
low that they melt at 1400 °C. This hypothesis is supported by the observation noted in
Figure 27 that garnets formed when CMAS reacts with yttria/yttebsaed T/EBC
materials at lower temperatures (e.g. 1250 °C, 1300 °C) contain higher sdiedkaline

earth oxide content than garnets formed at higher temperatures (e.g., 1fQ03@}3,49]

In combination, these results suggest that there could be a strong temperature dependence
of calcia, magnesia and silica solubility in garnet. This temperature dependence is further
explored in subsequent sections.

4.11.1.1Stability of the Garnet Phase in therX\CMAS System

A variety of secondary phases appear. For the Mg containing samples, the secondary
crystalline phase shifts from spinel to olivine with increasingMgncentrations in the
sample. This shift from the formation of a magnesium aluminatentagnesium silicate

coincides with the replacement of alumina with silica in the sample composition. The
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formation of a magnesiwiased apatite phase for several of therMl, Al-lean samples
suggests that the alumina content (or Al:Si ratio) may be pariant factor to consider in
the transition between systems forming garnet vs. apatite. For tben@aning samples,
apatite formation is favored with increasing infCeoncentration. Thus, the combination
of the Ca:Si ratio (previously identified as enportant metric for apatite formation) and

the Al:Si ratio appear to be indicators of the tendency to form apatite, garnet, or neither.

4.11.1.2Comparing the stability of the Garnet Phase in the Y/Yb/Gd+CMAS systems

The secondary phases in the Yb+CMAS systealute spinel and olivine in the NIy
containing systems and ytterbium menad disilicates. These assemblages are consistent
with the apparent inability of the garnet structure to fully accommodate tHe Noge*,

and St* in the silicarich sample compsitions.

Figure 25 shows the projection of equilibrium garnet stoichiometries in theand
Yb+CMAS systems onto the= 0 plane, providing additi@ comparison of the extent of
the garnet solid solution in the-dand Yb+CMAS systems. The garnet phase field in the
Yb+CMAS system extends to slightly greater AE content than that in the Y+CMAS
system; this increase is more pronounced in compositiotaiooy Mg*. In the presence

of Yb*, both C&" and M¢* have comparable solubilities of about 12 cat% in the A site
whereas the solubility of Mgin the A site is slightly lower at 9 cat% in presence df Y
Furthermore, YB'-containing equilibrium gaets show very marginal shifts in the same
direction away from the nominal stoichiometries containing both CaO and MgO e.g Yb
(1,1,0) and YK(0.5,0.5,1). In case of the*Ysystem however, the relative concentrations
of the AE ion in the nominal stoichionmgtappeared to influence the equilibrium garnet
shifts towards either the Ca axis=Q) or the Mg axisX = 0). These observations suggest
a slightly higher Md" stability in the A site in presence of ¥bions than ¥* ions.
However, the results also iledte that differences in the relative stability of garnet in the
Y- vs. Ybsystems (elaborated below) are more likely due to changes in the intrinsic
stability relative to other phases, rather than differences in the extent of the garnet field.
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In the GACMAS system, garnet was only observed for the-(@G@,0) sample
corresponding to the aluminate garnet endmemberzAlAlzO12, GAAG). The
implication is that the presence of Si€ufficiently destabilizes the garnet structure (or
stabilizes other Gdontaning phases such as apatite) to limif*SiMg?*, and C&"
solubility in GdAG at equilibrium. The RE monand disilicate phases are absent in the
Gd+CMAS systems, presumably replaced by the silicate apatite phase as the sink for
gadolinia. Olivine and@nel are also important secondary phases that consume the excess
magnesia and alumina that are not readily accommodated in the apatite. Notably, in
contradiction to the Gibbs phase rule, the-(@G®,0) sample contained three phases,
namely alumina, GAAPGdAIO3) and GdAG, rather than forming singd@ase garnet.

This observation is consistent with the mixed reports in the literature sources about whether
GdAG is stable as a single phase at 14DQor if Al2Os + GdAP is the equilibrium
assemblagf81,113 115]. Shorter (25h) and longer (500h) 14£@heat treatments for the
Gd(0,0,0) sample produced equivalent phase assemblages ardr symain size
distributions to the 100h heat treatment. No cooling effects were noted for any of the heat
treated sample&urther investigations into this issue are beyond the present scope of this
study. A comparative summary of the microstructuresnsies the three heat treatments

of the Gd(0,0,0) sample have been reporte@dpendix 3The results are insufficient to

draw a definitive conclusion, and this issue remains under study.

4.11.2 Overall cation partitioning and effect of RE ions on cation paniing

The interconnected polyhedra in the garnet structure imply that substitutions in one site can
distort adjacent sites. It is thus reasonable to expect that changing the RE cation radius will
influence the nature of cation partitioning in the equilibrigarnetsSeveral of the core
guestions underpinning this study relate to the site preference for each cation in the garnet
structure. The results provide insight into each of these quesTioazyvs.y (x = 0) plane

of the notional garnet stabilitymge Eigure22, Figure24) provides information about the

Mg?* partitioning ketween the octahedral and dodecahedral sites for th&re€a

compositions.
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In the Y+CMAS system, the slightly higher solubility ofXa1 cat%) than Mg(9 cat%)

in theA site, and the leftward diagonal shiftshigure23reveal a higher proclivity of Ga

for the A site compared to Mg. In the Yb+CMASgarnets studied, both Mgand C&*

have about 12 cat% solubility in the A site. Conversely?"Negmuch more soluble in the

B site for both systems, with a maximum solubility of 24 cat% in both cases (of 25 cat%
possible). The collective evidence susigea higher preference for kfdn the octahedral

(B) site vs. the dodecahedra)(site. However, compared to the maximum theoretical
solubility of 37.5 cat% of each of the €and Mg ions inA (i.e., grossular and pyrope),
these solubility limits ardow, and their difference does not appear to be significant in
either Y/Yb+CMAS garnets.

Comparison of the extent of the equilibrium garnet field for thand Yb+CMAS systems
shown inFigure 24 shows that the Mg is more readily accommodated in the octahedral
6B6 site for boyvalues @osresgondingito theeRigentent intthe A
site) for the Ybcontaining garnets are higher than those for treivtaining counterparts
while some of the values (corresponding to the Kigontent in the B site) shift lower.
The inference is that the smaller difference betweefi 089 A)and Y3*(0.985 A) vs.
Mg?*and Y2*(1.019 A allows higher M&" solubility in the A site for the Yb based system.

The observation that the“Siconcentration in the equilibrium garnets aligns very closely
with the alkaline earth ion concentratioRigure 26(a)) confirms the assumption that
vacancy and interstitial defects do not readily play a role in charge compensation in the

garnet structure.

Figure26(a) also shows that although the*’Stontent is similar between equivalent-Yb
and Y-garnets with intermediate AE content, the-dtintaining garnets dissolve more
silica compared to the-gamets as the AE content increases. The maximdfrsSiubility

in Yb+CMAS garnet is 33 cat% observed in-{®0.5,2). This value is close to the
maximum possible silica solubility (37.5 cat%) and is greater than the maximum solubility
of 27 cat% Si* in theequivalent ¥(0,0.5,2) sample. The presence ofYihus appears to
have increased the solubility of Ffgin the equilibrium garnet with a corresponding
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increase in the $isolubility. Figure26 (b) shows that for the same total AE content in the

nominal stoichiometries, Y containing garnets pull in more*Sat equilibrium.

Additionally, Figure26 (b) also shows that the stability range and total allowable the Si
content in both Y+CMAS and Yb+CMAS garnets is maximized in the presencef Mg
This is supported by the fact that maximurf Solubility is sea in the equilibrium garnet
for both cases when Mbjis the only alkaline earth cation in the nominal stoichiometry and
that garnets containing both £and Mdg"* pull in more St* than the ones with just &€a
The combined solubility of Mg in bothA andB sites leads to its higher overall solubility
in the Y/Yb+CMAS garnet compared to Ca

4.11.3 Effect of temperature on garnet stability

Garnet has been observed for a variety of T/EBC materials reacting with CMAS deposits
over a range of temperatures. mnjnction with the results from this study at 1400 °C,
the results from equilibrium garnets formed at 1250 °C, and the literature data provide
insights into the temperatutependent changes in the garnet field extagure27 shows
projections of equilibrium garnet stoichiometries for the Y+CMAS (A) and Yb+CMAS
(B) systems reported for T/EBC+CMAS experiments at different temperatures
[15,43,45,49,53]Compositions which showed melt formation at 1250 °C were analyzed
by EPMA and equilibrium garnet stoichiometries corresponding to these compositions
have also been plotted iigure27. The garnet compositions from literature studies fall
along thex-axis (the Caich side of the system), which is likely due to the high CaO
concentration in the CMAS, causing most ¥tp enter the B site. ThéaO, MgO, and

SiO; content in the equilibrium garnets increases for lower reaction temperatures. Using
this limited temperaturdependent data along with the shape of the garnet field identified
in [47] and the current work, tentative isotherms are showigiare272. This result shows

a considerable contraction in the field while increasing from 2206 1500°C. The

implication is that the effect of temperature on the extent of garnet phase field is greater

2 Reported garnet compositions falling well outside the afid Y+CMAS systeni87,44,46,50,55]or for
which the compositions [d8i5H,n 6ar dudsdhi therfigmre bubaxhibit al f or
behavior consistent with the observed temperatemendent trends.
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than the effect of the change intioa size from YB* to Y3* even though the intrinsic

stability is contingent on the rare earth ion present in the system.

(A) YAG (B) YbAG

A EPMA (1400°C) A EPMA (1400°C)

@ EPMA (1250°C) 0 Literature Reports

Literature Reports 1500°C ® 1300°C 1400°C
® 1500°C : ® 1200°C

® 1300°C AN Te00C

® 1250°C -

1300°C
1250°C

1300°C

1200°C

Garnet in

Y-CMAS System Garnet in

Yb-CMAS System

X Y X y

Figure 27: Equilibrium stoichiometries corresponding to garnets formed in the (A)
Y+CMAS system at 125C [49], 1300°C [15], 1400°C [47], and 150C°C [43] and the

(B) Yb+CMAS system at 1200 [45], 1300°C [53], and 140C°C (this work). Addional

points from EPMA data obtained from 1250 °C heat treated samples in the Y+CMAS
system have been shown. Inferred temperature dependence on the extent of garnet stability
is shown by the shaded regions.

4.11.4 Apatitei garnet transitions

The results are carstent with the expectations that the apatite stability increases relative
to garnet with increasing RE cation radius. Other factors that have been proposed to affect
silicate apatite stability include the Ca:Si ratio and the alumina content in thengeacti
system[5,15,51] The samples investigated in this study were analyzed to examine how
these factors affect the transition in stability between apatite and gidayetrends are
illustrated inFigure28 andFigure29. In these figures, the apatite and garnet grains were
identified and colored based on a combination of EDS, EPMA, and BSE data to aide in

visualizing the distribution of the phases.

Figure 28 shows that for a constant Ca:Si ratio, the increase i RBius from YB* to
Y3* to GA* (up each column ifrigure 28) leads to an increase in the amount of apatite
relative to garnet. Additionally, in the Y+CMAS system, an increase in the Ca:Si ratio (left

to right in each row ifrigure28) is accompanied by a decrease in apatite content. This is
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a counterintuitive result since increasing the Ceato typically drives apatite formation.
However, in this case the ¥lcontent is roughly twice that of the madten studied

CMAS compositions. Since Alis necessary to stabilize garnet, the inference is that the
greater At* content pushes the etjbiium toward the garnet phase even though there is
sufficient C&* content to enable apatite formation. These results corroborate the inference
that the garnet stability decreases, and apatite stability increases with increasing RE radius,

and is also havily dependent on the Ca:Si ratio and*Alontent.

The Gd+CMAS system formed apatite but never in equilibrium with garnet while
compositions studied in the Yb+CMAS system formed garnet but never in equilibrium
with apatite. However, several compositiamthe Y+CMAS system showed the formation

of apatite in equilibrium with garnet. This suggests that tHeradius is favorable for the
stability of both phases in equilibrium at higher temperatures. Additional insight comes
from compositions studied ih¢ Y+CMAS system with equivalent Ca:Si rattogure29),

which show an increase in the garnet fraction and a decrease in apatite content with an
increase in the Al@sconcentration in the system. This confirms that in addition to the
Ca:Si ratio, A} content also pays a key role in influencing the apatgarnet stability

and equilibrium transitions.
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Figure 28: Equilibrium phase assemblages demonstrating the effect 6f & Ca:Si
ratio on apatite and garnet stability have been shown above. The garnet and apatite grains
have been colored based on their relative BSE contrast.
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Figure 29: These mirographs demonstrate the effect of changing ébntent on apatite
and garnet stability for a fixed Ca:Si ratio. The garnet and apatite grains were identified
based on composition measurements ancbiered based on their relative BSE contrast.

4.11.5 Implications on T/EBC+CMAS interactions

The performance of TBCs and EBCs exposed to CMAS melts is determined by the rate at
which CMAS-coating reactions occur, the volume of reaction products formed per mole of
coating dissolved, and the impact of changes in #lecomposition on its thermophysical
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properties (e.g., viscosity, coefficient of thermal expansion). This study provides useful
insights into the latter phenomena. To efficiently arrest melt penetration;nidiC
reactions should form a higher volume ofstalline products than the volume of coating
dissolved5,41] Conversely, for EBCs it is desirable that the coating be nonreactive or
form reaction products that readily neutralize the neltimit the amount of coating
dissolved. Given that the garnet structure can incorporate all of the ions present in CMAS
and coatings, its formation is likely for a variety of deposition compositions. Thus, the
formation of crystalline phases such as @épatnd garnet has a twold effect on melt
infiltration mitigation through a reduction in the melt volume and through changes in the

melt viscosity due to changes in the composition of the residual melt.

The kinetics and morphology of apatite growth are known to be favorable to arrest melt
penetration through the strain compliant morphology of TB41549,55] This work
reinforces the understanding that TBCs with larger RE ions are more likely to foiite apat
and less likely to form garnet. Compared witkcdhtaining coatings, reactions with Yb
containing coatings are more likely to form garnet, and the resulting garnet will have a
higher solubility of M@* and St*, enabling them to consume more melt petef coating
reacted. Furthermore, their formation depletes the melt of AE ions, increasing the residual
melt viscosity[15]. In combination, these factors would be expected to better arrest melt
infiltration in Yb based TBCs. However, the slow nucleation and growth kinetics of garnet
compared to apatite have been shown to limit the efficacy of garnet in CMAS attack
mitigation,even though garnet crystallization consume more moles of CMAS oxides than
silicate apatitd53]. In EBC-CMAS interactions, it is desirable to minimize the reaction
between CMAS and the coating to avoid the formation of products that increase the CTE
mismatch with the substrate relative to the original coating. In that regard, garnet formation

may be les desirable since a larger volume of crystalline product would form.

It is generally understood that €as important for apatite formation in rare ea@MAS
systems while higher concentrations of i the reaction mixture have been suggested
to pushthe equilibrium towards garnet formation. Interestingly, for the Gd+CMAS system

apatite appears to be more stable than garnet even iarldig6@ystems, with the formation
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of AI®* containing, MgRE apatite. Likewise, garnet is more stable in the Yb+CMAS
sygem even for compositions containing CaO as the AE oxide. In case of the Y+CMAS
system, the equilibria between garnet and-rdg apatite (nominally Mgy s(SiOs)e02)
appear to be important for Mich systems such as samples (0,1,2) and (0,0.5,2). Itds thu
evident that in addition to the Ca:Si ratio in the coatiegosit reaction mixture,
concentration of ions such #land Mg* as well as the identity of the rare earth ion play

a pivotal role in silicate apatite and garnet stability and influence tlyelilium

concentrations.

There is a growing interest in understanding the performance of-catitth coating
materials developed either using a o6high
of more economical partiaHgefined RE oxide feedst&q123i 125] Results from this

study denonstrate the significant influence of rare earth cation size on the identity,
compositions, and relative phase fractions of the reaction products formed during-coating
deposit interactions. In the case of mudtre earth ion mixtures, it is likely thahe
formation of the resulting crystalline reaction products will be influenced by the average
rare earth cation radius. Consequently, while designing the compositions otatioiti
coating materials, it will be crucial to determine whether the effective earth cation
radius for the mixture increases or decreases the potential for formation of favorable

reaction products.
4.12 Conclusions

The stability and extent of the garnet phase solid solution field in the Gd/Y/Yb+CMAS

systems were determined at 14@ Key findings include:

1)  The rare earth (RE) ion radii are crucial in determining the stability of the silicate

e

garnet phase. ¥band¥'r eadi |y stabilize the phase,

formed with Gd*, which is only ~3% larger than®¥(CN = 8. However, the radii
appear less important in determining the stable composition range, with only a
slight increase in the extent of the garnet solid solution field in Yb+CMAS as
compared to the Y+CMAS system.
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ii)

Vi)

vii)

The RE ions play an important role in stabilg garnet phase; in all cases the RE
cations fill at least 67% of the dodecahedral sites, comprising at least 25% of the
total cations in the phase. In the Y+CMAS and Yb+CMAS cases, the garnet
stability decreased as the REs replaced with M§ and C3&". For the Y+CMAS
garnets, the destabilizing effect was less pronounced whé ndglaced Al*

rather than Y.

The maximum solubilities of Gaand Md¢* in dodecahedral site in the Y + CMAS
garnet phase are 11 cat% and 9 cat%, respectively, indicasiightipreference

for C&* compared to Mg in the dodecahedral site.

Mg?* preferentially partitions into the smaller octahedral site compared to the larger
dodecahedral sit&or both the Ykand Y-based garnets, the ¥fgsolubility limit

in the octahediasite exceeds 90% of the available sitescase of Y+CMAS
garnets, this translates to maximum solubilities of 24 cat% and 9 cat% in the B site
and A site respectively. Similarly, for Yo+CMAS garnets studied in this work, the
maximumMg?* solubility in the B site is 24 cat%.

The maximum M4 solubilities in the dodecahedral sites of garnet increase slightly
from ~25% of the sites (9 cat% total) in the Y+CMAS garnets to ~32% of the sites
(11.9 cat% total) in the Yb+CMAS garnets.

The maximum silica solubtl in Yb+CMAS garnets (33 cat%, as compared to the
27% in Y+CMAS garnet), is attained in compositions wheré*Nigthe only AE

ion and is attributed to the increased¥splubility in the dodecahedral site. The
combined Mg* solubility inboth the octahedral and dodecahedral sites leads to
increased silica solubility in Mgontaining systems compared to fitge systems.

The increasing RE ionic radii (from Yhto Y3*to Gd*) shift the equilibrium from
garnet toward apatite for sampleswatquivalent Ca:Si ratio. For Y+CMAS, which

is the only system that formed both garnet and apatite for the compositions studied,
garnet formation was favored with higher*Atontent and increasing Ca:Si ratio

in the sample.
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Table7: Summary of synthesized compositions with theoretical stoichiometries

Nominal Stoichiometry

ID  Coordinaté , Stoichiometry*

CaO MgO AlO1s5 SiO» REOs
1 RE-(0,0,0) 0 0 62.5 0 37.5 (REs)(Al2)(Al3)O12
2 RE-(0.5,0,0) 6.25 0 56.25 6.25 31.25 (RE2.5Ca&.5)(Al 2) (Al 2.5Si0.5)O12
3 RE- (1,0,0) 12.5 0 50 12.5 25 (RExCa)(AL) (Al zSi)O12
4 RE- (1.5,0,0) 18.75 0 43.75 18.75 18.75 (RELsCay.5)(Al 2) (Al 1.5Si1.5)O12
5 RE(200 25 0 375 25 125 (RECa)(Al)(AlSi»)Ox
6 RE- (3,0,0) 37.5 0 25 37.5 0 (Ca)(Al2)(Siz)O12
7 RE- (0,0.5,0) 0 6.25 56.25 6.25 31.25 (RE2.5Mgo.5) (Al 2) (Al 2.5Si0.5)O12
8 RE- (0,1,0) 0 12.5 50 12.5 25 (RE2MQ) (Al L) (Al 2Si)O12
9 RE- (0,1.5,0) 0 18.75 43.75 18.75 18.75 (RELsMQ1.5) (Al 2) (Al 1.5Si1.5)O12
10 RE- (0,2,0) 0 25 37.5 25 12.5 (REM@)(Al2)(AISi2)O12
11 RE- (0,3,0) 0 37.5 25 37.5 0 (Mgs)(Al2)(Siz)O12
12 RE-(0.5,0.5,0) 6.25 6.25 50 12.5 25 (RECa.sMgo.s)(Al2) (Al 2Si)Or2
13 RE- (1,1,0) 125 125 37.5 25 12.5 (RECaMg)(Ab)(AISi2)O12
14 RE-(1.5,1.5,0) 18.75 18.75 25 375 0 (CasMg1.5)(Al2)(Siz)O12
15 RE-(00,1) 0 125 375 125 375 (REs)(AIMg) (Al ,Si)Ox2
16 RE-(0.5,0,1) 6.25 125 31.25 18.75 31.25 (RE2.5Ca.5)(AIMQ) (Al 1.5Si1.5)O12
17 RE-(10,1) 125 125 25 25 25 (RE:Ca)(AIMg)(AISi-)Ox
18 RE-(1.5,0,1) 18.75 125 18.75 31.25 18.75 (REz1sCau.s)(AIMQ) (Al 0.5Si2.5)O12
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19 RE- (2,0,1) 25 125 125 375 12.5 (RECa)(AIMQ)(Si3)O12

20 RE (0,1,1) 0 25 25 25 25 (RE:Mg)(AIMg)(AISi )01
21 RE-(0,151) 0 3125 1875 3125 18.75 (RELsMg1.9)(AIMg )(Al 0Siz.5)O12
22  RE-(0,2,1) 0 375 125 375 125 (REMg)(AIMg)(Siz)O12

23 RE-(0.5,0.51) 6.25 1875 25 25 25 (RE:Can sMgo.5)(AIMg)(AISi 2)Or2
24 RE-(1,1,1) 125 25 125 375 125 (RECaMg)(AIMg)(Sk)O12
25  RE-(0,0,2) 0 25 125 25 37.5 (REs)(Mg2)(AlSiz)Or2

26 RE-(1,02) 125 25 0 375 25 (RE:Ca)(Mg)(Sis)Or2

27 RE-(0,052) 0 3125 625 31.25 31.25 (RE2sMgo.5)(Mg2) (Al 05Siz ) O1z
28  RE-(0,1,2) O 375 0 375 25 (RE:Mg)(Mg2)(Siz)O12

29 RE-(05,052) 625 3125 0 375 25 (RE2Ca0.sMgo.5)(Mg2)(Sis)Or2

ACoordinates typed in bold face were synthesized and studied in the Gd+CMAS and Yb+CMAS systems. All other samples werdystndiee
Y+CMAS system.

* This is the theoretical stoichiometry if garnet was the single equilibrium phasality this stoichiometry is not observed except in the case of the pure
aluminate endmember (ID = 1).
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CHAPTER 5: REACTIVE SPREADING OF CMFAS DEPOSITS ON
MULTIPHASE RARE EARTH ALUMINATE ZIRCONATE CANDIDATE
COATING MATERIALS

5.1 Background

There is growing understanding that the nature of melt spreading or lateral redistribution
on the coating surface impacts the coating performance. Based on the relevant surface
energies, it is expected that the silicate melts will wet the tlypicde coating materials.

This is consistent with observations that the melts wick into pores and intercolumnar gaps
in coatings. Other observations suggest that the melt can initially bead up or partially dewet
and move around the coating surface beifittration and reactions occ(it26]. Surface
microstructure engineering to promote dewetting (and subsequent removal of molten
droplets) has even been proposed as a potential mitigation s{E2&¢}28] Howeveras
illustrated inFigure30 (a,b), a potential downside to this approach is that an initially solid,
adhered deposits melting could melt at higher temperature amallpatéwet, leading to
concentration of the deposit in specific areas on the coating surface. Although in this case
a smaller coating area would experience depodiiced distress, the higher local deposit
concentration could increase the infiltration reaction depths and the likelihood for

cracking or other coating damage.

Conversely, in cases where the melt spreads laterally a larger coating area would be
exposed to the deposit, there would be a thinner, more uniform infiltration or dissolution
reprecipitation reaction layemHigure30(c)). This thinner layer could result in less dramatic
thermomechanical damage since the magnitude of the thmyratio stress sales with the
reaction layer thickness or infiltration deg30,41,129,130]This thin stiffened layes

al so more 1|i kel y -type cracking that eoulé eemdven the sarfateo n 0
deposit and a thin layer of the coating, while leavimast ofthe coating intact. Thus, there
could be merit to designing coating materials that promote the unifpreadging and
reaction of molten silicate deposits. Merits to the approach of using the coating as a
sacrificial layer to protect underlying coating thickness and component integrity have been
discussed in some repoff31,126,131,132]
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(a) Adhered Deposit

Protective Ceramic Coating

Alloy or Composite Component

(b) Molten
Molten Deposit Deposit

Infilirated, Reacted
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(€) Residual Deposit ~

™ Infiltrated, Reacted Layer

Protective Ceramic Coating

Figure 30: Depending on the nature of interaction with the coating material, upon melting
an (a) adhered solid CMFAS deposit could either (b) partiallyvdeleading to localized
deeper infiltration and reaction layer that msore likely to cause cracking upon thermal
cycling, or (c) spread across the surface of the coating, leading to a thin, uniform reaction
or infiltration layer

Achieving the response illustrated Figure 30 (c) requires coatings that (i) efficiently
convert the melt to crystalline reaction products with minimal coating dissolution, (ii)
promote reactive spreading of the melt, and (iii) produce a relatively uniforranssp
across a wide range of silicate deposit compositions. There is a growing body of knowledge
about CMFAScoating reactions, but less attention has been devoted to understanding
reactive wetting and melt spreading. These dynamics depend on variousatenepand
compositiondependent properties including the surface tension and viscosity of the melt
[38,131,133,134] the coating material surface energy, and the coating surface
microstructurg126,135] The nature and extent of the melt spreading is further influenced
by reactions with the coating, including dissolution into the melt, melt infiltrationttto
coding microstructure and the formation of reactive crystallization products that could
promote reactive wetting of the surfg@d,131] Some studies have analyzed the initial
wetting and spreading behavior of certain depddigl,136,137]on specific coating
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materials. However, little work has been done to understand how the spreading behavior
changes after reactions dtaor the effect of coating material composition on the

simultaneous spreading and reaction behavior.

This work is motivated by the hypothesis that multiphase coating materials based on
combinations of RE zirconates and aluminates could produce a mdoemumeaction
response to a broad range of CMFAS compositions compared to-ghrage binary
compounds. They could also be used to meet or balance other requisite thermophysical and
thermochemical properties. Four coating material compositiigsie31) with constant
85RE15Zr molarratiowere used to study the effect of the alumina contstitgr 10mol%

or 30mol% AIlO15) and RE identity (either Y or Gd) on the CMFAS melt consumption,
reaction depthand spreadingl'he lowAlO1 s stoichiometry(Al10REzs.52r13.5) fallsin the

phase field containing the cubic RE oxideREQ: 5), fluorite (F), and rare earth aluminate
monodinic (RE:AI2Oy, YAM or GAM). The high-AlO1 5 stoichiometry Al 30REs9.57r10.9)

fallsin phase field containing the rare earth aluminate perovsREAIO: YAP or GAAP)

in equilibrium with F and (Y/Gd)AM. In these materials the fluorite is expected to
contibute to low thermal conductivity while, the higher alumina containing phases-of RE
AP and REAM also show high toughness, lower coefficients of thermal expansion (CTE),
and higher overall reactivity with CMFAS depogit,43,138141] The results were also
used to understand if thereeaspecific reaction products beneficial for this approach of
attaining thin, uniform reaction layers across CMFAS compositions. These candidate
coating coupons were tested at 1400for 1h against model CMFAS compositions. The
test coupos were then analyzed using a combination of image analysis and statistical
analysis techniques tmderstandhe uniformity in reaction product layers that foffime
novelty of this approach lies in engineering coating materials to limit silicate melt

infil tration by redistributing the melt to promote fast forming, uniform, thin reaction layers.
Detailed experimental methodology is giverCimapter 2.

Figure 31 shows nicrographs of polished cross sections of the starting materials after
sintering for 50 h at 1508C. The phase assemblages were consistent with those expected

based on the calculated isothermal phase diagrams at this temperature. Based on analysis
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of polished cross section microstructures, the sintered pellets contained less than 5%

porosity. The typical grain sizes were of order several micrometers.

@) zro, (b) Zro,

Al1oY765Z135 Al1Gdyg 5Zr13 5

Y,05 #£AioY 76521135 \ : FAIZG SRS :
2 3 1085 ,?d '3'30Y59.52f1gs GdZOy 10Cdsg 135A|30Gd59‘52(1q35
YO, 5 Monoclinic Perovskite Garnet AlO GdO, 5 Monoclinic Perovskite AlO
’ (Cuspidine) 5 ’ (Cuspidine) 15

Figure 31: The coating materiatompositions studied are plotted ©500 °C isotermal
REQ. 5 ZrO--AlOy sternary diagramsalculated with the Therm@Galc TCOX10 database
Inset micrographs show the microstructures of the test coudterssintering att500 °C
for 50h.

5.2 Macroscopic observations of test coupons after CMF&&osure

Figure 32 shows photographs of the samples after CMFAS exposure. The test coupons
showed varying degrees of lateral spread of deposits. Some coupons showed molten
deposits with very little spreadyith the final perimeter coinciding roughly with the
original area of deposit application. Others showed more significant spread, with the
deposit nearly reaching the edges of the pellets in two ca@besoverall degree of
spreading calculated agparcentagéncrease from the initial area of the applied deposit to
the extent after the exposw@culated using the photographs and are tabulatEalile8.
In most casegshe CMFAS spreading areas are radially symmetric. Some of the reaction
areas showed two distinct regions with a central darker region and a lighter periphery,
suggesting a thicker reaction layer near the cemter width of each of these regions varies
ona caseby-case basidJpon reaction with the Ca le@10MsFsA10S70 deposit, theAlO 1 5
leanAl 10Gdre sZr13. sandAl 10Y 76.52r13. s Samples exhibited a thick ridge of reaction products
around the perimeter of the original deposit location with a varied distribution of reaction
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products towards the center. This raised ridge of reaction products is evident in the cross
sections elaborad further. A generally uniform CMFAS spreading behavior in each test
coupon (except for thAl10Gdrs sZr13.5CaiMoFsA1243 case) implies that crosections

taken through the center of the test coupons should be representative of the overall reaction
layer in each test coupoithe reaction layer formed wheéXizoY 50521105 was exposed to

the highB 0 "OdcontainingCisM12F12A16S45 deposit shows several shiny needles.

C10M5F5A1OS70 C15M12F12A16845 CS1M9F5A12843

Figure 32 Photos of the test coupons after exposurethmee different CMFAS
compositions at 1400 °C for 1h. The orange circles denote the position of the applied
CMFAS powder, and the green outline shows the approximate extent of CMFAS reaction
zones on the coupon surfaces. Two examples of the appearanestihefexperiment are
overlaid for comparison.
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Table8: Percentage increase in area after the CMFAS exposure

CMFAS compo

- C1oMsFsA10S70  CisM12F12A16S45s  CaiMoFsA12S43
Coating cor

Al10Gdre Zr135 38% 116% 116%
Al30Gds9.5Zr105 141% 58% 314%
Al10Y 76 I35 95% 83% 95%
Al30Y595/r1055 307% 121% 102%

5.3 Featureidentification and quantificationapproach

Figure33(a) shows a representative stitthed microgtapbwing the crossection of the
CMFAS reaction zone and adjacent, unreacted material forAtb&5dse.5Zr105 T
C10MsFsA10S70 sample The raction layer shows two distinct zones based on the grain
morphology of crystalline phaseshdanisotropic layethas larger, faceted grains which
have likely grown in presence of significant melt volumes and more porosityHigure

33 (b)) while the equiaxed layehas smallerequiaxedyrains likely to have formed in the
presence of little melt (e.gFigure 33 (c)). In this case, the transition between the
anisotropic and equiaxed layers is abrupt, while in other casemsition layerhas
intermediate grain sizes and morphologies. The relative ratios of each afigb&rapic
(purple) and equiaxed (green) layers are shown as a pie chaguire 33. To facilitate
comparisons between samples, the boundaries between specifionresmtes was
recorded every 10 um across the cross section; these points are plotted as a schematic cross
section inFigure 33 (d). The relative phas&actions of each crystalline phase were
estimated for a region of the thickest reaction layer. One suchsgossen has been false
colored to show the distribution of observed phasdsgare 33 (e); the corresponding
phase fractions represented in the adjacent pie chart.

3 Stitched micrographs of other test coupons are givéppendix 4
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Figure 33: The (a) crossectionof the AtoGdsg.sZr10.51 C1oMsFsA10S70 test coupon shows
two distinct reaction zones. The fireplargedin (b) and shaded green in (a) comprises
larger, angular grains and morphology indicative of growth from the melt. The second,
shown in (c) and shaded purple in (a) comprises smalleragqdigrains. (dPlot showing
reaction zones based on the shaded regions in(éx)False coloreBSE micrograph
showing the distribution of reaction produciBhe areal distribution of the anisotropic
layer and the equiaxed layer atige reaction produciphase fractions are showas pie
charts.

5.4 Reaction profile for each coatingCMFAS test coupon

Figure 35, Figure 36, Figure 37, and Figure 38 show the reaction profiles for the

Al30G ko Zr10.5 Al10Gdre.sZr13.5 Al3oYs9.52r10.5 andAl1oY 76.52r13.5 samples, respectively,
along with pie charts showing the relative areal fractions for the anisotropic, equiaxed, and
transition layers and phase fractions for apatite (Ap), garnet (G), fluorite (F) and other (O)
reaction products. Vations in the equiaxed reaction layer thickness across samples could
be due to variations in rates of melt consumption by the crystalline products which form in
the initial reaction stages. Except for flgoY 76.5Zr13.5coating material, all other coatja

show the formation of a transition layer on exposure to atleast one of the three CMFAS

compositions.

5.4.1 Overview of reaction products formed

A broad range of crystalline products were observed through these eGMIRGS test
coupons. Of these, apatit@rget, and fluorite were major reaction products. Their relative
phase fractions in the reaction layers showhRigure35, Figure36, Figure37, andFigure

38 are plotted as pie charts. Silicate apatite with an average composition of

CaREs(SiOs)s02 was observed in each test coupon with minor solubility of Mgr**,
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Al®*, F€*3*jons Garnet as a reaction product also appeared in all test codjengarnet
compositions in the Y based systems were silica rich whereas the garnet grains in the Gd
systems showed higher concentrations of zirconia. Y containing garnets with significant
Ca&*, Mg?*, and St* solubilities are known to form at 1400 °C evim the absence of
Fe*3* zr*[47. However, Gd containing garnets don
the Gd+CMAS systenb7]. In the samples studied inishwork, ions promoting garnet
formation such aAl®*, F&?*3*, and zZf*, are present in significant amounts thus stabilizing

the garnet phase in the Gd system as well. The formation of fluorite as a crystalline product
was also noted in many test coupolmsaddition to apatite, fluorite, and garnet phases,
Mg?* and Fé*3* rich spinel phase was observed in some of the Gd based test coupons.
Magnetoplumbite (with some solubility of &a zr**, F&*** iong), periclase, and
cristobalite were some of thehetr minor phases observed in the Gd containing systems.

In addition to apatite, garnet and fluoritezSO7 (YDS) was observed as a crystalline
product in two test cases and cuspidine was also seen in two of the Y containing systems.
Minor quantities of dstobalite were also observed in one Y based test coupon. In a few

test coupons, unreacted melt was also observed.
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Figure 34: Prevalence of specific reaction products in the coating mat€iMdFAS
reaction layer for each sample. Major is defined as >25% area fraction in the reaction
layer cross section.
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5.4.2 Al3oGtsosZr105
The maximum thicknesses of the anisotropic and equiaxed layers GigeFsA10S70

case come very close to those seen foCib 12F12A 16545 case even though their observed
CMFAS spreading extent, reaction product formation, and overall reaction profile
appearances vary. The reaction zones itC#e oFsA12S43 case are very thin as compared

to the other two cases.

Apatite and garnet phases are observed in all three test coupons where apatite forms a
majority share in the reaction products. In all thrases, it appears as though apatite is

one of the first phases to crystallize out of the melt and there are minor variations in apatite
composition between the three test coupons. Garnet is observed in the equiaxed layer for
the C1oMsFsA10S70 and C1sM12F12A 16845 test coupons but occurs throughout most of the
reaction layer in th€31MgoFsA1oS43 case. Spinel formation is seen in @M 12F12A 16545
andCziMoFsA1,S43 deposit cases where there is a higher proportion 6f Mgl Fé7**in

the system. The thireaction layers in the periphery of tBeoMsFsA10S70 exposed test
coupon showed the formation of magnetoplumbite. The reaction layers for the other two

test coupons showed largely the same phases but with slightly different phase fractions.

Figure 35 (a), (b), (c) Reaction profile as a function of lateral position plotted for
AlzoGke sZr10.5after exposure to the three model CMFAS compositions. Pie charts next to
the reaction profile for each test coupon show areal distribution of the three reaction zones
seen in each reaction layer. (d), (e), (f) Micrographs showing a magnified cross sdction
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