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ABSTRACT 

The hot-section components in turbine engines rely on ceramic thermal and environmental 

barrier coatings (T/EBCs) for insulation and corrosion protection. The ability of these 

coatings to mitigate premature failure caused by calcium-magnesium-aluminosilicate 

(CMAS) based corrosive deposits is critical to ensure the desired component lifetimes. This 

work proposes advanced multiphase rare earth (RE) aluminate zirconates as candidate 

coating materials to promote a more predictable and consistent coating-CMAS reaction 

response against a range of deposit 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 that can withstand CMAS attack to higher temperatures. 

This need was addressed through three experimental thrusts. The first focused on 

understanding the intrinsic stability of multi-cation, mixed oxide/sulfate deposits. The 

results showed that specific reactions between sulfates and CMAS oxides drive rapid 

decomposition of the sulfate, implying that the deposits inducing coating degradation 

would be primarily oxides. The second thrust improved the understanding of the 

temperature- and composition-dependent extent of the rare earth aluminosilicate garnet 

phase field, and the influence of RE ion identity on the equilibrium transitions between 

silicate apatite and garnet phases in Gd/Y/Yb+CMAS systems. Guided by computational 

design tools developed using results from the early experiments, the third thrust evaluated 

the performance of RE- rich multiphase aluminate zirconate novel candidate coating 

materials. The inclusion of alumina in traditional Y or Gd zirconate coating compositions 

was hypothesized to stabilize garnet as a CMAS reaction product, promoting more 

consistent reaction sequences across a variety of deposit compositions, and improving the 

reliability of coating materials in different service environments.  The extent of reactive 

melt spreading and coating-CMAS 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 the coating material resulted in garnet formation along with a range 
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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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CHAPTER 1: INTRODUCTION  

The global demand for reduced greenhouse gas emissions drives the need for increased fuel 

efficiency for fossil-fuel powered systems, alongside development of new carbon-free 

technologies. The potential emissions reduction is especially great for processes with large 

carbon footprints, or for which carbon-neutral 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 operating costs. A higher difference in 

turbine inlet and outlet temperatures translates to higher engine efficiency based on 

thermodynamic considerations [1,2]. For the commercial jet engines and gas turbines, even a 

small increase in efficiency translates to a large reduction in CO2 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 engine hot section components are single crystal 

nickel-based superalloys. Although technology developments on alloy compositions over 

the years have helped attain some increase in operating temperatures [3], changes in metal 

properties at high temperatures and their melting points limit further temperature 

improvements. To keep these components cool, air flow is diverted from the compressor 

through cooling channels in the hot-section components. In service, it is desirable to divert 

minimum amounts of air towards component cooling.  

To attain the goal of minimizing alloy surface temperatures with minimum use of cooling 

air, decadesô worth of research led to the development of thermal barrier coatings (TBCs) 

[4ï7]. These coatings shown schematically in Figure 1, are applied to hot section 

components to provide thermal insulation reducing component surface temperatures and 

cooling air requirements. Thermal barrier coatings are about 100 to 500 µm thick and have 

a layered architecture [1ï3] with a metallic bond coat, a thermally grown Ŭ-Al 2O3 oxide 

layer, and then the top coat 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 micro-cracks and porosities to facilitate low in 

plane moduli and better strain tolerance. Consequently, the coating materials should also 

show high sintering resistance, high toughness, and phase stability to retain these 
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microstructures through thermal cycling [6,7,10,11]. They  are typically composed of yttria 

stabilized zirconia (YSZ) with a metastable t'-ZrO2 phase with 7-8 mol %YO1.5 or other 

rare earth (RE) zirconates and hafnates [5]. Traditionally used YSZ materials are tough, 

have low thermal 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 and RE zirconium oxides such as gadolinium zirconate (pyrochlore 

phase Gd2Zr2O7) [12ï14]. RE zirconates with stoichiometries RE4Zr3O12 (e.g.  ŭ-phase in 

the YO1.5-ZrO2 system) are also used [15,16].  

 

Figure 1: (a) Schematic diagram of a simple thermal barrier system (Figure courtesy 

David Poerschke) and (b) Micrograph of EB-PVD 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 composites (CMCs) 

have been introduced in stationary hot section components. Typically composed of silicon 

carbide matrix and fibers, these materials have a third of the density of metal alloys and a 

third of their weight [18ï21] thus providing significant improvement in thrust to weight 
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ratios, which is a particular benefit for aviation applications. 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 environment. The SiC based CMCs develop a passive SiO2 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 

components can 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) mismatch with the CMC substrate, low SiO2 

activity, corrosion resistance, and high phase stability [24ï26]. Formation of cracks in these 

coatings provides low resistance pathways for SiO2 volatilization meaning that the coatings 

should retain their integrity through thermal cycling. EBCs (shown schematically in Figure 

2) are typically composed of the celsian phase (barium strontium alumino silicate) and RE 

mono and di-silicates with nominal formulae of RE2SiO5 and RE2Si2O7 respectively where 

RE can be Y, Yb, or some other lanthanides [25,27]. Electron beam physical vapor 

deposition (EB-PVD) or plasma spray deposition techniques e.g., air plasma spray (APS) 

are more commonly used to engineer the coating microstructures for TBCs and EBCs [5,6] 

although other techniques such as suspension plasma spray (SPS), plasma spray physical 

vapor deposition (PS-PVD) among others are also being developed [11]. 
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Figure 2: (a) Schematic diagram of a simple environmental barrier coating (Figure 

courtesy David Poerschke) and (b) Micrograph of an environmental barrier coating 

adapted from [28] 

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 can undergo failure by spallation of the top coat due to increased elastic energy 

caused by CTE mismatch between the substrate and the coating during in-service 

temperature cycling [30,31]. Sintering of the coating material can also cause a reduction in 

the compliance leading to coating failure [6,9]. 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, etc. [5,32]. In case of EBCs, given their nominally 

dense nature, thermomechanical failure in the form of coating delamination and spallation 
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occurs primarily due to CTE mismatch between the coating and substrate. Like EBCs, 

TBCs can also face mechanical damage through erosion and FOD. EBCs also face 

corrosion challenges [19,33]. 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 by silicate-based 

ingested particles. The following section elaborates this coating damage mode.  

1.2 The CMAS problem 

Jet engines and gas turbines ingest aerosolized sand, ash, dust, and other debris that can 

adhere to high-temperature 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 on the source of 

aerosolized particles and can be ingested in various proportions depending on region of 

engine operations. Other elements can also be present in minor fractions [34ï38]. 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. 

Interactions between these deposits and the TBCs/EBCs or underlying alloy or CMC 

components render them vulnerable to thermomechanical damage [5,7,39ï41]. At lower 

temperatures, 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 above 1200 ï 1240 °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 nature. For 

TBCs, the damage arises when the initially strain-tolerant 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 between the coating 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 
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assemblage with increased CTE mismatch. The severity of EBC damage is dictated by the 

overall depth of reactive consumption and the thermophysical properties of the reaction 

products that form. The formed crystalline phases could also have lower SiO2 volatilization 

resistance and poorer mechanical properties.  

Approaches to mitigate deposit-induced coating degradation focus on controlling the 

reactions between the coating and melt. Formation of reaction products can be classified 

into three different types: (1) intrinsic crystallization, where crystalline products contain 

elements only from the molten deposit e.g., anorthite CaAl2Si2O8, melilite (gehlenite: 

Ca2Al 2SiO7 or akermanite Ca2MgSi2O7). These products are typically formed if the 

temperature gradients 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 melt e.g., apatite (Ca,RE)4(RE,Zr)8(SiO4)6O2 or 

garnet (Ca,Mg,Fe,RE)3(Zr,Ti,Mg,Al,Fe)2(Si,Al,Fe)3O12.  

For TBCs, the objective to mitigate deposit induced coating degradation is to promote rapid 

reactive crystallization to block melt infiltration pathways, thereby limiting the stiffened 

depth. For higher efficacy of this approach, there are three major prerequisites- (1) 

nucleation and growth of the crystals should ideally occur at time scales faster than melt 

flow (2) volume of crystallized phase formed should be much greater than the volume of 

coating dissolved (3) crystal grains should have a morphology suitable for blocking coating 

channels [5,41]. 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 reaction-based mitigation approaches are expected to be less effective at 

higher operating temperatures due to increased reaction rates and reduced driving force for 

crystallization reactions. An effective CMAS degradation mitigation strategy involves the 

development of coating compositions which optimize reactive crystallization and possess 

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

understanding the deposit-coating reactions for better coating design.  
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Coating and deposit chemistries influence the formation of their crystalline reaction 

products. Developing an experimental understanding of all the equilibrium 

thermochemical interactions in the coating-deposit system is a tremendous task given the 

non-uniformity in compositions and amounts of environmental deposits in-service, coupled 

with variations in coating compositions [41,42]. The sheer volume of experiments that 

would be needed motivates the development of thermodynamic computational 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 CMAS-

coating systems into databases e.g., ThermoCalc-TCOX8 [5]. Design tool extension or 

expansion is achieved by an iterative process as shown in Figure 3.  

Calibration of the thermodynamic tools requires data from temperature-dependent 

experimental studies of reactions between deposits and coatings, specifically, data about 

equilibrium phases that form, their nucleation and growth kinetics, and phase fractions 

[15].  

 

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. 
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Coating design tools must have an integrated ability to predict melting and crystallization 

behavior of reaction products, equilibrium phase behaviors, coating infiltration and 

recession behavior and information about failure modes. An important piece in making 

these design tools effective is the inclusion of descriptions and models of the entire array 

of equilibrium crystalline products which can form in the coating-deposit systems. 

Crystallization process kinetics are crucial in determining CMAS degradation mitigation 

efficacy in-service, 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 on the thermodynamics 

aspects of coating-deposit 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 aluminosilicate garnet 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 reactivity and degradation 

mitigation efficacy as part of the work presented herein. There was iterative feedback 

between model refinement and experiments, especially in the early stages. Thus, although 

this thesis focuses on experimental aspects and results, the model 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 next-generation coatings that are robust against CMAS attack whilst possessing 

the menu of thermophysical and thermomechanical property requirements. This 

dissertation addresses the development of new candidate coating materials. Experimental 

techniques used in the studies presented in Chapters 3, 4, 5, and 6 are presented in Chapter 

2.  

Although traditional studies have separated sulfate-based alloy hot corrosion from CMAS 

oxide induced coating degradation, there is growing evidence that multi-cation sulfate and 

mixed sulfate-oxide deposits threaten material durability via new mechanisms across a 

wide range of temperatures. Chapter 3 documents systematic studies of intrinsic stability 
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of multi-cation mixed oxide-sulfate deposits to evaluate conditions under which these 

deposits revert to pure oxide 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 deposits are composed just of oxides. 

There is growing evidence that RE-containing 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 (Al3+, Ca2+, Fe2+/3+, Mg2+, RE3+, Si4+, Ti4+, Zr4+, etc.), and 

has been observed to form alongside or instead of apatite [5,15,37,43ï55]. Chapter 4 

develops a systematic understanding about the factors influencing the stability or 

compositional extent of the garnet phase in Gd/Y/Yb+CMAS systems. New 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 

aluminates could produce a more uniform reaction response to a broad range of CMFAS 

compositions compared to single-phase 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 depth, and reactive spreading. Chapter 6 discusses the overall coating-CMFAS 

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 Chapter 7. 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 

2.1 Materials and sample preparation 

Materials studied in this dissertation were synthesized via solid-state synthesis (ball-

milling, drying, pre-reaction) or by solution-precipitation (reverse-coprecipitation). Parts 

of this chapter have been adapted from published manuscripts [47,56,57]. 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 = AlO1.5, S = SiO2, etc.) and ὛӶ denotes the sulfate anion. CMFAS, rather than CMAS, 

captures Fe as an important cation constituent. 

2.1.1 Synthesis of complex deposits 

Multi -cation oxides and multi-cation oxide-sulfate mixtures intended to represent the types 

of debris ingested in turbine engines were synthesized by systematic stepwise solid-state 

synthesis shown in Figure 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 temperatures of individual feedstock 

material from literature and estimated melting and decomposition temperatures of the final 

mixtures. Additional information about the synthesis of mixed oxide-chloride and oxide-

sulfate-chloride mixtures is presented in Appendix 2.  
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Figure 4: Synthesis approach for the mixed anion deposits. Specific 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)), 

magnesia (98%, 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(III) 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 pre-reacted 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 (2.5:1 wt.% SiO2:K2O, AA) 

were used as sources for Na2O and K2O, given the reactive and corrosive nature of pure 

sodium and potassium oxides. These compounds are hygroscopic and have decomposition 

temperatures lower than the other oxides. Thus, they were dehydrated at 250 °C, added to 

the pre-reacted CMFAS oxide mixture, ball milled, and dried, followed by pre-reaction at 

600 °C. 
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2.1.1.2 Mixed oxide-sulfates 

For the oxide-sulfate mixtures, CaSO4 (99%, AO) MgSO4 (99.5%, AA), Na2SO4 (99%, 

AO), and K2SO4 (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 pre-reacted oxides, ball milled, dried, and then pre-reacted 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 oxide-sulfate mixtures during the pre-reaction steps to avoid cross-contamination.  

2.1.2 Reverse co-precipitation  

Compositions synthesized in the Gd/Y/Yb aluminosilicate garnet stability study and the 

candidate multiphase Gd, Y aluminate-zirconate TBOs were synthesized using the solution 

precipitation based reverse co-precipitation method (schematic shown in Figure 5). The 

solution precipitation synthesis route guarantees more homogenous mixing of the 

component elements resulting in very fine, well-mixed powders. Furthermore, reverse 

coprecipitation is better suited for multi-cation mixtures to ensure homogenous reaction 

and precipitation [58].    

 

Figure 5: Schematic showing steps involved in reverse co-precipitation 
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Precursor solutions of tetra ethyl ortho silicate (TEOS 98% purity, Acros Organics) and 

high purity nitrates of calcium, magnesium, aluminum, gadolinium, yttrium, and ytterbium 

(from Alfa Aesar, purity > 99.9% on a metal basis) were prepared in 200 proof ethanol1. 

The zirconium nitrate precursor was prepared in distilled water. All precursor solutions 

were calibrated to determine their oxide yield.  

The precursor solutions were mixed in stoichiometric ratios and then added dropwise to 

solutions containing excess ammonium hydroxide (28-30% Fisher Chemicals) and, in the 

compositions containing calcium, ammonium carbonate (for analysis, Acros Organics), to 

precipitate hydroxide-carbonate mixtures. The ratio of ammonium 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 precipitation. The precipitates were 

washed with 200 proof ethanol, dried at 70 , and then calcined at 1000 .  

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 in appendix 1.  

2.2.1 Stability of complex deposits 

The oxide-sulfate deposits were subjected to separate isothermal heat treatments at various 

temperatures with 50 °C increments between 725 °C and 1225 °C to determine the 

temperature dependent stability of the mixed oxide-sulfate deposits. Separate samples were 

used at each temperature to obtain results representing the behavior at that temperature 

rather than cumulative behavior. The pure oxide deposits were annealed for 10 h at 1225 °C 

as a baseline. Each composition was cold pressed into pellets of 6 mm diameter weighing 

 
1 Since TEOS is moisture sensitive, 200 proof ethanol was the preferred solvent to make the precursor 

solutions and to wash the precipitates. In case of the zirconium nitrate, distilled water was used as the 

solvent instead of 200 proof ethanol due to dissolution challenges.   
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approximately 100 mg. 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 rate of 8 °C/min in dry air (< 6 ppm 

H2O) flowing at 0.2 L/min. A schematic representation of the experimental set up is shown 

in Figure 6. Separate furnace tubes and alumina boats were used for the pure oxide and 

oxide ï sulfate samples, and those with or without Na and K to prevent cross-

contamination. Dehydration heat treatments at 300 °C were used to account for post-

synthesis hydration of the sulfates during 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 accuracy of ± 0.2 mg. 

Each heat-treated sample mass was normalized based on the as-pressed 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 argon and air with 10ppm SO2. 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 appendix 2. 

 

Figure 6: Schematic diagram of experimental setup used 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 in the Y+CMAS system were heat 
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treated to temperatures of 1200 , 1250 °C and 1400  with varying dwell times. The 

1400  equilibration temperature was selected based on preliminary experiments which 

indicated that this temperature was between the liquidus and solidus for most compositions, 

and therefore gives useful insights into phase equilibria between garnet and the liquid 

phase. The other annealing temperatures were chosen to provide insights into subsolidus 

equilibria associated with the garnet phase. These temperatures are also relevant to the 

design of next generation coatings. Garnet phase equilibria in the Yb/Gd+CMAS systems 

were only studied at 1400 .  

Due to inherently sluggish solid state diffusion kinetics, subsolidus studies of the 

aluminosilicate garnet phase field in the Y+CMAS system were very challenging. 

Additional details of these sets of experiments are written in appendix 3.  

Synthesized compositions in the Gd/Y/Yb+CMAS systems were cold pressed into 6mm 

diameter pellets, annealed at 1400  for 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 treatments were 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 into 13 mm diameter pellets weighing 

approximately 250 mg each. To sinter 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 1500  for 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 compositions. 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 parameters such 

as the Ca:Si ratio and the total Mg2+, Fe2+/3+ and Al3+ content in the CMFAS deposits on 
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the candidate coatings, a set of three CMFAS oxides was used for this study. 

C10M5F5A10S70, C15M12F12A16S45, and C31M9F5A12S43 were chosen as model deposits and 

were synthesized using methods detailed in section 2.1.1.1. The flattened and polished test 

coupons were exposed to the model CMFAS compositions The CMFAS powders were 

applied to the center of the polished pellet surface by sieving through a 4 mm diameter 

stencil to achieve a with a 15 mg/cm2 areal loading as shown in Figure 7. The CMFAS 

loaded test coupons were placed in a platinum cup in a covered alumina crucible, heated 

to 1300  at 20 /min, then from 1300  to 1400  at 10 /min, held at temperature 

for 1h and then step cooled to room temperature.  

 

Figure 7: Schematic diagram showing CMFAS application on coating material 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 depending on the 

characterization techniques 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 using an alumina mortar and pestle. The remaining portion 
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was used for microstructure characterization and microanalysis. Samples forming a melt 

were mounted in epoxy and polished to a 1 µm finish using diamond suspensions. The 

small number of samples that did not show evidence of melting were polished with 

diamond lapping films, thermally etched at 1400 °C for 3 h and quenched. 

To preserve the reaction interface in the CMFAS exposed coating material test coupons, 

these were mounted in epoxy, cross-sectioned and then remounted (schematic shown in 

Figure 8). The final epoxy pucks were then polished using diamond suspensions to a 1 µm 

finish.  

 

Figure 8: Schematic showing planes used for cross-sectioning and analyzing coating-

deposit interaction test coupons 

To attain semi-quantitative chemical data using energy dispersive spectroscopy (EDS) on 

the mixed oxide-sulfate compositions, the heat treated 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 scanned in a Rigaku Miniflex 

600, with a 2ɗ range of 10° to 70° and total scan time of 30 minutes. Phase identification 

was performed using databases (Crystallography Open Database, MDI-500) or XRD scans 
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reported in literature. Rietveld refinement to determine the garnet lattice parameters was 

performed using the MDI JADE 8.0 software. 

2.3.3 Electron microscopy and chemical analysis 

The microstructures were characterized with backscattered scanning electron microscopy 

(BS-SEM- Hitachi SU8230). Contrast and brightness settings were selected to clearly show 

each phase.  

Where possible, semi-quantitative energy dispersive spectroscopy (EDS, Thermo Noran 

System 7 Spectral Imaging or Thermo-Noran Vantage system) was used for preliminary 

phase identification in the SEM. In some cases, particularly in Yb and Gd containing 

systems, where characteristic X-rays of elements were within 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 chemical analyses were performed using electron probe 

microanalysis with wavelength dispersive spectroscopy (EPMA-WDS, JEOL JXA-

8530FPlus). This method is better than EDS at resolving characteristic X-ray lines. 

Additional information about EPMA is given in sections below.  

2.3.3.1 EPMA 

2.3.3.2 EPMA-WDS 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 system, and 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 for X-ray lines where 

necessary.  

For samples in the Y+CMAS system, data was acquired using PETL crystals for Ca-KŬ 

and Y-LŬ, TAP for Al-KŬ and TAPL for Mg-KŬ and Si-KŬ. For compositions in the 

Gd/Yb+CMAS systems, the PETL crystal was used for Ca-KŬ, TAPL for Al-KŬ, Yb-MŬ 

and Gd-MŬ, TAP for Mg-KŬ and Si-KŬ, and LiFL for Yb-KŬ and Gd-KŬ. Anorthite (NMNH 
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137041), spinel (Taylor, MgAl2O4), YAG (MAC Y3Al 5O12), YbPO4 (NMNH 168498, 

National Museum of Natural History), GGG (MAC Gadolinium Gallium Garnet), GdPO4 

(NMNH 168488), forsterite (George Rossman, Mg2SiO4), diopside (Taylor, CaMgSi2O6) 

and aluminum oxide (MM, Al2O3) were used as standards. Line compounds YbAG 

(Yb3Al 2Al 3O12) and GdAG (Gd3Al 2Al3O12) observed in the samples under study were also 

used as secondary standards for the analyses.  

A total of 10 to 12 spots were selected 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 placed at the center of large grains or glassy 

regions, which represent the high-temperature equilibrium even 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 far from the crystalline 

phases. The line compounds were used as internal standards and their results were within 

± 1 at% of the expected stoichiometries.  

2.3.3.3 EPMA-WDS analyses of CMFAS-coating material test coupons  

CMFAS-coating material test coupons were analyzed with EPMA-WDS quantitative X-

ray maps and point scans using the JEOL JXA-8530FPlus set 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 acquiring the quantitative X-ray maps, 

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

a map pixel size of 0.25ɛm and a dwell time of 150ms per pixel. Map pixel sizes were 

established such that there were at least 4 pixels per grain 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 curves[59ï

61]. The measurement uncertainty for this mode of data acquisition is 1-2cat%.  

Quantitative chemical data for the Y-Al -Zr-O TBO-CMFAS interactions was acquired 

using analyzing crystals LIFL for Fe-KŬ, PETL for Zr- LŬ and Ca- KŬ, TAP for Al- KŬ and 

Si- KŬ, and TAPL for Mg- KŬ and Y-LŬ. To optimize signal to noise ratio whilst staying 

within instrument error limits, second order diffraction lines of the Y-LŬ signal were 
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analyzed. For the Gd-Al -Zr-O TBO-CMFAS interactions, LIFL crystal was used for Fe-

KŬ and Gd-LŬ, PETL for Zr- LŬ and Ca- KŬ, TAP for Al - KŬ and Si- KŬ, and TAPL for Mg- 

KŬ. The standards were Anorthite (Smithsonian Institution NMNH 137041), Ilmenite 

(NMNH 96189), Spinel (Taylor, MgAl2O4) Orthoclase (Taylor, KAlSi3O8), Periclase 

(Taylor, MgO), Yttrium Aluminum Garnet (YAG) (MAC, Y3Al 5O12), Zirconia (MAC, 

ZrO2), GdPO4, (NMNH 168488), and GGG: gadolinium gallium garnet (MAC). 

Data from point analyses was acquired and analyzed using Probe for EPMA software. 

Three grains per phase were chosen from different regions in the coating-CMFAS reaction 

zone.  

Quantitative X-ray maps were acquired using Probe Image software, pre-processed using 

CalcImage and analyzed using Surfer (Golden Software). At least 8 maps with different 

dimensions were acquired for each coating-CMFAS sample set. 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 coating-CMFAS test coupons are given in Chapter 6. 
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CHAPTER 3: INTRINSIC STABILITY OF COMPLEX DEPOSITS  

3.1 Background 

There is growing evidence that multi-cation sulfate and mixed sulfate-oxide deposits, 

hereafter termed ócomplexô deposits, threaten material durability via new mechanisms 

across a wide range of temperatures [62ï65]. Many reports involve deposits containing 

CaSO4, which may be ingested as gypsum or could form within the engine. Importantly, 

CaSO4 accelerates alloy oxidation at temperatures above the typical Na2SO4 hot corrosion 

regime via reactions that convert the Ŭ-Al 2O3 TGO into a mixture of non-protective 

calcium aluminates [66]. Accelerated alloy corrosion has also been observed in ex-service 

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 mixed-oxide and oxide-sulfate-chloride deposits [62ï64]. 

CaSO4 has also been implicated in the infiltration and stiffening of TBCs operating at 

higher temperature [37,52]. 

Understanding the influence of complex mixed anion, multi-cation deposits is crucial while 

designing materials that can withstand their attack. This chapter 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 temperature ranges under which it is 

important to differentiate between mixed oxide-sulfate deposits and pure oxide-based 

deposits. Results from computational thermodynamics models are used to help explain 

possible reaction pathways. Detailed experimental methods used for this work have been 

presented in Chapter 2.  

The work presented in these sections has been adapted from [56]. The computational 

thermodynamics calculations presented below were performed by Atharva Chikhalikar and 

Dr. David Poerschke. Detailed protocols followed for these thermodynamic calculations 

have been reported in [56]. 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 characteristics 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 reaction [5,15,51,57,68,69] , (ii) total combined 

Mg2+, Fe2+/3+ and Al3+ content (ВὓὊὃ), which are known to influence the melt properties 

and diversity in the crystalline reaction products [5,15,70], and (iii) the Na+ and K+ content 

(Вὔὑ) which are important in marine environments. Based on these parameters and 

knowledge from the CMFAS oxide literature, five master cation ratios were defined (Table 

1, Figure 9). The composition C31M9F5A12S43 is based on observations of field hardware 

by Borom et al. (1996) [40] and has served as the basis for many synthetic laboratory 

deposits. C10M5F5A10S70 and C20M5F5A10S60 were originally defined by Summers et al. 

(2018) [71] to explore the effect of reducing the Ca:Si ratio relative to C31M9F5A12S43. 

While keeping the Ca:Si ratio fixed, C15M12F12A16S45 doubles the ВὓὊὃ relative to 

C20M5F5A10S60, and C13N10K1M11F11A14S40 adds Na+ and K+ (Вὔὑ) approximating the 

Na:K ratio in seawater [72,73]. 

Two sets of deposits were synthesized using these 5 cation ratios. One set comprises just 

oxides (denoted -O) and the other set contains mixed oxides and sulfates (denoted -ὕὛӶ). 

For the mixed ὕὛӶ deposits, Ca2+, Mg2+, Na+, and K+ were added in a 1:2 sulfate-to-oxide 

ratio and the Fe2/3+, Al3+, and Si4+ were added only as oxides. This constitution was based 

on the relative instability of iron and aluminum sulfates relative to iron and aluminum 

oxides and instability of silicon sulfate [74ï76]. Thus, the latter cations are more likely to 

be present as oxides than sulfates in a turbine deposit. Indeed, studies of ex-service 

shipboard and aircraft engines have identified oxides and sulfates of Ca2+, Mg2+, Na+, and 

K+ in the deposits whereas Fe3+, Al3+, and Si4+ were present only as oxides [37,52,67]. 

Anhydrous CaSO4 was used as a control.  
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Table 1: Summary of Mixed Deposit Compositions  

Deposit Name 
Ca:Si 

Ratio 

ВὓὊὃ or 

ВὓὊὃὔὑ 

(mol%) 

Sulfates in ╞╢ 
Tsolidus

 

for ╞ 

Tsolidus for 

╞╢ 

C10M5F5A10S70
* 0.14 20 CaSO4, MgSO4 1186 ºC 1186 ºC 

C20M5F5A10S60 0.33 20 CaSO4, MgSO4 1136 ºC 1177 ºC 

C31M9F5A12S43 0.72 26 CaSO4, MgSO4 1220 ºC 1136 ºC 

C15M12F12A16S45 0.33 40 CaSO4, MgSO4 1186 ºC 1186ºC 

C13N10K1M11F11A14S40 0.33 46 
CaSO4, MgSO4, 

Na2SO4, K2SO4 
1065 ºC 1065 ºC 

CaSO4 -- 0 CaSO4 -- -- 

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

 

Figure 9: Model deposit compositions were chosen to vary the cation contents to monitor 

the effect of the Ca:Si ratio, Mg, Al, 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 CaSO4 and ὕὛӶ samples as-pressed and after 

representative heat treatments, and of the oxide samples after the 1225 ºC heat treatment. 

Aside from modest shrinkage, the pellet appearance is unchanged up to 1025 ºC. 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 morphological changes including 

spreading or dome formation were ascribed to a larger melt fraction or complete melting. 

Compositions C13N10K1M11F11A14S40-ὕὛӶ and C20M5F5A10S60-ὕὛӶ showed accelerated 

shrinkage beginning at 1075 ºC and 1125 ºC, respectively, indicating their approach to the 

incipient melting temperature. By 1175 ºC the C13N10K1M11F11A14S40-ὕὛӶ, 

C15M12F12A16S45-ὕὛӶ, and C20M5F5A10S60-ὕὛӶ had melted, and C31M9F5A12S43-ὕὛӶ melted 

by 1225 ºC. The C10M5F5A10S70-ὕὛӶ shrank significantly and showed indication of initial 

melting but retained its pellet shape at 1225 ºC. The lower melting onset for 

C13N10K1M11F11A14S40-ὕὛӶ is consistent with the presence of the lower-melting Na and K 

oxides and sulfates. The trends in relative melting temperature are generally consistent with 

the calculated values in Table 1. However, the high experimental melting point for 

C31M9F5A12S43-ὕὛӶ is more consistent with the calculated Tm for the oxide rather than ὕὛӶ 

deposit shown in Table 1. As confirmed in later results, this behavior suggests that the 

sulfate decomposes fast enough that the ὕὛӶ 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 for C10M5F5A10S70-O were significantly molten at 1225 ºC. 

CaSO4 showed no change in physical appearance other than densification.  
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Figure 10: Photos of mixed oxide + sulfate (ὕὛӶ), CaSO4, and mixed oxide samples before 

and after 10 h heat treatments in dry air. 
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3.4 Analysis of the mass lost by deposits  

Each heat-treated sample mass was normalized based on the as-pressed sample mass and 

to account for mass loss after dehydration at 300 ºC. The results are shown in Figure 11. 

The ὕὛӶ samples begin to lose mass above 725 ºC. The retained mass decreases with 

increasing annealing temperature until reaching a plateau corresponding to the expected 

mass in the case that the sulfates decompose into the corresponding oxides. Conversely, 

the oxide samples retain their initial mass to 1225 ºC except for a small (~2 %) mass loss 

for C13N10K1M11F11A14S40-O. The pure CaSO4 is stable below 1075 ºC, and even after 10 h 

at 1225 ºC the retained mass remains well above the relative mass corresponding to 

complete sulfate decomposition. Based on the collective results, it is reasonable to assume 

that the mass loss in the ὕὛӶ samples is primarily due to sulfate decomposition and SO2 

volatilization.  

The inferred fraction of sulfate decomposed in each experiment (F) was 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 in Figure 12. 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 propagated through this calculation to generate the error bars. Small 

deviations above F = 1 at high temperatures in Figure 12 are likely due to measurement 

uncertainty or unaccounted moisture in the initial samples. The curve fits in Figure 12 are 

based on a generalized logistic function 

 ὊὝ  (1) 

where the fitting parameters A, B, and C reflect the rate of temperature-dependent 

accelerated decomposition, the temperature midpoint of the decomposition process, and 

the skewness toward faster decomposition at higher temperatures, respectively. The key 

observations include: 

1. For the ὕὛӶ samples, there is modest sulfate decomposition after 10 h at 725 ºC and 

775 ºC. Sulfate decomposition accelerates as the temperature increases, and most 
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of the sulfate is decomposed after 10 h at 1075 ºC. Conversely, minimal 

decomposition of pure CaSO4 occurs in 10 h below 1075 ºC, and the CaSO4 only 

partially decomposes in 10h at higher temperatures. 

2. Figure 12 (a) compares the results for C10M5F5A10S70-ὕὛӶ, C20M5F5A10S60-ὕὛӶ and 

C31M9F5A12S43-ὕὛӶ to illustrate the effect of changing Ca:Si ratio. The three 

compositions show similar trend, but the curve for the higher SiO2 C10M5F5A10S70-

ὕὛӶ composition is shifted to lower temperatures.  

3. Figure 12 (b) shows the effects of changing the MFA(NK) content. The 

C15M12F12A16S45-ὕὛӶ composition shows the broadest temperature range for 

decomposition. The accelerated mass loss at lower temperatures could be 

associated with the higher fraction of the less-stable MgSO4 compared to CaSO4 or 

as elaborated below, the activation of a reaction pathway producing higher 

equilibrium pSOx in the initial stages of the reactions.   

4. Adding sodium and potassium oxides and sulfates (C13N10K1M11F11A14S40-

ὕὛӶȟ Figure 12 (b)) narrows the temperature range for sulfate decomposition. The 

mass is essentially unchanged until 825 ºC, with a rapid increase in sulfate 

decomposition at higher temperatures. However, the results for this composition 

reach a plateau slightly below F(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 11: Normalized mass retained of the ὕὛӶ samples (filled circles) and oxide samples 

(open circles) after 10 h heat treatments in dry air. Some error bars are smaller than the 

symbols. Most ὕὛӶ samples plateau near the mass corresponding to complete sulfate 

decomposition (indicated by horizontal dashed lines) by 1025 ºC.  
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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 

ºC is attributed sulfate decomposition. The effects of changing the Ca:Si ratio are 

illustrated in (a) while the effect of increasing the MFA(NK) content is illustrated in (b). 

Data for pure CaSO4 and C20M5F5A10S60-ὕὛӶ samples are shown in both panels for 

comparison. 

EDS was used to confirm that sulfur was removed from the annealed samples. Portions of 

the spectra in the vicinity of the sulfur-KŬ1 energy (2.307 keV) are shown in Figure 13 for 

the as-synthesized oxide and ὕὛӶ samples (Figure 13 (a-e)), and CaSO4 (Figure 13 (f), with 

CaO), and the 1125 ºC heat treated samples. Prior to plotting, the EDS spectra were 

normalized to the intensity of the primary cation, i.e. Si KŬ1 for ὕὛӶ samples and Ca KŬ1 

for CaSO4, and scaled to produce equivalent initial S KŬ1 peak intensity. Each of the as-

synthesized (before) sulfate-containing samples shows a clear S KŬ1 peak. The mixed oxide 

samples (but not pure CaO) do not have intensity above the Bremsstrahlung at 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 SiO2, but by sulfur. The spectra for all the 1125 ºC ὕὛӶ 

samples except C13N10K1M11F11A14S40-ὕὛӶ were nearly coincident with the corresponding 

oxide curves, confirming that the sulfur had been eliminated. A small residual intensity 

around 2.307 keV for C13N10K1M11F11A14S40-ὕὛӶ suggests that a small fraction of sulfur 

remains. For CaSO4, the S KŬ1 peak decreases slightly after heat treatment at 1125 ºC but 

a significant fraction of the sulfur remains. This semi-quantitative EDS data aligns well 

with the retained mass data, which showed that the 1125 ºC ὕὛӶ samples except 

C13N10K1M11F11A14S40-ὕὛӶ should have lost all of their sulfate, the C13N10K1M11F11A14S40-

ὕὛӶ should have a small fraction of retained sulfate, and the CaSO4 sample should contain 

~90% of the original sulfate. 

 

Figure 13: EDS spectra in the vicinity of sulfur-KŬ1 characteristic energy for the as-

synthesized and 1125 °C ὕὛӶ sampled and the corresponding oxide sample.  

3.5 Discussion 

3.5.1 Reaction pathways for sulfate decomposition 

The first calculations compared individual sub-reactions involved in sulfate decomposition 

in complex deposits. Figure 14(a) shows the pSO2 for the decomposition of the individual 
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pure sulfates. At 1025 ºC the relatively high pSO2 for MgSO4 decomposition (0.3 atm) limits 

the transport-based kinetic hindrance for MgSO4 decomposition. The pSO2 above CaSO4 is 

considerably lower (3 × 10-6 atm), consistent with the limited decomposition observed at 

this temperature. The decomposition pSO2 for Na2SO4 and K2SO4 is even lower, suggesting 

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

temperature.  

 

Figure 14: Equilibrium partial pressure of SO2 (pSO2) for decomposition of sulfates at 1025 

ºC in dry air. (a) The wide decomposition pSO2 range for the pure sulfates increases for (b) 

reactions involving other oxides. The pSO2 range narrows for (c) the mixed oxide-sulfate 

deposits studied experimentally.  

Figure 14(b) shows the equilibrium pSO2 for reactions between specific sulfates and oxides 

in equimolar ratios. In each case, the pSO2 above the decomposing sulfate increases 

compared to the pure sulfate. The magnitude for the increase when adding oxides to CaSO4 

is significantly greater than when adding oxides (e.g., SiO2) to MgSO4, given that the latter 

already has a high equilibrium pSO2. Reacting CaSO4 with Al2O3 or SiO2 at 1025 ºC 

increases the pSO2 by approximately 2.5 or 3.5 orders of magnitude due to the driving force 

to form CaAl2O4 or CaSiO3, respectively. Adding Fe2O3 with SiO2 increases pSO2 slightly 

for reactions forming calcium ferro silicates (CFS) like Ca3Fe2Si3O12. Adding MgO along 

with SiO2 has a more pronounced effect in increasing the pSO2 by forming calcium 

magnesium silicates (CMS), CaMgSi2O6. The pSO2 above CaSO4 at 1025 ºC is highest 

when Al2O3 and SiO2 are both added, stabilizing the calcium aluminum silicate (CAS) 

anorthite, CaAl2Si2O8. 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 complete consumption of one 

reactant could then significantly reduce the pSO2 as the decompositions proceed.  

Figure 14(c) shows the initial pSO2 above ὕὛӶ deposits studied experimentally at 1025 ºC. 

They are significantly higher than pure CaSO4 (consistent with the faster ὕὛӶ 

decomposition) and cluster near the center of the range for the individual binary and ternary 

reactions shown in Figure 14(b). The pSO2 for 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 sulfate retained as shown in Figure 12 along with insights from 

computational thermodynamics shown in Figure 14 demonstrate that specific reaction 

pathways influence the overall stability of these mixed oxide-sulfate, multi-cation deposits 

and that relative compositions of certain compounds are responsible for triggering these 

reaction pathways. Between the C10M5F5A10S70-ὕὛӶ and C20M5F5A10S60-ὕὛӶ, 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 SiO2 as a reactant. Comparing the decomposition trend 

of C15M12F12A16S45-ὕὛӶ and C20M5F5A10S60-ὕὛӶ, which differ only in ВὓὊὃ, shows how 

the secondary cations can accelerate sulfate decomposition. The sulfate retained in the 

liquid formed in the C13N10K1M11F11A14S40-ὕὛӶ persists at higher temperatures. If most of 

the sulfate content decomposes under engine operating conditions, there 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 decomposition mechanisms could result in very high 

pSO2 in the vicinity of the alloy. It is therefore important to also consider the transient nature 

of sulfate decomposition causing local variations in pSO2. 

So, if engines are operating in environments which are gypsum rich, the 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 of marine 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 active mechanism. 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 to more traditional oxide-based 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 materials against deposit attack.   

3.6 Conclusions 

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

of complex, mixed oxide-sulfate deposits has been studied.  

 Some key conclusions of this study are as follows: 

1. Overall composition 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 with high pSO2. 

2. Deposits with high Ca:Si ratios tend to have slower sulfate decomposition rates 

with pure CaSO4 showing the most sluggish decomposition.  

3. Decomposition of sulfate in deposit compositions with higher Mg, Fe, and Al 

content is quickened by alternate reaction pathways which form CAS, CMS, and 

CFS products with high pSO2. 

4. The presence of Na+ and 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 (Mg3Al 2Si3O12), grossular 

(Ca3Al 2Si3O12), and their solid solutions have been studied for their petrologic importance 

[77,78]. Rare earth (RE) aluminate, gallate, and ferrite garnets, e.g. Y3Al 5O12 (YAG) and 

Y3Fe5O12 (YIG), exhibit useful optical and magnetic properties that are used in lasers, solid 

state lighting, and data transmission and storage applications [79ï82]. YAG and related 

RE aluminates are also candidate thermal and environmental barrier coating (TBC and 

EBC) materials that could enable the development of turbine engines capable of operating 

at higher temperatures [12,43,83].  

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 binary and ternary systems 

relevant to doping the pure endmembers [84ï86], or on the high-pressure phase 

relationships in the silicate garnets relevant to geological applications [77,78].  

More recently, a need to understand the stability of garnet in systems with mixed oxyanions 

(i.e. silicate-aluminate-ferrite garnets) has emerged 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, Fe2O3 and Al 2O3 appear to promote 

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

crystallization, particularly for coatings based on the smaller RE cations (e.g., Yb3+ or Y3+, 

compared to Gd3+
, Nd3+, or La3+) [15,43ï46,49ï51,53,55,68]. Interactions of titania and 

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

garnets [37,52]. There is evidence that the shift from apatite formation to garnet formation 

negatively affects coating durability due to  slower crystallization kinetics (for TBCs) or 

the generation of proportionally larger volume of the CTE-mismatched phases per mole of 

coating dissolved (for EBCs) [5,28,71]. Despite the apparent importance of the garnet 
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phase for the performance of RE-containing T/EBCs, little is known about the extent of 

possible garnet solid solution stoichiometries or the details about how the deposit 

composition impacts the transition between apatite- and garnet-forming reactions. The 

prospective development of multi-phase T/EBCs containing aluminates for improved 

phase stability and toughness [12] further motivates the need to understand the formation 

of aluminosilicate garnets given that dissolution of these coatings into CMAS deposits 

would contribute additional Al3+ to promote garnet formation [5,43]. 

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 chemical analyses 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 articles [47,57] and some 

sections 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 amounts of iron, in addition to trace amounts of other elements like 

titanium.   

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 chemical analyses 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 articles [47,57] and some 

sections 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 amounts of 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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temperature ensured sufficiently fast diffusion kinetics to allow for overall homogeneity in 

the samples. Grain sizes of individual phases were large enough to allow for precise 

quantitative chemical analyses using EDS and EPMA.  

It is also important to understand the stability of the garnet phase in subsolidus systems. 

However, due to the slow diffusion kinetics of solid-state diffusion, it was challenging to 

obtain homogenous samples at lower temperatures. These efforts are highlighted in 

appendix 3.  

Given the importance of Y-based TBC and EBC materials including YSZ, Y4Zr3O12 (and 

related solid solutions), Y2Si2O7, Y2SiO5, 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 baseline for to choose specific compositions for study in the Gd/Yb+CMAS 

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 

 

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

garnet structure 

The garnet crystal structure is cubic (Iaσd) and can be represented as A3B2T3O12 where óAô, 

óBô, and óTô represent three crystallographically distinct cationic sites. As illustrated in 

Figure 15, the dodecahedral site (A) is largest and is coordinated by 8 oxygen atoms, the 

octahedral site (B) has a coordination number of 6, and the tetrahedral site (T) is smallest 

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 set up the theoretical extent of the garnet phase field, RE-AG, is used as the 

prototypical garnet endmember. In RE-AG, the dodecahedral site is occupied by RE3+ and 

the octahedral and tetrahedral sites are occupied by Al3+, i.e. RE3Al 2Al3O12. The silicate 

endmembers include grossular (Ca3Al 2Si3O12) and pyrope (Mg3Al 2Si3O12). In case of the 

Y+CMAs system, an additional endmember menzerite-Y (Y2CaMg2Si3O12) is also 

known.[87] YAG, pyrope, and grossular have been described as isolated end members in 

thermodynamic databases, e.g., Thermo-Calc TCOX9[88] and FactSage FToxid.[89] 

Extended solid solutions between grossular and pyrope have been studied in geologic 

samples,[90,91] but there is no evidence that these endmembers or their solid solutions 

form at ambient pressure.[92ï94] 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 CMAS-TBC 

systems[5,15,43,49] suggests the existence of a solid solution between RE-AG and 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 structure.[95,96] Information about 

geological garnets and Paulingôs rules were used to identify which cations would likely fit 

in each site in the garnet structure. This analysis suggests that RE3+ and Ca2+ can only 

occupy the dodecahedral site, Mg2+ can occupy the dodecahedral and octahedral sites, Al3+ 

can occupy the octahedral and tetrahedral sites and Si4+ can only occupy the tetrahedral 

site.  

Using RE-AG 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 stoichiometry, it is assumed that 

any cationic substitutions must either be isovalent or involve coupled substitutions, e.g., 

Ca2+ for RE3+ combined with Al3+ for Si4+, to maintain charge neutrality. Substitutions of 

Ca2+ or Mg2+ for RE3+ in the A site (with concomitant substitutions of Si4+ for Al3+ ions in 

the T site) while leaving óBô fully occupied with Al3+ generate the joins between RE-AG, 

grossular, and pyrope shown in Figure 16 (a). Based on the imposed oxygen stoichiometry 
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constraint, the allowed composition range is restricted to the shaded plane in Figure 16 (a), 

which is represented on the Gibbs triangle in Figure 16 (b) using two composition variables 

óxô and óyô according to Equation 1.   

 (RE3-x-yCaxMgy)(Al 2)(Al3-x-ySix+y)O12 (1) 

In this formulation, the composition is constrained to ὼ ώ σ since there are only three 

available A and T sites per formula unit. The endmembers RE-AG, grossular, and pyrope 

are represented by the coordinates (0,0), (3,0), and (0,3), respectively. An additional 

compositional variable ózô can then be introduced to capture Mg2+ substitution for Al3+ in 

the B site according to: 

 (RE3-x-yCaxMgy)(Al2-zMgz)(Al3-x-y-zSix+y+z)O12 (2) 

This formula is constrained to π ᾀ ς based on the two B sites per formula unit, and 

ὼ ώ ᾀ σ given the three available T sites per formula unit for charge compensating 

substitutions of Si4+ for Al3+
. These boundary conditions set the limits on the theoretical 

range of the garnet solid solution in the RE + CMAS system, which is shown in Figure 16 

(c). In this figure, the x-axis extending from RE-AG at (0,0,0) to grossular at (3,0,0) 

represents the allowed Mg-free compositions, the y-z plane represents Ca-free 

compositions, and the remainder of the volume represents compositions containing both 

Ca and Mg.    

Table 2: 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 óAô site óBô site óTô site 

Apatite: 

[A2B8(TO4)6O2] 
RE3+, Ca2+, Mg2+ RE3+, (Zr4+) Si4+ 

Garnet 

[A3B2T3O12] 

RE3+, Ca2+, Mg2+, 

(Fe2+) 

Mg2+, Al3+, (Fe3+, 

Ti4+, Zr4+) 

Al 3+, Si4+, 

(Fe3+) 
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Figure 16: The imposition of a charge neutrality constraint with fixed oxygen stoichiometry 

allows (a) all possible Ca2+:RE3+ and Mg2+:RE3+ in the óAô site with coupled Si4+:Al3+ 

substitutions in óTô sites to represented in (b) a 2D Gibbs triangle. Coupled Mg2+ for 

Al3+(in óBô) and Si4+ for Al3+substitutions (in óTô) can then be represented (c) in a third 

dimension. 



40 

 

4.3 Stability of the aluminosilicate garnet phase and silicate apatite phase as 

documented in literature 

 

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 stability of apatite and garnet is gained by examining the 

endmembers RE9.33(SiO4)6O (the apatite terminus in the REO1.5-SiO2 binary), 

Ca2RE8(SiO4)6O2 (the vacancy-free nominal apatite stoichiometry), and RE3Al 5O12 (the 

rare earth aluminate garnet, RE-AG). These have been studied in a variety of contexts 

including nuclear waste immobilization, [97] solid oxide fuel cells and sensors, phosphors, 

and laser technology [79ï81,98], and for their petrologic and geochronologic importance 

[99,100]. Data from the REO1.5-SiO2 [101ï104] and AlO1.5-REO1.5 [31,105ï115] binary 

systems, studies into apatite crystal chemistry [97,98,116ï119] for calcium containing rare 
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earth apatite stability, and the literature on T/EBC-CMAS interactions [5,51,120,121] were 

used to infer the stability of the endmembers at 1400 °C. The results are plotted in Figure 

17 as a function of the 8-fold coordinated RE ion radii [96]. With increasing RE ion radius, 

the stability of the Ca-free apatite increases while that of the pure aluminate garnet 

endmember decreases. The Ca-containing apatite endmember is stable for most RE oxides, 

but RE cation partition coefficients in geological samples suggests a preference for the RE to 

enter the garnet phase for the smaller RE cations [51]. These observations hint at a strong 

dependence of the rare earth ion radius on the stability of apatite and garnet phases. The 

transition in their relative stability appears to occur over the RE cation size range 

encompassing Yb3+, Y3+, and Gd3+, which are selected as the focus for the present 

investigation. Additionally, these 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 marked in Figure 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 ambient pressure:  

i) What are the maximum solubilities and relative partitioning of Ca2+and Mg2+ in the 

A site considering that Ca2+ is roughly 10% larger and Mg2+ is 12% smaller than 

Y3+ in 8-fold coordination?  

ii)  What is the relative tendency for Mg2+ to partition into A vs. B given that Mg2+ is 

observed in the B site in many geologic garnets, but Mg2+ is 35% larger than Al3+ 

in 6-fold coordination?  

iii)  What combination of alkaline earth (AE) substitutions maximizes the Si4+ solubility 

in the garnet crystal structure? 

Using the understanding gleaned from the Y+CMAS study, a set of 8 compositions 

annotated in Figure 18 was chosen 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 the compositional extent 

of garnet phase given that Yb3+ is roughly 3% smaller and Gd3+ is roughly 3% larger 

than Y3+ in the 8-fold coordination site of the garnet crystal structure?  

ii)  To what degree do structural distortions caused by changes in the RE cation size 

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 Ca2+: Si4+ ratios and the concentration of Al3+ influence the equilibria 

between apatite and garnet? 

 

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/Yb+CMAS 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 in Figure 16(c). The preliminary results were used to select additional compositions 

within the Y+CMAS system to refine the assessment of the garnet stability range. Table 7 
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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 stability in the Yb- and Gd-CMAS systems 

delineate the boundary of the aluminosilicate garnet phase field in the Y-CMAS system at 

1400 °C. These compositions proved sufficient to understand the relevant equilibria in both 

systems. Most of the chosen compositions contain 25 mol% SiO2 (x + y + z = 2), with 

varying concentrations of the other cations. Two additional MgO-rich compositions 

((0,0.5,2), (0,1,2)) were studied to elucidate the influence of Mg2+ on apatite and garnet 

stability. The pure aluminate garnet endmembers Yb3Al 2Al 3O12 and Gd3Al 2Al 3O12 were 

synthesized and studied to confirm their stability at 1400 °C.  

4.6 Assigning garnet stoichiometries and site occupancies 

The cation site assignments in Table 2 were used to infer the site occupancies of the 

equilibrium garnet phases based on their measured compositions. This analysis assumes 

that vacancies and interstitials donôt play a significant role in maintaining charge balance 

in the solid solution stoichiometries. As elaborated in the discussion, the results support 

this assumption given that the deviation from the nominal oxygen stoichiometries in the 

measured compositions are within the confidence bounds for the EPMA technique. First, 

the normalized cation atomic percentages (cat %) were converted to a number of atoms per 

formula unit based on the 8 cation sites per formula unit. Then, all Si4+ were assigned to 

the T sites given that Si4+ can only occupy the T sites.  The empty T sites were then filled 

with Al3+ before assigning the remaining Al3+ to the B sites. Mg2+ was apportioned to first 

fill the remainder of the B sites and then to begin to fill the A sites. Ca2+ and Y3+, which 

can only occupy the A site, were then assigned to the remaining A sites.  

Several cross-checks were performed to confirm the preliminary site assignments. First, it 

was confirmed that the sum of Ca2+, Y3+ and Mg2+ assigned to the A sites was equal to three 

atoms per formula unit. Second, the number of Al3+ in the B site for the Mg-free 

compositions was confirmed to equal 2. Finally, the oxygen stoichiometry calculated based 

on the cations present was compared to the anticipated 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 assignments. 

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 from SEM-EDS and EPMA 

analyses. Key observations about overall phase 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 and BSE micrographs are have been shown for 

representative samples in the Y+CMAS system (Figure 19) and for all the studied samples 

in the Gd/Yb+CMAS system (Figure 20). In both figures, the XRD spectra were 

normalized to the strongest reflection.   

Table 3: Designations and end member formulae for observed phases 

Phase name Stoichiometry Abbreviation 

Corundum Al 2O3 Cor. 

Anorthite CaAl2Si2O8 An. 

Apatite (Ca,Mg)2RE8Si6O26 Ap. 

Garnet A3B2T3O12 G. 

Liquid  L. 

Melilite (Gehlenite) Ca2Al 2SiO7 Mel. 

Olivine Mg2SiO4 Oli. 

Spinel MgAl2O4 Sp. 

Yttrium aluminum monoclinic Y4Al 2O9 YAM  

Yttrium disilicate Y2Si2O7 YDS 

Yttrium monosilicate Y2SiO5 YMS 

Pyroxene MgSiO3 Px. 

Ytterbium disilicate Yb2Si2O7 YbDS 

Ytterbium monosilicate Yb2SiO5 YbMS 

Gadolinium aluminum perovskite GdAlO3 GdAP 
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Table 4: Summary of the observed equilibrium phase assemblages 

ID Coordinate 
Observed Phase List 

Yb Y Gd 

1 RE-(0,0,0) G G G, GdAP, Al 

2 RE- (0.5,0,0)  G, YAMÀ  

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- (0,0.5,2) 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 and is not an equilibrium phase. 

À Grains of YAM were very small and the exact silica solubility in this phase is unknown due to 

characterization limitations 

4.7.1 Y+CMAS system 

i) Garnet was observed for all samples defined by ὼ ώ ᾀ ς but only sample 

(0,0,0) (corresponding to the YAG endmember) formed single phase garnet.  

ii)  Most of the samples formed a liquid at 1400 °C.  

iii)  Nearly all Mg-containing samples exhibited either spinel or olivine as a secondary 

phase.  

iv) Apatite was observed in a smaller subset of samples. In samples containing only Mg 

or Ca, the measured compositions corresponded to close to the nominal 

stoichiometries of Mg2RE8Si6O26[122] or Ca2RE8Si6O26. The apatite formed in 

samples containing both Mg and Ca incorporated little Mg.  
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Figure 19: XRD and BS-SEM 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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Table 5: Summary of equilibrium garnet compositions in Y/Yb+CMAS systems 

ID Sample 
Equilibrium garnet stoichiometry (EPMA) 

Y+CMAS system Yb+CMAS system 

1 RE-(0,0,0) (Y3.03)(Al1.96)(Al3.00)O12.00 (Yb2.99)(Al1.99)(Al3.00)O11.98 

2 RE- (0.5,0,0) (Y2.50Ca0.49)(Al2.01)(Al2.49Si0.51)O12.01  

3 RE- (1,0,0) (Y2.25Ca0.76)(Al1.99)(Al2.26Si0.74)O11.99  

4 RE- (1.5,0,0) (Y2.13Ca0.88)(Al1.99)(Al2.12Si0.88)O12.00  

5 RE- (2,0,0) (Y2.14Ca0.86)(Al2.00)(Al2.15Si0.85)O11.99 (Yb2.11Ca0.92)(Al1.97)(Al2.04Si0.96)O12.02 

7 RE- (0,0.5,0) (Y2.62Mg0.38)(Al1.88Mg0.12)(Al2.48Si0.32)O12.01  

8 RE- (0,1,0) (Y2.45Mg0.55)(Al1.81Mg0.19)(Al2.22Si0.78)O12.02  

9 RE- (0,1.5,0) (Y2.40Mg0.60)(Al1.7Mg0.30)(Al2.08Si0.92)O12.01  

10 RE- (0,2,0) (Y2.26Mg0.74)(Al1.26Mg0.74)(Al1.54Si1.46)O11.99 (Yb2.04Mg0.96)(Al1.53Mg0.47)(Al1.49Si1.51)O12.04 

12 RE- (0.5,0.5,0) (Y2.31Ca0.39Mg0.30)(Al1.90Mg0.09)(Al2.22Si0.78)O12.00  

13 RE- (1,1,0) (Y2.18Ca0.54Mg0.28)(Al1.72Mg0.28)(Al1.90Si1.10)O12.00 (Yb2.14Ca0.54Mg0.32)(Al1.68Mg0.32)(Al1.80Si1.20)O12.01 

15 RE- (0,0,1) (Y3.00)(Al1.03Mg0.96)(Al2.04Si0.96)O12.00  

16 RE- (0.5,0,1) (Y2.53Ca0.44Mg0.03)(Al1.00Mg1.00)(Al1.56Si1.44)O11.98  

17 RE- (1,0,1) (Y2.17Ca0.62Mg0.20)(Al1.41Mg0.59)(Al1.61Si1.39)O11.99  

20 RE- (0,1,1) (Y2.35Mg0.65)(Al0.84Mg1.16)(Al1.15Si1.85)O12.02  

21 RE- (0,1.5,1) (Y2.36Mg0.64)(Al0.66Mg1.34)(Al1.06Si1.94)O11.98  

23 RE- (0.5,0.5,1) (Y2.29Ca0.30Mg0.40)(Al0.78Mg1.22)(Al1.07Si1.93)O12.00 (Yb2.22Ca0.42Mg0.36)(Al0.90Mg1.10)(Al1.04Si1.95)O12.03 

25 RE- (0,0,2) (Y2.96Mg0.04)(Al 0.09Mg1.91)(Al1.05Si1.95)O12.00 (Yb2.76Mg0.24)(Al0.23Mg1.76)(Al0.89Si2.11)O12.05 

27 RE- (0,0.5,2) (Y2.45Mg0.55)(Al0.38Mg1.62)(Al0.84Si2.16)O11.99 (Yb2.34Mg0.66)(Al0.13Mg1.87)(Al0.38Si2.62)O12.04 
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4.7.2 Yb+CMAS system 

i. Seven of the 8 compositions form garnet phase at 1400 °C. The equilibrium garnet 

stoichiometries inferred from the EPMA data are reported in Table 5. The only 

composition that didnôt form garnet had greater silica content, i.e. ὼ ώ ᾀ ς. 

ii.  The apatite phase was not observed in any of the Yb-CMAS samples  

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

formation 

iv. 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.  

v. The aluminate end member ((0,0,0) - Yb3Al 2Al 3O12) formed essentially single-

phase garnet; scattered grains of a Yb-rich phase suggest a small deviation of the 

synthesized composition from the intended bulk stoichiometry. 

4.7.3 Gd+CMAS system 

i. The garnet phase was only observed for Gd-(0,0,0), the pure aluminate 

endmember. Garnet was not formed in any of the silica-containing samples.  

ii.  Every sample except Gd-(0,0,0) and Gd-(0,2,0) formed apatite (Table 6). For 

samples containing both Ca and Mg ions, the apatite contained significantly more 

Ca2+ than Mg2+. Silicate apatites closely aligned with the nominal stoichiometries 

of Ca2RE8Si6O26 or Mg2RE8Si6O26 for samples containing only Ca2+ or only Mg2+ 

as the AE ions.  

iii.  Six of the 8 samples partially melted at 1400 °C. In most cases the liquid was 

quenched as a glass, but Gd-(0,1,2) showed fine crystallites in the melt pools 

(Figure 20). 

iv. All the magnesium-containing samples formed either spinel or olivine at 

equilibrium. 
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Overall, Y/Yb+CMAS systems showed equilibrium garnet formation at 1400 °C. Except 

for the pure aluminate garnet end-member, 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.  

Table 6: Equilibrium apatite stoichiometries for the Gd systems measured by EPMA. 

ID Sample 

Composition 

CaO MgO AlO1.5 SiO2 GdO1.5 

2 Gd-(2,0,0) 13.2 -- 0.4 37.3 49.0 

4 Gd-(1,1,0) 12.4 0.4 0.2 37.4 49.7 

5 Gd-(0.5,0.5,1) 9.9 2.8 0.2 37.4 49.9 

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 -- 37.5 50.1 
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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 (//) represent peaks with intensities extending 

beyond the scale 
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4.8 Y+CMAS system 

4.8.1 Mg free samples 

The x-axis (with y = z = 0) in Figure 16 (c) represents sample compositions having Ca2+ in 

their A site without Mg2+ in either the A or the B sites. Microstructures for each sample 

along this axis are shown in Figure 21. The fractions of garnet and liquid decrease and 

increase, respectively, with increasing Ca (and Si) concentration in the sample 

compositions. The composition corresponding to the grossular endmember, (3,0,0), forms 

a single-phase 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 compositions for the samples (2,0,0) and (1.5,0,0) are similar, 

suggesting that the Ca2+ solubility limit in the A site is 11 cat% in the Y+CMAS garnet 

system with 11 cat% of Si4+ (in the T site) for charge compensation with the corresponding 

equilibrium garnet stoichiometry of (Y2.13Ca0.88)(Al1.99)(Al2.12Si0.88)O12.00. The sample 

(0.5,0,0) falls within the maximum Ca2+ solubility 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 off-stoichiometry in the as-synthesized bulk composition.  

 

Figure 21: Results for the Ca-containing, Mg-free compositions represented by the x-axis 

(y = z = 0) in Figure 16(c) in which the A site contains Ca2+ and Y3+ , the B sites are 

filled with Al3+, and the T site contains Al3+ and Si4+. The BS-SEM micrographs show the 

equilibrium phase assemblages and the shift 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 Mg-containing, Ca-free samples are presented on the y-z plane (x = 0) 

from Figure 16(c) to reflect the ability for Mg2+ to occupy both the A and B sites in garnet. 

Considering first the samples in which z = 0 in the nominal composition (i.e. Mg2+ in A but 

not B, shown along the base of Figure 22), it is evident that the stability of garnet diminishes 

as MgO and SiO2 are added. Garnet is not formed for (0,3,0), which corresponds to the 

pyrope endmember. The upward, leftward diagonal shift from the nominal sample 

compositions to the equilibrium garnet stoichiometries (Figure 22) indicates preferential 

partitioning of Mg2+ into the B sites. A similar trend is observed for samples with nominal 

compositions with z = 1, i.e. Mg partially filling both A and B. The maximum solubility of 

Mg2+ in A (9 cat% shown by equilibrium garnet composition 

(Y2.26Mg0.74)(Al1.26Mg0.74)(Al1.54Si1.46)O11.99) is slightly less than that for Ca2+.  

Conversely, for sample stoichiometries containing Mg2+ only in B, i.e. (0,0,1) and (0,0,2), 

there is virtually no partitioning of Mg2+ 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 Mg2+, shows essentially no change in the concentration of Mg2+ in 

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 to A. The maximum total magnesia solubility in the Y + CMAS garnet is 27 

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 Ca-free samples define the extent of the garnet solid 

solution in the y-z (x = 0) plane of Figure 16(c). Majority of the samples exhibit upward, 

leftward diagonal shifts between the nominal sample composition and the observed 

equilibrium garnet stoichiometry indicating that Mg2+ favors the octahedral sites over 

the dodecahedral sites. Representative micrographs are shown for samples compositions 

with x = z = 0. 

4.8.3 Ca and Mg containing samples 

Figure 23 projects all of the equilibrium garnet stoichiometries onto the x-y plane (z = 0) 

shown in Figure 16(c). Samples (1,1,0) and (0.5,0.5,0), which are formulated to have equal 

Ca2+ and Mg2+ concentrations in the A site, provide insight into the relative tendency for 

these elements to be accommodated in garnet. The equilibrium garnets formed in both 

samples show a diagonal shift towards the y = 0 axis, i.e. the Ca2+ axis of the Gibbs triangle. 

The formulation for sample (0.5,0.5,1) contains more Mg2+ in B than A, and the resulting 

equilibrium garnet composition shows a very slight shift of additional Mg2+ into 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 solubility of Ca2+ 
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than Mg2+ in the A site. These observations suggest a slight preference for Ca2+ in the A 

site compared to Mg2+. On the contrary, equilibrium garnets corresponding to bulk 

compositions (0.5,0,1) and (1,0,1), show a shift toward the Mg2+ axis of the Gibbs triangle 

indicating a partitioning of Mg2+ 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 site-specific partitioning of cations, thus affecting the nature of coupled 

Ca2+ and Mg2+ substitutions. 

 

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

garnet stoichiometries onto the z = 0 plane (Figure 16) shows diagonal shifts and 

solubility differences suggesting a slight preference for Ca2+ compared to Mg2+ in the óAô 

site. 

4.9 Yb+CMAS system 

4.9.1 Ca free samples 

Figure 24 shows the equilibrium garnet stoichiometries corresponding to the four calcium-

free samples plotted on the y - z (x = 0) plane of Figure 16(c). This analysis indicates that 

Mg2+ ions occupy both the A and B sites in Yb containing silicate garnets. The equilibrium 

garnet stoichiometry formed in sample Yb-(0,2,0) shows an upward, leftward diagonal 

shift away from the nominal stoichiometry. This indicates a preference for Mg2+ to partition 
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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 direction for samples Yb-(0,0,2) and Yb-(0,0.5,2) in which the B site 

is fully occupied by Mg2+ in the notional formula. In those samples, the equilibrium garnet 

compositions show a slight decrease in the Mg2+ concentration of the B site as it partitions 

into the A site. 

 

 

Figure 24: Sample compositions and equilibrium garnet stoichiometries of the Ca-free 

samples plotted on the y-z plane. Yb data from this study overlaid on results from the 

Y+CMAS system. The equilibrium garnet stoichiometries were used to determine the 

extent of the garnet solid solution field at 1400ºC. In both systems the Mg2+ solubility is 

greater in the B site vs. the A site. The Mg2+ solubility 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 of equilibrium garnet stoichiometries onto the x ï 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 compositions formed in the Yb-(0.5,0.5,1) and Yb-(1,1,0) samples, which have 

equal concentrations of Ca2+ and Mg2+ in the A site in the nominal stoichiometries, show 



57 

 

a small deviation towards the Ca2+ axis (y = 0) from the central axis of the z = 0 plane. This 

indicates a slight preference for the larger Ca2+ (vs. the smaller Mg2+) in the A site.  

 

 

Figure 25: Projections of synthesized stoichiometries and equilibrium garnet 

stoichiometries on the z = 0 plane of Figure 16(c) for the Yb+CMAS and Y+CMAS 

systems. 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 systems, Figure 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.e Si = x+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 analysis. Figure 26(b) shows the 

equilibrium silica solubility limit as a function of the AE concentration in the sample 

overall. Values falling below a one-to-one relationship indicate that SiO2 preferentially 

partitions into equilibrium phases other than garnet. 



58 

 

4.10.1 Maximum Total Alkaline Earth Oxide Solubility and Maximum Si4+ Solubility in 

Y+CMAS systems 

The maximum silica solubility in the Y+CMAS garnet phase at 1400 °C is the 27 mol% 

SiO2 for the equilibrium garnet (Y2.45Mg0.55)(Al0.38Mg1.62)(Al0.84Si2.16)O11.99. 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 Alkaline Earth Oxide Solubility and Maximum Si4+ Solubility in 

Yb-CMAS garnets 

Based on data from the samples analyzed, the maximum solubility of Si4+ in the Yb + 

CMAS garnet at 1400ºC is 33 cat%. This corresponds to an equilibrium garnet composition 

of (Yb2.34Mg0.66)(Al 0.13Mg1.87)(Al 0.38Si2.62)O12.10, formed by the Yb-(0,0.5,2) sample. This limit, 

which corresponds to ~ 90 % of the maximum SiO2 solubility limit defined by the crystal 

chemistry, is considerably higher than the maximum in the Y-containing system.  

 

Figure 26: For both Y and Yb garnets, a direct correspondence between the total alkaline 

earth concentration and measured Si4+ content in equilibrium garnets follows the 

stoichiometry dictated by chemistry and charge neutrality constraints. This is consistent 

with the assumption that vacancy and interstitial mechanisms do not play a significant role 

in charge compensation The Si4+ solubility in Yb garnets is higher than that of Y garnets. 

(B) The presence of Mg2+ enhances garnet Si4+ 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 solubilities determine 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 formed in both cases.  

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 the RE-AG are simply better suited 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 extent of 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 melting point of garnet relative to the silica-containing 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/ytterbia-based T/EBC 

materials at lower temperatures (e.g. 1250 °C, 1300 °C) contain higher silica and alkaline 

earth oxide content than garnets formed at higher temperatures (e.g., 1500 °C).[5,15,43,49] 

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.  

4.11.1.1 Stability of the Garnet Phase in the Y + CMAS System 

A variety of secondary phases appear. For the Mg containing samples, the secondary 

crystalline phase shifts from spinel to olivine with increasing Mg2+ concentrations in the 

sample. This shift from the formation of a magnesium aluminate to a magnesium silicate 

coincides with the replacement of alumina with silica in the sample composition. The 



60 

 

formation of a magnesium-based apatite phase for several of the Mg-rich, Al-lean samples 

suggests that the alumina content (or Al:Si ratio) may be an important factor to consider in 

the transition between systems forming garnet vs. apatite. For the Ca-containing samples, 

apatite formation is favored with increasing in Ca2+ concentration. Thus, the combination 

of the Ca:Si ratio (previously identified as an important metric for apatite formation) and 

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

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

The secondary phases in the Yb+CMAS system include spinel and olivine in the Mg2+-

containing systems and ytterbium mono- and di-silicates. These assemblages are consistent 

with the apparent inability of the garnet structure to fully accommodate the Ca2+, Mg2+, 

and Si4+ in the silica-rich sample compositions.  

Figure 25 shows the projection of equilibrium garnet stoichiometries in the Y- and 

Yb+CMAS systems onto the z = 0 plane, providing additional comparison of the extent of 

the garnet solid solution in the Y- and 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 compositions containing Mg2+. In the presence 

of Yb3+, both Ca2+ and Mg2+ have comparable solubilities of about 12 cat% in the A site 

whereas the solubility of Mg2+ in the A site is slightly lower at 9 cat% in presence of Y3+. 

Furthermore, Yb3+-containing equilibrium garnets 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 Yb-(0.5,0.5,1). In case of the Y3+ system however, the relative concentrations 

of the AE ion in the nominal stoichiometry appeared to influence the equilibrium garnet 

shifts towards either the Ca axis (y=0) or the Mg axis (x = 0).  These observations suggest 

a slightly higher Mg2+ stability in the A site in presence of Yb3+ ions than Y3+ ions. 

However, the results also indicate that differences in the relative stability of garnet in the 

Y- vs. Yb-systems (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 Gd+CMAS system, garnet was only observed for the Gd-(0,0,0) sample 

corresponding to the aluminate garnet endmember (Gd3Al 2Al 3O12, GdAG). The 

implication is that the presence of SiO2 sufficiently destabilizes the garnet structure (or 

stabilizes other Gd-containing phases such as apatite) to limit Si4+, Mg2+, and Ca2+ 

solubility in GdAG at equilibrium. The RE mono- and di-silicate phases are absent in the 

Gd+CMAS systems, presumably replaced by the silicate apatite phase as the sink for 

gadolinia. Olivine and spinel 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 Gd-(0,0,0) sample contained three phases, 

namely alumina, GdAP (GdAlO3) and GdAG, rather than forming single-phase garnet. 

This observation is consistent with the mixed reports in the literature sources about whether 

GdAG is stable as a single phase at 1400 °C, or if Al2O3 + GdAP is the equilibrium 

assemblage [31,113ï115]. Shorter (25h) and longer (500h) 1400 °C heat treatments for the 

Gd-(0,0,0) sample produced equivalent phase assemblages and similar grain size 

distributions to the 100h heat treatment. No cooling effects were noted for any of the heat-

treated samples. Further investigations into this issue are beyond the present scope of this 

study.  A comparative summary of the microstructures seen for the three heat treatments 

of the Gd-(0,0,0) sample have been reported in appendix 3. The 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 partitioning 

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 equilibrium garnets. Several of the core 

questions underpinning this study relate to the site preference for each cation in the garnet 

structure. The results provide insight into each of these questions. The z vs. y (x = 0) plane 

of the notional garnet stability range (Figure 22, Figure 24) provides information about the 

Mg2+ partitioning between the octahedral and dodecahedral sites for the Ca-free 

compositions. 
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In the Y+CMAS system, the slightly higher solubility of Ca2+(11 cat%) than Mg2+(9 cat%) 

in the A site, and the leftward diagonal shifts in Figure 23 reveal a higher proclivity of Ca2+ 

for the A site compared to Mg2+. In the Yb+CMAS garnets studied, both Mg2+ and Ca2+ 

have about 12 cat% solubility in the A site. Conversely, Mg2+ is much 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 suggests a higher preference for Mg2+ in the octahedral 

(B) site vs. the dodecahedral (A) site. However, compared to the maximum theoretical 

solubility of 37.5 cat% of each of the Ca2+ and Mg2+ ions in A (i.e., grossular and pyrope), 

these solubility limits are low, 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 the Y- and Yb+CMAS systems 

shown in Figure 24 shows that the Mg2+ is more readily accommodated in the octahedral 

óBô site for both cases. However, the y values (corresponding to the Mg2+ content in the A 

site) for the Yb-containing garnets are higher than those for the Y-containing counterparts 

while some of the z values (corresponding to the Mg2+ content in the B site) shift lower. 

The inference is that the smaller difference between Mg2+ (0.89 Å) and Yb3+(0.985 Å) vs. 

Mg2+ and Y3+(1.019 Å) allows higher Mg2+ solubility in the A site for the Yb based system. 

The observation that the Si4+ concentration in the equilibrium garnets aligns very closely 

with the alkaline earth ion concentration (Figure 26(a)) confirms the assumption that 

vacancy and interstitial defects do not readily play a role in charge compensation in the 

garnet structure.  

Figure 26(a) also shows that although the Si4+ content is similar between equivalent Yb- 

and Y-garnets with intermediate AE content, the Yb-containing garnets dissolve more 

silica compared to the Y-garnets as the AE content increases. The maximum Si4+ solubility 

in Yb+CMAS garnet is 33 cat% observed in Yb-(0,0.5,2). This value is close to the 

maximum possible silica solubility (37.5 cat%) and is greater than the maximum solubility 

of 27 cat% Si4+ in the equivalent Y-(0,0.5,2) sample. The presence of Yb3+ thus appears to 

have increased the solubility of Mg2+ in the equilibrium garnet with a corresponding 
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increase in the Si4+ solubility. Figure 26 (b) shows that for the same total AE content in the 

nominal stoichiometries, Yb3+ containing garnets pull in more Si4+ at equilibrium.  

Additionally, Figure 26 (b) also shows that the stability range and total allowable the Si4+ 

content in both Y+CMAS and Yb+CMAS garnets is maximized in the presence of Mg2+. 

This is supported by the fact that maximum Si4+ solubility is seen in the equilibrium garnet 

for both cases when Mg2+ is the only alkaline earth cation in the nominal stoichiometry and 

that garnets containing both Ca2+ and Mg2+ pull in more Si4+ than the ones with just Ca2+. 

The combined solubility of Mg2+ in both A and B sites leads to its higher overall solubility 

in the Y/Yb+CMAS garnet compared to Ca2+. 

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. In conjunction 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 temperature-dependent changes in the garnet field extent. Figure 27 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 in Figure 27. The garnet compositions from literature studies fall 

along the x-axis (the Ca-rich side of the system), which is likely due to the high CaO 

concentration in the CMAS, causing most Mg2+ to enter the B site. The CaO, MgO, and 

SiO2 content in the equilibrium garnets increases for lower reaction temperatures. Using 

this limited temperature-dependent data along with the shape of the garnet field identified 

in [47] and the current work, tentative isotherms are shown in Figure 272. This result shows 

a considerable contraction in the field while increasing from 1200 ºC to 1500 ºC. 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 Yb- and Y+CMAS systems[37,44,46,50,55], or for 

which the compositions didnôt conform nominal formula[48,51], arenôt included in the figure but exhibit 

behavior consistent with the observed temperature-dependent trends.  
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than the effect of the change in cation size from Yb3+ to Y3+ even though the intrinsic 

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

 

Figure 27: Equilibrium stoichiometries corresponding to garnets formed in the (A) 

Y+CMAS system at 1250 ºC [49], 1300 ºC [15], 1400 ºC [47], and 1500 ºC [43] and the 

(B) Yb+CMAS system at 1200 ºC [45], 1300 ºC [53], and 1400 ºC (this work). Additional 

points from EPMA data obtained from 1250 ºC 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 Apatite ï garnet transitions 

The results are consistent 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 the reacting 

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 garnet. Key trends are 

illustrated in Figure 28 and Figure 29. 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 in RE3+ radius from Yb3+ to 

Y3+ to Gd3+ (up each column in Figure 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 in Figure 28) is accompanied by a decrease in apatite content. This is 
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a counterintuitive result since increasing the Ca:Si ratio typically drives apatite formation. 

However, in this case the Al3+ content is roughly twice that of the most-often studied 

CMAS compositions. Since Al3+ is necessary to stabilize garnet, the inference is that the 

greater Al3+ content pushes the equilibrium toward the garnet phase even though there is 

sufficient Ca2+ 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 heavily dependent on the Ca:Si ratio and Al3+ content.  

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 compositions in the Y+CMAS system showed the formation 

of apatite in equilibrium with garnet. This suggests that the Y3+ radius is favorable for the 

stability of both phases in equilibrium at higher temperatures. Additional insight comes 

from compositions studied in the Y+CMAS system with equivalent Ca:Si ratio (Figure 29), 

which show an increase in the garnet fraction and a decrease in apatite content with an 

increase in the AlO1.5
 concentration in the system. This confirms that in addition to the 

Ca:Si ratio, Al3+ content also pays a key role in influencing the apatite ï garnet stability 

and equilibrium transitions. 
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Figure 28: Equilibrium phase assemblages demonstrating the effect of RE3+ and 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. 

 

Figure 29: These micrographs demonstrate the effect of changing Al3+ content on apatite 

and garnet stability for a fixed Ca:Si ratio. The garnet and apatite grains were identified 

based on composition measurements and re-colored 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 the melt composition 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, TBC-melt 

reactions should form a higher volume of crystalline products than the volume of coating 

dissolved.[5,41] Conversely, for EBCs it is desirable that the coating be nonreactive or 

form reaction products that readily neutralize the melt to limit 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 apatite and garnet has a two-fold 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 TBCs [41,49,55]. This work 

reinforces the understanding that TBCs with larger RE ions are more likely to form apatite 

and less likely to form garnet. Compared with Y-containing coatings, reactions with Yb-

containing coatings are more likely to form garnet, and the resulting garnet will have a 

higher solubility of Mg2+ and Si4+, enabling them to consume more melt per mole of 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 apatite [53]. 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 less desirable since a larger volume of crystalline product would form. 

It is generally understood that Ca2+ is important for apatite formation in rare earth-CMAS 

systems while higher concentrations of Mg2+ in the reaction mixture have been suggested 

to push the equilibrium towards garnet formation. Interestingly, for the Gd+CMAS system 

apatite appears to be more stable than garnet even in MgO-rich systems, with the formation 
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of Al3+ containing, Mg-RE apatite. Likewise, garnet is more stable in the Yb+CMAS 

system even for compositions containing CaO as the AE oxide. In case of the Y+CMAS 

system, the equilibria between garnet and Mg-rich apatite (nominally Mg2Y8(SiO4)6O2) 

appear to be important for Mg-rich systems such as samples (0,1,2) and (0,0.5,2). It is thus 

evident that in addition to the Ca:Si ratio in the coating-deposit reaction mixture, 

concentration of ions such Al3+ and Mg2+ as well as the identity of the rare earth ion play 

a pivotal role in silicate apatite and garnet stability and influence their equilibrium 

concentrations.  

There is a growing interest in understanding the performance of multi-cation coating 

materials developed either using a óhigh entropyô approach, or designed to take advantage 

of more economical partially-refined RE oxide feedstocks[123ï125]. Results from this 

study demonstrate 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 multi-rare earth ion mixtures, it is likely that the 

formation of the resulting crystalline reaction products will be influenced by the average 

rare earth cation radius. Consequently, while designing the compositions of multi-cation 

coating materials, it will be crucial to determine whether the effective rare 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 1400 °C. Key findings include: 

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

garnet phase. Yb3+ and Y3+ readily stabilize the phase, but silicate garnets werenôt 

formed with Gd3+, which is only ~3% larger than Y3+ (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)  The RE ions play an important role in stabilizing 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 RE3+ is replaced with Mg2+ and Ca2+. For the Y+CMAS 

garnets, the destabilizing effect was less pronounced when Mg2+ replaced Al3+ 

rather than Y3+.  

iii)  The maximum solubilities of Ca2+ and Mg2+ in dodecahedral site in the Y + CMAS 

garnet phase are 11 cat% and 9 cat%, respectively, indicating a slight preference 

for Ca2+ compared to Mg2+ in the dodecahedral site. 

iv) Mg2+ preferentially partitions into the smaller octahedral site compared to the larger 

dodecahedral site. For both the Yb-and Y-based garnets, the Mg2+ solubility limit 

in the octahedral site exceeds 90% of the available sites. In case 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 Yb+CMAS garnets studied in this work, the 

maximum Mg2+ solubility in the B site is 24 cat%. 

v) The maximum Mg2+ 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. 

vi) The maximum silica solubility in Yb+CMAS garnets (33 cat%, as compared to the 

27% in Y+CMAS garnet), is attained in compositions where Mg2+ is the only AE 

ion and is attributed to the increased Mg2+ solubility in the dodecahedral site. The 

combined Mg2+ solubility in both the octahedral and dodecahedral sites leads to 

increased silica solubility in Mg-containing systems compared to Mg-free systems.  

vii)  The increasing RE ionic radii (from Yb3+ to Y3+ to Gd3+) shift the equilibrium from 

garnet toward apatite for samples with equivalent 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 Al3+ content and increasing Ca:Si ratio 

in the sample.  
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Table 7: Summary of synthesized compositions with theoretical stoichiometries 

ID CoordinateÀ 
Nominal Stoichiometry 

Stoichiometry* 
CaO MgO AlO1.5 SiO2 REO1.5 

1 RE-(0,0,0) 0 0 62.5 0 37.5 (RE3)(Al 2)(Al 3)O12 

2 RE- (0.5,0,0) 6.25 0 56.25 6.25 31.25 (RE2.5Ca0.5)(Al 2)(Al 2.5Si0.5)O12 

3 RE- (1,0,0) 12.5 0 50 12.5 25 (RE2Ca)(Al2)(Al 2Si)O12 

4 RE- (1.5,0,0) 18.75 0 43.75 18.75 18.75 (RE1.5Ca1.5)(Al 2)(Al 1.5Si1.5)O12 

5 RE- (2,0,0) 25 0 37.5 25 12.5 (RECa2)(Al 2)(AlSi2)O12 

6 RE- (3,0,0) 37.5 0 25 37.5 0 (Ca3)(Al 2)(Si3)O12 

7 RE- (0,0.5,0) 0 6.25 56.25 6.25 31.25 (RE2.5Mg0.5)(Al 2)(Al 2.5Si0.5)O12 

8 RE- (0,1,0) 0 12.5 50 12.5 25 (RE2Mg)(Al 2)(Al 2Si)O12 

9 RE- (0,1.5,0) 0 18.75 43.75 18.75 18.75 (RE1.5Mg1.5)(Al 2)(Al 1.5Si1.5)O12 

10 RE- (0,2,0) 0 25 37.5 25 12.5 (REMg2)(Al 2)(AlSi2)O12 

11 RE- (0,3,0) 0 37.5 25 37.5 0 (Mg3)(Al 2)(Si3)O12 

12 RE- (0.5,0.5,0) 6.25 6.25 50 12.5 25 (RE2Ca0.5Mg0.5)(Al 2)(Al 2Si)O12 

13 RE- (1,1,0) 12.5 12.5 37.5 25 12.5 (RECaMg)(Al2)(AlSi2)O12 

14 RE- (1.5,1.5,0) 18.75 18.75 25 37.5 0 (Ca1.5Mg1.5)(Al 2)(Si3)O12 

15 RE- (0,0,1) 0 12.5 37.5 12.5 37.5 (RE3)(AlMg)(Al 2Si)O12 

16 RE- (0.5,0,1) 6.25 12.5 31.25 18.75 31.25 (RE2.5Ca0.5)(AlMg)(Al 1.5Si1.5)O12 

17 RE- (1,0,1) 12.5 12.5 25 25 25 (RE2Ca)(AlMg)(AlSi2)O12 

18 RE- (1.5,0,1) 18.75 12.5 18.75 31.25 18.75 (RE1.5Ca1.5)(AlMg)(Al 0.5Si2.5)O12 
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19 RE- (2,0,1) 25 12.5 12.5 37.5 12.5 (RECa2)(AlMg)(Si3)O12 

20 RE- (0,1,1) 0 25 25 25 25 (RE2Mg)(AlMg)(AlSi 2)O12 

21 RE- (0,1.5,1) 0 31.25 18.75 31.25 18.75 (RE1.5Mg1.5)(AlMg)(Al 0.5Si2.5)O12 

22 RE- (0,2,1) 0 37.5 12.5 37.5 12.5 (REMg2)(AlMg)(Si3)O12 

23 RE- (0.5,0.5,1) 6.25 18.75 25 25 25 (RE2Ca0.5Mg0.5)(AlMg)(AlSi 2)O12 

24 RE- (1,1,1) 12.5 25 12.5 37.5 12.5 (RECaMg)(AlMg)(Si3)O12 

25 RE- (0,0,2) 0 25 12.5 25 37.5 (RE3)(Mg2)(AlSi2)O12 

26 RE- (1,0,2) 12.5 25 0 37.5 25 (RE2Ca)(Mg2)(Si3)O12 

27 RE- (0,0.5,2) 0 31.25 6.25 31.25 31.25 (RE2.5Mg0.5)(Mg2)(Al 0.5Si2.5)O12 

28 RE- (0,1,2) 0 37.5 0 37.5 25 (RE2Mg)(Mg2)(Si3)O12 

29 RE- (0.5,0.5,2) 6.25 31.25 0 37.5 25 (RE2Ca0.5Mg0.5)(Mg2)(Si3)O12 

À Coordinates typed in bold face were synthesized and studied in the Gd+CMAS and Yb+CMAS systems. All other samples were studied only in the 

Y+CMAS system. 

* This is the theoretical stoichiometry if garnet was the single equilibrium phase. In reality 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 typical oxide 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 before infiltration and reactions occur [126]. Surface 

microstructure engineering to promote dewetting (and subsequent removal of molten 

droplets) has even been proposed as a potential mitigation strategy [127,128]. However, as 

illustrated in Figure 30 (a,b), a potential downside to this approach is that an initially solid, 

adhered deposits melting could melt at higher temperature and partially dewet, leading to 

concentration of the deposit in specific areas on the coating surface. Although in this case 

a smaller coating area would experience deposit-induced distress, the higher local deposit 

concentration could increase the infiltration or 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 layer (Figure 30 (c)). This thinner layer could result in less dramatic 

thermomechanical damage since the magnitude of the thermo-cyclic stress scales with the 

reaction layer thickness or infiltration depth [5,30,41,129,130]. This thin stiffened layer is 

also more likely to induce ñexfoliationò-type cracking that would remove the surface 

deposit and a thin layer of the coating, while leaving most of the coating intact. Thus, there 

could be merit to designing coating materials that promote the uniform spreading 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 reports [5,31,126,131,132].  
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Figure 30: Depending on the nature of interaction with the coating material, upon melting 

an (a) adhered solid CMFAS deposit could either (b) partially de-wet leading to localized 

deeper infiltration and reaction layer that is more 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 in 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 uniform response 

across a wide range of silicate deposit compositions. There is a growing body of knowledge 

about CMFAS-coating reactions, but less attention has been devoted to understanding 

reactive wetting and melt spreading. These dynamics depend on various temperature- and 

composition-dependent properties including the surface tension and viscosity of the melt 

[38,131,133,134], the coating material surface energy, and the coating surface 

microstructure [126,135]. The nature and extent of the melt spreading is further influenced 

by reactions with the coating, including dissolution into the melt, melt infiltration into the 

coating microstructure, and the formation of reactive crystallization products that could 

promote reactive wetting of the surface [51,131]. Some studies have analyzed the initial 

wetting and spreading behavior of certain deposits [131,136,137] on specific coating 
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materials. However, little work has been done to understand how the spreading behavior 

changes after reactions start, or 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 more uniform reaction 

response to a broad range of CMFAS compositions compared to single-phase binary 

compounds. They could also be used to meet or balance other requisite thermophysical and 

thermochemical properties. Four coating material compositions (Figure 31) with constant 

85RE:15Zr molar ratio were used to study the effect of the alumina content (either 10 mol% 

or 30 mol% AlO1.5) and RE identity (either Y or Gd) on the CMFAS melt consumption, 

reaction depth, and spreading. The low-AlO1.5 stoichiometry (Al10RE76.5Zr13.5) falls in the 

phase field containing the cubic RE oxide (c-REO1.5), fluorite (F), and rare earth aluminate 

monoclinic (RE4Al 2O9, YAM or GAM). The high-AlO1.5 stoichiometry (Al 30RE59.5Zr10.5) 

falls in phase field containing the rare earth aluminate perovskite, (REAlO3 YAP or GdAP) 

in equilibrium with F and (Y/Gd)AM. In these materials the fluorite is expected to 

contribute to low thermal conductivity while, the higher alumina containing phases of RE-

AP and RE-AM also show high toughness, lower coefficients of thermal expansion (CTE), 

and higher overall reactivity with CMFAS deposits [12,43,138ï141]. The results were also 

used to understand if there are specific reaction products beneficial for this approach of 

attaining thin, uniform reaction layers across CMFAS compositions.  These candidate 

coating coupons were tested at 1400  for 1h against model CMFAS compositions. The 

test coupons were then analyzed using a combination of image analysis and statistical 

analysis techniques to understand the uniformity in reaction product layers that form. The 

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 given in Chapter 2.  

Figure 31 shows micrographs of polished cross sections of the starting materials after 

sintering for 50 h at 1500 ºC. 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. 

 

Figure 31: The coating material compositions studied are plotted on 1500 ºC isothermal 

REO1.5-ZrO2-AlO1.5 ternary diagrams calculated with the Thermo-Calc TCOX10 database. 

Inset micrographs show the microstructures of the test coupons after sintering at 1500 °C 

for 50h. 

 

5.2 Macroscopic observations of test coupons after CMFAS exposure 

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 spread, with 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 cases. The overall degree of 

spreading calculated as a percentage increase from the initial area of the applied deposit to 

the extent after the exposure calculated using the photographs and are tabulated in Table 8.  

In most cases, the 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 center. The width of each of these regions varies 

on a case-by-case basis. Upon reaction with the Ca lean C10M5F5A10S70 deposit, the AlO1.5-

lean Al 10Gd76.5Zr13.5 and Al 10Y76.5Zr13.5 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 elaborated further. A generally uniform CMFAS spreading behavior in each test 

coupon (except for the Al 10Gd76.5Zr13.5-C31M9F5A12S43 case) implies that cross-sections 

taken through the center of the test coupons should be representative of the overall reaction 

layer in each test coupon. The reaction layer formed when Al 30Y59.5Zr10.5 was exposed to 

the high ВὓὊὃ containing C15M12F12A16S45 deposit shows several shiny needles.  

 

Figure 32: Photos of the test coupons after exposure to three 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 appearance before the experiment are 

overlaid for comparison.  
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Table 8: Percentage increase in area after the CMFAS exposure 

CMFAS composition Ÿ 
C10M5F5A10S70 C15M12F12A16S45 C31M9F5A12S43 

Coating composition Ź 

Al 10Gd76.5Zr13.5 38% 116% 116% 

Al 30Gd59.5Zr10.5 141% 58% 314% 

Al 10Y76.5Zr13.5 95% 83 % 95% 

Al 30Y59.5Zr10.5 307% 121% 102% 

5.3 Feature identification and quantification approach  

Figure 33 (a) shows a representative stitched micrograph3 showing the cross-section of the 

CMFAS reaction zone and adjacent, unreacted material for the Al 30Gd59.5Zr10.5 ï 

C10M5F5A10S70 sample.  The reaction layer shows two distinct zones based on the grain 

morphology of crystalline phases. The anisotropic layer has larger, faceted grains which 

have likely grown in presence of significant melt volumes and more porosity (e.g., Figure 

33 (b)) while the equiaxed layer has smaller, equiaxed grains likely to have formed in the 

presence of little melt (e.g., Figure 33 (c)). In this case, the transition between the 

anisotropic and equiaxed layers is abrupt, while in other cases a transition layer has 

intermediate grain sizes and morphologies. The relative ratios of each of the anisotropic 

(purple) and equiaxed (green) layers are shown as a pie chart in Figure 33. To facilitate 

comparisons between samples, the boundaries between specific reaction zones was 

recorded every 10 µm across the cross section; these points are plotted as a schematic cross-

section in Figure 33 (d). The relative phase fractions of each crystalline phase were 

estimated for a region of the thickest reaction layer. One such cross-section has been false 

colored to show the distribution of observed phases in Figure 33 (e); the corresponding 

phase fractions represented in the adjacent pie chart.  

 

 
3 Stitched micrographs of other test coupons are given in Appendix 4 
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Figure 33: The (a) cross section of the Al30Gd59.5Zr10.5 ï C10M5F5A10S70 test coupon shows 

two distinct reaction zones. The first, enlarged in (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 smaller, equiaxed grains. (d) Plot showing 

reaction zones based on the shaded regions in (a). (e) False colored BSE micrograph 

showing the distribution of reaction products. The areal distribution of the anisotropic 

layer and the equiaxed layer and the reaction product phase fractions are shown as pie 

charts. 

5.4 Reaction profile for each coating-CMFAS test coupon 

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

Al 30Gd59.5Zr10.5, Al10Gd76.5Zr13.5, Al 30Y59.5Zr10.5, and Al 10Y76.5Zr13.5 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. Variations 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 the Al 10Y76.5Zr13.5 coating material, all other coatings 

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 coating-CMFAS test 

coupons. Of these, apatite, garnet, and fluorite were major reaction products. Their relative 

phase fractions in the reaction layers shown in Figure 35, Figure 36, Figure 37, and Figure 

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

Ca2RE8(SiO4)6O2 was observed in each test coupon with minor solubility of Mg2+, Zr4+, 
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Al 3+, Fe2+/3+ ions. Garnet as a reaction product also appeared in all test coupons. The garnet 

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 

Ca2+, Mg2+, and Si4+ solubilities are known to form at 1400 °C even in the absence of 

Fe2+/3+, Zr4+ [47]. However, Gd containing garnets donôt form at equilibrium at 1400 ÁC in 

the Gd+CMAS system [57]. In the samples studied in this work, ions promoting garnet 

formation such as Al 3+, F e2+/3+, and Zr4+, 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 coupons. In addition to apatite, fluorite, and garnet phases, 

Mg2+ and Fe2+/3+ rich spinel phase was observed in some of the Gd based test coupons. 

Magnetoplumbite (with some solubility of Ca2+, Zr4+, Fe2+/3+ ions), periclase, and 

cristobalite were some of the other minor phases observed in the Gd containing systems. 

In addition to apatite, garnet and fluorite, Y2Si2O7 (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 cristobalite were also observed in one Y based test coupon. In a few 

test coupons, unreacted melt was also observed.   

 

Figure 34: Prevalence of specific reaction products in the coating material-CMFAS 

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 Al30Gd59.5Zr10.5  

The maximum thicknesses of the anisotropic and equiaxed layers in the C10M5F5A10S70 

case come very close to those seen for the C15M12F12A16S45 case even though their observed 

CMFAS spreading extent, reaction product formation, and overall reaction profile 

appearances vary. The reaction zones in the C31M9F5A12S43 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 three cases, 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 C10M5F5A10S70 and C15M12F12A16S45 test coupons but occurs throughout most of the 

reaction layer in the C31M9F5A12S43 case. Spinel formation is seen in the C15M12F12A16S45 

and C31M9F5A12S43 deposit cases where there is a higher proportion of Mg2+ and Fe2+/3+ in 

the system. The thin reaction layers in the periphery of the C10M5F5A10S70 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 

Al30Gd59.5Zr10.5 after 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 section of 












