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9 Abstract

10 The operating lifetimes of SiC-based components in combustion environments are directly linked to 
11 the adhesion of the protective environmental barrier coating (EBC) layer. One of the major known failure 
12 modes for EBCs is the formation of a thick SiO2 thermally grown oxide (TGO) which decreases coating 
13 adhesion and encourages eventual coating spallation. The effect of the TGO thickness under Yb2Si2O7 
14 environmental barrier coatings (EBCs) on silicon carbide was investigated using finite element models 
15 (FEMs) with various interfacial architectures and SiO2 TGO thicknesses. The FEMs incorporated a user-
16 defined material to simulate the volume contraction of the TGO during the silica phase transformation from 
17 β-cristobalite to α-cristobalite upon cooling from the stress-free state at 1350°C to room temperature. 
18 Systems with and without a silicon bond coating intermediary layer were assessed. It was shown that the 
19 TGO phase transformation stress (1.6-1.7 GPa) dominated the increase in stress in the TGO and EBC layers. 
20 Furthermore, it was found that stress increase in the TGO was independent of TGO thickness and interface 
21 geometry. These results indicate that stabilization of the TGO to mitigate the phase transformation could 
22 dramatically improve performance for SiC-base components with EBCs. 

23 1. Introduction

24 SiCfiber/SiCmatrix ceramic matrix composites (CMCs) entered the commercial aviation sector in 2016 as 
25 static turbine hot section components with increased temperature capability compare to traditional Ni-base 
26 superalloys [1]. The high decomposition point of SiC (~2,545°C) [2], excellent high-temperature 
27 mechanical properties in air [3], and high-temperature chemical stability [4] allow for CMCs to operate at 
28 hundreds of degrees hotter combustion temperatures than superalloys. Additionally, the higher operating 
29 temperatures of CMCs allows for a decreased reliance on engineering cooling channels within parts, 
30 resulting in decreased NOx/COx emissions, increased thrust, and dramatic cost savings on fuel through 
31 increased efficiencies. The combustion temperatures of gas turbines are moving towards a target goal of up 
32 to 1704°C (3100°F) [5] where much more research is required for implementation of advanced EBC – CMC 
33 systems to operate desired long lifetimes of >25,000h [6].

34 Environmental barrier coatings (EBCs) represent an enabling technology for implementation of CMCs, 
35 as the high temperature stability of SiC is found only in air environments. Equation 1 shows the standard 
36 reaction process for SiC in air, where a protective SiO2 scale forms during exposure. In high steam 
37 environments, such as a fuel combustion gas, SiO2 is known to volatilize through formation of Si(OH)4 (g), 
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38 resulting in recession of SiC over time through paralinear oxidation kinetics [7–9]. EBCs mitigate the 
39 volatilization reaction shown in Equation 2, yet the component lifetimes for CMCs are limited to the long-
40 term adherence and stability of the EBC outer layer. 

41 SiC + O2 (g) -> SiO2 + CO (g) (1)

42 SiO2 + H2O (g) -> Si(OH)4 (g) (2)

43 EBCs are required to have minimal coefficient of thermal expansion (CTE) mismatch with the 
44 substrate to encourage adhesion for the temperature cycling environment. To encourage chemical bonding 
45 to the substrate, a Si bond coating has been employed between the CMC and EBC layers. EBCs are often 
46 Si-based to mitigate chemical interactions between the SiC, Si bond coating, and EBC, where rare earth 
47 orthosilicates such as ytterbium disilicate (Yb2Si2O7, YbDS) represent the current research standard coating 
48 system. The EBCs must also be stable in high-velocity steam [10,11], and resistant to corrosion from 
49 particulate ingested into the turbine [12,13].

50 The durability of EBCs on SiC has been addressed in the literature through furnace cycle testing, 
51 where oxidation of the underlying substrate represents the leading cause for coating delamination through 
52 weakening of the interface [6,14]. From experimental results, the durability of EBC – CMC systems has 
53 been shown to be limited by two major contributions. The first major durability issue revolves around the 
54 thermally grown oxide (TGO) after high-temperature exposure. It has been shown that the SiO2 TGO is 
55 crystalline in the α-cristobalite structure after steam exposures at 1350°C for 100h. The transition between 
56 α- and β-cristobalite occurs between 230°C - 270 °C and results in an approximate 5% volume change with 
57 considerable differences in the thermophysical properties between both phases [15–17]. Some models have 
58 been developed for stress determination with an amorphous TGO at the interface as well as interfacial 
59 defects [18–21], yet the impact of the phase transformation has not yet been implemented into modeling 
60 efforts for understanding system stresses during oxidation or thermal cycling.

61 The second major durability issue is that the melting temperature of the Si bond coating is ~1414°C, 
62 representing an upper temperature limit for current system designs. As such, research on next-generation 
63 EBC systems will require a Si-free system to increase operating temperatures to current target goals. Nasiri 
64 et al. [22] investigated direct deposition of rare earth (RE) monosilicate EBCs, RE2SiO5, on CMCs and 
65 found that the adhesion was well maintained during isothermal furnace exposures at 1350°C for thin EBC 
66 thicknesses of 25 µm. Yet, coating adhesion was limited to short exposure times with thicker EBCs (60 and 
67 200 µm) in a cyclic steam environment [23]. In agreement, Harder et al. [24] showed that the interfacial 
68 bonding strength between an EBC and SiC substrate dramatically decreases after oxidation at 1426°C in 
69 90% H2O (g). Enhanced roughness SiC to encourage adhesion has also been addressed in the literature, 
70 where lifetimes are increased relative to a grit blasted substrate interface [14]. Yet, the results of such 
71 modifications showed that rapid SiO2 growth rates would limit such a system to short component lifetimes 
72 compared to traditional system with a Si bond coating. A complete understanding of what geometric 
73 changes to interfaces do for the stress states of the system are not well understood. 

74 When considering the effect of the interface and the phase transformation both have a significant effect 
75 on EBC longevity. Numerous studies have studied investigated tri-layer coatings [19–21] and have shown 
76 that each layer accommodates different levels of stress during simulated cooling. Similarly, studies have 
77 investigated the stress response of the TGO after phase-change induced cracking [25–28]. One study has, 
78 however, tried to simulate the phase change in tri-layer configuration. Du et al. investigated the effect of 
79 the TGO phase change by changing the coefficient of thermal expansion within their numerical models. It 
80 was found that the overall stress intensity within the TGO increased by a factor of five after the phase 
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81 change [29]. Though this approach establishes a method by which the increase in stress can be measured it 
82 must be noted that during the phase change a 5% volume contraction is experienced [15–17]. 

83 Expanding on previous works, we sought to investigate the effect that the TGO phase change has on 
84 the interface and bulk material stresses in three different EBC interface geometries. This effect was studied 
85 using 1) finite element models with a user-defined-material (UMAT) for the TGO material properties and 
86 by 2) increasing the TGO thickness. The effect of EBC-substrate interface was also studied by investigating 
87 three different interface configurations. We hypothesized that the volume contraction of the TGO dominates 
88 the behavior of the EBC-TGO and TGO-substrate interfaces as well as the behavior within the EBC. 

89 2. Methods
90 2.1. Model geometries

91 Three different interface configurations between the EBC and the SiC substrate were studied. These 
92 configurations are 1) a flat interface with no bond coating, 2) a flat interface with a silicon bond coating, 
93 and 3) a sawtooth SiC interface with no bond coating, as shown in Fig. 1. Configuration 1 acted as the 
94 baseline model for Configurations 2 and 3 and represents a simplified model for EBC – CMC systems that 
95 operate above the melting temperature of silicon (~1414°C). Configuration 2 has been the standard layer 
96 architecture for EBC – CMC systems since the early 2000’s. Configuration 3 was created to simulate the 
97 EBCs developed at Oak Ridge National Laboratory (ORNL), again for potential operation above the silicon 
98 bond coating melting temperature [14,23] . Three thicknesses (5, 15, and 30 µm) of the TGO were modeled 
99 for the three different interface configurations. A total of 12 unique finite element models were made, which 

100 includes a model for the interface before introduction of a TGO layer. The model before the TGO layer is 
101 introduced is referred to as 0 micron, while the models with a TGO are referred to as 5 micron, 15 micron, 
102 and 30 micron. Each model was 2 mm wide. The SiC substrate, EBC, and silicon-bond-coat were 1000 µm, 
103 200 µm, and 75 µm tall, respectively. The TGO thickness was subtracted from the thickness of the SiC 
104 layer in Configurations 1 and 3 and subtracted from the Si layer in Configuration 2. The model total height 
105 remained constant within a given configuration. The asymmetry of the TGO thickness at the peaks and 
106 valleys of the sawtooth in Configuration 3 were created to mimic the observed asymmetry in the TGO layer 
107 thickness during oxidation experiments at ORNL [14,23]. The TGO thickness at the valley and section 
108 between the peak and the valley was fixed at 5 µm while the TGO thickness at the peak was 5, 15, or 30 
109 µm depending on the model. Larger thickness TGO layers were not studied due to experimental observation 
110 that the TGO delaminates from the substrate after the TGO reaches approximately 30 µm thickness. 
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Fig. 1. Schematic for FEM Configurations 1, 2, and 3. For clarity and simplicity, only the 5µm TGO 
thickness is depicted. The top row displays the bulk Configuration architecture with a black box that 
indicates the areas described in the bottom row. The bottom row displays the material sections, data 

collection locations, and mesh seed size at each interface from each panel in the top row. The magenta 
dots indicate where the data were collected from in the bulk material and the purple dots indicate where 
data were collected from at the interfaces. The red dot indicates the node that had the encastre boundary 

condition.

111 2.2. Finite element modeling and boundary conditions

112 Isothermal finite element models were created and solved using the standard solver in Abaqus FEA 
113 2020 HF12 (Dassualt Systems, Vélizy-Villacoublay, France, EU). Cooling from 1350 °C to 23 °C was 
114 simulated where the model was assumed to be stress free at 1350°C. Computations were simplified by 
115 creating two-dimensional models and meshed using linear quadrilateral elements of type CPS4R. Each 
116 material section was modeled as linear elastic. For each model the encastre boundary condition was applied 
117 to a singular node at the origin of the model (Fig. 1). Computational accuracy was maximized, and 
118 computation time was minimized by creating a graded mesh by seeding the edges of each unique geometric 
119 section. This allowed for an increased number of elements in regions of interest while decreasing the 
120 number of total elements within each model. Horizontal edges and interfaces were a singular seed size while 
121 vertical edges seed sizes were graded between the seed size of the horizontal interfaces spanned (Fig. 1). 
122 All seed sizes were in mm (i.e., 0.0005 mm or 0.5 µm). A UMAT was used to simulate the volume shrinkage 
123 during the SiO2 β – α phase transformation at 250 °C [30]. Each model consisted of three steps: 1) cooling 
124 from 1350 °C to 251 °C, 2) cooling from 251 to 250 °C, and 3) cooling from 250 to 23 °C. The second step 
125 was conducted to allow the UMAT to perform the necessary calculations and update the stress tensors 
126 before simulated cooling to room temperature. Dividing the model into these three steps allowed simulation 
127 of the 1) thermal stress before the phase change, 2) stress caused by the phase change, and 3) the thermal 
128 stress after the phase change. The temperature field was applied to the entirety of the model for all models. 
129 Abaqus consistent units were used following the SI (mm) unit system. 
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130 2.3. Formulation of phase change induced strain for UMAT

131 In order to derive the UMAT a definition for the total elemental strain is needed [31]:

132 𝜀𝑖𝑗 = 𝜀𝐸
𝑖𝑗 + 𝜀𝑃

𝑖𝑗 + 𝜀𝑇
𝑖𝑗 + 𝜀∆𝑉

𝑖𝑗 + 𝜀𝑇𝑟𝑝
𝑖𝑗  (3)

133 𝜀𝑖𝑗is the total strain, 𝜀𝐸
𝑖𝑗 is the elastic strain, 𝜀𝑃

𝑖𝑗 is the plastic strain, 𝜀𝑇
𝑖𝑗 is the thermal strain, 𝜀∆𝑉

𝑖𝑗 is the strain 

134 due to the volume change caused by the phase transformation, and 𝜀𝑇𝑟𝑝
𝑖𝑗  is the plastic strain caused by the 

135 phase transformation. For this study 𝜀𝑃
𝑖𝑗 and 𝜀𝑇𝑟𝑝

𝑖𝑗  and set equal to zero. The elastic strain is computed from 
136 the stress state and the thermal strain from the temperature differential. For this study we derive a relation 
137 for 𝜀∆𝑉

𝑖𝑗 for a 2D linear quadrilateral element of type CPS4R. Given a quadrilateral element with side length 
138 l, an area A, and a given percentage of volume contraction (γ) 𝜀∆𝑉

𝑖𝑗 can derived from the element geometry. 
139 The relation between side length and elemental area before and after phase change can be expressed as:

140 𝑙 = 𝐴  (4)
141 (𝑙 ― ∆𝑙)2 = 𝐴 ― ∆𝐴                                                                      (5)

142 The strain of the quadrilateral element due to volume contraction can be calculated as:

143 𝜀∆𝑉
𝑖𝑗_𝑠𝑞𝑟 = ∆𝑙

𝑙 𝛿𝑖𝑗 =
𝐴 ― (1 ― γ)𝐴

𝐴 𝛿𝑖𝑗  (6)

144 Where 𝛿𝑖𝑗 is the Kronecker delta function which is defined as:

145 𝛿𝑖𝑗 = 0  𝑓𝑜𝑟 𝑖 ≠ 𝑗
1  𝑓𝑜𝑟 𝑖 = 𝑗  (7)

146 The strain caused by the phase transformation is computed using Equation (6) for this simplified case. 

147

148 2.4. Material properties

149 Element material properties were assigned using data collected at ORNL and data from the literature 
150 and are plotted in Fig. 2. Temperature dependent coefficient of thermal expansion (CTE) and Young’s 
151 modulus were used in the models. The temperature dependent CTE data for the Si, SiC, and YbDS were 
152 collected previously by ORNL [32]. Other thermomechanical property data were obtained from the 
153 literature: β-SiO2: CTE [33] , Young’s Modulus [34], Poisson’s Ratio [35], α-SiO2: CTE [36], Young’s 
154 Modulus [34], density [34], Poisson’s Ratio [24,37], YbDS: Young’s Modulus [38], Poisson’s Ratio [39], 
155 β-SiC: Young’s Modulus [40], Poisson’s Ratio [41], and Si: Young’s Modulus [42], Poisson’s Ratio [43]. 
156 Amorphous silica data were used for the Young’s modulus of the β-SiO2 and α-SiO2 of this study due to the 
157 limited availability of crystalline data for the present SiO2 phases. General agreements are found between 
158 the Young’s modulus of α-cristobalite [35,37,44] and amorphous SiO2 [45,46] at room temperature, 
159 suggesting the present amorphous SiO2 data would act as a suitable first approximation until needed 
160 material properties are measured for both α- and β-cristobalite [34,38,40,42].
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Fig. 2. a) Coefficients of thermal expansion and b) Young’s Modulus of each layer material.
161

162 2.5. Data collection and analysis

163 Two different data sets were collected: one from each material interface and one from the bulk of each 
164 material. Data for the interface were extracted from a singular node in the middle of the sample. Since 
165 interface nodes do not have material properties assigned to them, the stress was computed by averaging the 
166 stresses at the integration points from the four elements surrounding the interfacial node. Stresses were 
167 extracted from a singular node at the center and middle of the material section of interest for the bulk data 
168 (Fig. 1). A 200 µm area of interest of below the EBC or Si was considered for the SiC layer. In the 
169 Configuration 3 models the SiC area of interest was 200 µm below the central peak of the sawtooth. This 
170 was done to analyze data close to the TGO with the same area as the EBC. Maximum and minimum 
171 principal stresses were extracted at the final frame of each step for all models and configurations. The 
172 stresses were extracted from the output database files using a custom python script.

173 3. Results

174 Shown in Fig. 3 are the stresses extracted from the bulk EBC layer for Configurations 1, 2, and 3. 
175 Configuration 1 data show an increase in the maximum principal stress with increasing TGO thickness. 
176 There appears to be little dependence on TGO thickness for the increase in maximum principal stress for 
177 Configuration 2. Configuration 3 exhibits large increases in the maximum principal stress with increasing 
178 TGO thickness. The minimum principal stresses for all three Configurations exhibit similar behavior where 
179 a decrease with increasing TGO thickness is observed. 
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Fig. 3. EBC a) Maximum Principal and b) Minimum Principal Stresses for Configurations 1, 2, and 3. 
The number at the top of each panel indicates which Configuration the data are from. The 0 µm label 

denotes the interface model before the TGO was included. 

180

181 Fig. 4 shows the stresses extracted from the bulk TGO layer for Configurations 1, 2, and 3. A large and 
182 relatively constant increase in maximum principal stress is observed for all three configurations and appears 
183 to be semi-independent of TGO thickness. Similar behavior was witnessed with the minimum principal 
184 stresses for Configurations 1 and 2. Configuration 3 showed an increase in minimum principal stress with 
185 increasing TGO thickness and transitions from negative values before the phase change to positive values 
186 after the phase change. 
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Fig. 4. TGO a) Maximum Principal and b) Minimum Principal Stresses for Configurations 1, 2, and 3. 
The number at the top of each panel indicates which Configuration the data are from. 

187 The maximum and minimum principal stresses for Configuration 1, 2, and 3 that were extracted from 
188 the bulk substrate materials are shown in Fig. 5. The maximum principal stress in the SiC in Configurations 
189 1, 2, and 3 and the Si of Configuration 2 all exhibit the same general behavior. The magnitude of the phase 
190 change induced stress decreases with increasing TGO thickness. Furthermore, the stress before the phase 
191 change is highest in the 30 µm TGO and lowest after the phase change. The minimum principal stress in 
192 the SiC for Configurations 1 and 2 show similar behavior, there is little dependence on TGO thickness until 
193 the TGO reaches 30 µm. The minimum principal stress in the SiC of Configuration 3, however, shows little 
194 dependence on the TGO thickness. The minimum principal stress in the Configuration 2 Si shows a decrease 
195 in minimum principal stress with increasing TGO thickness. 
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Fig. 5. Substrate a) Maximum Principal and b) Minimum Principal Stresses for Configurations 1, 2, 
and 3. The number at the top of each panel indicates which Configuration the data are from. The 0 µm 
label denotes the interface model before the TGO was included. The black dashed line is a reference to 

indicate the SiC yield strength (250 MPa [47])

196 Shown in Fig. 6 are the maximum and minimum principal stresses from the EBC-TGO interface for 
197 Configurations 1, 2, and 3. The increased maximum principal stress for Configuration 1 appears to be 
198 independent of TGO thickness. For Configuration 2, the stress increase observed when the TGO is 5 µm is 
199 the highest, while the 15 and 30 µm TGO appear to have the same stress increase, which is lower than for 
200 the 5 µm TGO thickness. In Configuration 3 the stress increase appears to increase with increasing TGO 
201 thickness. Configurations 1 and 2 show similar behavior in that the minimum principal stress decrease is 
202 highest when the TGO is 5 µm. The stress increase appears to decrease with increasing TGO thickness in 
203 Configurations 1 and 2. The minimum principal stress increase for Configuration 3 is highest when the 
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204 TGO thickness is 30 µm and the smallest stresses are tensile. The magnitude and increase in the minimum 
205 principal stresses appear to increase with increasing TGO thickness for Configuration 3. 

Fig. 6. EBC-TGO interface a) Maximum Principal and b) Minimum Principal Stresses for 
Configurations 1, 2, and 3. The number at the top of each panel indicates which Configuration the data 

are from. 

206 Fig. 7 shows the stresses extracted from the TGO-ubstrate interfaces for Configurations 1, 2, and 3. In 
207 Configuration 1 the maximum principal stress increase after the phase change appears to decrease with 
208 increasing TGO thickness. In Configuration 2 the maximum principal stress appears to be independent of 
209 the TGO thickness. Configuration 3 the stress appears to increase with increasing TGO thickness. The 
210 minimum principal stress for Configurations 1 and 2 follows similar behavior where the stress is highest 
211 when the TGO is 5 µm thick and decreases with increasing TGO thickness. The minimum principal stress 
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212 increases with increasing TGO thickness in Configuration 3, with the stresses becoming positive after the 
213 phase change.

Fig. 7. TGO-Substrate interface a) Maximum Principal and b) Minimum Principal Stresses for 
Configurations 1, 2, and 3. The number at the top of each panel indicates which Configuration the data 

are from. 

214 The maximum and minimum principal stresses for Configuration 1, 2, and 3 that were extracted from 
215 the unoxidized interfaces are shown in Fig. 8. These interfaces are EBC-SiC interface in Configuration 1 
216 and 3 and for Configuration 2 these are the EBC-SiC and the Si-SiC interfaces. The EBC-SiC and EBC-Si 
217 interfaces only exist before oxidation occurs while the Si-SiC interface persists after oxidation. The 
218 maximum principal stresses in the EBC-SiC and Si-SiC interfaces show a large increase with the decreasing 
219 temperature in Configuration 1, 2, and 3 before the TGO layer is introduced. The maximum principal 
220 stresses decrease with increasing TGO thickness in the Configuration 2 Si-SiC interfaces. The minimum 
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221 principal stresses at the Configuration 1 and 3 EBC-SiC interfaces and the Configuration 2 Si-SiC and 
222 EBC-Si interfaces show similar behavior to the behavior of the maximum principal stresses. The 
223 Configuration 2 EBC-Si interface there is a much larger magnitude increase in the minimum principal 
224 stresses than the increase observed for the maximum principal stresses. The minimum principal stresses 
225 increased with increasing TGO thickness at the Configuration 2 Si-SiC interface. 

Fig. 8. Unoxidized interfaces a) Maximum Principal and b) Minimum Principal Stresses for 
Configurations 1, 2, and 3. The number at the top of each panel indicates which Configuration the data 

are from. The 0 µm label denotes the interface model before the TGO was included. 

226
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227 4. Discussion

228 It is worth discussing why the maximum and minimum principal stresses were presented in this study. 
229 From solid mechanics, the principal stresses exist on the principal plane where a stress element would 
230 experience no shear stresses [48]. These stresses represent the maximum and minimum magnitudes of 
231 purely tensile and compressive stresses. Since materials fail where the stress intensity is highest, these 
232 maximum and minimum values were chosen over the normal stresses in the x, y, and z directions as 
233 magnitudes of normal stresses would be lower. Furthermore, it is worth noting that in the case of SiC CMCs 
234 brittle behavior is made slightly quasi-brittle due to crack redirection, arrest, and coalescence mechanisms 
235 resulting from matrix fiber interactions [54]. Thus, principal stresses may not be the best measure of damage 
236 when detailed modeling is pursued. One limitation of this study is that a limited number of TGO thickness 
237 were investigated therefore, statistically significant correlations between stress and TGO thickness could 
238 not be made. It is likely that the increase in stress in the bulk material and material interfaces would be 
239 reduced at lower TGO thickness. The 30 µm TGO thickness was assumed to be upper thickness limit for 
240 the TGO prior to spallation, although it is possible that thicker TGO layers would still be relevant. Smaller 
241 TGO thickness was not studied due to meshing difficulties caused by the size difference between the 
242 smallest and largest elements in the model for TGO layers less than 5µm. Nevertheless, this study shows 
243 that for the three different TGO thickness studied and for the three different interface configurations the 
244 transformation stress within the TGO is virtually independent of TGO thickness and nearly independent of 
245 interface configuration. Another limitation of this study is the assumption that the TGO thickness grows 
246 homogenously and instantaneously. Realistically, the TGO will grow slowly and at different rates 
247 depending on surface texture, coating thickness, surface/subsurface damage in the SiC and/or EBC, 
248 temperature, and thickness of the TGO [49]. Despite this, these findings agree well with what is observed 
249 empirically [17]. A third assumption of this study is plane stress, which may not represent the stress state 
250 of turbine components during operation. Realistically, stresses would be experienced in three-dimensions, 
251 where contraction from the Poisson effect would alter the maximum and minimum principal stresses. With 
252 that said, the presented results are relevant because they provide insight into how the volume contraction 
253 of the TGO alters the stress state within each material layer. 

254 EBC – CMC components in gas turbines would cool as a function of part size, coating thickness, and 
255 degree of backside cooling. Models presented here were developed to simulate what has been observed 
256 experimentally on small test specimens used in laboratory-scale furnace oxidation testing. Additionally, 
257 this work assumed perfectly dense and defect-free layers. While such assumption may prove valid for SiC 
258 components and a Si bond coating, EBCs have a complex microstructure with some degree of engineered 
259 porosity [50–52]. Further, SiO2 TGO layers on SiC may have gas bubbles in the scale due to COx (g) 
260 formation during the oxidation reaction [53]. Regularly spaced cracking in the TGO visualized 
261 experimentally should also decrease stress levels below the theoretical values presented in this work. Future 
262 work will more closely represent the environment through inclusion of heat transfer with backside cooling 
263 and better portray the layer microstructure through engineered porosity, defects, and undulating layer 
264 interfaces. Model development will provide insights into layer stress development during thermal cycling 
265 of EBC – CMC systems with an emphasis on critical stresses related to cracking, debonding, and coating 
266 spallation after extended component cycle lifetimes. 

267 4.1. Bulk Material Stresses

268 It has been previously observed that the stress increase in the EBC was independent of TGO thickness 
269 for a system with SiC, Si-bond-coat, ytterbium disilicate, and ytterbium monosilicate [29]. Configuration 2 
270 most closely matches the architecture used by Du et al., and the presented results agreed (Fig. 3). The 
271 maximum principal stress was observed to increase in Configuration 1 for the 5 µm TGO thickness and this 
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272 increase is reduced with increasing TGO thickness. For Configuration 3, the opposite behavior applies, with 
273 the stress (~40 MPa) at its highest when the TGO is 30 µm thick immediately after the phase change. The 
274 minimum principal stresses, however, all follow the same general behavior with the magnitude of the stress 
275 increasing magnitude with increasing TGO thickness. The findings from the minimum principal stresses 
276 make sense intuitively, as larger TGO thickness would cause more compression than smaller TGO 
277 thickness. Assuming that tensile strength of the ytterbium disilicate is equivalent to the flexural strength 
278 (159 MPa, [39]) and the compressive strength of ytterbium disilicate is similar to that of ytterbium 
279 monosilicate (992 MPa, [39]) it is expected that the EBCs in this work would not fail due to the stress 
280 exceeding the tensile or compressive strength of the ytterbium disilicate. 

281 The bulk stress within the TGO for all configurations and TGO thicknesses exhibit a large increase in 
282 the maximum principal stress after the phase change (~1.6-1.7 GPa, Fig. 4). Du et al. [29] reported an stress 
283 increase by a factor of five. The results of this work indicate that the stress increases by a factor of 424-550 
284 for Configuration 1, 946-1258 for Configuration 2, and 34-160 for Configuration 3. However, these factors 
285 require explanation. The stress within the TGO for Configurations 1 and 2 before the phase change is low 
286 (3-4 MPa for Configuration 1 and 1.3-1.7 MPa for Configuration 3) and then increases to ~1.7 GPa. While 
287 the stress in the TGO before the phase change for Configuration 3 is higher than in Configurations 1 and 2 
288 it is still relatively small (10-50 MPa) compared to the phase transformation stress. Du et al. simulated the 
289 phase change by changing the CTE (10-5/°C) only, whereas in the presented work the phase change was 
290 simulated by shrinking the area of the elements within the TGO by 5% to account for material density 
291 changes and was accompanied by the change in material properties (CTE and Young’s modulus) associated 
292 with each phase.

293 It can be inferred that volume contraction caused by the phase change has a much larger effect on the 
294 increase in stress intensity than the change in CTE alone. However, it should be considered that the 
295 interfaces studied by Du et al. [29] had aperiodic surface roughness in the x, y, and z directions of the 
296 surface. The interface of Configuration 3, though two dimensional, indicates that surface topology has a 
297 reducing effect on the magnitude by which the stress is increased within the TGO after the phase change. 
298 This is supported within the present study where the factor by which the stress increases is drastically lower 
299 in Configuration 3 than in Configurations 1 and 2. Independent of the factor by which the stress is increased, 
300 these results indicate that the maximum principal stress in the TGO is virtually independent of the coating 
301 configuration and the TGO thickness, with the latter being observed experimentally [54]. The minimum 
302 principal stresses in the TGO, however, do show dependence on the TGO thickness and interface 
303 configuration, specifically Configuration 3. In Configurations 1 and 2 the minimum principal stress increase 
304 is relatively constant across both configurations and all TGO thicknesses (~196-201 MPa). With 
305 Configuration 3 the minimum principal stresses increase with increasing TGO thickness after the phase 
306 change. These findings further support that stress within the TGO is affected by interface topology. 
307 Assuming the flexural strength of SiO2 is equivalent to the tensile strength (55 MPa, [37]) it is expected 
308 that TGO would yield and crack during the transformation [18,49]. Since the current work utilized a linear 
309 elastic constitutive model, the yield behavior discussed here should be interpreted as qualitative as the 
310 magnitude of the stresses will change due to cracking of the TGO. Future models should incorporate an 
311 elastic-perfectly-plastic or a viscoplastic constitutive model for improved model accuracy of the TGO 
312 behavior. It is not expected that TGO would fail in compression since the compressive strength of SiO2 
313 (1.10 GPa, [37]) has not been exceeded. 

314 There appears to be a strong dependence on the TGO thickness as well as the interface configuration 
315 for the substrate stresses (Fig. 5). Only for Configuration 3 when the TGO is thicker than 15 µm is yielding 
316 of the SiC expected since the ultimate tensile strength (250 MPa, [47]) was exceeded. This yielding is not 
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317 expected during turbine operation. The results from the model are likely overestimating the stresses within 
318 the SiC since the model does not account for non-equilibrium cooling or backside cooling that would be 
319 used during normal turbine operation and the model does not account for load sharing within a SiC fiber – 
320 SiC matrix ceramic matrix composite. Yielding is not expected for Configuration 2 since the tensile strength 
321 of the Si (350 MPa, [55]) was not exceeded. Similarly, compressive failures are not expected since neither 
322 the SiC (4.2 GPa, [47]) nor Si (950 MPa, [55]) compressive strengths were exceeded. 

323 4.2. Interfacial Stresses

324 The results presented here indicate that the stresses at the EBC-TGO and TGO-substrate interfaces are 
325 heavily dominated by the stress within the TGO (Fig. 6 and Fig. 7), which has been observed in the literature 
326 [29]. These findings confirm the hypothesis that stress at the EBC-TGO and TGO-substrate interfaces is 
327 dominated by the TGO phase change. Configuration 2 (Fig. 6) indicates that there is a TGO critical 
328 thickness where the stress increase is at its highest and that for thickness larger than this critical thickness 
329 the stress increase is independent of TGO thickness. However, this conclusion is made based on a linear 
330 elastic model which is for an ideal case where there is no variation in surface roughness, material defects, 
331 and material homogeneity. Numerous studies suggest that a critical TGO thickness exists such that when 
332 exceeded, mud cracks form [18,49] and EBC spallation occurs [56]. Therefore, it stands to reason that 
333 despite our assumptions, that a critical TGO thickness for which the stress increase reaches a maximum 
334 value is likely. Considering the increased stress at the EBC-TGO and TGO-substrate interfaces after the 
335 phase change, our results are much higher than what is observed in the literature for the interface strength 
336 between the Al2O3 TGO and yttria-stabilized zirconia thermal barrier coatings (TBCs) on nickel-base 
337 superalloys (10-50 MPa) [57–61] and for the SiO2 TGO between an EBC and SiC similar to Configuration 
338 1 [44]. Unfortunately, there are no data available for TGO interface/coating/adhesion/bond strengths for 
339 ytterbium disilicate EBCs on silicon carbide to make a more accurate comparison for Configurations 2 and 
340 3. Regardless, our data show that EBC delamination is likely to occur, which aligns with the predicted TGO 
341 upper limit for EBC lifetime limits [32]. 

342 The stress at the EBC-SiC and EBC-Si interfaces is dominated by the EBC for unoxidized interfaces 
343 in Configurations 1 and 2 (Fig. 8). However, in Configuration 3 the EBC-SiC interface is dominated by the 
344 SiC. The Si-SiC interface remains throughout all Configuration 2 models and the stress increase is 
345 dependent on the TGO thickness. The maximum principal stresses decrease with increasing TGO thickness 
346 while the opposite behavior was observed for the minimum principal stresses. 

347 5. Conclusion

348 The present study provides evidence of how the SiO2 phase change effects the stresses in ytterbium 
349 disilicate EBC on SiC. The numerical models presented suggest that the volume contraction experienced 
350 during the TGO β – α phase transformation dominates the stress increase in the TGO and at the EBC-TGO 
351 and TGO-substrate interfaces. Furthermore, these results show that within the TGO layer that increase in 
352 stress is independent of TGO thickness and interface geometry. Taken together, it is concluded that volume 
353 contraction has a larger effect on the stress increase of the system than the change material properties 
354 associated with the phase change than what was previously observed in the literature. These findings have 
355 implications for improving the interface geometry to minimize the stress experienced by the TGO and 
356 present a framework to evaluate the effect of novel interface geometry. 

357
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