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Abstract

Environmental barrier coatings (EBC) are used to protect the silicon carbide fiber reinforced silicon
carbide matrix (SiC/SiC) ceramic matrix composites (CMC) from rapid surface recession due to
volatization by water vapor in a steam oxidation environment. A phenomenological modeling approach is
outlined to estimate the durability of a given EBC system when exposed to steam oxidation. The report
provides a step-by-step procedure to estimate the life of a given EBC system subjected to thermal loads
only. Once calibrated, the methodology can predict the critical thickness of an oxide layer that will cause
failure initiation/spallation as well as the remaining strength or stress that the EBC system can take for a
given oxide layer thickness.

Introduction

Ceramic matrix composites (CMC) are being developed as the next generation of materials for use in
the hot sections of a gas turbine engine. They offer significant benefits compared to the superalloys
currently in use, i.e., lower density and higher temperature capability leading to higher engine efficiency
in terms of lower fuel burn and lower emissions (Refs. 1 and 2). The use temperature of the CMCs can be
150 to 200 °C higher than that for metallic superalloys like Inconel, but at one-third the density. This
unique combination of properties has helped newer jet engines like the LEAP engine run hotter with less
cooling, improving efficiency so that 15 to 20 percent less fuel is burned, with lower emissions and
maintenance. It is reported that the GE9X engine, with five CMC parts, will reportedly be the most
fuel-efficient engine ever built for a commercial aircraft when the Boeing 777X enters service in 2025
(Ref. 3).

However, the use of these advanced materials also presents some unique challenges. SiC oxidizes to
silica (SiO,) in the gas turbine environment i.e., in the presence of oxygen and/or water vapor. Silica
reacts with water vapor and convers to Si(OH). which is a gaseous species. This process leads to rapid
recession and loss of material. The environmental barrier coatings (EBC) that are used to protect the
CMC from oxidation/recession and are generally considered an enabling technology for the successful
implementation of CMCs in the next generation of gas turbine engines. Therefore, EBC durability is very
critical because EBC failure leads to a rapid reduction of CMC component life. The EBC also provides
thermal protection, but its main objective is to provide environmental protection by impeding access of
oxidizing species to the underlying SiC component while maintaining adherence over long durations,
typically tens of thousands of hours of operation. Because the TGO/EBC assemblage must act as a barrier
to the permeation of Oz and H:O, the layers must be dense. To minimize thermal stresses that could
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induce cracking requires minimization of the mismatch in coefficient of thermal expansion (CTE) with
the substrate. This CTE matching restriction limits the choices for EBCs largely to silicate systems, all of
which are susceptible to SiO: volatilization to some extent depending on their SiO. activity.

EBC systems have many failure modes as shown in Figure 1 (Refs. 4 and 5). Key contributors to
EBC failure include oxygen-induced oxidation, water-vapor-induced oxidation, water-vapor-induced
recession, degradation by calcium-magnesium-aluminum-silicate (CMAS) deposits, thermomechanical
strains, particle erosion, and foreign object damage (FOD). Synergies between extrinsic failure modes
determine EBC lifetime and design requirements (Ref. 4). Finally, all these mechanisms coalesce into
thermomechanical durability. However, in this work we are only focusing on steam oxidation that leads to
growth of a silica layer, sometimes referred to as thermally grown oxide (TGO). TGO grows out of a
silicon (Si) bond coat (if present) or from a SiC substrate. With time, the oxide layer grows in thickness,
and it has been observed that under thermal cycling conditions the EBC spalls from CMC substrate once
the TGO layer reaches a critical thickness usually between 20 to 30 um (Ref. 6).

The stresses or the driving forces in the EBC systems are generated primarily due to coefficient of
thermal expansion (CTE) mismatch between various EBC layers and substrate. EBC intrinsic
requirements are CTE match, phase stability and no EBC/CMC interaction. In other words, minimizing
the CTE mismatch between various layers along with the thermochemical stability is a key design
consideration for EBC systems. The objective of the present work is to describe a pragmatic engineering
(phenomenological model) approach to estimate the in-situ residual stress state (which is a function of
constituent properties and geometry) and thus the critical TGO layer thickness (i.e., lifetime) that induces
spallation and failure of the EBC system when subjected to thermal loads only. Results, based on the
analysis of a particular EBC system, indicate that a single allowable interfacial strength value can be used
to predict damage failure/spallation of the EBC system. If the EBC system is also subjected to mechanical
loads, then failure will occur prior to reaching the critical (thermal cycling alone) oxide layer thickness
depending upon the magnitude of the applied mechanical load.

Synergies between extrinsic
failure modes determine EBC
lifetime and design requirements

EBC Intrinsic Requirements
CTE match, isotropic CTE
St ” t Phase stability -

eam oxidation No EBC/CMC interaction Erosion and FOD

LA S'(OH)4

Hzo ‘.\
/ .*

Hydroxide Thermomechanical CMAS attgck
formation/recession durability and infiltration

Figure 1.—Failure modes of EBC systems.
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Bond coat (Si) TGO (SiO») TGO (SiO2)
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Figure 2.—EBC systems nomenclature (a) Gen 2 (2,400 °F) system. (b) Early
(2,700 °F) system. (c) Gen-3 NASA EBC base architecture (3,000 °F). (YDS —
ytterbium disilicate; Si — silicon; ScDS — Scandium disilicate; IC — intermediate
coat; BC — bond coat; SiC — monolithic silicon carbide (Hexoloy); SiC/SiC —
CMC composite with silicon carbide fiber and silicon carbide matrix.)

Nomenclature of EBC Systems

EBC development has been underway for many years. First generation of EBCs were developed in
the 1990s under NASA’s High Speed Civil Transport—Enabling Propulsion Materials (HSCT-EPM)
program. These EBC systems consisted of mullite and BSAS materials. Second generation EBCs were
developed under NASA'’s Ultra Efficient Engine Technology (UEET) program in early 2000s (Ref. 4).
Most of the current EBCs are variations of the second generation EBC systems. Figure 2 shows the
currently accepted EBC systems nomenclature. The Gen-2 system has a silicon bond coat and an
ytterbium di-silicate (YbDS) topcoat. It’s use temperature is limited to 1315 °C (2400 °F) due to the
presence of the silicon bond coat which has a melting temperature of 1410 °C. Within NASA GRC it is
referred to as a four-layer (substrate/bond coat/TGO/topcoat) system. There have been some
modifications of these systems by modifying the chemistry of the topcoat wherein slower TGO growth
has been demonstrated and thus longer life as compared to the original system (Ref. 7). The EBC system
referred to as the early 2700 °F system removed the silicon bond coat as it was limiting the use
temperature of the EBC system. As the name suggest, this system has a use temperature up to 1482 °C
(2700 °F) when applied to a 1315 °C (2400 °F) capable CMC substrate. This system has also been
referred to as a three-layer system (substrate/TGO/topcoat). Some of the newest EBC systems under
development are so-called Gen-3 EBC systems that have a potential use temperature up to 3000 °F
(1650 °C) if applied on a 2700 °F (1482 °C) capable CMC substrate. These Gen-3 systems, in the base
architecture, typically have five layers (substrate/TGO/bond coat/intermediate coat/topcoat). The bond
coat in these systems is an oxide-based material (mullite) and intermediate coat is Hafnon (HfSiO4; Hafnium
silicate), while the topcoat is Scandium disilicate (ScDS). In another variation of this system, the topcoat is
Hafnia (HfO_) and in yet another variation, the topcoat consists of a hafnia layer over a scandia layer.

Observations From Analyses of Early EBC Systems

Analyses were performed previously on 2400 °F Gen-2 EBC systems (four-layer systems) as well as
early 2700 °F systems (three-layer systems) subjected to an isothermal cooldown from a high temperature
to room-temperature (Refs. 8 and 9). The TGO grows when the bond coat or the substrate is oxidized at
very high temperatures in the presence of oxygen and/or water vapor. Further, it was observed that when
these systems are subjected to realistic thermal cycling, the oxide (TGO) layer is in compression in the in-
plane direction during the heat up portion of the cycle. Chemical reactions at high temperature cause the
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oxide layer thickness to increase during the time the EBC is at high temperature and there is a volumetric
change associated with this conversion of bond coat/substrate to TGO. However, the associated thermal
chemical induced stresses are quickly relaxed out as these materials, particularly the TGO material,
exhibit very high creep rates (Refs. 10 and 11) at temperature as well.

However, during cooldown, tensile stresses develop in the oxide layer, which in conjunction with
coating interface roughness and prior damage will induce further initiation/propagation of damage within
the TGO and interface surfaces. The damage in the form of vertical cracks in the oxide layer is modeled
explicitly in these analyses. However, there are other types of damage in the system such as horizontal
cracks, porosity etc. which is not modeled explicitly but their effects are accounted for lowering the layer
stiffness. The resulting stress-state in the oxide layer from these analyses can be summarized as follows:

1. Out of plane peel (that cause delamination/cracking) and shear stresses (that drive the delamination)
are minimal for uniform layers with no damage. Only in-plane tensile stresses are present which
cause self-similar vertical cracks to develop as the TGO grows.

2. In-plane stresses (that cause vertical cracks) are high and are primarily driven by CTE mismatch.
They are independent of the oxide layer thickness and only increase slightly in the presence of
nonuniformity/damage.

3. Inreal systems, damage, in the form of vertical cracks in the oxide layer, are always present. TGO
layers are also highly nonuniform in thickness.

4. Shear stresses are high in the presence of damage (e.g., vertical cracks) and increase only slightly
with increase in oxide layer thickness or with increasing nonuniformity.

5. Peel stress is present in the presence of damage and increases rapidly with the introduction of even a
slight nonuniformity (or roughness) of TGO. Peel stress also increases with increasing oxide layer
thickness.

6. As these systems are cooled from a high temperature to room temperature, the stresses that develop
quickly relax out due to the assumed high creep rate of these materials as mentioned before. To
perform an actual creep/relaxation analysis, the creep rates of all constituent materials as a function of
stress and temperature are required. Similarly, one must know the time temperature profile of the
cooling applied to the EBC system. Usually, such information is not readily available. Further, such
calculations are extremely computationally expensive as the finite element meshes of these systems
are relatively large and the time increments very small. Consequently, one can use a lower “stress-
free” temperature (much lower than the temperature at which the coating is applied) and perform a
simple elastic time-independent analysis to obtain reasonably accurate residual stress states. The
value of this “stress-free” temperature is chosen in a way that will result in the stress state at room-
temperature being similar to that if a full-scale creep/relaxation analysis would have been performed
(Ref. 12).

Figure 3 shows maximum in-plane, peel, and shear stresses for an early 2700 °F system under
isothermal cooldown from a stress-free temperature of 500 °C to room temperature based on 2-D plane
stress finite element analyses. The stresses are plotted as a function of nonuniformity as defined by the
parameter R, which is the ratio of minimum oxide layer thickness to the nominal thickness. Thus, R =1
implied uniform oxide layer thickness and R = 0 implies very severe nonuniformity with islands of oxide
layer. The location of these maximum not always being the same. In these analyses, a monolithic,
isotropic, silicon carbide material, Hexoloy®*, has been used as the substrate material. The resulting

'Hexoloy® SA alpha silicon carbide, Carborandum/St. Gobain, Niagara Falls, NY
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Figure 3.—Driving forces (stress) as a function of TGO roughness and thickness for early 2700 °F system; (a) in-
plane (severity of nonuniformity considered by adjusted R factor), (b) peel stress (maximum peel stress in TGO
layer cracks at 10 um spacing, AT = 500 °C), (c) shear stresses (maximum shear stress in TGO layer cracks at
10 um spacing, AT = 500 °C) (Refs. 8 and 9).

driving forces, specifically peel and shear stresses, depend upon not only on material properties and
damage (vertical crack spacing), but most importantly on EBC architecture, i.e., layer thickness and
roughness (nonuniformity) of the oxide layer. In-plane stresses (the cause of vertical cracking) in the
oxide layer are relatively constant and independent of TGO thickness and nonuniformity (roughness).
Given these results, the tensile strength of the oxide (TGO) material appears to be approximately 80 MPa,
given this stress-free temperature.
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Figure 4 and Figure 5 show the stress contours (J2, 611, 622, 612, |1) for two cases—one with an oxide
layer thickness of 16 um and R = 0.5 (see Figure 4) and the other one with an oxide layer thickness of
22 um and R = 0 (see Figure 5). Both cases have vertical cracks, 10 um apart, in the oxide layer. Note
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that the material layers above (topcoat) and below (substrate) the TGO are not shown in the figures but
were present in the calculations. Results show that stresses are generally maximum at the crack tips and at
the corners (idealized by zeroing out the stiffness of a column of elements every 10 um) and usually at the
TGO/substrate interface located along the bottom edge of the contour plots.

Phenomenological Modeling Approach

Here a phenomenological modeling approach is outlined to provide an estimate of the in-situ residual
stress state (which is a function of constituent properties and geometry) and thus critical thickness of the
oxide layer that will cause spallation of a given EBC system when subjected to thermal loads only. This
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approach, which consists of seven steps is outlined here, and will be explained in the next section by
using the example of an early 2700 °F system.

1. Define the system to be modeled—First the architecture (constituent materials and geometry) of the
system that is being modeled must be identified and defined. For example, it could be Gen-2 EBC
system or a modified Gen-2 EBC system etc.

2. Obtain a consistent set of material properties—One must obtain a set of material properties for each
material in the system e.g., Young’s modulus, Poisson’s ratio, and coefficient of thermal expansion
(CTE), each as a function of temperature. If possible and available, time-dependent properties or
creep rates for each material as a function of temperature and stress level are also useful, although
they are not always easily available. If unavailable, one can perform an elastic analysis using the
concept of stress-free temperature. This assumes that above the stress-free temperature, stresses do
not build up because they relax out as fast as they are generated (clearly this is dependent upon the
rate of cooling).

3. Characterize the roughness and damage in the oxide layer—since the local stresses depend upon the
damage (vertical cracks, porosity, etc.) and the roughness of the TGO layer, it is critical to
characterize these for a given EBC system and for a given exposure time. Exposure time is also
crucial as the TGO layer thickness is a function of exposure time, i.e., time at temperature. To
characterize the damage (generally in the form of vertical cracks in the oxide layer) as well as the
roughness or the nonuniformity of the oxide layer, one needs a set of micrographs from a test sample.
Information such as average oxide layer thickness and roughness and the related statistics need to be
extracted from those micrographs. One way to achieve that is to use a convolutional neural network
and extract relevant features from the micrographs as shown in Figure 6. A set of python instructions
are provided in Reference 13 to perform such analyses and results have been documented in
Reference 14. Usually, hundreds of images are required across a test specimen to obtain a statistical
distribution of those required features.

4. Knowing the nonuniformity and average crack spacing in the TGO layer, one can compute the peel
and shear stresses from “design curves” such as those shown in Figure 3 which are established by
running numerous computations utilizing this microstructural information. These curves provide
“residual stresses” as a function of microstructure and cooldown from a stress-free temperature to
room-temperature.

5. In-situ interface failure allowables are inferred from pull tests or flatwise tension tests on a given
EBC system- given the applied load/stress at failure for the given oxide layer thickness. Since this is
the applied global load/stress, it must be converted to in-situ stress at failure or in-situ strength by
multiplying the applied global stress by a magnification factor (MF). The value of this magnification
factor depends upon the TGO microstructure for the EBC system under consideration, i.e., layer
thickness, level of nonuniformity, etc.

6. Repeat the above step for a different exposure time and thus a different TGO thickness and compute
the in-situ interfacial strength. Often, a single value of interfacial in-situ strength can be used to
estimate the critical oxide layer thickness. Note this strength has associated with it a given volume of
material in which both initiation and propagation of damage are assumed to have occurred within -
thus the phenomenological nature of the method.

7. This value will help to determine critical TGO thickness where cracks join, driven by local shear
stresses, to ultimately cause spallation of the coating.
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Figure 6.—Extraction of oxide layer features from micrographs of specimens (Ref. 14).

Du et al. (Ref. 15) have also performed a comprehensive study and modeled the effects of the TGO
and interfacial roughness on the stress distribution in EBCs. However, they have not accounted for the
damage in the oxide layer in the form of vertical cracks that are always present as well as stress relaxation
that occurs due to creep in EBC layers. The damage in the oxide layer and creep/relaxation totally
changes the nature of the stress distribution in EBCs and thus their results cannot be compared with the
results from the present study.

Furthermore, it is imperative that modelers strive to understand exactly how a given experiment was
conducted to ensure proper interpretation of the results and idealization consistency. Many interdependent
factors are comprised within the concept of idealization consistency and can be classified into three main
categories: theoretical, mechanistic, and numerical consistencies. Theoretical consistency requires
preserving the mathematical aspects (e.g., theory, model dimensionality, functional form, etc.) used
throughout characterization to prediction. Mechanistic consistency would be associated with assumed
measures and definitions of damage and modes of failure and their interactions which should be
accounted for not only in the final prediction but also during characterization. Length scale (e.g., material
volume element) and mesh accuracy are both examples that would fall within the numerical consistency
category and thus the preservation of these accuracies from characterization to prediction is important. It
is important to remember that these categories are typically not mutually exclusive and thus the influence
of one on another is often difficult to explicitly determine. This is particularly true in the case of multiscale
analysis wherein all factors can interact aggressively as one traverses various length scales (Ref. 16).

In the next section, the above steps will be explained with the help of an example.

Example of Early 2700 °F EBC System

These steps will be demonstrated here using an early 2700 °F system with a SiC (Hexoloy®)
substrate. A stress-free temperature of 500 °C has been assumed (based off the temperature dependent
creep rates of the constituents) and the specimens are cooled in an isothermal manner from this stress-free
temperature to room temperature. The nontemperature dependent thermomechanical properties used for
various materials in this EBC system are shown in Table I. Temperature dependent properties within this
range make only slight changes in the resulting stress calculations, i.e., <5 percent.

EBC coated samples were exposed to 1426 °C in 90 percent H,O in a continuous exposure with no
cycling. Specimens were imaged from one end to the other (~140 images for a 1-in. diameter specimen).
For each image, multiple measurements were taken of oxide layer thickness, roughness etc. and the
following statistics were obtained for two exposure times 49 and 100 h. These statistics are shown in
Table Il.

NASA/TM-20240000936 9



TABLE |.—MATERIAL PROPERTIES (RT-500 °C)

Material Young’s modulus Poisson’s ratio Coefficient of thermal expansion
GPa 10%/°C
Topcoat 200 0.27 4.5
TGO 35 0.17 10
Substrate 400 0.17 5.25
TABLE 11.—OXIDE LAYER MEASUREMENTS AND STATISTICS
Property 49 h exposure 100 h exposure
Average thickness, um 4.3 9.8
Standard deviation, um 1.42 2.96
Coefficient of variation 0.3 0.3
Minimum thickness, pm 1.64 2.6
Maximum thickness, pm 13.8 235
Average roughness-top, pm 2.15 2.23
Average roughness-bottom, pm 1.99 1.94
Total roughness, um 4.14 4.17
TABLE 1Il.—MAXIMUM INTERFACIAL STRESSES
R=04 R=0.27
TGO average thickness Peel stress Shear stress Peel stress Shear stress
pm MPa MPa MPa MPa
43 55 44 - -
9.8 -- -- 67 46

As one can see from Table 11, there is tremendous variation in the oxide layer thickness and
roughness profile. The roughness in the model is defined as the ratio of minimum oxide layer thickness to
the nominal (average) thickness. Based on this definition, the R for 49 h of exposure is computed as
1.64/4.3 = 0.4 as the worst-case scenario, while for the 100 h exposure time, it is 2.6/9.8 = 0.27. Based on
these R values and oxide layer thickness, one can “read” the peel and shear stresses from the design

curves shown in Figure 3. Those extracted are shown in Table I11.

These stresses are compared to the strengths that are obtained by performing a flatwise tension test on
these specimens. For this early 2700 °F system, Figure 7 shows the strength of the TGO interface as a
function of oxide layer thickness. These tests are done at room-temperature, so the layers in the specimen

have residual stresses due to the cooldown from a high temperature to room-temperature.
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Details on how these strength tests are performed are provided in References 17 and 18. The
specimen geometry is also shown in the upper right corner of Figure 7. Strength values show a fair
amount of scatter. It also appears that the effect of initial roughness is not important after the oxide layer
thickness is greater than 10 um for the average strength value. This scatter in measured strength can
possibly be due to large scatter in oxide layer thickness and nonuniformity. However, the strength shown
in Figure 7 is merely the magnitude of the applied global stress (applied load at failure/tab cross-sectional
area) at which the specimen failed (residual strength). It is not the in-situ stress at failure near the oxide
layer interfaces. Analyses have shown that in-situ peel and shear stresses are anywhere from 3 to 5 times
(magnification factor) of the applied global stresses depending upon the oxide layer thickness and the
level of nonuniformity (roughness) with a given damage in the form of vertical cracks in the oxide layer
at an average distance of 10 um apart. Note as stated before this strength inherently also assumes a given
volume of material over which failure has initiated and propagated (or in other words full separation of
specimen occurred). The area is 0.75 in.

It appears, from Figure 7, that for a 4 um thick oxide layer, the average value of measured strength is
approximately 15 MPa. Residual peel stresses are 55 MPa as shown in Table Il1. Therefore, the actual
interfacial strength is approximately 15 x 3.5 (magnification factor given R = 0.4) + 55 = 107.5 MPa with
a lower bound value of 97 MPa and upper bound value of 132 MPa given the scatter in measured
strength. If one performs a similar calculation for the specimen with average oxide layer thickness of
10 um, the average measured strength is approximately 10 MPa. Therefore, the actual interfacial strength
is approximately 10 x 4 (magnification factor for a R value of 0.27+67 (residual peel stress due to
cooldown) = 107 MPa with a lower bound value of 75 MPa and an upper bound value of 115 MPa. Based
on the average values, these results show that a single allowable in-situ interfacial strength value of
approximately 107 MPa (with a range of 75 to 132 MPa) can be used to predict critical TGO thickness
(one that is due to thermal loading only) that will cause failure initiation/spallation of approximately
0.75 in? of EBC from the substrate. Alternatively, one can also apply an in-plane global load in
combination with thermal cooldown to obtain critical thicknesses associated with a given applied
mechanical loading.

Figure 8 shows a typical TGO growth curve in steam environment (Refs. 19 and 20). This curve is
shown for schematic purposes only and is not necessarily for the EBC system under consideration here. It
should be noted that such a curve is specific to an EBC system and environment (e.g., temperature,
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Figure 8.—Typical TGO growth curve in steam environment (Ref. 20).

moisture, architecture etc.). Once the value of the critical TGO thickness that will cause initial
failure/spallation over a given area is known, it can be converted to the time in hours using a TGO growth
curve like the one shown above in Figure 8.

The following example demonstrates how the failure of EBC/TGO can be predicted using an average
strength value of 107 MPa computed above and a stress-free temperature. It must be emphasized again
that the stresses and strength values being used here are very specific to an EBC system as well as
environment (in particular, temperature and moisture). Let’s say the average thickness of oxide layer is
16 um after a certain time of thermal exposure. Let’s say that nonuniformity or roughness as indicated by
the parameter R is equal to 0.15. The peel stress for these values is 75 MPa as shown by design curves in
Figure 5. That means the remaining interfacial strength is equal to 107 — 75 = 32 MPa. Assuming a
magnification factor of 4 between in-situ interfacial stress versus applied global stress, the remaining
external load/pressure is 32/4 = 8 MPa. Consequently, if one were to conduct a flatwise tension test of
this EBC system like the one shown in Figure 7, it would fail at an applied global stress of 8 MPa on
average. Thus, once the in-situ stress in the oxide layer reaches the strength value (80 MPa in this
system), the oxide layer itself can fail even though the interface may be intact. On the other hand, if the
interfacial peel stress reaches the interfacial strength, delamination/failure initiates and the high shear
stress can cause that failure to propagate, leading to spallation of the EBC from substrate.

Summary

In this paper, a phenomenological, pragmatic modeling approach to estimate the failure strength of
EBC systems, subjected to thermal loads only, AT, given the thickness, roughness, and damage state of
the oxide layer, architecture of the system, and constituent properties was outlined. It was shown that for a
given system, one needs to generate the driving forces (stress) curves as a function of oxide layer
thickness and nonuniformity for both thermal only and thermomechanical loadings. It was found that
damage (vertical cracking) in the oxide layer always occurs during cooldown from a high temperature to
room temperature. In lieu of performing a full creep/relaxation analysis, one can perform a linear elastic
analysis assuming a lower stress-free temperature. Out of plane strength curves of the EBC as a function
of oxide layer thickness and roughness are also needed. Data from two or more exposure times are needed
to calibrate a value of interfacial strength that can be used to obtain an estimate of critical thickness of
oxide layer that will initial failure and cause spallation. Given a TGO growth curve for a given system,
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one can convert a critical oxide layer thickness to get an estimate of the lifetime of the EBC system in
hours. Additionally, these types of materials might exhibit a volume or area effect as many ceramics do.
Consequently, the interfacial strength numbers shown here pertain to a 1-in. diameter disc specimen
loaded with a 0.85 in. diameter pull tab. For specimens with a bigger area/volume, the strength values
may be different. Lastly, the approach also estimates the remaining strength of the EBC systems at any
given point. Consequently, if the coating is also subjected to the mechanical stresses, then the EBC
system will fail whenever the applied load exceeds the remaining strength.
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