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Abstract

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

1. Introduction

SiCiper/ SICpagix ceramic matrix composites (CMCs) entered the commercial aviation sector in 2016 as
static turbine hot section components with increased temperature capability compare to traditional Ni-base
superalloys [1]. The high decomposition point of SiC (~2,545°C) [2], excellent high-temperature
mechanical properties in air [3], and high-temperature chemical stability [4] allow for CMCs to operate at
hundreds of degrees hotter combustion temperatures than superalloys. Additionally, the higher operating
temperatures of CMCs allows for a decreased reliance on engineering cooling channels within parts,
resulting in decreased NO,/CO, emissions, increased thrust, and dramatic cost savings on fuel through
increased efficiencies. The combustion temperatures of gas turbines are moving towards a target goal of up
to 1704°C (3100°F) [5] where much more research is required for implementation of advanced EBC — CMC
systems to operate desired long lifetimes of >25,000h [6].

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

SiC + 0, (g) > Si0, + CO (g) (1)
SiO; + H,O (g) -> Si(OH),4 (2) (2)

EBCs are required to have minimal coefficient of thermal expansion (CTE) mismatch with the
substrate to encourage adhesion for the temperature cycling environment. To encourage chemical bonding
to the substrate, a Si bond coating has been employed between the CMC and EBC layers. EBCs are often
Si-based to mitigate chemical interactions between the SiC, Si bond coating, and EBC, where rare earth
orthosilicates such as ytterbium disilicate (Yb,S1,0;, YbDS) represent the current research standard coating
system. The EBCs must also be stable in high-velocity steam [10,11], and resistant to corrosion from
particulate ingested into the turbine [12,13].

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

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

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

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

2. Methods
2.1. Model geometries

Three different interface configurations between the EBC and the SiC substrate were studied. These
configurations are 1) a flat interface with no bond coating, 2) a flat interface with a silicon bond coating,
and 3) a sawtooth SiC interface with no bond coating, as shown in Fig. 1. Configuration 1 acted as the
baseline model for Configurations 2 and 3 and represents a simplified model for EBC — CMC systems that
operate above the melting temperature of silicon (~1414°C). Configuration 2 has been the standard layer
architecture for EBC — CMC systems since the early 2000’s. Configuration 3 was created to simulate the
EBCs developed at Oak Ridge National Laboratory (ORNL), again for potential operation above the silicon
bond coating melting temperature [14,23] . Three thicknesses (5, 15, and 30 pm) of the TGO were modeled
for the three different interface configurations. A total of 12 unique finite element models were made, which
includes a model for the interface before introduction of a TGO layer. The model before the TGO layer is
introduced is referred to as 0 micron, while the models with a TGO are referred to as 5 micron, 15 micron,
and 30 micron. Each model was 2 mm wide. The SiC substrate, EBC, and silicon-bond-coat were 1000 pm,
200 um, and 75 pm tall, respectively. The TGO thickness was subtracted from the thickness of the SiC
layer in Configurations 1 and 3 and subtracted from the Si layer in Configuration 2. The model total height
remained constant within a given configuration. The asymmetry of the TGO thickness at the peaks and
valleys of the sawtooth in Configuration 3 were created to mimic the observed asymmetry in the TGO layer
thickness during oxidation experiments at ORNL [14,23]. The TGO thickness at the valley and section
between the peak and the valley was fixed at 5 um while the TGO thickness at the peak was 5, 15, or 30
pum depending on the model. Larger thickness TGO layers were not studied due to experimental observation
that the TGO delaminates from the substrate after the TGO reaches approximately 30 um thickness.
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Fig. 1. Schematic for FEM Configurations 1, 2, and 3. For clarity and simplicity, only the Spm 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.

2.2. Finite element modeling and boundary conditions

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

In order to derive the UMAT a definition for the total elemental strain is needed [31]:
—oE P T oAV Tn
=g tetete el 3)
&jis the total strain, efj is the elastic strain, 85- is the plastic strain, siTj is the thermal strain, eiAjVis the strain

. Trp . . .
due to the volume change caused by the phase transformation, and &;;” is the plastic strain caused by the

. . Ty . .
phase transformation. For this study SZ- and ¢;;" and set equal to zero. The elastic strain is computed from
the stress state and the thermal strain from the temperature differential. For this study we derive a relation
for siAijor a 2D linear quadrilateral element of type CPS4R. Given a quadrilateral element with side length

1, an area A, and a given percentage of volume contraction (y) eiAchan derived from the element geometry.
The relation between side length and elemental area before and after phase change can be expressed as:

[=+A ()

(l—AD2=A—AA )

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

Al JA—JA—-pA
&lsr =700 =" 7 Oy ©)
Where §;; is the Kronecker delta function which is defined as:
_ [0 fori+j
65=11 fori=j )

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

2.4. Material properties

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

2.5. Data collection and analysis

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

3. Results

Shown in Fig. 3 are the stresses extracted from the bulk EBC layer for Configurations 1, 2, and 3.
Configuration 1 data show an increase in the maximum principal stress with increasing TGO thickness.
There appears to be little dependence on TGO thickness for the increase in maximum principal stress for
Configuration 2. Configuration 3 exhibits large increases in the maximum principal stress with increasing
TGO thickness. The minimum principal stresses for all three Configurations exhibit similar behavior where
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 um label
denotes the interface model before the TGO was included.

Fig. 4 shows the stresses extracted from the bulk TGO layer for Configurations 1, 2, and 3. A large and
relatively constant increase in maximum principal stress is observed for all three configurations and appears
to be semi-independent of TGO thickness. Similar behavior was witnessed with the minimum principal
stresses for Configurations 1 and 2. Configuration 3 showed an increase in minimum principal stress with
increasing TGO thickness and transitions from negative values before the phase change to positive values
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.

The maximum and minimum principal stresses for Configuration 1, 2, and 3 that were extracted from
the bulk substrate materials are shown in Fig. 5. The maximum principal stress in the SiC in Configurations
1, 2, and 3 and the Si of Configuration 2 all exhibit the same general behavior. The magnitude of the phase
change induced stress decreases with increasing TGO thickness. Furthermore, the stress before the phase
change is highest in the 30 um TGO and lowest after the phase change. The minimum principal stress in
the SiC for Configurations 1 and 2 show similar behavior, there is little dependence on TGO thickness until
the TGO reaches 30 pm. The minimum principal stress in the SiC of Configuration 3, however, shows little
dependence on the TGO thickness. The minimum principal stress in the Configuration 2 Si shows a decrease
in minimum principal stress with increasing TGO thickness.
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and 3. The number at the top of each panel indicates which Configuration the data are from. The 0 pm
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])

Shown in Fig. 6 are the maximum and minimum principal stresses from the EBC-TGO interface for
Configurations 1, 2, and 3. The increased maximum principal stress for Configuration 1 appears to be
independent of TGO thickness. For Configuration 2, the stress increase observed when the TGO is 5 um is
the highest, while the 15 and 30 um TGO appear to have the same stress increase, which is lower than for
the 5 um TGO thickness. In Configuration 3 the stress increase appears to increase with increasing TGO
thickness. Configurations 1 and 2 show similar behavior in that the minimum principal stress decrease is
highest when the TGO is 5 um. The stress increase appears to decrease with increasing TGO thickness in
Configurations 1 and 2. The minimum principal stress increase for Configuration 3 is highest when the
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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.

Fig. 7 shows the stresses extracted from the TGO-ubstrate interfaces for Configurations 1, 2, and 3. In
Configuration 1 the maximum principal stress increase after the phase change appears to decrease with
increasing TGO thickness. In Configuration 2 the maximum principal stress appears to be independent of
the TGO thickness. Configuration 3 the stress appears to increase with increasing TGO thickness. The
minimum principal stress for Configurations 1 and 2 follows similar behavior where the stress is highest
when the TGO is 5 um thick and decreases with increasing TGO thickness. The minimum principal stress

10



212
213

214
215
216
217
218
219
220

increases with increasing TGO thickness in Configuration 3, with the stresses becoming positive after the
phase change.

SiO, TGO Thickness

d —&— 5 um —A— |5 pm —¥— 30 um
1400 1-SiC 2-Si 3-SiC

w L
o 1200
= L
®» 1000 | / ;
4 4
= | Transformation Transformation Transformation
‘f 800 - Stress Stress Stress
.E ~ 804 MPa ~ 845 MPa ~910 MPa
O 600 |-
£
= L
£ 400 -
£
% 200
o L
b= /1

ol h ‘_‘_é

T

T T T T T T T T
1500 1000 500 01500 1000 500 0 1500 1000 500 0

b Temperature (°C)
250 1-SiC 2-Si 3-SiC
w 200
o L
?.— 150 - Transformation Transformation Transformation
m Stress Stress Stress
@ 100 ~ 97 MPa ~60-92 MPa ~ 143-254 MPa
5 L
w® S0F
2 -
o
£ °r
E 3
_50 -
E I
=1
£ -100 |
£ i
= -150
-200 T

— T T — T T 1 L L

1500 1000 500 01500 1000 500 01500 1000 500 O
Temperature (°C)
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The maximum and minimum principal stresses for Configuration 1, 2, and 3 that were extracted from
the unoxidized interfaces are shown in Fig. 8. These interfaces are EBC-SiC interface in Configuration 1
and 3 and for Configuration 2 these are the EBC-SiC and the Si-SiC interfaces. The EBC-SiC and EBC-Si
interfaces only exist before oxidation occurs while the Si-SiC interface persists after oxidation. The
maximum principal stresses in the EBC-SiC and Si-SiC interfaces show a large increase with the decreasing
temperature in Configuration 1, 2, and 3 before the TGO layer is introduced. The maximum principal
stresses decrease with increasing TGO thickness in the Configuration 2 Si-SiC interfaces. The minimum
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EBC-Si interfaces show similar behavior to the behavior of the maximum principal stresses. The
Configuration 2 EBC-Si interface there is a much larger magnitude increase in the minimum principal
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4. Discussion

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

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

4.1. Bulk Material Stresses

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

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

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

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

4.2. Interfacial Stresses

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

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

5. Conclusion

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