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Evanston, IL 60208
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*NASA Glenn Research Center, Cleveland, OH 44135

ABSTRACT

The interactions of two potential topcoat materials for environmental barrier coatings, Yb,SiOs
and Yb,Si, 07, with calcium-magnesium-aluminosilicate (CMAS) engine deposits were studied.
X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and
electron diffraction were used to investigate the phase transformation associated with the
exposure of Yb,SiOs and Yb,Si,O;to CMAS at 1300°C. It was found that Yb,SiOs strongly
reacts with CMAS to completely dissolve the Yb,SiOs and form hexagonal Ca,Ybg(SiO4)s02
deposits. In contrast, no discernable reaction between CMAS and Yb,Si,O;, was observed over
the 96-hour exposure.

Keywords: environmental barrier coating; ceramic; CMAS; X-ray diffraction; energy-dispersive

X-ray spectroscopy

1. INTRODUCTION

Silicon-based ceramics (i.e., SiC, SizN4) have been identified as some of the most promising

materials systems for high-temperature structural applications in engine environments due to
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their low density, excellent high temperature mechanical properties, and good thermo-
mechanical stability." A passivating SiO. surface layer, which forms on SiC and SizN, in
oxygen-containing environments, becomes unstable in combustion environments, resulting in the
volatilization of the silica layer and component recession.** Environmental barrier coatings
(EBCs) have been identified as a method of protection from these harsh turbine environments.
Important properties of good EBC candidate materials are thermal and phase stability, low
volatility in engine environments, a coefficient of thermal expansion (CTE) that matches the
underlying layers, and favorable interaction of the active EBC material with environmental

deposits, such as molten calcium magnesium aluminosilicates (CMAS).

CMAS interactions with EBCs pose a particularly vexing problem. Molten deposits tend to
penetrate open porosity in the coatings and react with traditional EBC chemistries. A three-layer
coating system consisting of a silicon bond coat, an intermediate diffusion barrier layer of
mullite (3Al,03:2Si0,), and a top layer of BSAS, (1-x)BaO-xSrO-Al,03-2SiO,, where x varies
between 0 and 1, has been the most studied system to date.>? In this system the BSAS acts as
the active EBC layer, and the mullite serves as a chemical and oxidation barrier.>® While these
systems have been shown to work well in laboratory-based EBC tests, exposure to molten
calcium magnesium aluminosilicate (CMAS) deposits ingested into turbines causes dissolution
and reprecipitation of a Ca-modified celsian and cracking in the BSAS topcoat due to interaction
between the low-melting CMAS and the topcoat.”® Additionally, BSAS has been found to react

with silica at high temperatures, forming a eutectic with a melting point of ~1300°C.>*°



In order to reach significantly higher operating temperatures, new topcoat materials are under
development. One promising group of candidate materials is the family of rare-earth silicates.'***
Preliminary studies have shown ytterbium silicates (Yb,SiOsand Yb,Si,O) to have a good
combination of stability in vapor-containing high-temperature environments and structural
integrity as part of a multilayer EBC coating.’®** In examination of the stability of hot-pressed
Yb,SiOs, Yb,Si,07, and BSAS at 1500°C in flowing 50% H,0-balance O,, the volatility of
Yb,Si;07 is comparable to that of BSAS. % The silica activity of Yb,SiOs-Yb,03 and Y 2SiOs-
Y03 biphasic fields is at least two orders of magnitude lower than the silica activity of Yb,SiOs-
Yb,Si,07 and Y,SiOs-YSi,07, respectively,*>*® explaining the lower volatility of the

monosilicates vs. the disilicates, and hence, their attractiveness as EBCs. Volatility alone,

however, is not an indicator of resistance to CMAS attack.

Ahlborg and Zhu studied the reactivity of Yb,SiOsand another rare-earth silicate, Y,Si,O7 with
CMAS at 1300°C and 1500°C."" They saw very small reaction zones in the Yb,SiOs when the
interaction studies were performed at 1500°C; the CMAS fully permeated the Y,Si,O7 at the
same temperature. Only a glassy surface formed on Yb,SiOsat 1300°C, whereas a silicate
oxyapatite, Ca,Ybg(SiO4)sO-, readily formed in the Y,Si,0.” Grant et al. exposed Y,SiOs to
CMAS pellets at 1300°C. They observed significant surface recession and the formation of
yttrium silicate oxyapatite (Ca,Yg(SiO4)s02) crystals. The formation of the silicate oxyapatite
and the dissolution of Y,SiOs also led to a significant reduction of the Ca concentration in the

CMAS and the incorporation of ~10 mol% YO, s into the glass after 24 hours at 1300°C.*®

An alternate strategy for CMAS-resistant coatings has gained attention for thermal barrier

coatings (TBC) systems. Strong reactivity between CMAS and the EBC to form stable



crystalline phases may be helpful in mitigating the advance of molten CMAS; rare-earth
zirconates rely on this mechanism to slow down the advance of CMAS through the coating to
underlying TBC.™ Part of the effectiveness of the rare-earth zirconates can be found in their
ability to limit the size of the reaction zone. In a recent study by Poerschke and Levi on rare-
earth containing zirconates and halfnates, they discerned that the size of the rare-earth element
determined the effectiveness of the reaction.?’ As a guide for the development of optimal
coating, larger rare-earth elements proved most successful. Unfortunately, because the
zirconates have relatively high coefficients of thermal expansion, they are not suited for silicon-

based ceramic-EBC systems, but rather for superalloy-TBC systems.

In this study, the interaction of both Yb,Si,O7 and Yb,SiOs with CMAS was investigated in more
detail using lab-based X-ray diffraction, SEM, EDS, quantitative phase analysis reference
intensity ratio (RIR) methods, and selected area electron diffraction (SAED). To our knowledge,
this is the first study that compares the reactivity of Yb,SiOs and Yb,Si,O; with CMAS under
identical conditions. Of particular interest is the contrast in the ease of formation of silicate
oxyapatite (Ca,Ybg(Si04)s0-) in the two systems, and whether its formation could provide a

reaction zone of limited thickness which would preclude further CMAS-coating reaction.

2. EXPERIMENTAL PROCEDURE
2.1 Processing and Sample Preparation

The CMAS glass with a 33Ca0-9Mg0-13AIl0; 5-45Si0, composition was prepared by mixing
Al,O3 (Praxair, Danbury, CT), CaO (Aldrich, St. Louis, MO), MgO (Alfa Aesar, Ward Hill,

MA), and SiO, (Alfa Aesar). The mixed powders were wet milled in water using Al,O3; media



for 24 hours. The milled mixture was heated for 4 hours at 1550°C in a platinum crucible in air,
ground with a mortar and pestle, and heated to 1550°C for 4 hours again. The glass was then
removed from the crucible and ground to a fine powder (particle size below 50um). The 33CaO-

9MgO-13AI0; 5-45Si0, composition used in this study with a melting point of ~1230°C, is a

7,18,19 I 21

composition eften used in prior studies, a version of CMAS first described by Borom et a
To study the interaction between CMAS and Yb,SiOs and Yb,Si,O; powders (Treibacher,
Austria), 70 wt% phase-pure fully crystalline ytterbium silicate (either mono- or di-) and 30 wt%
CMAS powders were finely ground together using mortar and pestle. After careful mixing, the
samples were heated in a platinum crucible at 1300°C in air for times of 1 minute, 4 hours, 24
hours, and 96 hours to ensure complete melting of the CMAS. Upon removal from the furnace,
the material was ground finely again with a mortar and pestle and then mixed with fully

crystalline Al,O3 for reference intensity ratio (RIR) analysis.

To study of the behavior of the ytterbium silicate/CMAS reaction interfaces in greater detail,
bulk Yb,SiOs and Yb,Si,O; samples were exposed to CMAS at elevated temperature. The
exposure to CMAS was achieved by drilling wells 1.5 mm in diameter and 1.2 mm deep into
bulk Yb,SiOs and Yh,Si,O7 samples using an ultrasonic drill press. The dimensions were chosen
such that complete filling of the well with CMAS resulted in a loading of 35 mg/cm?, an average
for all surfaces including the sidewalls. Due to the melting of the CMAS this will lead to locally
much higher loadings than are likely seen in real EBC systems. After filling the holes with
CMAS, the samples were then heated to 1300°C in air for 1 minute, 4 hours, 24 hours, and 96

hours.



2.2 Quantitative Phase Analysis Using RIR

Quantitative X-ray phase analysis was performed with the reference intensity ratio methodology
(RIR). RIR allows for the quantification of crystalline and amorphous weight fractions for
known phases in powdered samples by comparing the relative intensities of crystalline peaks of
the phases of interest to the intensity of a standard, in this case, the (113) peak of corundum
(Al,03), of which 50 wt% was mixed into the sample prior to the X-ray measurement. This
method is described in more detail by Prevey, et al., who used it to study the crystallization of

plasma-sprayed hydroxyapatite coatings for medical implants.?

All measurements for reference intensity ratios in this study were performed on a

Rigaku 9400 60-26 diffractometer at the Northwestern University’s Jerome B. Cohen X-ray
Facility. The instrument utilizes Cu radiation (K,, 1.54 A), a 0.5° divergence and a 0.5° Soller
slit, a receiving slit of 0.15 mm, and a Ni filter to block out Cu K radiation. The small slit sizes
were chosen due to the quantitative nature of the experiments. These very small slits minimized
the diffracted intensities of the powder samples while maximizing the resolution of the
diffractometer. To increase the diffracted intensities, a two-second dwell was taken at each 0.02°

step from 20°-70°, leading to a total measurement time of 90 minutes for each scan.

To establish the RIR for Yb,SiOs and Yb,Si,O, about 10 grams of each phase-pure, fully
crystalline powder were mixed with the same mass of phase-pure, fully crystalline Al,O3 (Fisher
Scientific). To ensure that all materials were phase pure and fully crystalline, X-ray scans were

performed on all materials separately before mixing. The corundum was heat-treated at 1400°C



for 4h because it was partially amorphous upon delivery. No amorphous background could be

observed in the corundum after the heat treatment.

The powders were weighed, mixed, and ground together with a mortar and pestle.
Approximately 200 mg of powder was then placed on amorphous SiO, X-ray slides to be used in
the diffractometer. Each measurement was repeated five times with powder from the same batch
to ensure that incomplete mixing did not contribute significantly to the measured RIRs. Table |
summarizes the RIRs that were determined for this work. The integrated intensity of the most
intense peak in the spectrum was used for the intensity integration necessary for RIR analysis as

maximizing intensity increased the accuracy of this methodology.

In order to evaluate the experimental error associated with using RIR on the Rigaku 9400, a
series of experiments was performed on powders of several known mixtures of Yb,Si,O7, Yb,0s3,
Yb,SiOs, and amorphous SiO,. During this series of experiments it was determined that the
magnitude of experimental error of this methodology as used in this paper was approximately

2.5 wt%.

2.3 Analysis of Bulk Ytterbium Silicate/CMAS Sample Interfaces

After the heat treatments, the bulk ytterbium silicate samples with the filled CMAS wells were
cross-sectioned and polished for SEM imaging and energy-dispersive X-ray spectroscopy (EDS)
using a Hitachi S3400N-11 SEM (Northridge, CA) and Zeiss 1550VP FESEM (Jena, Germany),
both equipped with Oxford SDD EDS detectors (Concord, MA). After the EDS analysis was
completed, TEM specimens, 12 um wide, 6 um long, and 100 nm thick, were prepared with an

FEI Helios Nanolab Dual Beam SEM/FIB (Hillsboro, OR). Electron diffraction on FIB samples



was then performed on a Hitachi H-8100 TEM at an energy of 200 keV. A double-tilt holder was

used to allow for proper rotation of the sample relative to the beam.

3. RESULTS

3.1 CMAS interaction with YDb,SiOs

The weight fraction of crystalline Yb,SiOs as a function of heat treatment time at 1300°C of a

70 wt% YDb,SiOs/30 wt% CMAS sample is shown in Figure 1. The crystalline phase fraction was
determined using RIR. The graph shows that the crystalline fraction of Yb,SiOs decreased
rapidly upon exposure to CMAS at 1300°C. While the Yb,SiOswas fully crystalline at the start
of the high temperature exposure, a one-minute exposure to CMAS decreased that fraction to
only 27%, while only about 7% crystalline Yb,SiOs could be found in the samples after 96

hours.

Looking at the X-ray diffraction patterns in Figure 2 comparing the as-mixed and heated
samples, there are two noteworthy items. First, all the Yb,SiOs peaks that were present in the as-
mixed sample have disappeared almost completely. The second observation is that many strong
new peaks have formed, indicating the formation of at least one new crystalline phase. The
strongest peak of this new phase can be seen at 32° 260, with other strong peaks at 28° and 33° 26.
Figure 2b shows an enlarged view of the region from 25° to 35° 26 to illustrate the changes in
the diffraction patterns. The best match for this diffraction pattern was Ca,Ybg(Si04)s0,, a
hexagonal silicate oxyapatite. This is the ytterbium-containing equivalent of the apatite phase
that has been observed in the interaction of CMAS with yttrium silicates and rare-earth
zirconates.'®? All the peaks in the diffraction pattern of the heat-treated sample can be attributed

to the silicate oxyapatite. However, the observed relative intensities of the silicate oxyapatite



phase vary significantly from those found in the literature (ICDD PDF 04-006-0320). To confirm
that the precipitate phase was indeed the silicate oxyapatite, further SEM, EDS and electron

diffraction analysis was performed.

Figure 3 shows an SEM image of one of the 70 wt% Yb,SiOs/CMAS powder samples. The
majority of the volume in the heat-treated sample is now comprised of hexagonal precipitates.
Since it is known that the shape of a crystal is often closely related to its crystal structure, this

phase likely possesses a hexagonal crystal structure consistent with the silicate oxyapatite.*

The hexagonal structures can also be seen in the SEM image of the bulk Yb,SiOs sample
exposed to molten CMAS at 1300°C for 4 hours (Figure 4a). This image confirms that CMAS
and Yb,SiOs interacted strongly to form a new phase incorporating ytterbium from the bulk
Yb,SiOs. EDS analysis was performed on the precipitates and the glass phase (the dark gray
phase in Figure 4a) to determine their approximate compositional information. EDS element
maps for Ca, Si, and Yb can be seen in Figure 4b. The new phase that formed was similar in
contrast to the Yb,SiOs, indicating a high fraction of Yb. The inset in Figure 4c is an SAED

pattern of one of the precipitates.

The EDS analysis confirmed that the needles contained a large fraction of Yb, while the
surrounding matrix phase was closer in composition to the original CMAS glass. The needles
also contained mueh less calcium and silicon than the CMAS phase. The same analysis was also

performed on the needles using point scans. An average of compositional results collected in the

10



needles and the glass approximately 100 um from the CMAS/Yb,SiOs interface are summarized

in Table 1.

While the original CMAS composition was 33Ca0-9MgO-13AIl0; 5-45Si0,, the composition of
the glass in this sample was 22.9Ca0-9.8Mg0-12.9A10; 5-6.4Yb0O; 5-48Si0,. Some of the
calcium from the CMAS has been incorporated into the needle-like precipitates, leading to a
reduction in the calcium content in the glass. CMAS has long been known to dissolve EBC and
TBC materials, explaining the dissolution of Yb,SiOs into the CMAS. 181923229 The
composition of the Ca,Ybg(Si04)sO- silicate oxyapatite phase based on its formula is 12.5 mol%
Ca, 37.5 mol% Si, and 50 mol% Yb. The composition of the precipitates as determined with
EDS was very close to the theoretical composition of the silicate oxyapatite phase. An electron
diffraction pattern of one of the needle-like precipitates is shown in Figure 5¢ and is consistent

with the Ca,Ybg(Si04)s0, compound.

3.2 CMAS interaction with Yb,Si,O-

The results of the powder interaction study between CMAS and Yb,Si,O7 powders also are
shown in Figure 1. After up to 4 hours at 1300°C, the CMAS has not decreased the crystalline
fraction of Yb,Si,O; measurably. After 48 hours, however, the CMAS has started to dissolve the
Yb,Si,O7, but the reaction rate of the disilicate is significantly slower than that of the monosilicate
(by approximately one order of magnitude). By 96 hours, the crystalline phase fraction of
Yb,Si,07 has been reduced by 30%. However, no new peaks have appeared in the X-ray
diffraction pattern, seen in Figure 5. In the enlarged view of the diffraction pattern from 25° to
35° 20 in Figure 5b, the intensity of the Al,O3 standard is shown to increase, indicative of

diminishing crystalline Yb,Si,Oy fraction. The spectrum is marked by * which refer to the

11



expected positions of Ca,Ybg(Si04)s0, reflections where none exists. We conclude that after 96
hours at 1300°C some dissolution of the Yb,Si,O; occurs. However, the reaction to form
Ca,Ybg(Si0O4)s0,, even with high surface area powders, does not occur to any quantifiable

extent.

An SEM image from the Yb,Si,O; sample heated to 1300°C for 96 hours with a CMAS-filled
well is shown in Figure 6a. Although CMAS has penetrated the Yb,Si,O7, which has
approximately 10% porosity, no extensive reaction layer is observed, in contrast to the
CMAS/YDb,SiOs well test. EDS results taken from 10 points approximately 20 pm from the well
surface indicate a composition of 45 mol% Yb and 55 mol% Si oxide vs. the stoichiometric

compound (50 mol% Yb, 50 mol% Si), within experimental error.

Isolated Ca,Ybg(Si0,4)sO, particles were identified closer to the well, to a depth of ~ 1mm.
These are attributed to minor amounts of Yb,SiOs (less than 1.5 wt%) in the disilicate sample
which react with the CMAS. Figure 6b reveals this transition. In Figure 6c, light gray features
have been identified by EDS as Ca,Ybg(SiO4)s0, near the well, while the white features in
Figure 6d, near the outer sample edge, are unreacted Yb,SiOs. Although Ca-containing
oxyapatite phases were identified, residual Mg or Al were not evident, likely indicating any
unreacted CMAS species are in the form of a thin surface glass along pore walls and grain

boundaries in quantities below EDS detection limits.

4. DISCUSSION

Yb,SiOs was found to interact very strongly with molten CMAS, leading to the complete

dissolution of Yb,SiOs powders in the presence of molten CMAS. A combination of XRD, SEM,

12



EDS, and electron diffraction prove that a crystalline phase is formed upon the dissolution of
Yb,SiOs at 1300°C. The phase was determined to be Ca,Ybg(Si04)s0, a silicate oxyapatite. The
formation of this phase has been documented in other rare-earth containing EBC and TBC
compounds. However our studies indicate a rapid reaction, as shown by both the complete
dissolution of ground Yb,SiOs powders after short high-temperature exposures to molten CMAS

and a 300 um thick interaction zone at the CMAS/Yb,SiOs interface in only four hours.

While theYb,SiOs reaction, shown in Figure 3, demonstrates the propensity for dissolution in
CMAS and precipitation of the silicate oxyapatite, little or no reaction occurs with Yb,Si,O7. The
presence of CMAS did decrease the crystalline volume fraction of Yb,Si,O; powders by
approximately 30% within 96 hours at 1300°C. However, there was no obvious formation of a

secondary phase for the Yb,Si,O; powder or well sample.

To our knowledge, no thermodynamic data exist to provide insight as to why the silicate
oxyapatite reaction is favored in the Yb,SiOs over the Yb,Si,O at temperatures of 1300°C.
However, the difference in reactivity might be attributed to the difference in Yb,03
thermodynamic activity between the Yb,SiOs and Yb,Si,O;. Based upon the work of Costa and
Jacobson®®, Figure 7 demonstrates that the Yb,SiOs has a higher Yb,Os activity than the

Yb,Si,0; by more than three orders of magnitude. Therefore, the Yb,SiOs should react more

readily to form the silicate oxyapatite than Yb,Si,O;. There are also many other factors that

influence the relative reactivity of the Yb,SiOs and Yb,Si,O- such as thermodynamic stability of
the formed silicate oxyapatite phase and degree of crystallinity of products and reactants. These

factors may explain the reported high reactivity of Y,Si,O; with CMAS by Ahlborg and Zhu,
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which is in contrast to the observations reported here for Yb,Si,O; and CMAS."® This is

discussed in more detail below.

In their study of the interaction between Y,SiOs and CMAS Grant et al. use mass balance to
speculate that Y,SiOs should be expected to assuage CMAS attack through the formation of
Ca,Ybg(Si04)s0- better than the corresponding disilicate.® This is due to the fact that, for
equivalent CMAS loadings, more disilicate on a per mole basis, is required to form the silicate
oxyapatite than the monosilicate. An analogous argument should hold for Yb-silicates, but this
neglects the change in composition of the CMAS on formation of the silicate oxyapatite. In the
current study, when reacting 70 wt% monosilicate with 30 wt% CMAS, there is more than
enough calcium to complete the reaction to form Ca,Ybg(SiO4)sO2. The final glass composition
if the reaction proceeds completely is 26Ca0O-13MgO-18Al0; 5-43Si0,, which is not
substantially different than the EDS findings in the well experiment (Table 11). In the well
experiment, the monosilcate is dissolved, calcium is removed from the CMAS, and reprecipitates
as the silicate oxyapatite, while the amount of silica in melt virtually unchanged. In comparison,
when reacting 70 wt% disilicate with 30 wt% CMAS, there is again more than enough calcium
to complete the reaction. However, the final glass composition if the reaction were to proceed
completely is 20Ca0-9MgO-13AIl0; 5-58Si0;, substantially increasing the amount of silica to
the melt. The partial dissolution of the disilicate is documented in Figure 1. It may be that the
excess silica in the melt approaches saturation and limits further reaction. Furthermore, higher
concentrations of silica are bound to have a large effect on the viscosity of and diffusivity in the
CMAS. In any event, a mass balance argument alone says nothing about relative solubilities of

the monosilicate vs. the disilicate in CMAS, or about reaction rates.

14



Confounding study-to-study comparisons of rare-earth silicate coatings are two factors. First,
plasma spray powders in general are known to contain residual unreacted constituent oxides. The
degree of phase purity is also dependent upon the coating processing method. It is not
uncommon, for example, to find amorphous materials in plasma-sprayed coatings in the as-
sprayed state. Certainly the degree of crystallization will influence the degree of reactivity. In the
present study, we were careful to use only phase pure powders for the RIR studies. Second, the
composition of the CMAS is also likely to influence dissolution and reprecipitation. The CMAS
used in the Ahlborg and Zhu study contained minor amounts of Fe,O3 and NiO,*” while the

current study used the composition of Grant et al.*®

Another significant and poorly understood
factor influencing the reaction between Yb,SiOs and CMAS is the thermal stability of CMAS
and reaction products at elevated temperatures. While CMAS is stable at 1300°C, Ahlborg et al.
noted that it readily evaporates at 1500°C."" To date, no detailed thermogravimetric analysis of

CMAS has been reported, making it impossible to say exactly what influence the stability of

CMAS has on the performance of EBCs.

Finally, regarding an analogous solution to rare-earth zirconate-TBC strategy where a fast
reaction and thin reaction layer, mitigates CMAS attack, the CMAS/Yb,SiOs interaction zone
was found to be much too thick, ~ 300 um thick after only 4 hours. This likely precludes the use
of Yb,SiOs in CMAS-containing environments. Although the much better resistance to CMAS
attack when compared to Yb,SiOs makes Yb,Si,O; a more promising topcoat material, the
penetration along grain boundaries of the Yb,Si,O; to underlying layers could prove

problematic.
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5. SUMMARY AND CONCLUSIONS

The interaction of two potential environmental barrier coating materials, Yb,SiOs and Yb,Si,0-,
with molten CMAS was studied in detail using a combination of X-ray diffraction, scanning
electron microscopy, and electron diffraction. The reactivity of the two ytterbium silicates with
CMAS was strikingly different, and might be ascribed to the fact that Yb,SiOs has a higher
Yb,03 activity than the Yb,Si,O; by more than three orders of magnitude. A sample with 30
wt% molten CMAS was shown to dissolve Yb,SiOsalmost completely within an hour and cause
the formation of large, hexagonal, needle-like precipitates. These precipitates were shown to be
Ca,Ybg(Si04)s0,. The strong interaction of Yb,SiOs with CMAS puts its usefulness as an

environmental barrier coating into doubt.

Dissolution of Yb,Si,O; powders with CMAS was found to proceed much more slowly than with
Yb,SiOs. In a powder sample of 30 wt% CMAS and Yb,Si,O; only about a third of the Yb,Si,O7
dissolved after a 96-hour exposure to molten CMAS at 1300°C. Its lower reactivity with CMAS
makes Yb,Si,O; a better candidate for an EBC topcoat material, provided that the underlying
layer is also resistant to CMAS reaction should CMAS penetrate along Yb,Si,O; grain

boundaries.
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List of Figure Captions
Figure 1 - Crystalline weight % Yb2SiOs and Yb2Si207 in samples of Yb2SiOs and Yb2Si207 mixed with
30 wt% CMAS as a function of time at 1300°C. Both samples were 100% crystalline before heating.

Errors in phase fractions are approximately + 3.5 wt%.

Figure 2 - Theta - 20 X-ray diffraction pattern of a 70 wt% Yb2SiOs/30 wt% CMAS powders heated for
96 hours at 1300°C. Spectrum from a) 20-45° b) 25-35°. All unlabeled peaks in as-mixed are Yb2SiOs.
Peaks marked * are Ca,Ybg(SiO4)sO2 silicate oxyapatite. In the as-mixed sample, the alumina peaks at

25° and 38° overlap with Yb2SiOs peaks.

Figure 3 - SEM image of 70 wt%Yb2SiOs powder mixed with 30 wt% CMAS after 4 hours at 1300°C.

Needle-like hexagonal precipitates of a second phase have formed throughout the entire sample.

Figure 4 - a) SEM cross-sectional backscattered image of bulk Yb2SiOs with a CMAS well after 4 hours
at 1300°C. The lighter phase at the bottom of the image is Yb2SiOs, the dark phase is CMAS and the
needle-like precipitates are a reaction product of CMAS and Yb2SiOs. b) Compositional EDS maps
showing Ca, Si and Yb in the CMAS and needle-like precipitates approximately 100 pm from the
CMAS/Yb2SiOs interface in-after 4 hours at 1300°C. ¢) SAED pattern of a Ca,Ybg(SiO4)sO, FIB needle-

like precipitates.

Figure 5 - Theta — 26 X-ray diffraction pattern of a 70 wt% Yb2Si207/30 wt% CMAS powdersed-sample
heated for 96 hours at 1300°C. Spectrum from a) 20-45° b) 25-35° All unlabeled peaks in as-mixed are

Yb2Si207. Locations marked * are Ca,Ybg(SiO4)sO; silicate oxyapatite.

Figure 6 - a) SEM cross-sectional image of bulk Yb2Si2O7 sample with a CMAS well after a 96 hours at
1300°C. Well is epoxy-filled except for void in lower-right corner; CMAS glass has infiltrated sample
porosity. Black outline denotes top of region shown in b) an SEM image of bulk Yb2Si2O7 sample area

between the bottom of the CMAS well and the sample base after 96 hours at 1300°C. c¢) Higher
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magnification of b) showing gray minority phase of Ca,Ybg(SiO4)sO, precipitates. d) Higher
magnification of region approximately 1 mm from well showing white minority phase of Yb2SiOs

particles.

Figure 7 — Measured activity of SiO, and calculated activity of Yb,0O5 based upon reference 16.
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Table I. Reference intensity ratios (RIRs) for select materials as measured with respect to the (113) Al,O;

reflection

Phase Reflection Peak Position (°) RIR
Yb2Si207 (021) 27.9 4.1
Yb2SiOs (402) 31.0 13
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Table Il. Summary of precipitate and glass compositions determined by EDS in a
Yb,Si0Os/CMAS sample approximately 100 um from the interface after heat treatment at 1300°C
for 4 hours, compared to CaYhb,(SiO4);0 and starting CMAS compositions. Each composition is

an average of 10 measurements. All values are reported in mol% oxide.

Oxide Measured CayYbg(Si04)s0, | Measured CMAS
composition composition | (starting
of of glass composition)
precipitates

CaO 12.2 12.5 22.9 33

MgO - - 9.8 9

AlO; 5 - - 12.9 13

YbO 5 46.8 50 6.4 -

SiO; 41.0 37.5 48.0 45
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Highlights: The Interaction of Calcium-Magnesium-Aluminosilicate with Ytterbium Silicate
Environmental Barrier Materials

Reactivity of Yb,SiOs and Yb,Si,O; with CMAS was explored at 1300°C
Amorphous/crystal phase fractions quantified by reference intensity ratio method
Silicate oxyapatite, Ca,Yhbg(Si0,)s0,, readily forms by reaction of Yb,SiOs with CMAS
Yh,Si,05 reveals limited dissolution and no Ca,Ybg(Si0O,4)sO, formation after 96 hours
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