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Thermal Expansion Coefficients of Ca>Ys(Si04)602 and
CaYbs(Si04)602 Apatite-Type Silicates

Jamesa L. Stokes
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

High-temperature x-ray diffraction scans of Y>Si>O7 and Yb,Si,O7 reactions with calcium-
magnesium-aluminosilicates were utilized to determine thermal expansion coefficients (CTEs) of
Ca,Y3(S104)60: and CarYbs(Si04)60> apatite materials. In order to validate these measurements, the
CTEs of Y»Si,07 and Yb,Si,O7 were also determined from the same scans. The directional CTEs for y-
Y,Si,07 were determined to be a, = 5.84x10 /K, o, = 6.81x10 %K and o, = 0.81x10°%/K, and B-Yb,Si,O;
was determined to have values of o, = 6.89x10° /K, a, = 4.81x107%/K and a. = 2.78x10 /K. The average
CTEs of y-Y,Si,07 and B-Yb,Si,07 were determined to be 4.49x10 /K and 4.82x10°%/K, respectively,
which agreed with previous analyses. Ca;Y(Si04)sO> exhibited directional CTEs of 0, = 9.36x10°%/K and
0. = 7.95x107%K (averaged between two sets of data), whereas Ca,Ybg(Si04)sO> had values that were
very similar (o, = 9.63x10°%/K and o, = 7.45x10°%/K). Both results for the rare-earth (RE)
Ca,RE3(Si04)60: apatites correlated well with the limited data on apatite-type silicates available in
literature.

1.0 Introduction

Silicon carbide- (SiC-) based ceramic matrix composites (CMCs) are being incorporated into gas
turbine engines to replace traditional metallic components due to their lower densities and higher
temperature stability. Due to the reactions with water vapor in the combustion environment, these
materials require a protective coating for the long life required for turbine engine applications (Refs. 1
and 2). Environmental barrier coatings (EBCs) are an enabling technology for CMCs, as they protect
these materials from water-vapor-induced oxidation and volatilization. Rare-earth (RE) silicates like
yttrium disilicate (Y2Si,0O7) and ytterbium disilicate (Yb,Si207) are considered state-of-the-art EBC
materials because they exhibit thermal expansion coefficients (CTEs) close to SiC-based ceramics
(~4 to 5x10°%/K) (Ref. 3) and possess good stability at high temperatures. However, there are several
degradation mechanisms that can lead to damage and spallation of the coatings (Ref. 4).

1.1 Thermochemical Degradation of EBCs

With continuous emphasis on increasing operating temperature of gas turbine engine systems to
improve efficiency, a concern has arisen in regards to thermochemical interactions of coating materials
with dust particulates ingested into the engine during operation. At lower temperatures, interactions with
these particulates are largely mechanical, resulting in coating erosion (Ref. 5). At higher temperatures,
these dust particulates, primarily made up of calcium-magnesium-aluminosilicates (CMASs), can react
with coatings and form amorphous and crystalline phases based on the thermodynamic equilibria with the
starting coating material. The resulting phases often have thermal and mechanical properties vastly
different from the EBC material (Refs. 6 and 7). Therefore, it is desirable to characterize the behavior of
these phases at high temperature.
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1.2 Yttrium and Ytterbium Disilicate Interactions With Calcium-Magnesium-
Aluminosilicates

CMAS interactions with yttrium (YDS) and ytterbium disilicate (YbDS) have been previously
investigated using furnace heat treatments and in situ high-temperature x-ray diffraction (XRD) scans of
mixed disilicate and CMAS powders (Ref. 8). More details can be found in the published investigation,
but the relevant results are summarized as follows: in this study, three CMAS powders were synthesized
based on varying CaO:SiO; ratios of dust particulates from relevant operating environments, including
desert sand and volcanic ash. The CMAS compositions are referred to as CMAS—1 (30.67Ca0-8.25MgO-
12.81A10,5-48.27Si0,), CMAS-2 (24.82Ca0-9.08Mg0O-14.24A10, 5-51.86Si0,), and CMAS—-3
(6.74Ca0-8.89Mg0-14.23A10, 5-70.14Si0,). These CMAS powders were then mixed with YDS and
YbDS in a 50:50 mol% ratio. Exposure of the disilicate mixtures to temperatures above the CMAS
melting temperature resulted in dissolution into the molten glass. Reaction products included
reprecipitation of the disilicate phase and a Ca,RE;3(Si04)sO- apatite-type silicate, which is an isomorph
of the calcium hydroxyapatite mineral Caio(PO4)s(OH).. In Stokes et al. (Ref. 8), apatite formation was
observed to decrease linearly with CaO:SiO; ratio, likely due to the reduced stability of smaller RE
cations like Yb*" or Y** in the apatite structure, as CaO is a main stabilizer of the Ca-RE apatite phase
(Ref. 9).

This apatite-type silicate has been considered a beneficial phase in CMAS mitigation. Within thermal
barrier coating (TBC) systems based on RE zirconates (RE2Zr,07), the apatite phase was shown to
crystallize rapidly when coatings reacted with molten CMAS, forming a barrier layer at the surface to
prevent further infiltration and interaction of the melt (Ref. 10). Based on such studies, several
investigations have focused on promoting apatite formation in coating systems or using apatite materials
as coatings. As previously stated, an important consideration for prospective EBC materials is a good
CTE match with the SiC substrate to minimize mismatch strains. Unfortunately, there is a dearth of
knowledge in literature for the calcium RE apatites CTEs. Therefore, the goal of this report is to
investigate the thermal expansion behavior of the apatite-type materials resulting from the
thermochemical interactions with CMAS.

1.3 High-Temperature X-Ray Diffraction

New data was not acquired for this report, but instead, as mentioned in the previous section, in situ
XRD scans of reactions YDS and YbDS with the aforementioned CMAS compositions at temperature
were previously obtained in Reference 8. These reactions resulted in the formation of the Ca-RE apatite-
type silicates Ca,Ys(Si04)602 and CarYbs(Si04)602, respectively. Figure 1 displays the in situ XRD scans
obtained for the mixtures of CMAS-1 with YDS (Figure 1(a)) and YbDS (Figure 1(b)) from that study
(YDS:CMAS-1 and YbDS:CMAS-1). Scans of CMAS interactions were taken at 25, 500, 900, 1,100,
and 1,200 °C. Then the samples were held at 1,200 °C and scans were taken every 2 min at temperature to
observe the evolution of crystallization products as a function of time. Finally, a scan was taken at
1,400 °C, then again at 25 °C upon cooling.

In the case of YDS:CMAS-1 (as shown in Figure 1(a)), the apatite phase was not detected in the
XRD scans until 1,100 °C, at which the apatite phase was observable in very small amounts. At 1,200 °C,
however, more apatite crystallized and constituted more than half of the sample, with additional apatite
crystallizing until the starting YDS was not detectable around ~20 min into the exposure at temperature.
Heating to 1,400 °C did not result in an observable change in apatite content, and the final scan at 25 °C
indicated that reactions of YDS with CMAS-1 resulted in the full conversion of YDS to apatite. It was
shown in the previous publication that YDS reacted with CMAS-2 to form apatite, with apatite peaks also
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being observed starting at 1,100 °C. Because of the lower CaO content of CMAS-2 compared to
CMAS-1, however, the full conversion of YDS to apatite did not occur and the YDS phase was present in
the sample in all scans. Thus, for Ca,Y3(Si04)602, data was obtained in both YDS:CMAS-1 and
YDS:CMAS-2 at 25 °C upon cooling, as well as 1,200 and 1,400 °C. Conversely, very little apatite
formed in YbDS:CMAS-1 below 1,400 °C. This was determined to be due to the thermodynamic
equilibria resulting in phases like grossular garnet and a Ca-Yb cyclosilicate instead of apatite at lower
temperatures (Figure 1(b)). Therefore, data for Ca;Ybg(Si04)cO2 was only obtained at 25 °C upon cooling
and at 1,400 °C. Although apatite formed at 1,400 °C and was observed at 25 °C upon cooling, the
starting YbDS phase remained present in all YbDS:CMAS-1 scans. Ca,Ybs(Si04)sO: did not crystallize
in YbDS interactions with CMAS-2 or CMAS-3 due to the smaller RE cation size as well as reduced
CaO content in the CMAS compositions.
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Figure 1.—In situ x-ray diffraction scans up to 1,400 °C of yttrium (YDS) and ytterbium (YbDS) disilicate with calcium-
magnesium-aluminosilicate (CMAS). CMAS-1 is 30.67Ca0-8.25Mg0-12.81Al01.5-48.27SiO2. Angle at which each
data point was taken on the graph (0). (a) YDS:CMAS-1. (b) YbDS:CMAS-1. The highest intensity peaks of the
calcium rare-earth (Ca-RE) apatite and disilicate phases are identified with the blue and green dashed rectangles,
respectively. The cyclosilicate peak is highlighted by the pink dashed rectangle. The shoulder of the YbDS peak
around 38.5° is attributed to the garnet phase (red highlighted area).
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The aforementioned scans from these high-temperature reaction experiments were utilized in this
study to calculate CTEs of apatite structures by determining the change in lattice parameters of the
crystalline phases present in the reactions as a function of temperature. As noted, because YDS and YbDS
are also present in these scans, the CTEs of these two EBC materials were calculated as well. The thermal
expansion behavior of both materials has been characterized in literature, so the calculations of YDS and
YbDS CTEs in this report were compared to known values to provide validation of the CTEs calculated
in this report for Ca;Ys(Si04)602 and CazYbg(Si04)60s.

Lattice parameters of YDS, YbDS, CaxY3s(Si04)s0,, and Ca;Ybg(Si04)cO, were derived from the
XRD scans at each temperature using the DIFFRAC.TOPAS software package (Bruker) (Ref. 11). The
change in lattice parameter (AL/Lo) was calculated for each lattice direction and the CTE for each
direction was determined as the slope of a linear fit of AL/Ly with temperature in Kelvin from 25 to
1,400 °C.

2.0 Results
2.1 B-Yb2Si,07 and y-Y2Si,07

YDS exhibited the y-RE»Si,07 polymorph of the RE disilicates, which is in the monoclinic space
group P21/c, and no phase change of YDS was observed in this study. YDS can exhibit at least four
different polymorphs as a function of temperature, although y-Y»Si,07 exhibits stability over the greatest
temperature range and is the polymorph of interest in this work (Ref. 12). The obtained lattice parameters
for y-YDS in interactions with CMAS-1 and CMAS-2 are listed in Table I. Figure 2(a) compares the
expansion behavior for y-YDS between scans of interactions with CMAS—1 and CMAS-2. The resulting
AL/Ly plots lie on top of each other for the a and b directions. In the case of the ¢ direction, the rate of
change (slope) of the two experiments was effectively identical, but the absolute values of AL/L, for
CMAS-2 were higher. The cause of the offset in the ¢ direction is not currently known, but this may be
due to instrument error or sample displacement during measurement. It is also possible this difference
could be attributed to stress and strain in the material as interactions between YDS and CMAS produce
reaction products, although the average expansion measured for each direction of y-YDS for samples
exposed to CMAS—1 and CMAS-2 were equivalent.

TABLE .—CALCULATED LATTICE PARAMETERS OF y-Y2Si207 FROM YDS:CMAS?
IN SITU X-RAY DIFFRACTION SCANS

Sample Temperature, °C a, A b, A c, A Y Volume, A3

YDS:CMAS-1° 25 (before) 5.5814 10.8392 4.6880 96.0322 282.0462
500 5.5916 10.8643 4.6881 96.0440 283.2159

900 5.6044 10.8921 4.6896 96.0783 284.6711

1,100 5.6112 10.9091 4.6904 96.0923 285.4937

YDS:CMAS-2°¢ 25 (before) 5.5814 10.8392 4.6880 96.0322 282.0462
25 (after) 5.5812 10.8382 4.6800 96.0331 281.5341

500 5.5916 10.8643 4.6881 96.0440 283.2159

900 5.6044 10.8925 4.6896 96.0783 284.6711

1,100 5.6112 10.9091 4.6904 96.0923 285.4937

1,200 5.6149 10.9147 4.6916 96.1247 285.8896

1,400 5.6207 10.9262 4.6933 96.1624 286.5717

2Yttrium disilicate:calcium-magnesium-aluminosilicate.
"CMAS-1 is 30.67Ca0-8.25MgO-12.81A101.5-48.27SiOx.
°CMAS-2 is 24.82Ca0-9.08MgO-14.24A101.5-51.86Si02.
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YbDS crystallizes in the f-RE>Si,O7 structure, which is a monoclinic polymorph of the RE disilicates
of space group C2/m and does not exhibit phase changes as a function of temperature. Lattice parameters
of B-Yb,Si,07 are listed in Table 11, and AL/L, values for each lattice direction are plotted in Figure 2(b).
The a direction of YbDS exhibited the greatest expansion and the ¢ direction exhibited the lowest
expansion. There was slight curvature of the expansion of the ¢ direction near 1,400 °C, although overall,
the expansion behavior in each direction appears to follow a linear trend. As shown in Table III, the
calculated CTE values for YbDS were indicative of anisotropic expansion of this material at high
temperatures and the average CTE was determined to be 4.82x10/K.

TABLE II.—CALCULATED LATTICE PARAMETERS OF Yb2Si207 FROM YbDS:CMAS-1*
IN SITU X-RAY DIFFRACTION SCANS

Temperature, °C a, A b, A c, A B Volume, A3
25 (before) 6.7965 8.8730 4.7085 102.0052 277.7360
25 (after) 6.7992 8.8730 4.7077 101.9743 277.8331
500 6.8067 8.8828 4.7141 101.9671 278.8300
900 6.8240 8.8985 4.7199 101.9627 280.3857
1,100 6.8339 8.9098 4.7227 101.9703 281.3083
1,200 6.8387 8.9118 4.7240 101.9979 281.6186
1,400 6.8489 8.9208 4.7255 102.0266 282.3813
aYtterbium disilicate:calcium-magnesium-aluminosilicate. CMAS-1 is 30.67Ca0-8.25Mg0-12.81A10.5-48.27Si0x.
8 o
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Figure 2.—Change in lattice parameter AL/Lo versus temperature plots for yttrium (YDS) and ytterbium (YbDS)
disilicates. (a) y-YDS. Calcium-magnesium-aluminosilicate (CMAS). CMAS-1 is 30.67Ca0-8.25MgO-
12.81A101.5-48.27Si02. CMAS-2 is 24.82Ca0-9.08Mg0-14.24A101.5-51.86Si02. (b) YbDS.

Temperature, °C

TABLE III.—AVERAGE THERMAL EXPANSION COEFFICIENT VALUES FROM 25 TO 1,400 °C FOR B-YB2SI2O7 AND
I'-Y2S1,07 AND VALUES FROM LITERATURE

Material 0a (X1079) ab (x1076) ac (x1076) Average Literature
v-Y2Si207 (CMAS-1)* 5.84 6.80 0.81 4.49 ~3.9t0 4.6 up to
¥-Y28i207 (CMAS-2)° 5.85 6.82 81 4.49 1,200 °C®
B-Yb2Si207 6.89 4.81 2.78 4.82 ~3.6t0 4.2 up to

1,600 °C?

aCalcium-magnesium-aluminosilicate (CMAS). CMAS-1 is 30.67Ca0-8.25Mg0-12.81A10,5-48.27Si0x.
YReferences 13 and 14.

°*CMAS-2 is 24.82Ca0-9.08MgO-14.24A101.5-51.86Si02.

dReference 15.
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Literature values of average CTEs of YDS and YbDS are also listed in Table I1I, showing good
agreement with the values measured in this investigation, although interestingly, the average CTE of
YbDS is slightly higher than the values from previous studies. Like y-YDS, possible instrument error or
the presence of other phases in the sample and the resulting stress and strain states may be affecting the
expansion behavior. However, the close comparison of these CTE values to data from literature
substantiated the further use of these experiments to determine the CTEs of the Ca-RE apatites.

2.2 CayY3(Si04)602 and CazYbs(Si04)602

Ca;REg(Si04)60, materials crystallize in the hexagonal space group P63/m, and the lattice parameters
of CazYg(Si04)60; are listed in Table IV. The average CTEs of the apatite materials (shown in Figure 3)
assessed here are almost double of that observed for y-YDS and B-YbDS over the investigated
temperature range. The AL/Lo plots for the crystal directions that were calculated for Ca>Ys(SiO4)sO:
exhibit small differences in slope between CMAS—1 and CMAS-2 (Figure 3(a)), with the CTEs listed in
Table VI.

TABLE IV.—LATTICE PARAMETERS OF CA2Y3(SI04)¢02 CALCULATED FROM
YDS:CMAS? IN SITU X-RAY DIFFRACTION SCANS

Sample Temperature, °C a, A c, A Volume, A3
YDS:CMAS-1° 25 (after) 9.3483 6.7771 512.9058
1,200 9.4496 6.8439 529.2410
1,400 9.4768 6.8571 533.3282
YDS:CMAS-2¢ 25 (after) 9.3436 6.7786 512.5137
1,200 9.4442 6.8405 528.3903
1,400 9.4654 6.8500 531.4991

AYttrium disilicate:calcium-magnesium-aluminosilicate.
PCMAS-1 is 30.67Ca0-8.25Mg0-12.81A101.5-48.27Si0>.
°CMAS-2 is 24.82Ca0-9.08MgO-14.24A10, 5-51.86Si0x.

CMAS-1 CMAS-2

0o
T
T

AL/Lgx103
\

0 / | 1 1 1 | | ./ | 1 | | 1 1 |

0 400 1,000 1,400 0 400 1,000 1,400
Temperature, °C Temperature, °C

(a) (b)

Figure 3.—Change in lattice parameter AL/Lo versus temperature plots for (a) Caz2Ys(SiO4)sO2 and
(b) Caz2Ybs(SiO4)eO2. Faded lines in figure represent lack of data due to limited or no apatite crystallization
between 25 and 1,200 °C in (a) and 25 and 1,400 °C in (b). Calcium-magnesium-aluminosilicate (CMAS).
CMAS-1 is 30.67Ca0-8.25Mg0-12.81AI01.5-48.27SiO2. CMAS-2 is 24.82Ca0-9.08MgO-14.24A101.5-51.86Si0x2.
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TABLE V.—LATTICE PARAMETERS OF Ca2Ybs(Si04)cO2
CALCULATED FROM YbDS:CMAS-1?IN SITU X-RAY
DIFFRACTION SCANS

Temperature, °C a, A c, A Volume, A3
25 (after) 9.2935 6.7009 501.2212
1,400 9.4166 6.7696 519.8611

2Ytterbium disilicate:calcium-magnesium-aluminosilicate. CMAS-1
is 30.67Ca0-8.25Mg0-12.81A101.5-48.27Si0x.

TABLE VIL.—AVERAGE LINEAR THERMAL EXPANSION COEFFICIENT
VALUES FROM 25 TO 1,400 °C FOR Ca2Y3(Si04)602 AND Ca2Ybs(SiO4)sO2

Material 0a (X1076) ac (x1076) Average
CazYs(Si04)602 (CMAS-1)? 9.54 8.36 8.95
Ca2Y3(Si04)s02 (CMAS-2)® 9.19 7.55 8.37
CazYbs(Si04)602 9.63 7.45 8.54

aCalcium-magnesium-aluminosilicate (CMAS). CMAS-1 is 30.67Ca0-8.25MgO-
12.81A101.5-48.27Si0x.
PCMAS-2 is 24.82Ca0-9.08Mg0-14.24A101 5-51.86Si0x.

Only one data point was obtained for Ca,; Ybs(Si04)s0O:, as apatite was only formed in
YbDS:CMAS-1 at 1,400 °C (Table V). Using these two data points and assuming linear expansion
behavior, the calculated CTEs of the apatites are listed in Table VI.

3.0 Discussion

High-temperature x-ray studies provided the capability to measure the CTE of the EBC compositions
as well as the Ca;Y3(Si04)602 and Ca,Ybs(Si04)s0; reaction products. Close comparison to literature
CTE values for the disilicates validated the use of these scans for the investigation of the expansion
behavior of CayY3(Si04)s0, and Ca,; Ybs(Si04)s02. Although the thermal expansion of these particular
Ca-RE apatites has not been previously investigated in literature, the results can be compared to the
limited data on other apatite stoichiometries, which all crystallize in the hexagonal P63/m structure.
Misture et al. investigated the thermal expansion behavior of Dyq 33(S104)602, absent of Ca in the structure
(Ref. 16). The average a and ¢ CTEs in that study were determined to be 9.93x107%K and 8.30x10"/K,
respectively, up to 1,450 °C. Similarly, in a study by Key et al., the average CTEs of Y.33(S104)cO> were
calculated as o, = 8.98x107%/K and o, = 8.45x10°%/K up to 1,200 °C (Ref. 17). In both studies, the thermal
expansion behavior was observed to be linear at 21,200 °C. This linear thermal expansion behavior is
consistent with the Ca-containing apatite stoichiometries studied in this work, although data at additional
temperatures are needed to confirm a linear expansion trend. Based on these literature values, there is not
a large difference overall in CTE behavior of the Ca-RE apatites measured here compared to the RE
apatites absent of CaQ, although it will be crucial to perform these experiments on phase pure Ca-RE
samples to corroborate the current findings, as the presence of other crystalline and amorphous phases
might be skewing the data at a magnitude that cannot be accounted for at the current time. Overall, these
limited results suggest that the Ca-RE apatites possess CTEs much higher than desired for EBC
applications and this mismatch would be expected to generate undesirable stress states. The average
thermal expansion behavior of these apatite systems is much closer to CTEs of TBCs (~10 to 14x10/K)
(Ref. 18). The anisotropy of the thermal expansion of these apatite materials is also not desirable for
EBCs or TBCs, as the different rates of expansion can also result in microstrain and cracking.
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4.0 Conclusions

The thermal expansion coefficients (CTEs) of Ca,Ys(Si04)s02 and Ca,Ybs(Si04)s02 were determined
using in situ x-ray diffraction scans of thermochemical interactions of Y,Si,O7 and Yb,Si,07 with two
different calcium-magnesium-aluminosilicate (CMAS) compositions. CTEs were obtained for Y,Si,0O
and Yb,S1,07 and compared favorably to literature values. The average bulk CTEs of Ca>Y3(S104)sO, and
CazYbsg(S104)sO2 were determined to be almost two times greater in magnitude than what is desirable for
environmental barrier coating applications, but these materials have CTEs similar to thermal barrier
coating materials. Additional in situ measurements of the calcium rare-earth (RE) apatites are needed to
fully understand the expansion behavior at high temperature. The current measurements described herein
correlate well with results of thermal expansion of other RE apatites in literature, which suggests that this
method of measuring thermal expansion properties in situ with CMAS reactions can provide fairly
accurate thermal property data.
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