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A B S T R A C T   

Thermal and environmental barrier coatings must be robust against attack by calcium magnesium aluminosili
cate (CMAS, or CMFAS with iron) deposits, and coatings that produce thin, uniform reaction layers are desirable. 
The reactions of four multiphase coating compositions in the AlO1.5–REO1.5–ZrO2 systems (RE = Gd or Y) with 
three model CMFAS deposits were studied. Following CMFAS exposure for 1 h at 1400◦C, some samples 
exhibited thin, uniform CMFAS reaction product layers, while others were less uniform with pockets of deep 
reactions. Coating materials with higher AlO1.5 content produced uniform reaction layers, while the most SiO2- 
rich CMFAS was most likely to produce a non-uniform response. Apatite was formed in all cases, while the Y was 
more likely than Gd to form aluminosilicate garnet and cuspidine reaction products. The results are discussed in 
terms of implications for CMFAS-resistant T/EBC design.   

1. Introduction 

Jet engines and gas turbines ingest aerosols (sand, ash, dust, and 
other debris) that can adhere to high-temperature component surfaces, 
giving rise to deposits composed primarily of calcia, magnesia, alumina, 
iron oxide, and silica (abbreviated CMAS or CMFAS). Interactions be
tween these deposits and the thermal and environmental barrier coat
ings (TBCs and EBCs) used to protect metal and ceramic composite 
components render the coatings vulnerable to thermomechanical dam
age [1–5]. For TBCs, the damage arises when the initially strain-tolerant 
coating is stiffened after the melt infiltrates the coating porosity or 
segmentation features. 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 [3,6–10]. Conversely, for dense, CTE-matched EBCs on 
ceramic matrix composites (CMCs), the damage is driven by reactions 
that consume the coating and produce a phase assemblage with 
increased CTE mismatch. The severity of EBC damage is dictated by the 
overall depth of reactive consumption and the thermophysical proper
ties of the reaction products [3,7,11,12]. 

Most approaches to mitigate deposit-induced coating degradation 
focus on controlling the reactions between the coating and melt. For 
TBCs, one objective is to promote rapid reactive crystallization to block 
melt infiltration pathways, thereby limiting the stiffened depth. For rare 

earth (RE) containing TBC materials, the fast-nucleating Ca-RE silicate 
apatite reaction product is preferred, although a variety of other reac
tion products (e.g., RE-containing silicates such as garnets, cyclo
silicates, or cuspidine) can also provide benefits by consuming the melt. 
For EBCs, the objectives are to either (i) minimize reactivity (and thus 
the reactive consumption of the coating), (ii) form dense reaction 
product layers that slow coating dissolution, or (iii) avoid CTE- 
mismatched reaction products. These reaction-based mitigation ap
proaches are expected to be less effective at higher operating tempera
tures due to increased reaction rates and reduced driving force for 
crystallization reactions due to expanding melt fields. 

The nature of the melt spreading on a surface relative to infiltration 
or inward reaction with the coating material impacts the severity of the 
deposit-induced degradation [13–17]. In this article, the term spreading 
is used to encompass all aspects of lateral redistribution including 
wetting of the coating material, reactive wetting, and the effects of melt 
viscosity on gravity-driven flow across the surface. Based on the relevant 
surface energies, it is expected that the silicate melts will wet the typical 
oxide coating materials [17–20]. This is consistent with observations 
that the melts wick into pores and intercolumnar gaps in coatings. Other 
observations suggest that due to the combination of surface micro
structure (e.g., nanostructured column tips in EB-PVD coatings), surface 
energies, and gas flow dynamics the melt can initially bead up or 
partially dewet and move around the coating surface before infiltration 
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and reactions occur [13,15,20]. Surface microstructure engineering to 
promote dewetting (and subsequent removal of molten droplets facili
tated by the high gas velocity) has been proposed as a potential miti
gation strategy [21–23]. However, Fig. 1(a,b) illustrates a potential 
disadvantage of this behavior. If a solid, adhered deposit melts during a 
higher temperature excursion, partially dewets, and then begins infil
trating or reactively wetting the surface, the melt would be concentrated 
in specific areas. Although 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 deep 
cracking or other severe coating damage. 

Conversely, in cases where the melt spreads laterally faster than it 
infiltrates or dissolves the coating, a larger coating area would be 
exposed to the deposit but there would be a thinner, more uniform 
infiltration or dissolution-reprecipitation reaction layer (Fig. 1(c)). The 
thin stiffened layer is also more likely to induce exfoliation-type 
cracking, removing the surface deposit and a thin layer of the coating, 
while leaving most of the coating intact. Identifying coating materials 
that promote the uniform spreading and reaction of molten silicate de
posits could improve coating durability. This approach could be adapted 
for the entire coating architecture or be incorporated as a highly reactive 
top coat acting as a sacrificial layer [3,6,15,16,24]. 

Achieving the response illustrated in Fig. 1(c) requires coatings that 
(i) efficiently convert the melt to crystalline reaction products with 
minimal coating dissolution, (ii) promote reactive wetting of the melt, 
and (iii) produce similar response to a variety of silicate deposit com
positions. There is a growing body of knowledge about CMFAS-coating 
reactions, but less attention has been devoted to understanding reactive 
wetting and melt spreading. The dynamics of wetting, spreading, and 

infiltration depend on various temperature- and composition-dependent 
properties including the surface tension and viscosity of the melt, the 
coating material surface energy, and the coating surface microstructure 
[14,15,22–27]. 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 
[24,28]. Some studies have analyzed the initial wetting and spreading 
behavior of certain deposits [17,24,29] on specific coating materials. In 
some CMFAS exposure tests with rare earth monosilicates and dis
ilicates, lower-viscosity CMFAS melts gathered towards the center with 
a dome-like appearance while higher-viscosity CMFAS melt retained a 
flatter appearance in the original area of application. In both cases, the 
reaction region appeared localized to the area where the deposit was 
applied, with minimal spreading [30,31]. These observations demon
strate the variations in CMFAS melt spreading based on the inherent 
CMFAS properties and the influence of reactions. 

With this background, this study is motivated by two objectives:  

1. To test 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.  

2. To develop and evaluate new methods to quantify the reaction depth 
and spreading to facilitate better direct comparisons between the 
performance of various coating materials in efficient pellet-based 
tests, while generating quantitative data features to facilitate 
future data-driven materials discovery efforts. 

The novelty of the material design approach lies in engineering 
coating materials to limit silicate melt infiltration by redistributing the 
melt to form thin, uniform reaction layers. These materials could also 
meet or balance other requisite thermophysical and thermochemical 
properties. In these materials, the zirconate (or a ZrO2-containing rare 
earth oxide) is expected to contribute to low thermal conductivity while 
the aluminates could promote beneficial reactivity with CMFAS. The 
addition of the aluminate also lowers the coefficient of thermal expan
sion (CTE) of the composite relative to a pure zirconate or equivalent 
hafnate [32–38], making these materials more amenable as top coats for 
multilayer T/EBCs that have been proposed for use on CMCs or re
fractory alloys [39–41]. Finally, some aluminate-zirconate composites 
exhibit higher toughness [32,42]. 

Four coating material compositions (Fig. 2) with constant 85RE:15Zr 
molar ratio were selected 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 reactions with CMFAS. The low-AlO1.5 stoichiometry (A10RE76Z14)* 
falls in the phase field containing the cubic RE oxide (c-REO1.5), fluorite 
(F), and rare earth aluminate monoclinic phase (RE4Al2O9, YAM or 
GdAM). The high-AlO1.5 stoichiometry (A30RE60Z10) falls in phase field 
containing the rare earth aluminate perovskite, (REAlO3, YAP or GdAP) 
in equilibrium with F and (Y/Gd)AM. Coupons exposed to one of three 
model CMFAS compositions for 1 h at 1400◦C were characterized to 
identify reaction products and the depth and lateral spread of the re
action process. This article focuses on observations related to presence of 
specific reaction products, melt consumption, reaction depth, and 
spreading to understand if specific reaction pathways facilitate attaining 
thin, uniform reaction layers across multiple CMFAS compositions. 
Additional details about the reaction product compositions and reaction 
pathways are reported separately [44]. 

Fig. 1. Upon melting, an (a) adhered solid CMFAS deposit could either (b) 
partially de-wet leading to localized deeper infiltration and reaction layer or (c) 
spread across the coating surface faster than it infiltrates or reacts, leading to a 
thinner CMFAS-affected layer. 

* All coating material and CMFAS deposit composition are abbreviated as 
mole percentages of the single-cation oxide formulae, abbreviated to integer 
values using the first letter of the cation symbol, e.g., A30G60Z10 is 30 mol% 
AlO1.5, 59.5 mol% GdO1.5 and 10.5 mol% ZrO2. 
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2. Experimental methods 

2.1. Material preparation 

2.1.1. Candidate coating materials 
The mixed aluminate-zirconate materials were synthesized by 

reverse-coprecipitation using calibrated precursor solutions mixed to 
yield the desired stoichiometries and then added dropwise to an 
ammonium hydroxide (28–30 % Sigma Aldrich) solution maintained at 
pH > 10. Saturated solutions of gadolinium, yttrium, and aluminum 
nitrates (Alfa Aesar (AA), Ward Hill, MA, purity > 99.9 % metal basis) in 
200 proof ethanol and zirconium nitrate (AA, purity > 99.9 % on a metal 
basis) in distilled water were used as precursors. The precipitates were 
washed with 200 proof ethanol, dried at 70 ℃, ground using an alumina 
mortar and pestle, and pyrolyzed at 1000 ℃. The pyrolyzed powders 
were then ball milled for 4 h at 25 Hz in zirconia jars using zirconia 
milling media with 200 proof ethanol as a dispersing medium, dried, and 
uniaxially cold pressed into 13 mm diameter pellets weighing approxi
mately 250 mg. These pellets were sintered in platinum cups in covered 
alumina crucibles at 1500 ℃ for 50 h with a heating rate of 2 ℃/min 
and a cooling rate of 10 ℃/min. 

2.1.2. CMFAS powders 
Three model CMFAS deposits compositions were used to investigate 

the effect of the Ca:Si ratio and the total Mg2+, Fe2+/3+ and Al3+

(
∑

MFA) content. The C10M5F5A10S70 and C31M9F5A12S43 deposits are 
based on those used by Summers to study the effect of the Ca:Si ratio on 

reactions with EBC materials [30,31]. The C15M12F12A16S45 composi
tion, which has an intermediate Ca:Si ratio, was designed to test higher 
∑

MFA content [45]. Calcia (CaO 99.95 % pure, AA), magnesia (MgO 98 
%, Acros Organics, Morris Hill, NJ), alumina (AlO1.5 99.95 %, AA), and 
silica (SiO2 99 %, AA) were calcined at 1100 ◦C, and mixed with iron(III) 
oxide (99.9 %, AA) in the desired stoichiometries. The mixtures were 
ball milled at 40 Hz for 20 min using alumina jars and milling media 
with 200 proof ethanol as a dispersing medium, dried, and pre-reacted 
for 24 h at either 1000 ◦C or 1100 ◦C, depending on the incipient 
melting temperature. 

2.2. CMFAS exposure experiments 

The sintered aluminate-zirconate coupons were flattened using SiC 
papers and polished to a 1 µm finish using diamond lapping films. The 
CMFAS powders were applied to the center of the polished pellet surface 
by sieving through a 4 mm diameter stencil to achieve a 15 mg/cm2 

areal loading. The samples were placed in platinum cups in covered 
alumina crucibles, heated to 1300 ℃ at 20 ℃/min, then from 1300 ℃ 
to 1400 ℃ at 10 ℃/min, held for 1 h, and step-cooled to room 
temperature. 

2.3. Characterization 

The CMFAS-exposed coupons were mounted in epoxy, cross- 
sectioned, remounted, and polished using diamond suspensions to a 
1 µm finish. The samples were characterized with backscattered scan
ning electron microscopy (BS-SEM, Hitachi SU8230). Micrographs were 
recorded across the entire coupon cross section at sufficient magnifica
tion to capture details of the reaction layer and the interface with 
unreacted material. Quantitative chemical analyses of the reaction 
products formed were performed using electron probe microanalysis 
with wavelength dispersive spectroscopy (EPMA-WDS, JEOL JXA- 
8530FPlus). Data acquisition was done using a focused beam diameter 
15 kV accelerating voltage and 30 nA beam current. Details about the 
detector assignments and standards are reported elsewhere [44,46,47]. 
Phases were identified using a combination of morphology, BSE 
contrast, and composition using knowledge about the relevant phases 
from prior studies [46–49]. 

3. Results and discussion 

3.1. As-synthesized materials 

Fig. 2 shows micrographs of polished cross sections of the starting 
materials after sintering for 50 h at 1500◦C. The phase assemblages were 
consistent with those expected based on the isothermal phase diagrams. 
Analysis of polished cross section microstructures showed that the sin
tered pellets contained less than 5 % porosity with grain sizes of order 
several micrometers. The relative density is high enough that infiltration 
of interconnected porosity is not expected and was not observed. The 
small grain size and uniform distribution of the phases means that the 
reaction response is expected to be uniform across the surface of the 
samples. 

3.2. Macroscopic observations of test coupons after CMFAS exposure 

Fig. 3 shows photographs of the sample surfaces after CMFAS 
exposure revealing varying degrees of lateral spread of the molten de
posits with the final perimeter ranging from roughly the original area of 
deposit application to nearly reaching the edges of the pellets. The 
overall degree of spreading is tabulated in Table 1 as a percentage in
crease from the initial area of the applied deposit. In most cases, the 
CMFAS spreading is 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. Upon 

Fig. 2. The coating material compositions studied are plotted on 1500 ◦C 
isothermal AlO1.5-REO1.5-ZrO2 ternary diagrams calculated with the Thermo- 
Calc TCOX10 database. Inset micrographs show the microstructures of the 
test coupons after sintering at 1500 ◦C for 50 h. 
Adapted from [43]. 
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reaction with the Ca lean C10M5F5A10S70 deposit, the AlO1.5-lean 
A10G76Z14 and A10Y76Z14 samples exhibited a thick ridge of reaction 
products around the perimeter of the original deposit location with a 
varied distribution of reaction products towards the center. A generally 
uniform CMFAS spreading behavior in each test coupon (except for 
A10G76Z14-C31M9F5A12S43) implies that cross-sections taken through the 
center of the test coupons should be representative of the overall reac
tion layer in each test coupon. 

3.3. Reaction product identification 

A variety of reaction products were observed, and the reaction layer 
for some coupons contained residual melt. Details about the analysis and 
trends in the reaction product identification and composition are pro
vided elsewhere [44]. This section summarizes key results from [44] 
that are relevant for the subsequent discussion. The prevalence of each 
reaction product is illustrated in Fig. 4. The apatite composition was 
typically close to Ca2RE8(SiO4)6O2, with minor solubility of Mg, Zr, Al, 
Fe ions. The compositions of the garnet phase, which can be represented 
as RE3Al2Al3O12 to represent two different coordination numbers for Al 
[46,47], varied more significantly. The garnets formed with the Y-based 

samples had silicon substituting for between one-third and one-half of 
the alumina in the three tetrahedral aluminum sites. The mechanism of 
coupled substitution of Ca2+, Mg2+, and Si4+ for Y3+ and Al3+ in YAG is 
well documented at 1400 ◦C, even in the absence of Fe2+/3+ and Zr4+

[46]. Conversely, the garnets formed by reactions in the Gd-based sys
tems were closer to the pure aluminate endmember Gd3Al5O12. This is 
result is consistent with the fact that Gd containing garnets do not form 
at equilibrium at 1400 ◦C in the Gd + CMAS system [47]. Instead, it 
appeared that Fe2+/3+ and Zr4+ substitutions for Al3+, with charge 
compensating Ca2+ and Mg2+ substitutions play a more important role 
in stabilizing the garnet here. The ZrO2-based fluorite phase typically 
contained between 25 mol% and 35 mol% REO1.5, corresponding to a 
depletion of between half and two thirds of the RE present in the initial 
fluorite. A Mg- and Fe-rich spinel phase (Sp), magnetoplumbite (MP, 
REAl11O18 with some solubility of Ca, Mg, Zr, and Fe ions), periclase (P, 
MgO), and cuspidine (Ca and Si substitution for RE and Al in RE4Al2O9 
as reported in [37,50–54] appeared as minor phases in the reaction 
layers formed for one or more Gd-containing systems. Y2Si2O7 (YDS) and 
cuspidine (C) appeared as major reaction products in the two Y-con
taining samples exposed to the Si-rich C10M5F5A10S70 and Ca-rich 
C31M9F5A12S43 deposits, respectively. Minor quantities of cristobalite 
(Cr, SiO2) were also observed in several cases. 

3.4. Analysis of reaction layer profiles 

3.4.1. Feature identification and quantification approach 
Fig. 5(a) shows a stitched cross-section micrograph of the CMFAS 

reaction zone for the A30G60Z10 – C10M5F5A10S70 sample. The reaction 
layer under the initial deposit position extends approximately 100 µm 
below and only slightly (up to 25 µm) above the original sample surface. 
After accounting for the porosity in the reaction layer, the implication is 

Fig. 3. Photos of the test coupons after 1 h, 1400 ◦C CMFAS exposures. Two 
examples of the appearance before the experiment are overlaid for comparison. 

Table 1 
Percentage increase in area after the CMFAS exposure.  

CMFAS composition → C10M5F5A10S70 C15M12F12A16S45 C31M9F5A12S43 

Coating material ↓ 

A10G76Z14 38 % 116 % 116 % 
A30G60Z10 141 % 58 % 314 % 
A10Y76Z14 95 % 83 % 95 % 
A30Y60Z10 307 % 121 % 102 %  
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that the initial reactions likely do not significantly increase the volume 
of crystalline phases relative to the volume of material dissolved. The 
reaction layer becomes progressively thinner toward the edges, and a 
greater proportion of this layer is above the initial pellet surface. This 
could suggest that the crystallization efficiency increases once the initial 
dissolution reactions saturate the melt with RE, Zr, and Al oxides. 

The reaction layer shows two distinct morphologies. An anisotropic 

layer has larger, faceted grains that likely grew in presence of significant 
melt, and more porosity (e.g., Fig. 5(b)) while the equiaxed layer has 
smaller, equiaxed grains that likely formed in the presence of less melt 
(e.g., Fig. 5(c)). Here the transition between the anisotropic and equi
axed layers is abrupt, while in other samples had a transition layer with 
intermediate grain sizes and morphologies. The relative ratios of each of 
the anisotropic and equiaxed layers are shown as a pie chart in Fig. 5. 

Fig. 5. (a) Cross section of the A30G60Z10 – C10M5F5A10S70 sample showing the anisotropic (green, enlarged in (b)) and equiaxed (purple, enlarged in (c)) reaction 
zones. (d) Reaction layer profile based on layers in (a). (e) False colored BSE micrograph showing the distribution of apatite, garnet, and fluorite. The areal dis
tribution of the anisotropic layer and the equiaxed layer and the primary reaction product phase fractions are shown as pie charts. Cumulative probability distri
butions (CPD) for the (g) reaction layer depth below the original surface, (h) reaction layer thickness, and (i) ratio of the reaction layer thickness above and below the 
original pellet surface. 

Fig. 6. (a-c) Reaction product profiles for A30G60Z10 samples. Pie charts show (left) the fraction of the predominant reaction products (O = others) and (right) the 
area fraction of the reaction morphology zones. (d-f) Representative reaction layer microstructures. White dashed lines delineate the different reaction 
morphology zones. 
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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. 

The boundaries of the reaction layer and between morphology zones 
were recorded every 10 µm across the cross section. These values were 
used to plot the reaction profile in Fig. 5(d), and subsequent analysis. 
The relative phase fractions of each crystalline phase estimated for a 
representative region of the thickest reaction layer (Fig. 5(e)) are shown 
in the adjacent pie chart. The features illustrated in Fig. 5(f) are plotted 
as cumulative probability distributions (CPD) to compactly capture the 
magnitude and variation in each value. These features include the Fig. 5 
(g) reaction layer depth below the original pellet surface, Fig. 5(h) total 
reaction layer thickness from the outer surface of the reaction layer to 
the reaction front, and Fig. 5(i) the ratio of the portions of the reaction 
layer that are located above and below the original pellet surface. 
Similar analysis for each sample is described in the following sections. 

3.4.2. A30G60Z10 observations 
Fig. 6(a-c) shows plots of the cross-section reaction layer profiles 

formed when A30G60Z10 is exposed to the three deposits. Pie charts show 
the relative phase fractions of key phases and the contributions of each 
reaction zone type. Fig. 6(d-f) show micrographs of thicker regions of 
each reaction layer; the adjacent colored bars show the approximate 
spatial distribution of the crystalline reaction products [44]. The reac
tion layer formed on exposure to C31M9F5A12S43 is the thinnest and 
shows the greatest spread. It also showed a more gradual change in re
action product morphology through its thickness with a significant 
transition layer. The reaction layers on the C10M5F5A10S70 and 
C15M12F12A16S45 samples were thicker and have similar thicknesses of 
the anisotropic and equiaxed layers. However, while most the reaction 
layer on the C10M5F5A10S70 sample was below the original pellet sur
face, that on C15M12F12A16S45 is more equally distributed above and 

below the original pellet surface. 
Apatite and garnet formed in all three tests. Apatite predominates, 

comprising roughly half or more of the reaction product volume and 
appearing through the entire reaction layer thickness. For the 
C10M5F5A10S70 and C15M12F12A16S45 samples, garnet appears mid-way 
through the thickness and its appearance is coincident with the 
anisotropic-to-equiaxed transition. For C31M9F5A12S43, garnet appears 
much closer to the top surface and is present through the anisotropic, 
transition, and equiaxed layers. Spinel is intermixed with apatite and 
toward the top of the reaction layer formed by C15M12F12A16S45 and 
C31M9F5A12S43, suggesting that these phases precipitate earlier in the 
reaction for deposits containing a higher proportion of Mg and Fe. The 
anisotropic morphologies could suggest that they formed surrounded by 
melt, giving flexibility to take on an energetically favorable crystallite 
shape. Fluorite appears upon exposure to the C10M5F5A10S70 and 
C15M12F12A16S45 deposits but not C31M9F5A12S43, where more ZrO2 is 
incorporated into the garnet. The reaction layers showed largely the 
same phases with only variations in phase fractions towards the center 
and periphery, except that those reactions with C10M5F5A10S70 formed 
magnetoplumbite near the periphery. 

3.4.3. A10G76Z14 observations 
Fig. 7 shows observations of reaction layers formed when the AlO1.5- 

lean A10G76Z14 coating material was exposed to the three CMFAS de
posits. Fig. 7(a) shows that the C10M5F5A10S70 exposure produced sig
nificant lateral variation in the reaction depth and intensity. A thick, 
deep reaction layer coincides with the raised ridges observed in Fig. 3 
around the periphery of the CMFAS deposit while the reaction layer 
towards the center is thinner and partially recessed below the original 
pellet surface. One explanation could be that the melt began to uni
formly dissolve the pellet before partially dewetting (similar to sche
matic shown in Fig. 1(b)) leading to significant reaction product 

Fig. 7. (a-c) Reaction layer profiles for the A10G76Z14 samples exposed to the three model CMFAS deposits. Pie charts show the areal distribution of (left) the reaction 
products and (right) the three reaction morphology zones. (d-f) Micrographs showing representative portions of the reaction layer cross section, where white dashed 
lines delineate the different morphology zones. 
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accumulation in areas where the melt was concentrated. This behavior 
could be driven by changes in melt surface energy or viscosity during the 
initial reaction, but there is currently insufficient data on these dynamics 
to draw a definite conclusion. On the other hand, Fig. 7(b,c) show that 
the reactions with C15M12F12A16S45 and C31M9F5A12S43 produce a fairly 
uniform reaction layer thicknesses. The extent of lateral CMFAS spread 
is similar amongst the three coupons. 

The micrographs in Fig. 7(d-f) show that apatite is again the pre
dominant reaction product, and that it (along with spinel for 
C15M12F12A16S45) appears first in the reaction layer. Garnet is also 
observed for all three cases. For C10M5F5A10S70 and C15M12F12A16S45 
garnet only forms in the thin equiaxed zone near the bottom of the re
action layer. For C31M9F5A12S43, garnet appears primarily mixed with 
apatite in the central region of the reaction layer under the surface layer 
of apatite, and is a minor phase in the equiaxed inner layer, which is 
composed primarily of cuspidine. As with the A30G60Z10 material, 
fluorite is present throughout much of the reaction layer formed with 
C10M5F5A10S70 and C15M12F12A16S45 but not C31M9F5A12S43. Spinel 
appears as a major reaction product with the C15M12F12A16S45 deposit. 
Occasional periclase grains were observed in the C31M9F5A12S43 sample. 
Despite the known importance of high Ca:Si ratio to drive apatite- 
forming reactions in some T/EBC materials, these results show 
decreasing apatite fraction as the Ca:Si ratio in the deposit is increased. 

3.4.4. A30Y60Z10 observations 
Fig. 8(a-c) shows the reaction layers for the A30Y60Z10 samples with 

pie charts illustrating the reaction zone morphology and phase fractions 
based on the sections shown in Fig. 8(d-g). The extent of lateral melt 
spreading increases moving from an exposure to Ca-rich C31M9F5A12S43 
to the Ca-lean C10M5F5A10S70 deposit. The C10M5F5A10S70 and 
C15M12F12A16S45 reaction layer profiles show a “dipped” appearance in 
the center attributed to less efficient melt consumption by the reactions 
occurring initially under the deposit compared to those as the RE- and 
Zr-saturated melt spread outward. 

Apatite is a major reaction product present through most or all of the 
reaction layer thickness for each sample. The central region of the 
C15M12F12A16S45 sample had loosely adhered apatite grains measuring 
several tens of microns across and a few hundred microns long, which 

are visible in Fig. 3. The near-surface regions of the C31M9F5A12S43 
sample are also primarily apatite, albeit with much smaller grains. 
Conversely, the surface of the center of the sample exposed to 
C10M5F5A10S70 is decorated with large YDS grains, which become less 
prevalent (replaced by finer apatite grains) moving outward toward the 
edges of the reaction zone. Below the surface, all three reaction layers 
transition to a mixture of apatite, garnet, and fluorite, which are 
observed through the transition and equiaxed zones. Cuspidine appears 
only toward the bottom of the reaction layer for the Ca-rich 
C31M9F5A12S43 deposit. The pie charts in Fig. 8(a-c) show that the 
fraction of apatite and fluorite formed decrease relative to the garnet 
and cuspidine aluminosilicates as the Ca:Si ratio in the deposit increases 
from C10M5F5A10S70 to C31M9F5A12S43. This observation supports the 
hypothesis from earlier phase equilibria studies that even with a high Ca: 
Si ratio, systems rich in alumina (derived here from dissolution of the 
coating material) will drive crystallization of garnet rather than apatite. 

3.4.5. A10Y76Z14 observations 
The reaction profiles for the A10Y76Z14 samples (Fig. 9(a-c)) show 

similar lateral spreading but notable differences in the reaction product 
microstructures and identities. Fig. 9(b,c) shows that C15M12F12A16S45 
and C31M9F5A12S43 produced relatively uniform reaction layers while 
C10M5F5A10S70 produced a thicker reaction layer towards the periphery 
corresponding to the ridge-like outer ring shown in Fig. 3. 

Fig. 9(d,e) shows the inhomogeneity in reaction products produced 
by reaction with C10M5F5A10S70. This sample showed the highest 
retained melt volume present with cristobalite in reservoirs inside the 
crystalline ring around the periphery. Despite the presence of melt 
through most of the reaction layer, the thin equiaxed layer appears to 
protect against continued dissolution of the pellet. YDS appears 
throughout the entire reaction layer, while for A30Y60Z10 the YDS grains 
were localized towards the center of the reaction zone. Fig. 9(f,g) shows 
that for C15M12F12A16S45 and C31M9F5A12S43 the initial surface layer 
comprised primarily of apatite quickly transitions to a mixture of 
apatite, garnet, and fluorite. For C15M12F12A16S45 this assemblage con
tinues through the entire reaction layer thickness, with gradually 
reducing grain size. For C31M9F5A12S43 a thin layer of mixed apatite, 
garnet, and fluorite transitions to a layer of mostly anisotropic garnet 

Fig. 8. (a-c) Reaction profiles for A30Y60Z10 samples exposed to the three model CMFAS compositions. Pie charts show the areal distribution of the key crystalline 
reaction product (left, O = all others) and the three reaction zones morphologies (right). (d-g) BSE micrographs showing a magnified cross section of the reaction 
layer in each test coupon with dashed lines delineate the morphology zones. 

E.P. Godbole et al.                                                                                                                                                                                                                              



Journal of the European Ceramic Society 43 (2023) 6416–6426

6423

grains and then a dense layer of mostly cuspidine. 

3.5. Analysis of coating material and deposit composition effects 

Fig. 10 shows the reaction layer profile, cumulative probability dis
tributions (CPD) for the total reaction layer thickness, and pie charts 
summarizing representative reaction product phase fractions for each 
sample. These are grouped based on the RE cation for each A30RE60Z10 
(Fig. 10 (a-f)) and A10RE76Z14 (Fig. 10 (g-l)) sample. Fig. 11 (a-d) shows 
the reaction depths relative to the initial pellet surface, grouped to 

compare between CMFAS compositions on the same coating material. 
Corresponding CPDs are shown for the reaction depth (Fig. 11 (e-h)), 
overall reaction layer thickness (Fig. 11 (i-l)), and the ratio of the 
thickness of the reaction layer above-to-below the initial pellet surface 
(termed ‘reaction layer ratio’, Fig. 11 (m-p)). Ideally, if the CMFAS 
exposure produces a thin, uniform reaction layer, the CPDs for reaction 
depth and thickness will be steep with a low maxima and the CPD for the 
reaction layer ratio will be high. These figures are used in the following 
sections to discuss the effects of the coating material and CMFAS 
composition on the reaction and spreading behavior. 

Fig. 9. (a-c) Reaction profiles for the A10Y76Z14 samples exposed to the three CMFAS compositions. Pie charts to the left and right of each reaction profile show the 
areal distribution of phases and morphology zones, respectively. (d-g) BSE micrographs showing cross section of the reaction layer. Dashed and dotted lines delineate 
the reaction product morphology zones. Microstructure for two different areas of the A10Y76Z14-C10M5F5A10S70 reaction layer appearance are shown due to the 
significant variability in the reaction layer. 

Fig. 10. (a-c, g-i) Reaction layer profiles for each CMFAS exposure test grouped to illustrate the effect of the RE cation identify on the reactions. Pie charts showing 
volume fractions of key reaction products from representative regions. (d-f, j-l) Cumulative probability distributions of the total reaction layer thicknesses. 
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3.5.1. Influence of RE cation identity 
There is not a single universal feature or trend differentiating the 

behavior of the Gd- and Y-based coating materials. However, several 
observations provide relevant insights for coating design. For the low-Al 
compositions (A10RE76Z14), both the Y and Gd samples show thin, uni
form reaction layers with minimal spreading upon reacting with 
C15M12F12A16S45 and C31M9F5A12S43. Conversely, their reactions with 
the high-Si C10M5F5A10S70 deposit produce non-uniform, locally varied 
reaction layers. The amplitude of the lateral variation in the Gd-based 
samples is greater, resulting in the long tail toward high reaction layer 
thickness in Fig. 10 (j). For the high-Al (A30RE60Z10) systems, the re
action layers formed by C10M5F5A10S70 and C15M12F12A16S45 are 
slightly thinner with steeper CPD for the Y- than the Gd-based materials, 
while the trend is reversed for the reaction with C31M9F5A12S43. An 
important observation is that while there are some instances where the 
reaction layer on the Y-based material extends slightly deeper than for 
the equivalent test on the Gd-based material, the three deepest reaction 
layers appear for Gd-based materials. 

Perhaps the most significant implication is that the addition of alu
minates to Y-based zirconate coating materials increases the capacity for 
reactive crystallization via garnet and cuspidine formation. Thus, Y- 
based mixed aluminate-zirconate coatings could reduce the perfor
mance difference between Y- and Gd-zirconates that originates in 

capability for increased apatite formation in the latter [3,7,47,55,56]. 
This would enable utilization of the lower-cost Y-based materials 
without significant reduction in performance. A second important 
implication is that the Gd-based materials may be more susceptible to 
reactions that produce deep or highly nonuniform reactions when 
exposed to some CMFAS compositions. This behavior is likely more 
important when considering applications involving dense coating ar
chitectures where deep reactive consumption is undesirable. 

3.5.2. Influence of alumina content in coating material 
Although the high-Al coating materials (A30RE60Z10) had on average 

thicker and deeper reaction layers, the response was more uniform for 
all three CMFAS compositions. The inference is that the addition of 
alumina could increase the reaction rate, but the alumina can buffer the 
apatite-forming reactions via garnet or cuspidine formation. In these 
cases, although the net reaction thickness is higher, the advantages of 
uniformity and predictability in reaction layer thickness provide value. 
In cases where there are thinner reaction layers, less coating material 
that would exfoliate during thermal cycling. However, if the layer 
thickness is not uniform, there could be regions which would see a more 
catastrophic coating cracking. Consequently, coating material design in 
these systems must balance the desirable increase in reaction uniformity 
and undesirable increase in reaction depth or volume when choosing 

Fig. 11. (a-d) Reaction depth profiles grouped to compare the effect of the CMFAS composition on reactions along with CPDs of the (e-h) the reaction depths, (i-l) 
total reaction thicknesses, and (m-p) corresponding to tests shown in plot (a-d). 
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coating materials with a higher alumina content. 

3.5.3. Influence of CMFAS composition 
The maximum reaction depth (Fig. 11(a-d)) is greatest with the Si- 

rich C10M5F5A10S70 deposit, where the reaction depths are of order 
100 µm or more. This is significant in part because this depth begins to 
approach the layer thickness for some T/EBC systems implying that if 
enough deposit is present, reactions could quickly consume a consid
erable fraction of the coating, even without infiltration into porosity. 
The difference in reaction depth between C15M12F12A16S45 and 
C31M9F5A12S43 is most evident for the tests on A30G60Z10, while the 
difference between these two deposits is small for the tests on the Y- 
based materials. This is contrary to the observations for Y2Si2O7 and 
Y2SiO5 [30,31] where coating material reaction layer thickness was 
smallest (and quite uniform) for the C10M5F5A10S70 deposit and 
increased in thickness as the Ca:Si ratio in the CMFAS increased. 

The A10Y76Z14 coating material produced reaction depths for all 
three deposits that are most uniform shown by their nearly coincident 
reaction depth CPDs plots. This material also shows the lowest reaction 
depth and generally high reaction product ratios against all three 
CMFAS deposits. Even though exposure to the SiO2 rich C10M5F5A10S70 
deposit results in some reaction layer depth variations, the fact that this 
layer is thinner than the layer formed on any other material is a critical 
distinction between the coating compositions since the resultant stress 
state in the coating is a function of the overall reaction layer profile. 

3.5.4. Influence of coating material microstructure 
This study focused primarily on changes in the composition of the 

candidate coating materials and deposits, while minimizing variations 
in microstructure between the samples. Thus, the results do not provide 
direct evidence about how the relative fractions and distribution of in
dividual phases, the fraction and morphology of porosity, and the sur
face microstructure would influence the spreading, reaction, and 
infiltration processes. However, the results do provide context to un
derstand how these features, which are each relevant to actual coatings, 
would change the behavior. First, the apparent speed of reactions with 
these materials at 1400◦C means that any surface structure (e.g., column 
tips or roughness) would be rapidly dissolved, and the subsequent 
spreading would converge toward the behavior determined by the 
reactive wetting characteristics. Second, the results show that in some 
cases one phase present in the materials is less reactive, e.g. modest 
shifts in the fluorite compositions, or aluminates that are minimally 
reacted deeper in some reaction layers. The implication is that fine grain 
sizes and uniform phase distribution could help avoid spatial variations 
in the reaction behavior. Future work is needed to confirm these points, 
and to understand the ability of reactions to block infiltration in highly 
porous coatings. 

4. Conclusions 

This work assessed the potential of four novel multiphase coating 
compositions based on RE-rich zirconates and aluminates for their po
tential to promote the formation of thin, uniform reaction layers upon 
reaction with CMFAS to control the thermal stresses that develop during 
thermal cycling. The reaction layers formed after exposure to three 
model deposit compositions were analyzed to determine the reaction 
product constitution and reaction layer morphology and uniformity. 
Important conclusions include:  

1. Increasing the AlO1.5 content in the coating material increased the 
diversity of reaction products, resulting in alternative reaction 
pathways to promote CMFAS melt consumption besides apatite 
crystallization.  

2. Although in many cases the Y- and Gd-based systems showed similar 
macroscopic reaction response, i.e. overall depth and reaction layer 
thickness, to the same CMFAS melts, the reactions with the Gd-based 

materials involved significant apatite formation while the reactions 
with the Y-based materials involved more formation of the alumi
nosilicate garnet and cuspidine phases.  

3. Coating materials containing more AlO1.5 showed more consistent, 
uniform reaction layers against all three CMFAS compositions, and 
for the AlO1.5-lean materials, the response of the Y-based materials 
was more consistent than between the Gd-based materials between 
the three CMFAS compositions  

4. The approach to analyze the entire CMFAS reaction zone when 
evaluating new candidate coating materials to characterize reaction 
depth, CMFAS melt spread, reaction product identities and grain 
morphologies provided unique insights into their CMFAS reaction 
behavior and potential CMFAS resistance of the coatings. 
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