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Abstract 
Bulk β-Yb1.9Gd0.1Si2O7, β-Yb1.6Gd0.4Si2O7, and γ-Yb1.4Gd0.6Si2O7, along with baseline γ-Y2Si2O7 

and β-Yb2Si2O7 were investigated in contact with a molten silicate to determine mechanisms of 
thermochemical degradation. A model 30.67CaO-8.25MgO-12.81AlO1.5-48.27SiO2 silicate composition 
was deposited on the surfaces of the samples at a loading of ~2 mg/cm2. Reactions with the molten 
silicate resulted in the formation of a silicate apatite layer, which has been shown to reduce further molten 
silicate infiltration. Additions of gadolinium up to 30 mol% to Yb2Si2O7 reduced infiltration up to ~60% 
compared to baseline Yb2Si2O7, but additional exposure time at temperature resulted in loss of the apatite 
layer. The results herein indicate that doping with gadolinium disilicate may not be beneficial in the long 
term degradation of disilicate-based EBCs by molten silicates. 

Introduction 
Rare earth (RE) disilicates are often used as topcoat materials in environmental barrier coating (EBC) 

systems to protect silicon carbide (SiC)-based ceramic matrix composites (CMCs) against water-vapor 
induced corrosion in gas turbine engines (Refs. 1 to 3). RE disilicates with small cations such as 
ytterbium disilicate (Yb2Si2O7) exhibit crystal structures that have a similar thermal expansion coefficient 
(CTE) to that of SiC-based CMCs (~4 to 4.5×10–6/K) and have fairly good resistance against water vapor 
ingress (Refs. 4 to 6). However, EBC materials must also be able to withstand a host of other damage 
mechanisms in the engine environment, including water-vapor induced volatility, salt corrosion, 
thermomechanical stresses, particulate erosion and foreign object damage, and corrosion by molten 
deposits of ingested dust particles (Ref. 7).  

With the rise in the inlet temperature of gas turbine engines exceeding ~1200 °C, the degradation of 
coatings by ingested particulates has become an eminent concern when selecting prospective materials for 
topcoat use (Refs. 8 and 9). These particles are primarily composed of CaO, MgO, Al2O3, and SiO2 
(CMAS) oxides that can quickly become molten when introduced to the hot section of jet engines and 
dissolve coating materials, which may result in the precipitation of extraneous phases. Moreover, the 
ingress of molten deposits can occur via grain boundaries and interconnected porosity in the coating. 
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Once infiltration happens, these deposits can resolidify upon cooling, resulting in coating stiffening and a 
reduction in strain tolerance. CTE mismatch of the resolidified glass with the coating is also of concern 
(Refs. 10 and 11).  

Reactive crystallization of CMAS has been proposed by several authors in the literature as a 
mechanism by which to reduce melt infiltration (Ref. 12). A number of authors have evaluated inducing 
crystallization of CMAS as a protection method (Refs. 13 and 14). This method of CMAS mitigation 
relies on the rapid reaction of CMAS with RE-containing coatings to sequester melt components into 
equilibrium phases that will form a barrier layer against further ingress. Specifically, the formation of a 
Ca2RE8(SiO4)6O2 silicate apatite utilizes both CaO and SiO2 from CMAS, thereby reducing overall melt 
volume for interactions with RE-zirconate materials. The stability of apatite is largely dependent on RE 
cation size (Refs. 15 and 16), and past findings have demonstrated the reduced propensity of Yb2Si2O7 to 
form apatite with CMAS due to smaller cation size and incorporation of SiO2 from the disilicate into the 
melt (Refs. 17 to 22). The reduced apatite formation observed for smaller RE cations results from the 
need for more dissolved coating material to achieve thermodynamic stability of the apatite phase 
(Ref. 23). In studies of RE zirconates exposed to CMAS, it was observed that larger RE cations were 
more beneficial in promoting crystallization (Refs. 24 and 25). However, RE disilicates with larger RE 
cations like gadolinium exhibit polymorphism with temperature and have CTEs much greater (~8 to 
14×10–6/K) than ideal for EBCs (Refs. 6 and 26).  

In consideration of the benefits of both small and large RE cations, recent studies have focused on 
preparing solid solutions of disilicate materials to tune their thermal expansion and thermal conductivity 
(Refs. 27 to 30). However, few studies have systematically investigated the effects of the cation type and 
amount in disilicate solid solutions on apatite formation and CMAS reactivity. He et al. investigated a 
four-component disilicate-monosilicate composite coating and found that CMAS infiltration was 
dramatically reduced (Ref. 31). However, this reduction was primarily attributed to the reaction of the 
monosilicate with SiO2 at grain boundaries to form additional disilicate, reducing open pathways for 
infiltration. Chen et al. investigated four, five, and six-component disilicate systems in contact with 
CMAS for comparison to ytterbium and yttrium disilicate; the authors found that an increase in the 
average cation size of the solid solutions resulted in increased apatite formation and reduced CMAS 
infiltration compared to the single-component (Yb, Y) disilicates (Ref. 32). However, to date, there has 
been no significant investigation on how various elements in the multicomponent systems react and form 
apatite or other reaction products. There has not been any discussion on the primary cations needed to 
drive crystallization in these multicomponent systems. This report details investigations of 
Yb2-2xGd2xSi2O7 reactions with CMAS to fundamentally understand the role of mixed small and large 
RE disilicates in the formation of apatite as compared to single-component RE disilicates. 

Materials and Methods 
Ytterbium disilicate (Yb2Si2O7, YbDS) and yttrium disilicate (Y2Si2O7, YDS) were chosen as the 

single-component disilicates to compare to Yb2-2xGd2xSi2O7 solid solutions. Starting YbDS and YDS 
powders were obtained from Praxair, Inc. (99.9%). The as-received powders were heat treated at 1600 °C 
for 10 h to ensure phase purity. YbDS exhibited the β-RE2Si2O7 C2/m structure, and YDS exhibited the 
γ-RE2Si2O7 P21/c structure, which were the thermodynamically expected phases. Gd2O3 (HEFA Rare 
Earth Canada, Inc., 99.99%), and SiO2 (Alfa Aesar, 99.5%) were used to synthesize gadolinium disilicate 
(Gd2Si2O7, GdDS). The powders were mixed in their respective weight ratios and ball milled in ethanol 
with 10 mm spherical ZrO2 milling media for 24 h. The mixed powders were heat treated at 1600 °C for 
10 h to form phase pure GdDS. Solid solutions of Yb2-2xGd2xSi2O7 were fabricated using the synthesized 
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YbDS and GdDS single-phase powders via a mixing and heat treatment procedure similar to that outlined 
above. In previous studies on the stability of Yb2-2xGd2xSi2O7 solid solutions, YbDS was shown to 
accommodate substitutions of up to ~30 mol% GdDS before phase segregation would occur (Ref. 33). 
Thus, 5 mol% (β-Yb1.9Gd0.1Si2O7), 20 mol% (β-Yb1.6Gd0.4Si2O7), and 30 mol% (γ-Yb1.4Gd0.6Si2O7) 
additions of GdDS were chosen to evaluate the effect of cation doping on apatite formation in single-
phase solid solutions. The Yb2-2xGd2xSi2O7, YbDS, and YDS powders were pressed into ~1 g, 12.7 mm 
diameter pellets and heat treated at 1600 °C for 6 h in air to obtain ~95% density (as measured via 
Archimedes method).  

The outer surfaces of the prepared pellets were polished to a 1 µm finish prior to CMAS application 
to minimize the effects of surface roughness. A 30.67CaO-8.25MgO-12.81AlO1.5-48.27SiO2 CMAS 
composition was prepared by solid-state synthesis using CaCO3 (>99%, Alfa Aesar), MgO (99.95%, 
Cerac, Inc.), Al2O3 (>99%, Almatis, Inc.), and SiO2 (99.5%, Alfa Aesar) powders; the mixed powders 
were melted in a platinum crucible at 1500 °C for 1 h to obtain a glass (Ref. 34). The CMAS glass was 
ground into a fine powder and sprayed onto a 6.35 mm diameter area of the pellet surface using an 
airbrush procedure detailed in previous studies (Refs. 35 and 36). The CMAS loading was ~2 mg/cm2. 
Samples loaded with CMAS were then heat treated in a stagnant air box furnace at 1400 °C for times of 
10 min, 1 h, or 4 h. Phase constitution was assessed via X-ray diffraction (XRD) with copper radiation 
(Cu Kα = 1.541Å) using a D8 Advance (Bruker Corporation) diffractometer. Reaction products and 
microstructural features were characterized by scanning electron microscopy (SEM) (Hitachi S4700, 
Phenom ProX). Compositional analysis of the reaction products was carried out using energy dispersive 
spectroscopy (EDS). 

Results 
CMAS Corrosion of γ-YDS 

Figure 1(a) displays the XRD scans of YDS after CMAS exposure. Apatite was observed after only 
10 min at 1400 °C. The XRD scans at 10 min, 1 h, and 4 h were identical, with no changes observed in 
the intensities of apatite or γ-YDS peaks. The reflection planes of the apatite structure are noted by the 
black hexagons in the XRD scans. In randomly oriented apatite, the (211) plane (~32.1°) exhibits the 
highest peak intensity (Ref. 37). However, for YDS exposed to CMAS, the (002) plane (~26.3°) of the 
formed apatite exhibited the highest intensity after 10 min to 4 h, possibly indicating that the fastest 
growth direction of the apatite phase was perpendicular to the {001} family of planes, the basal plane of 
this crystal structure (Ref. 15). SEM analysis of the apatite phase indicated that needle like-precipitates 
had formed on the surface of YDS after 10 min (Figure 1(b)), which agrees with XRD observations of a 
[001] growth direction, as the c-axis is elongated in this crystal structure.  

As shown in Figure 1(b), the layer of apatite formed after 10 min was composed of needles and was 
~50 µm thick; the needles were densely packed with pockets of residual CMAS between them. The 
amount of CMAS remaining on the surface of the samples above the interaction/apatite layer was also 
tracked to determine infiltration behavior. After 10 min at 1400 °C (Figure 1(b)), there was an ~83 µm 
thick layer of CMAS remaining at the surface, whereas only ~4 µm of CMAS was observed at the surface 
after 4 h (Figure 1(d)). The nominal composition of the apatite precipitates was Ca2Y8(SiO4)6O2, which is 
consistent with previous reports on the reaction of YDS with this CMAS composition (Refs. 17, 38, and 
39). After 1 h of exposure (Figure 1(c)), the thickness of the interaction layer decreased by approximately 
10%; noticeable coarsening of the apatite grains was observed. The apatite layer after 4 h of exposure was 
of similar thickness to that after 1 h of exposure (Figure 1(d)); however, there was less residual CMAS 
remaining on the surface of the sample. This indicates that while apatite formed as a reaction product 
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Figure 1.—(a) XRD scans of YDS as synthesized and after CMAS 

exposure. SEM micrographs of YDS after CMAS exposure at 
1400 °C for (b) 10 min, (c) 1 h, and (d) 4 h. The apatite phase 
peaks are marked with hexagonal symbols. All other peaks are 
attributed to γ-YDS. 

 
between CMAS and YDS, remaining CMAS was able to continue to penetrate the coating at 1400 °C. 
Such behavior is in line with observations of the complete consumption of yttrium disilicate by CMAS to 
form apatite, as CaO, which aids in apatite formation, is depleted and halts the driving force for further 
apatite precipitation (Refs. 38 and 40). Additionally, dissolution of RE disilicate results in incorporation 
of SiO2 from the material into the melt. This results in a decrease in the CaO/SiO2 ratio of the melt, 
shifting the thermodynamic equilibrium so that apatite crystallization is reduced.  

CMAS Corrosion of YbDS, Yb1.9Gd0.1Si2O7, and Yb1.6Gd0.4Si2O7 

The XRD scans of YbDS after exposure to CMAS are shown in Figure 2(a). The reaction of YbDS 
with CMAS also resulted in the formation of apatite. Similar to YDS, some texturing of the apatite phase 
was observed, although the texture favored the (200) plane (~22.2°), indicating that the elongated 
dimension of the apatite phase was aligning primarily parallel to the sample surface as it crystallized. 
After the initial formation of apatite by 10 min, the apatite peak intensities decreased with time. The 
morphology of the apatite precipitates for YbDS was remarkedly different from that of the precipitates for 
YDS, as shown after 10 min in Figure 2(b). The apatite precipitates formed within the melt were largely 
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Figure 2.—(a) XRD scans of YbDS as synthesized and after CMAS 

exposure. SEM micrographs of YbDS after CMAS exposure at 
1400 °C for (b) 10 min, (c) 1 h, and (d) 4 h. The apatite phase 
peaks are marked with hexagonal symbols. All other peaks are 
attributed to β-YbDS. 

 
detached from the YbDS surface. Instead of continuous elongated needles, isolated precipitates of the 
basal plane and other orientations of the apatite structure were observed. Smaller precipitates found 
directly at the CMAS-YbDS interface were primarily composed of YbDS grains. As in the YDS samples, 
the apatite precipitates also had a Ca/RE ratio of 1:4 (Ca2Yb8(SiO4)6O2). There was ~44 µm of residual 
CMAS on the surface of YbDS after 10 min, ~50% lower than seen for YDS after the same exposure 
time. After 1 h (Figure 2(c)), the amount of CMAS remaining above the interaction layer decreased to 
~6 µm in thickness, although some apatite formation was still observed. Pockets of CMAS were observed 
between grains well below the surface of YbDS, indicating that CMAS continued to infiltrate the sample. 

Similar behavior was observed after 4 h of exposure, in which there was no CMAS remaining on the 
surface of YbDS. No apatite was observed at the sample surface after 4 h (Figure 2(d)), which correlated 
with the decrease in apatite peak intensities observed in the XRD data. The composition of apatite 
remained constant at all exposure times in which apatite was observed.   
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Figure 3.—(a) XRD scans of Yb1.9Gd0.1Si2O7 as synthesized and 

after CMAS exposure. SEM micrographs of YDS after CMAS 
exposure at 1400 °C for (b) 10 min, (c) 1 h, and (d) 4 h. All other 
peaks are attributed to β-Yb1.9Gd0.1Si2O7. 

 
For Yb1.9Gd0.1Si2O7 (5 mol% GdDS), the morphology of the formed apatite closely resembled that 

seen for YbDS. As shown in the XRD data (Figure 3(a)), the intensity of the (200) reflection of apatite 
after 1 h of exposure was twice as high as the intensity observed after 10 min. It is important to note that 
molten CMAS, as an amorphous material, can reduce the signal-to-noise ratio of crystalline materials in 
XRD data. CMAS fully infiltrated the Yb1.9Gd0.1Si2O7 sample at 1400 °C within 4 h. The apatite formed 
after 10 min (Figure 3(b)) and 1 h (Figure 3(c)) appeared similar in size and morphology; thus, the 
increase in peak intensity after 1 h could be attributed to an increase in peak signal from the surface as 
CMAS infiltrated the sample.  

After 4 h, apatite peaks were largely absent from the XRD data and no residual CMAS remained on 
the surface of the sample (Figure 3(d)). EDS data did not show any significant changes in the apatite 
composition between 10 min and 4 h. The formed apatite contained both Gd3+ and Yb3+ and had a 
nominal composition of Ca2Yb7.5Gd0.5(SiO4)6O2. 

In the case of Yb1.6Gd0.4Si2O7 (20 mol% GdDS), the morphology of the apatite precipitates resembled 
a mixture of those observed for YDS and YbDS. After 10 min of exposure (Figure 4(a)), longer needle-  
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Figure 4.—SEM micrographs of the interaction layer between β-Yb1.6Gd0.4Si2O7 and CMAS at 1400 °C after 

(a) and (d) 10 min, (b) and (e) 1 h, and (c) and (f) 4 h, with compositional maps from EDS showing the 
distribution of Ca (orange), Yb (purple), and Gd (green). Arrows indicate the location of apatite precipitates 
beneath the original sample surface. 

 

like precipitates were seen oriented normal to the surface and interspersed with precipitates oriented 
parallel to the surface. There was a similar amount of CMAS remaining at the surface (~56 µm) after 
10 min and 1 h (Figure 4(b)). EDS analysis showed that apatite precipitates had formed within the bulk 
material below the interaction layer after 1 h (Figure 4(b) and (e)), indicating that CMAS had infiltrated 
into Yb1.6Gd0.4Si2O7. After 4 h (Figure 4(c)), with further CMAS infiltration, the apatite precipitates at the 
surface appeared to decrease in size, while the amount of apatite observed in regions below the surface 
(Figure 4(f)) increased. The amount of CMAS at the surface also decreased, as the measured residual 
thickness was ~25 µm, approximately half of the thickness observed after 10 min and 1 h. Gd3+ and 
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Yb3+ were both incorporated in the apatite phase (Ca2Yb6Gd2(SiO4)6O2)), which is consistent with the 
Yb1.9Gd0.1Si2O7 composition. The apatite chemistry did not change over the exposure time. 

CMAS Corrosion of Yb1.4Gd0.6Si2O7 

XRD of the CMAS-exposed Yb1.4Gd0.6Si2O7 (30 mol% GdDS) (Figure 5(a)) showed that the peaks 
associated with apatite and their intensities remained consistent between 10 min and 4 h. After 
10 min, a peak reflection not attributed to either apatite or γ-RE2Si2O7 was observed at ~28°. The intensity 
of this peak increased with exposure time and was identified as the primary peak reflection (021) of 
β-RE2Si2O7, which precipitated from the interaction of Yb1.4Gd0.6Si2O7 with CMAS. Micrographs of the 
interaction layer showed that there was an increased number of apatite precipitates at the surface as 
compared to the materials with lower GdDS contents. The interaction layer containing apatite increased in 
thickness with time, which is in contrast to the other materials in this study. The needles appeared to be 
thicker than the apatite grains formed with YDS; however, there was less CMAS left on the surface 
(~54 µm) compared to YDS after 10 min (Figure 5(b) and (e)). EDS maps indicated a region of 
precipitates directly below the surface apatite layer that was Gd-deficient. This region likely corresponds 
to the β-RE2Si2O7 phase, which was observed via XRD. This precipitate layer (referred to as the β layer) 
was measured to be ~11 µm thick after 10 min. After 1 h (Figure 5(c) and (f)), both the interaction zone 
and β layer doubled in size. As with Yb1.6Gd0.4Si2O7, the apatite precipitates grew into the bulk. After 
4 h (Figure 5(d) and (g)), the β precipitates coarsened, nearly surrounding the apatite. The apatite 
composition was nominally constant after all exposure times as Ca2Yb5Gd3(SiO4)6O2, containing both 
Gd3+ and Yb3+. The β layer precipitate composition also remained nominally consistent as Yb1.6Gd0.4Si2O7 
and contained 33% less GdDS than the starting disilicate. There was ~35 µm of CMAS remaining at the 
surface after 4 h, although no large pockets of CMAS were seen much further below the interaction 
region observed after 1 h. 

Discussion 

The thermochemical interactions of Gd-doped YbDS with CMAS produced mixed precipitate 
morphologies that resembled the apatite formed between CMAS and phase pure YDS and/or YbDS. 
Reactions of the CMAS with YDS resulted in a continuous, highly textured apatite layer, whereas a 
discontinuous, primarily randomly-oriented apatite was formed in reactions with YbDS. XRD of the 
initial pellet surfaces indicated no preferential orientation of the surface, although this could be attributed 
to the varying surface energies of the planes of the initial crystal structures. 

The preferred growth of apatite could therefore be influenced by diffusion and transport of 
participating oxide species across the CMAS-apatite interface. Many studies on the structure of Ca-RE 
apatite solid solutions have shown that shared Ca/RE sites in the apatite structure are arranged parallel to 
the c-axis of the crystal, normal to the basal plane (Refs. 15 and 16). In this study, as CMAS reacted with 
YDS, needle growth probably proceeded as apatite was formed with Y3+ incorporated at these sites. In the 
GdDS-doped YbDS materials with low (<10%) GdDS content, there was no continuous reaction layer 
observed. 

Instead, the apatite precipitates were detached from the original surface and suspended in the residual 
melt. In the case of phase-pure YbDS, YbDS grains seemed to be dislodged at the CMAS-YbDS interface 
after the initial formation of apatite. In these reactions, CMAS continued to infiltrate the material via 
grain boundaries (as evidenced by pockets of CMAS found between grains). YbDS grains may dislodge 
from the bulk material or YbDS may dissolve and then reprecipitate in the same location as the 
infiltrating CMAS. Either way, this behavior, coupled with the lack of a continuous interaction layer, 
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Figure 5.—(a) XRD scans of Yb1.4Gd0.6Si2O7 as synthesized and after CMAS exposure. SEM 

micrographs of the reaction zone between Yb1.4Gd0.6Si2O7 and CMAS at 1400 °C after 
(b) and (e) 10 min, (c) and (f) 1 h, and (d) and (g) 4 h, with compositional maps from EDS 
showing the distribution of Ca (orange), Yb (purple), and Gd (green). Arrows indicate the 
location of apatite precipitates beneath the original sample surface. The white dashed 
rectangle indicates the location of the β phase layer. 
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indicates that the speed at which CMAS infiltrates YbDS may be substantially faster than the formation 
of apatite. Dislodging and separation of YbDS grains may be why apatite precipitates were suspended in 
the residual melt. If CMAS infiltrates and dislodges YbDS grains immediately upon contact, YbDS grains 
will migrate into the melt. The increased surface area of YbDS in the CMAS melt may change the 
localized thermal equilibria and drive the nucleation of apatite precipitates. The displacement of randomly 
oriented grains from the surface to nucleate apatite would also support the limited basal plane texturing 
observed for apatite grown in the YbDS-containing materials.  

Since the apatite structure is more thermodynamically stable with larger RE cations, it was expected 
that Gd3+ would be preferentially incorporated in the formed apatite over Yb3+ (Refs. 41 and 42). 
However, as observed for the 20 and 30 mol% GdDS-doped samples, Gd3+ and Yb3+ were incorporated 
into apatite in approximately equivalent ratios to the starting materials. With only 5 mol% GdDS 
(Yb1.9Gd0.1Si2O7), the morphology of the apatite formed closely matched that for phase-pure YbDS. No 
benefit in infiltration resistance or apatite formation was noted using this small amount of GdDS, as 
CMAS fully penetrated the material (no residual CMAS was observed at the surface after 4 h). A GdDS 
content of 20 mol% promoted quicker apatite formation and reduced CMAS infiltration over the same 
amount of time. However, in this material, the apatite grains diffused inwards as CMAS infiltrated along 
grain boundaries. Increasing the GdDS content to 30 mol% resulted in increased apatite formation and 
reduced CMAS infiltration. At this GdDS concentration, the reaction to form apatite caused 
destabilization of the γ-RE2Si2O7 structure of Yb1.4Gd0.6Si2O7, even though Gd3+ and Yb3+ were utilized 
equally with respect to their ratio in the initial material The grains in the β layer were deficient in Gd and 
had the same composition as Yb1.6Gd0.4Si2O7. Such a result suggests that this YbDS-GdDS solid solution 
is more energetically stable than Yb1.4Gd0.6Si2O7 in contact with the CMAS composition studied. The 
incorporation of Yb3+ into the apatite phase indicates that the Yb1.4Gd0.6Si2O7 grains dissolved in the 
CMAS as opposed to preferential extraction of GdDS from the solid solution. This equilibrium favors the 
precipitation of apatite and Yb1.6Gd0.4Si2O7. In addition to phase destabilization of this material via 
CMAS, the inwards diffusion of apatite and/or loss of the apatite layer after initial formation is of 
concern. Although the greater GdDS content may assist in mitigating CMAS infiltration into YbDS at 
shorter time scales, these results indicate that the performance of this material as a CMAS protective 
coating is not significantly improved over phase pure YbDS beyond 4 h.  

Summary 
A CMAS glass was deposited onto the surfaces of β-Yb1.9Gd0.1Si2O7, β-Yb1.6Gd0.4Si2O7, 

γ-Yb1.4Gd0.6Si2O7, γ-Y2Si2O7 and β-Yb2Si2O7 sintered pellets, and the mechanisms of reaction and 
infiltration were characterized for each material. While CMAS quickly infiltrated the grain boundaries of 
YbDS, a layer of apatite formed on the surface of YDS. Similarly, as GdDS content increased in the 
YbDS-GdDS solid solution, increased apatite formation was observed at the surface of these materials 
and the depth of CMAS infiltration was mitigated by up to ~60%. However, at longer time scales (≥4 h), 
both CMAS and the apatite reaction layer diffused inwards. Finally, it is important to note that although 
apatite layers formed on YDS, Yb1.6Gd0.4Si2O7, and Yb1.4Gd0.6Si2O7, the layer thicknesses were between 
45 to 60 µm, which are quite large when considering the length scale of in-service deposited EBC topcoat 
materials (~250 to 300 µm). Therefore, utilizing GdDS to promote reactive crystallization in disilicate 
materials with a small RE cation may not be beneficial in the long term use of disilicate-based EBCs for 
next-generation engine components. 
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