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The durability of thermal and environmental barrier coatings (T/EBCs) exposed to molten calcium magnesium
aluminosilicate (CMAS) deposits depends on the nature of reactions between the coatings and deposits. These
reactions consume the melt, and the crystallization products can block porosity that otherwise facilitates melt
infiltration. The ideal reactions rapidly crystallize the melt with a small amount of dissolved T/EBC. This work
compares the relative efficiency of reaction products reported in the literature to those formed on four pro-

spective T/EBC materials based on multi-phase combinations of Gd- or Y-zirconates with GdAlOs, YAlOs,
Gd4Al20g, or Y4Al09. The results show that adding the aluminates to the zirconate materials promotes Gd- or Y-
based aluminosilicates garnet and cuspidine crystallization, in addition to apatite. These phases effectively
crystallize the melt, but the reaction efficiency is reduced compared to reactions with single phase zirconates.
The implications for integration of these multiphase materials into T/EBC architectures are discussed.

1. Introduction

Interactions between ceramic thermal and environmental barrier
coatings (TBCs, EBCs), which protect hot-section components in turbine
engines, and molten calcium magnesium iron aluminosilicate (CMFAS)
deposits shorten coating lifetimes. These deposits form when aerosols
ingested into the engines adhere to hot surfaces. At high service tem-
peratures the melts react with the coatings and infiltrate porosity
causing thermo-mechanical damage during thermal cycling [1-6].
Increasing coating operating temperatures to improve engine perfor-
mance and efficiency will require new coating materials to withstand
CMFAS attack by variable deposit compositions over a wide temperature
range [7,8].

Mitigation strategies often focus on controlling the reactions be-
tween the deposit and the coating materials. For porous TBCs, the
approach seeks to maximize crystallization to block melt infiltration into
the strain-tolerant architectures [3,9,10]. For EBCs, approaches aim to
either efficiently convert the melt into a small volume of reaction
products with minimal CTE mismatch, or to avoid reactions entirely.
Other approaches use sacrificial coating layers that form thin, uniform
CMFAS reaction layers that exfoliate while leaving the majority of the
coating intact [1,11-14].
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The products of the coating-deposit reactions can be divided into
three categories: intrinsic crystallization products incorporate ions pri-
marily from just the siliceous deposit, reprecipitation products are
formed primarily from ions originating in the coating, and reactive
crystallization products incorporate ions from both deposit and coating.
Intrinsic and reactive crystallization products are preferred to efficiently
consume the melt with minimal coating dissolution. The most-reported
reactive crystallization product is a Ca-containing rare earth (RE) sili-
cate with the apatite structure. It forms readily with larger RE cations
and Ca-rich deposits, but its less-reliable formation for Ca-lean deposits
leads to variable coating performance depending on the CMFAS
composition. Research has also identified an aluminosilicate garnet re-
action product that is more likely to form upon reaction with coating
materials based on smaller RE cations, aluminates or with deposits
containing higher concentrations of Mg, Ca, Al, and other oxides
[15-24]. The ability of the garnet structure to accommodate a wide
range of cations gives it potential for efficient melt consumption, and
more consistent reaction response to variable deposit chemistry.

The efficiency of a particular crystallization product in consuming
the melt (n, Eq. 1) can be quantified in terms of the sum molar fraction
(x) of the cations (i) in the product that are also present in the coating
material.

Received 28 February 2023; Received in revised form 2 May 2023; Accepted 6 May 2023

Available online 8 May 2023
0955-2219/© 2023 Elsevier Ltd. All rights reserved.


mailto:dpoersch@umn.edu
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2023.05.009
https://doi.org/10.1016/j.jeurceramsoc.2023.05.009
https://doi.org/10.1016/j.jeurceramsoc.2023.05.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2023.05.009&domain=pdf

E.P. Godbole et al.

’7:1*235[

The reprecipitation and intrinsic crystallization efficiency are zero
and one, respectively, since all the cations come in from the deposit or
the coating. Reactive crystallization falls in between, and those reactions
with higher values are more efficient at consuming the melt for a min-
imum amount of coating dissolution. Although reactive crystallization
consumes the melt less efficiently than intrinsic crystallization, the
ability of the coating-deposit reactions to raise the liquidus temperature
provides benefit.

Fig. 1 compares the reaction efficiency for various reaction products
reported in the literature. The garnet crystallization efficiency (Fig. 1(a))
varies considerably depending on the coating material and deposit
composition. The crystallization of an Al-rich garnet via reactions with
yttrium aluminate perovskite (YAP) is not efficient (n < 0.25) while
other studies showed that reactions with the equivalent Gd-based phase
(GAP) have 1 ~ 0.6. Garnet crystallization from RE zirconate and haf-
nate coating materials is quite efficient, requiring only a small fraction of
RE cations from the coating material. In comparison, the formation of
ZrOz- or HfOq-rich fluorite from those materials (Fig. 1(b)) is uniformly
inefficient except in rare occasions when CaO incorporation increases 1.
Likewise, the modest CaO incorporation for apatite crystallization from
RE silicate EBC materials such as Y mono- and disilicate (YMS, YDS)
results in relatively low efficiency compared to apatite formed via re-
actions with RE-zirconate, -hafnate, and -oxide coating materials, with n
~ 0.5.

This literature analysis suggests that coating materials designed to
promote RE aluminosilicate garnet crystallization could increase the
reactive crystallization efficiency. Recent work showed that the addition
of alumina (in the form of RE aluminates) to RE zirconate coating ma-
terials can shift the reaction equilibria into fields producing significant
fractions of garnet [33]. However, questions remain about (i) to what
degree the reaction efficiency is reduced by including an additional
garnet-stabilizing cation in the coating material and (ii) how the reac-
tion efficiency changes with variations with CMFAS composition. This
article addresses these questions based on changes in the reaction
sequence and reaction product composition as a function of the RE
identity, alumina content in the coating material, and CMFAS
composition.

@

2. Experimental methods
2.1. Materials selection, preparation, and testing

Details of the material selection, preparation, and testing are pro-
vided elsewhere [33]. In brief, four compositions in the rare earth oxide
rich corner of the REO; 5-AlO; 5-ZrO5 systems (Fig. 2) were studied.
Each has an 85:15 RE:Zr molar ratio and contains either 10 mol% or
30 mol% AlO; 5 and either Y or Gd as the RE cation. The A19G76Z14" and
A10Y76Z14 compositions fall in the phase field containing the ZrOs-sa-
turated REO; s, fluorite, and the rare earth aluminum monoclinic
(RE4A1500). A30GgoZ10 and AzgYe0Z10 fall in the field containing fluorite
and the monoclinic and perovskite aluminates. The model CMFAS
compositions were chosen to evaluate the effect of the Ca:Si ratio and
the total Mg?*, Fe*/3* and AI** (S(MFA)) content on the reactions, and
included CioMsF5A10S79 (Ca:Si 0.14, X(MFA) = 20 mol%)
C15M12F12A1(,S45 (Ca:Si 0.33, Z(MFA) =40 I'l‘lOlo/o) and
C31MgF5A12S43 (Ca:Si = 0.72, Z(MFA) = 26 mol%). These also span
most of the range of reported engine deposit compositions [34]. The

! Compositions are abbreviated using the first letter of the cation symbol with
the mol% of the oxide as a subscript, e.g., A10G76Z14 is 10 mol% AlO; 5, 76 mol
% GdO; 5 and 14 mol% ZrO,. The actual compositions (A;oRE7¢5Z135 and
A3oREsg 5Z10 5 are rounded to the nearest integer mol%.
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coating materials were synthesized by co-precipitation from mixed
metal nitrates, calcined at 1000 °C, ball milled, cold pressed to 13 mm
diameter pellets, sintered at 1500 °C for 50 h, and polished to a 1 ym
finish with SiC papers and then diamond lapping films. The sintered
pellets were typically > 95% dense without interconnected porosity.
The pre-reacted crystalline CMFAS powders were applied to a 4 mm
diameter region with a 15 mg/cm? areal loading, and then reacted for
1 h at 1400 °C.

2.2. Characterization

Mounted cross sections of the samples were polished to a 1 ym finish
using SiC papers and diamond suspensions. The samples were coated
with Pt for high resolution imaging via backscattered scanning electron
microscopy (BS SEM, Hitachi SU8230), repolished, and then coated with
carbon for quantitative chemical analyses by electron probe micro-
analysis with wavelength dispersive spectroscopy (EPMA-WDS, JEOL
JXA-8530FPlus). Point scans were acquired with a focused beam at
15 kV accelerating voltage and 30 nA beam current. Quantitative X-ray
maps were acquired at 150 nA with a map pixel size of 0.25 um and a
dwell time of 150 ms per pixel. This map pixel size provided at least 4
pixels per grain to ensure statistical confidence in the composition of
each grain. The uncertainty in measurement from the quantitative
EPMA maps is = 5 wt% and from the point scans is + 1-2 wt%. The
background intensity correction was performed using the mean atomic
number (MAN) calibration curves [36-38]. Details regarding the EPMA
detector set up and standards is given in the Supplementary Information.
Data from point analyses was acquired and analyzed using Probe for
EPMA software (Probe Software Inc.) [39]. Quantitative X-ray maps
were acquired using Probe Image software, pre-processed using Calc-
Image (Probe Software Inc.) and analyzed using Surfer (Golden Soft-
ware). Chemical compositions for individual grains were obtained from
the maps by averaging data for each pixel contained entirely within each
grain.

3. Results and discussion
3.1. Overview of reaction products

A variety of crystalline reaction products formed (Table 1). Apatite,
garnet, and fluorite were the most prevalent crystalline reaction prod-
ucts. Key observations about those phases, which are supported by ev-
idence provided in the following sections, include:

. Apatite often appears near the top of the reaction layer, suggesting
that it precipitates from the melt early in the reactions. Most apatite
compositions fall near the defect-free stoichiometry CasREg(-
Si04)602, except when small amount of MgO substitutes for CaO in
apatite formed with the Ca-lean C;oMsF5A1(¢S7o deposit.

. The garnet compositions vary more between samples. Garnets
formed in the Y-based systems incorporate enough Si to replace up to
half of the Al in the tetrahedral sites, with coupled Ca, Mg, and Fe
substitutions providing charge compensation. The garnets formed in
the Gd systems are Al and Zr rich with lower Si solubility than the Y-
containing garnets.

. Fluorite was observed as a reaction product in all Y-containing tests
but only in four tests with Gd-containing materials. In each case, the
fluorite reaction product contained less RE than the fluorite in the
coating material, and exhibited limited Ca solubility.

. Cuspidine, a solid solution based on RE4Al;09 with charge-
compensating coupled substitution of Ca for RE and Si for Al, was
observed in the reaction layers for the A3gYe0Z10, A10Y76Z14, and
A10G76Z14 samples exposed to C31MgFsA12S43.

. YDS formed when the Y-based materials were exposed to
C10M5F5A10S70. The measurements were near the nominal Y5SisO7
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Fig. 1. CMFAS melt consumption reaction efficiency of (a) garnet, (b) fluorite, and (c) apatite reaction products formed upon interaction with a variety of aluminate,

silicate, zirconate, and hafnate coating materials.
Values based on compositions reported in Ref. [20-22,25-32].
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Fig. 2. Calculated 1500 °C isothermal sections for the (Gd/Y)O; 5-AlO; 5-ZrO,
systems illustrating the coating material compositions studied.

Adapted from Ref. [35].

Table 1
Summary of the observed reaction products.
Phase name Abbreviation  Prototypical Formula Type
Apatite Ap (Ca,RE,Mg)4(RE, Reactive
Zr)6(Si04)602
Garnet G (Ca,RE,Zr,Fe);(Mg, Reactive
Al Fe),(Si,Fe,Al)3015
Fluorite F (Zr,RE,Ca)Oq x Reprecipitation
Yttrium disilicate YDS Y,Si,0, Reactive
Cuspidine Cus. (Ca,RE)4(ALSi)209 x Reactive
Periclase Peri MgO Intrinsic
Glass (Liquid) L - -
Spinel Sp. MgAl;04 Intrinsic
Cristobalite Cr Si0, Intrinsic
Magnetoplumbite MP GdMgAl11019 Reactive
Gadolinium aluminate ~ GAP GdAIO3 Reprecipitation
perovskite

with modest (~2 mol%) ZrO, solubility. Gadolinium disilicate (GDS)
was not observed.

. Reactions with the Gd-containing materials formed spinel (nomi-
nally (Mg, Fe)(Fe,Al)204) in three samples, magnetoplumbite
(nominally GdMgAl;1019) in two samples, and periclase (MgO) in
one.

. Except for the A;¢Y76Z14-C10MsFsA10S7o test, the residual melt
(glass) is limited to small volume fractions between the crystalline
grains.

3.2. Reaction Sequences

Upon heating, the deposit melts, the coating material dissolves, and
reaction products precipitate. This sequence continues as the reactions
progressively consume the coating material until either the melt is
exhausted, or equilibrium is established between the residual melt and
the coating material. Although 1 h at 1400 °C was sufficient to consume
the melt in most cases, the tests are also short enough to limit diffusion
and solid-state reactions within the reaction layer. Thus, changes in the
prevalence of each reaction product from the outer surface of the reac-
tion layer toward the unreacted material can be used to infer the
approximate reaction sequence.

Fig. 3 summarizes the prevalence of each major reaction product
through the thickness of a representative region near the center of the
reaction layer, as identified based on a combination of BSE contrast,
morphology, and EPMA composition maps. The results show that apatite
is present throughout the reaction layers, except in the inner portion of
the reaction layers formed with the C3;MgFsA;2S43 deposit. This result is
counter to the conventional wisdom that Ca-rich deposits are most
effective in crystallization of apatite, and is due to a transition toward
cuspidine precipitation in those samples. Garnet also forms in every
sample, but it tends to appear later in the reaction sequence as SiOs is
consumed via apatite formation. Fluorite appears through much of the
reaction layer except for the Gd-based samples exposed to
C31MoFs5A12S43, where the ZrOs is incorporated into the garnet. Spinel
appears in the reaction layer for half of the Gd-containing samples.

Additional details, including discussion of cases where there were
notable differences in reaction behavior between the center and the
periphery of the reaction zone are provided in the sections that follow.
The results are organized separately for the Y- and Gd-containing
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Fig. 3. Distribution of major reaction products through the reaction layer in the center of each sample.

materials and are grouped based on the predominant reaction products.
In this presentation, representative BSE micrographs are false colored
based on BSE contrast to highlight the different phases. EPMA maps for
Zr, Al, Fe, and Si, which were determined to most clearly distinguish the
phases, are shown for equivalent regions.

3.2.1. Y-based coating materials

3.2.1.1. Reactions producing Ap, G, and F. The reactions between both
Y-based coating materials and the C15M;2F12A16S45 deposit (Fig. 4(a,b)
produce a thin band of apatite grains at the surface followed by a layer
comprising primarily garnet with smaller fractions of apatite and fluo-
rite. The shift in the predominant reaction product is presumably due to
the relative depletion of Ca and Si via the initial apatite crystallization,
pushing the Al-, Fe-, and Mg-enriched melt into the garnet crystalliza-
tion field. Although the grain size decreases through the thickness of this
layer, the phase assemble doesn’t change until the interface with the
unreacted material below. Small pockets of glass, which aren’t colored
in these figures, were present between grains in some places. The EPMA
maps show that Zr is concentrated in the fluorite grains, Fe and Al
appear primarily in garnet, and Si is concentrated in apatite with lower
Si concentration in garnet. Even though the Ci5M12F12A16S45 deposit
has a high Mg and Fe content, intrinsic crystallization products such as

spinel or melilite aren’t observed since those cations are accommodated
in the garnet phase.

3.2.1.2. Reactions producing Ap, G, F, and Cus. The reactions between
the Y-based coating materials and the C3;MgFsA12S43 deposit (Fig. 4(c,
d)) follow the same initial sequence as the C15M2F12A16S45 deposit. An
outer layer of apatite transitions to a layer containing primarily garnet
with smaller fractions of apatite and fluorite. Closer to the bottom of the
reaction layer, apatite disappears and cuspidine becomes the predomi-
nant reaction product with smaller fractions of garnet and fluorite.
Cuspidine (nominally (Y,Ca)4(Al,Si)209) likely appears as enrichment of
Ca and Al in the melt shifts the equilibria into a phase field containing it,
rather than apatite. The primary difference between the two samples is
the position of the transition to cuspidine as the primary reaction
product, with the cuspidine comprising approximately one third of the
reaction layer thickness for A;gY7¢Z14 but only the bottom one eighth of
the reaction layer on AszgYg0Z10. As elaborated in later sections, the
compositions of fluorite, cuspidine, and apatite are similar between the
samples, but the Al content in the garnet higher for the AsoYe0Z10
sample.

3.2.1.3. Reactions producing YDS. The reaction of the SiOj-rich

(@) A1gY76Z14 - C15M1aF12A16S4s S UM | | (0) AggYe0Z10 - C15M12F 12A16S45

Al

Al

5 um

() A1oY76Z14 - C31MgFsA12S43 Spm
58] Zr| Al |Fe| Si Al
-
* .|
| y d
[N g

% P¥iri g
Phases: [l Ap [1G [JF M Cus

Fig. 4. Reaction layer microstructures taken near the center of the (a) A19Y76Z14 and (b) A3oYs0Z10 samples exposed to C;5M12F12A16S45 and (¢) A1oY76Z14 and (d)
A30Y60Z10 exposed to C31MgFsA15S43. The wider image on the left of each panel is a false colored BSE micrograph showing the phase distribution. The narrow images
on the right of each panel show selected EPMA data from an equivalent location.
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Fig. 5. Reaction layer microstructures observed in the (a) A3oYs0Z10 and (b) A10Y76Z14 samples exposed to C;0MsFsA10S70. The wider image on the left of each panel
is a false colored BSE micrograph showing the phase distribution. The narrow images on the right of each panel show selected EPMA data from an equiva-

lent location.

C10MsF5A10S70 with the Y-based coating materials produces YDS along
with other reaction products. For AggYg0Z10, the YDS appears as large
(10 s of pm) blocky YDS grains above the center of the primary reaction
zone but is absent around the periphery (Fig. 5(a)). The A19Y76Z14
produced a thick reaction layer with large YDS grains around the pe-
riphery, with a thinner layer of residual melt containing YDS and cris-
tobalite (SiO-) in the center (Fig. 5(b)). The presence of the YDS near the
top of the reaction layers, along with its large, blocky morphology,
suggest that the YDS precipitates early in the reaction sequence. Once
excess SiOy from the deposit is consumed via YDS crystallization, the
reactions shift into the fields producing a mixture of apatite, garnet, and
fluorite.

3.2.2. Gd-based coating materials

3.2.2.1. Reactions producing Ap, G, F, and Sp. The reactions of
C31MoFs5A15S43 with A19GyeZ14 and CisMioF12A16S45 with both Gd-
based coating materials produce an outer layer of mixed apatite and
spinel and an inner layer with mixed apatite and garnet (Fig. 6). Given
its high Al content, the spinel location shows clearly in the EPMA maps.
Fluorite grains are scattered throughout these layers, but the fluorite
fraction is generally much lower than in the Y-based samples due to
higher Zr solubility in the garnet phase formed in the Gd-based systems.

3.2.2.2. Reactions producing primarily Ap, G, and F. The reaction layers
formed when both Gd-based coating materials react with C;oMsF5A10S70
comprise layers of apatite, mixed apatite and fluorite, and then mixed
apatite, garnet, and fluorite (Fig. 7(a,b)). A band of the Al-rich

(@) A10G76Z14 - C1sM1oF 1A 16845 Sum

g ®

Phases: Il Ap [1G [JF [Sp

Fig. 6. Reaction layer microstructures observed in the (a) A1¢Y7¢Z14 and (b)

A30Y60Z10 Samples exposed to Ci15M12F12A16S45 and © A30Ye60Z10 exposed to

C31MoFsA15S43. The wider image in each panel shows the phase distribution and the narrow images show selected EPMA maps from equivalent locations.
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Fig. 7. Reaction layer microstructures observed in the (a) A;0G7¢Z14 and (b) A3pGeoZio samples exposed to CioMsFsA10S70 and (¢) A10G7eZ14 exposed to

C31MoF5A12S43.

magnetoplumbite phase appears just above the garnet-containing layer
around the periphery of the A390GgoZ10 sample. The appearance of garnet
later in the sequence compared to the Y-based samples with similar
phase assemblages is presumably due to the relatively lower stability of
the Gd-containing aluminosilicate garnet.

3.2.2.3. Reactions producing primarily Ap, G, and Cus. The A10G76Z14
sample exposed to C31MgF5A12S43 produces a unique reaction sequence.
Apatite appears at the top of the reaction layer followed by a region with
apatite, garnet, and occasional small periclase grains. The bottom of the
reaction layer is primarily cuspidine with interspersed garnet grains.
Fluorite isn’t evident, presumably because the garnet phase is Zr-rich
(along with high Al and Fe content). The garnet and periclase precipi-
tation depletes MgO, pushing the final reaction into a crystallization
field involving cuspidine.

3.3. Reaction product composition trends

This section discusses how the reaction product microstructure and
compositions change in relation to the coating material and CMFAS
compositions.

3.3.1. Apatite

Apatite is formed in all twelve deposit-coating material combinations
examined in this study, consistent with its documented formation for
various coating materials exposed to a wide range of CMFAS

compositions. The average apatite compositions are given in Table 2.
The primary trend is that exposure to the CaO lean C;90MsF5A10S7o de-
posits produces apatite with significantly less CaO than the defect-free
CayREgSigO9¢ stoichiometry. This shift is partially accommodated by
increased Mg content, which substitutes for Ca, consistent with obser-
vations in related systems [15]. However, even with the MgO substitu-
tion, cation vacancies are likely still required for charge balance in these
cases [40,41]. The Zr, Al, and Fe content in all apatite measurement is
generally low, and is ascribed to a combination of small solubility in
apatite and low x-ray signal originating from adjacent grains. There is
not a significant difference in the apatite compositions formed on the
Gd- vs. Y-containing samples. There is also not significant variation in
apatite concentration through the reaction layer in each sample.

3.3.2. Garnet

Garnet is observed in every reaction layer, but the grain sizes,
compositions, and relative locations in the reaction layers vary signifi-
cantly between samples. Although the aluminosilicate garnet phase is
unstable at 1400 °C in the Gd-CMAS system [15], Fe and Zr stabilize the
Gd-containing garnet in this study. The through-thickness grain size
gradient and configuration relative to other reaction products suggests
that the garnet grows at the test temperature during the dynamic
dissolution-crystallization process, unlike previous reports that sug-
gested growth of garnet upon cooling [17,23,25]. There was generally
not significant variation in the garnet compositions through the thick-
ness of an individual reaction layer, except for a sharp shift toward the

Table 2
Average apatite compositions, in cation %, based on EPMA.
Coating material CMFAS Si Zr Al RE Fe Mg Ca
A3oY60Z10 C10MsFsA10S70" 33.5 4.5 0.7 52.5 0.3 1.4 7.1
C15M12F12A16S45 37.0 0.6 0.1 49.3 0.2 1.6 11.2
C31MoFsA15S43 35.1 1.3 0.2 48.3 0.1 0.6 14.4
A10Y76Z14 C10MsFsA10S70 35.8 0.3 1.9 50.9 0.6 2.2 8.2
C15M12F12A16S45 38.8 0.5 0.2 47.6 0.2 1.3 11.3
C31MoF5A15S43 35.3 0.8 0.2 49.3 0.1 0.5 13.9
As30Ge0Z10 C10MsFsA10S70 35.7 0.1 1.5 53.4 0.2 2.4 6.7
C15M12F12A16S45 38.6 1.0 1.3 47.0 0.3 1.0 10.9
C31MoF5A12S43 37.9 0.8 1.3 45.8 0.2 0.7 13.3
A10Gr6Z14 C10MsFsA10S70 36.8 0.1 0.8 50.2 0.4 2.8 8.9
C15M12F12A16S45 37.4 0.5 0.4 47.7 0.3 1.8 11.8
C31MoF5A15S43 37.9 0.2 0.8 47.2 0.1 0.7 13.1

# The higher Zr and lower Si content than expected for apatite in this samples is likely due to signal from small fluorite grains embedded within apatite in this sample.
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Table 3
Average garnet compositions (cation %), based on EPMA.
Coating material CMFAS Si Zr Al RE Fe Mg Ca
As30Y60Z10 C10MsF5A10S70 7.3 3.0 46.7 36.9 2.7 2.0 1.3
C15M12F12A16545 13.1 1.7 31.8 31.9 9.2 7.4 4.9
C31MoF5A12S43 14.7 2.9 32.0 27.1 5.7 6.6 10.9
A10Y76Z14 C10MsF5A10S70 14.1 3.8 32.4 38.6 5.7 3.2 2.1
C15M12F12A16545 17.8 2.3 21.8 30.9 11.6 9.3 6.2
C31MoF5A12S43 15.4 4.0 25.9 26.4 8.7 7.8 11.7
A30Ge0Z10 C10M5F5A10S70 4.3 2.8 51.4 35.6 3.1 2.2 0.6
C15M12F12A16S45 6.0 2.6 43.6 319 9.4 3.5 2.9
C31MoFsA1,S43 5.9 14.1 30.9 24.9 4.4 5.7 14.0
A10G76Z14 C10MsF5A10S70 5.8 3.0 43.0 36.5 7.6 3.7 0.3
C15Mi2F12A16545 10.6 5.9 22.6 32.8 17.1 5.5 5.6
C31MoFsA1,S43 6.6 15.3 23.9 25.6 6.1 7.5 15.0
AlO4 5 (mol %) CaO (mol %) FeO, (mol %) MgO (mol %) SiO, (mol %) REO; 5 (mol %) ZrO, (mol %)
0 25 500 5 10 15 0 5 10 15 O 4 8 0 5 10 15 0 20 40 0 5 10 15
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Fig. 8. Average garnet compositions measured in each sample.

pure RE aluminate endmember in the final several grain thicknesses at
the bottom of each reaction layer.

The average garnet compositions are tabulated in Table 3 and plotted
in Fig. 8. Several trends emerge. First, the Y-based garnets contain
roughly twice the SiO, content as the garnets formed in the equivalent
Gd-based samples, which tended to have higher Al and/or Zr concen-
trations. Second, the Ca content in the garnet is strongly dependent on
the Ca concentration in the deposit. The garnets formed via reactions
with C;9MsFsA10S70 contain almost no Ca, while Ca is a major compo-
nent in the garnets formed via reactions with C3;MgF5A;5S43. The low Ca
concentrations are accommodated either by substitution of other cations
(e.g., Mg, Fe) or by shifting the composition closer to the pure RE
aluminate endmember since RE and Ca cations occupy the same crys-
tallographic site. Similarly, exposure to the Fe-rich Ci5Mj2F12A16S45
deposit produces garnet with higher Fe>*/3* content. Finally, the gar-
nets formed upon reaction with the A3gRE¢0Z;1 materials tended to have
higher Al concentration than that formed by reaction with AjoRE7¢Z14.

In addition to the trends of garnet compositions reflecting variations
in CMFAS and coating material compositions, some of these trends can

be explained based on the relative position of the garnet in the reaction
sequence. For instance, stronger apatite formation in the Gd based sys-
tems consumes significant proportions of Si and Ca from the deposit.
Consequently, the garnet, which formed later in these samples, has less
Si and more Zr, In other cases, consumption of Mg, Fe, and Al via early
spinel formation leads to garnet crystallization with more Si and Zr in
the local equilibrium environment.

3.3.3. Fluorite

Fluorite is observed in the reaction layer in all Y-containing samples
but only some Gd-containing samples since Zr is more readily incorpo-
rated in the Gd-containing garnet. The fluorite is essentially RE-
stabilized ZrO,, but with lower RE content than the starting materials,
and with only small CaO concentrations (Table 4). In some cases, the
grains were sufficiently small to cause overlap with signal originating
from adjacent grains. This is most evident in the unphysically high Si
content reported for some samples. For equivalent samples, the Gd
content is fluorite is lower than the Y content in the corresponding
sample, consistent with cation size dependent partitioning trends [32].

Table 4
Average fluorite compositions (cation %) before and after CMFAS exposure.
Coating material CMFAS Si Zr Al RE Fe Mg Ca
AsoYe0Z10 Initial® - 45.6 0.2 54.2 - - -
C10MsFsA10570 1.6 64.5 0.3 32.7 0.6 0.1 0.3
C15M12F12A16S45 1.6 62.0 3.3 29.5 1.8 0.9 0.9
C31MoF5A12S43 2.4 57.8 1.4 33.8 0.8 0.7 3.1
A10Y76Z14 Initial - 52.2 0.3 47.6 - - -
C10MsF5A10S70 5.7 57.6 0.5 33.7 1.0 0.3 1.2
C15M12F12A16S45 1.9 64.7 1.2 28.3 2.4 0.7 0.8
C3:MoFsA15S43 1.0 58.5 0.2 36.5 0.9 0.6 2.4
As30GeoZ10 Initial - 32.2 0.1 67.7 - - -
C10MsF5A10S70 0.5 67.3 0.4 30.7 0.5 0.4 0.1
C15M12F12A16S45 3.5 62.3 0.5 29.4 1.7 0.6 2.0
A10Gr6Z14 Initial - 46.0 0.3 53.6 - - -
C10MsF5A10S70 2.0 66.8 0.5 28.6 1.0 0.6 0.5
C15M12F12A16S45 5.7 58.2 0.5 28.9 2.4 1.1 3.2

2 Fluorite composition in the initial, unreacted material
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Table 5
Average compositions of cuspidine and spinel, in cation %.
Coating material CMFAS Si Zr Al RE Fe Mg Ca
Cuspidine
AsoYe0Z10 C31MoF5A12S43 23.5 5.8 9.1 32.6 0.5 1.4 27.0
A10Y76Z14 C31MoF5A12S43 24.3 5.4 7.6 33.9 0.8 1.6 26.6
A10G76Z14 C31MoF5A12S43 21.1 3.0 129 40.6 0.8 1.1 20.4
Spinel
A30Ge0Z10 C15M12F12A16S45 0.8 0.2 62.6 1.2 7.4 27.4 0.4
C31MoF5A12S43 0.8 0.0 63.1 0.8 3.2 31.7 0.3
A10G76Z14 C15M12F12A16545 5.2 1.3 42.2 8.1 11.9 29.3 2.1
3.3.4. Spinel stoichiometry of GdMgAl;,019 [42] appears at the periphery of the

Spinel based on MgAl,O4 with modest Fe solubility (Table 5)
appeared in equilibrium with apatite, fluorite, and garnet early in the
reaction sequence for the Gd-containing systems. Its appearance coin-
cided with either higher Al content in the coating material (A30GgoZ10),
or higher Al, Mg, and Fe from the C;5M;2F12A16S45 deposit. The spinel in
the latter cases contained proportionally more Fe, consistent with the
relative cation proportions in the coating material and deposit. The
corresponding Y-containing samples did not form spinel, likely because
the Mg, and Fe are accommodated in the silica-rich garnet [15,16,25,32]
more readily than in the Zr-rich garnet formed in the Gd samples.

3.3.5. Cuspidine

Cuspidine was observed in three cases when the coating materials
were exposed to the CaO-rich C31MgFsA12S43 (Table 5). It forms in
equilibrium with garnet and fluorite in a dense zone close to the
unreacted coating material. The cuspidine conforms to the nominal
stoichiometry (Ca,RE)4(Al,Si)209. The cuspidine formed on the two Y-
based materials is relatively Ca- and Si- rich, closer to the CaY3SizOg
endmember than to the Y4Al;09 endmember. The cuspidine formed on
A10G76Z14 contains slightly less Ca and Si (with more Al and RE). These
compositions are generally like those formed in Yb-based coating ma-
terials exposed to a similar deposit composition [32].

A30G60210 sarnples exposed to C10M5F5A10570 and C15M1 2F12A16S45. The
phase has modest FeO, and CaO solubility, and forms in equilibrium
with apatite and fluorite (along with some spinel) in the
A30Ge0Z10-C15M12F12A16S45 sample. As an Al-rich phase, magneto-
plumbite formation is promoted by the presence of alumina in the
coating materials.

3.4. Reactive crystallization efficiency

The alumina in these aluminate-zirconate coating materials pro-
motes diverse reaction products with varying ability to efficiently
consume the melt. The reactive efficiencies () calculated based on the
average composition of each phase in each sample are plotted in Fig. 9
(a). The results show that fluorite, magnetoplumbite, and GAP form by
reprecipitation, with n < 0.15. Conversely, the cuspidine, YDS, and
apatite values are clustered near n = 0.5, indicating more efficient
reactive crystallization. The garnet compositions span a wide range of
intermediate values. However, garnet crystallization in the current ex-
periments is generally less efficient than for the pure zirconates and
hafnates (Fig. 1), since incorporation of alumina from the coating ma-
terial reduced deposit consumption.

To understand the interplay between the coating material and de-

3.3.5.1. Magnetoplumbite. Magnetoplumbite ~ with a  nominal posit composition on the garnet reaction efficiency, the garnet crystal-
lization efficiencies for each sample are plotted separately in Fig. 9(b).
— Reprecipitation Reaction Efficiency (n) Intrinsic Crystallization—l
0.0 0.1 0.2 0.3 0.4 0.5 0.6 1.0
f t t } t 3 : \\—
(a) All Phases 4— reaction product o
FOO—60-0<0—+—0—Fluorite + 4 $- Spinel ——&—+—00- Cuspidine —
0+ MP < } t f YDS $—+—& t >
—o—o0— GAP t } H—O—0—0—0@— Apatite +——
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Fig. 9. Reaction efficiency parameters based on (a) average composition of each phase in each sample and (b) individual points for each garnet grain measured.
Abbreviations: C10 = C1oMsF5A10S70, C15 = C15M125F12A16S45, and C31 = C31MgF5A15S43.
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Several trends are evident. First, the garnet formed upon exposure of
each coating material to C;0MsFs5A10S70 has a lower reaction efficiency
(closer to reprecipitation) than the other deposits. This is because
without ample Ca, Mg, and Fe from the deposit to charge compensate Si
incorporation into garnet, the garnet more closely resembles an alumi-
nate, rather than an aluminosilicate. Second, garnet formation with the
AlO; 5-rich A3gREggZ10 has lower reaction efficiency than the equivalent
A10RE76¢Z14, implying that even if the AlO; 5 in the coating material can
promote garnet crystallization, the lower efficiency of that reaction may
not offer a net benefit for consuming the melt. Finally, because Y better
stabilizes garnets containing higher concentrations of Mg, Fe, Ca, and Si,
garnet crystallization with the Y-containing coating materials is more
efficient than the Gd-containing materials.

3.5. Implications for the design of multiphase aluminate zirconate coating
materials

The results show that the introduction of one or more RE aluminates
into a RE zirconate coating material promotes the formation of garnet
and cuspidine, in addition to apatite, upon reaction with CMFAS de-
posits. A potential benefit of this approach is a more uniform reaction
response across a range of CMFAS deposit compositions leading to
effective melt consumption even if one or more reactants is consumed.
Specifically, this work shows that once apatite crystallization early in
the reaction sequence consumes Ca and Si, the Al liberated from the
coating material promotes garnet crystallization to continue consuming
the remaining melt later in the reaction sequence. This translates to a
more efficient redistribution and consumption of melt across the
coating-CMFAS reaction layer. Additionally, since Y is particularly
effective in promoting garnet crystallization, the use of an aluminate-
containing, Y-based coating material could offset the lower driving
force for apatite crystallization compared to Gd. This characteristic
opens potential for coating materials to offer the desired performance
while using the more abundant and lower cost Y rather than Gd.

At the same time, the addition of alumina to the coating material
decreases the efficiency of the garnet crystallization reaction since a
portion of the Al in the garnet comes from the dissolved coating mate-
rial. In other words, more coating material must dissolve to consume an
equivalent quantity of melt compared to the garnet reactions products
formed by RE zirconate materials (Fig. 1). This is especially true for the
Gd-based materials since the equivalent Y-containing garnets show more
efficient melt consumption.

Based on observations of uniformity in reaction sequences, melt
consumption efficiency of formed crystalline products, and the overall
uniformity in reaction layer thicknesses, multiphase aluminate zirco-
nates are promising candidates as CMFAS-reactive coating materials.
This is particularly true for applications where the material serves as a
sacrificial layer for CMFAS protection, since exfoliation of thin, uniform
reaction layers could remove the deposit while leaving the rest of the
coating intact.

4. Conclusions

The sequence and chemistry of the products of reactions between
silicate melts and mixed Gd and Y aluminate-zirconate candidate
coating materials was studied. Key conclusions include:

. The coating materials studied react quickly with CMFAS deposits to
form a variety of crystalline products. Apatite and garnet phases
formed in every reaction layer and fluorite formed in most reaction
layers. Other reaction products include cuspidine, YDS, spinel, cris-
tobalite, magnetoplumbite, and periclase.

. The most common reaction progression involves an outer layer of
apatite with fluorite and garnet appearing in conjunction with
apatite below the surface. In some cases, spinel is intermixed with
apatite at the top of the reaction layer, and in other cases a layer of
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predominantly cuspidine appears at the bottom of the reaction layer.
YDS appears either as large blocky grains at the surface of the re-
action layer or suspended in the residual melt (glass).

. The garnet formed in the Y-containing samples typically contained
13-18 mol% SiO,, which is about half of the maximum SiO, solu-
bility in the phase, with corresponding CaO and MgO to maintain
charge neutrality. The garnets formed in the Gd systems contained
more ZrO; and less SiO5 than the equivalent Y systems.

. The melt consumption efficiency (n) for apatite, cuspidine, and YDS
are clustered near 0.5, making them ideal reactive crystallization
products, while fluorite is closer to reprecipitation. The garnet
crystallization efficiency spans an intermediate range depending on
the RE cation and the CMFAS composition.
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