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Abstract: Environmental barrier coatings (EBCs) protect SiC based ceramic matrix composites (CMCs) in
turbine hot sections from high-temperature volatilization in combustion gases. The formation of a SiO,
thermally grown oxide (TGO) is expected under the EBC after long term operation. The oxidation
resistance of the EBC is understood as a life-limiting factor for the CMC, and this work predicts long term
oxidation behavior under EBCs through a simple statistical approach. Specimens were exposed to 1350°C
isothermal conditions for 100-hour thermal cycles in flowing steam for up to 1000 hours. The EBC
morphology, SiO, thickness, and SiO, cracking behavior were assessed. Using thousands of SiO, thickness
measurements across many millimeters of the interface, a realistic representation of the entire thermally
grown oxide was captured via a lognormal distribution. The lognormal fit parameters were extrapolated
out to 25,000 hours to assess the degree of SiO, growth, the spread of SiO, thicknesses related to the
rough oxidizing interface, and percentages of the intermediate bond coating consumed. Local interfacial

defects from the coating deposition process are identified as local failure points for EBC — CMC systems.
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Introduction

The primary function of environmental barrier coatings (EBCs) is to protect SiC ceramic matrix
composite (CMC) turbine hot section components from high-temperature oxidation and volatilization
reactions 2. A metallic Si bond coating is applied between the EBC and the CMC to promote adherence

and provide an additional oxidation barrier for the CMC. While EBCs can entirely mitigate volatilization of



a Sio, thermally grown oxide (TGO), the formation of a SiO, TGO still occurs on the Si bond coating through

moisture diffusion from the gas phase through the EBC.

Steam oxidation of Si involves both SiO, formation and SiO, volatilization, resulting in paralinear
oxidation kinetics 1. With an EBC top coating, only parabolic oxidation kinetics are expected for the Si bond
coating. Thus, the TGO growth rate is expected to follow an inverse square root dependence with
increasing exposure time. This fundamental oxidant diffusion process is likely what governs component
lifetime, as the EBC adhesion strength dramatically decreases as the TGO thickens 4. The EBC is initially
chemically and mechanically bonded to the Si bond coating from the thermal spray process, although the
growth of a TGO changes both the bonding layer chemistry and bonding layer thermomechanical
properties. Further, the adhesion strength deteriorates from the development of cracks in the TGO
throughout thermal cycling. A true parabolic growth rate (i.e. reaction order of 0.5) is not always realized
in experiments due to chemical and morphological reasons such as EBC thickness, phase stability, density,
splat morphology, interfacial defects, and adhesion quality. Atmospheric plasma spray is known to
produce such complex microstructures with a high density of local defects at interfaces and within the

deposited coatings °=°. Thus, variable TGO growth can be expected locally at the bond coating interface

10-12

It is typical to take laboratory test specimens and perform cross-section metallography to assess
the TGO thickness after a given exposure time and temperature. The number of measurements is normally
dependent on the person analyzing data and not always reported in the open literature. A common
practice is to present the average (with standard deviation), the median value, or the data range within a
1.5 interquartile range. In all above instances, the outlier measurements (arising from local defects
inherent to the APS deposition process) are left out of oxidation rate analyses. Yet, it is imperative to
analyze the entire oxidation front, local defects included, to identify future failure points and predict

coating lifetimes.



In this work, EBC/Si/SiC coupons were exposed to flowing 90% water vapor/10% air in 100h
thermal cycles up to 1000h. The 100h thermal cycle was chosen to be more representative of industrial
gas turbines compared to the more commonly performed 1h thermal cycle test for aerospace
applications. Specimens were cross-sectioned after each exposure, and a high number of measurements
were made across many millimeters of interface to provide statistics on the full EBC performance. The
EBC morphology, SiO, thickness, and cracking in the SiO, scale were all assessed. A simple statistical
analysis was performed without fixing the reaction order to 0.5 i.e. parabolic growth, and the oxidation
process was predicted for hypothetical exposure times up to 25,000h to support understanding of coating

lifetime development.

Methodology

Chemical vapor deposition (CVD) SiC substrate disks were 17 mm in diameter and 2 mm thick. The
substrates were grit blasted and coated by atmospheric plasma spray (APS) with a nominally 40 um thick
Si bond coating and 190 um Yb,Si,0; EBC. SiO, loss during APS is common 8, depending on thermal spray
parameters, and as such the nominal EBC chemistry was 60% Yb,Si,0; and 40% Yb,SiOs . Specimens were
heat treated in a laboratory air box furnace at 1300°C for 4h with a 10°C/min heating and cooling rate
prior to testing. This heat treatment was performed to ensure crystallinity and phase stability of the EBC

after the plasma spray process? 14,

Specimens were hung on SiC rods and placed over an Al,0; sample boat for furnace exposure.
Specimens were inserted into the furnace at room temperature, upon which the furnace was heated to
1350°C at 5°C/min. Hot gas was flown over the specimens at 1.5 cm/s, composed of 90% H,0 (g) / 10%
laboratory air. A high steam concentration is typically chosen for laboratory scale atmospheric pressure
oxidation testing to be more prototypic to the high total pressure and low steam partial pressure

environment witnessed by components in the combustion region of gas turbines. Samples were exposed



for 100 h increments, after which the furnace was air cooled, coating integrity was inspected, and sample
mass was recorded. A single specimen was removed after specific exposure times ranging from 100 — 1000

h of exposure.

After testing, specimens were mounted in resin, sectioned in half with a low-speed saw, and
polished with colloidal SiO,. Cross-section analysis consisted of backscattered electron (BSE) scanning
electron microscopy (SEM) to analyze the EBC morphology changes and SiO, TGO growth. Yb,SiOs particle
size was measured from BSE SEM images with an image analysis software. TGO thickness was determined
using an open source code developed at Oak Ridge National Laboratory® ¢ which determines the closest
distance between the upper and lower TGO boundaries by image greyscale contrast. Specimen edges (~2-
4 mm) were not analyzed to ensure that edge artifacts were not included in the data. Channel cracks
within the SiO, TGO were also counted and SiO, thickness at channel cracks were measured manually with
ImageJ analysis software. Only cracks that extended at least 75% through the TGO thickness in the 2D

image plane were counted.

Results

EBC Morphology Changes during Oxidation Testing

The EBC morphologies are shown in Figure 1 for the initial material before testing and after
1000h of steam furnace exposure. Figure 1 a,c are BSE SEM images, and Figure 1 b,d are binary image
segmentations showcasing the monosilicate and disilicate phases. The Yb,SiOs secondary phase
microstructure can be seen to undergo immense coarsening over the exposure time of the component.
While the splat structure from APS remains visible after 1000h of steam exposure at 1350°C, the

nanometer Yb,SiOs particulates are mostly coarsened by 1000h of exposure.



Figure 1. Yb,SiOs particle size from BSE SEM images and with image thresholding, a/b annealed EBC prior to testing, c¢/d EBC
after 1000h at 1350°C. Yb,SiOs phase is black and combined porosity and Yb,Si,O; are white in the threshold images b/d.

Multiple BSE SEM images, summing to 0.2-0.4 mm? regions of interest per exposure condition,
were analyzed by Yb,SiOs particle area sizes. The average values are shown in Figure 2a; a parabolic fit
was witnessed from the coarsening of the monosilicate phase within the EBC. The average values do
include both fine particulate and large splat microstructure secondary phases, and as such, error bars
provided no quantitative benefit and were not provided in the figure. Instead, Figure 2b was created to
visualize the normalized average particle size above and below 10 um?. Apart from the pre-test specimen,
it is clear that the average size of the large Yb,SiOs splats (>10 um?) does not change as a function of

exposure time. Rather, the fine Yb,SiOs particulates grow dramatically throughout steam testing.
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Figure 2. a. Average particle size, b. particle size greater and less than 10 um.

Statistical Analysis of Oxidation under EBCs

Figure 3 showcases the need for high statistical measurements through analysis of the specimen
exposure for 1000h at 1350°C. Cross-sectional images with a total length of ~1850 um were analyzed, and
the total number of equally spaced measurements was varied. The x-axis of Figure 3 corresponds to the
measurement spacing (mm/measurement) and the y-axis corresponds to the normalized values of the
average, median, upper quartile and lower quartile bounds. As the distance between measurement
decreases (i.e. the total number of measurements increases) the average and median SiO, thickness

values vary only by a few percent difference. A high degree of statistics is likely not necessary for a basic



understanding of SiO, thickness under EBCs such as a singular median thickness value. Yet, the upper and
lower quartile bounds show a clear deviation from actual values when less measurements are made across
the sample interface. The number of measurements needed to fully capture the wide degree of SiO,
thickness variation along an interface is likely dependent on the deposition process and the resulting
interfacial roughness. In this work, a measurement spacing less than 0.2 um (5 measurements per um)

was used to ensure the SiO, thickness variations were fully captured in the analysis.
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Figure 3. Normalized average, median, minimum (Q0), and maximum (Q4) SiO, thicknesses as a function of measurement
spacing for the specimen exposed to 1350°C for 1000h. All data were collected on the same set of SEM images, totaling 1850
um. Data were normalized to the highest value.

Table 1 shows the SiO, thickness data collected from the 1350°C oxidation tests. Thousands of
measurements over millimeters of cross-sectional length were analyzed from the central regions of each

sample after exposure.

Table 1. SiO, thickness measurement data.

Exposure Median SiO, Average SiO, Number of Cros§-sect|onal
Time (h) | Thickness (um) | Thickness (um) Measurements Distance
Measured (mm)
100 4.2 5.01£3.6 15,813 2.7
300 5.4 6.314.0 11,134 1.8
500 7.0 7.7£4.1 25,480 3.5
700 7.6 8.815.0 17,950 4.2
1000 8.8 9.7+4.7 39,824 8.0




Representative BSE SEM images for each sample are shown in Figure 4. As expected, the SiO, scale
generally increased in thickness with increasing exposure time, yet the scale thickness is nonuniform along
the rough and undulating Si bond coating interface. The high degree of statistics encompassed defect
regions to ensure that data analysis is representative of the entire sample cross-section. All specimens
showed thin SiO, streaks along splat boundaries of the Si bond coating which did not grow with time.
These SiO, regions were a result of the plasma spray deposition process of Si and were not included in

measurements of the interface SiO, thicknesses.

Figure 4. Representative BSE SEM images of each sample showcasing the SiO, TGO after a. 100h, b. 300h, c. 500h, d. 700h, and
e. 1000h.

Histograms of the SiO, thickness data are provided in Figure 5. The baseline material system (i.e.

pre-test specimen, heat treated in air to crystallize and equilibrate the EBC) showed a primarily bimodal



SiO, distribution, Figure 5a. Local defects provided a maximum initial SiO, measurement of ~4 um, while
the average and median thicknesses from the distribution were clearly on the order of hundreds of nm
thick. Therefore, the pre-test sample was not included in further analysis. A lognormal distribution was

found for all steam exposed samples, Figure 5b.
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Figure 5. SiO, thermally grown oxide thickness distributions a) after equilibration anneal, b) from 100 - 1000 h of total exposure
at 1350°C in steam/air mixture.

The lognormal fits from Figure 5b are parameterized by constants through equation 1:

) = amexp (2 (n(@) — 1)) Eq. 1

where the probability distribution function, f(x), is related to a random variable of interest (x, in this case
refers to SiO, thickness), the lognormal average (i) and the lognormal scatter (o). The change in both u
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and o as a function of oxidation test time is shown in Figure 6. Both p and o followed a linear change on a
logarithmic scale as a function of exposure time. A best fit regression was performed to quantify the
change in lognormal distribution parameters. The value of p increased as a function of exposure time,

while o decreased.
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Figure 6. Regression fitting to u and o for SiO, thickness measurements made up to 1000h of exposure at 1350°C.

Utilizing the best fit equations for p and o, extrapolations were made regarding the lognormal
distribution for long component lifetimes which are often outside the scope of laboratory research:
2,500h, 5,000h, 15,000h, and 25,000h. Figure 7a shows the projected SiO, thickness distributions for the
longer time scales. It is expected that the average SiO, thickness value increases with increasing
hypothetical exposure time, yet a more insightful finding is that the TGO thickness variation in

measurement data also increases with exposure in a quantifiable manner.

Average SiO, thickness data for the experimental and predicted time scales are presented in
Figure 7b on a log-log plot. The black dashed line represents the best fit to the experimental data,
assuming a standard 2"? order reaction, where a parabolic oxidation rate of 0.1044 pum?/h was calculated.
The red dashed line was calculated from the fit of the entire experimental and predicted TGO thickness
datasets up to 25,000h. A direct calculation of the reaction order from the 100 — 25,000h data was ~0.537,
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quite similar to the theoretical slope of 0.5 for parabolic kinetics 7. The best fit for the experimental and

predicted datasets was 0.0915 um863/h. The statistical reaction rate shows a slightly improved fit to the

data, yet both presented rates are within the error for the average scale thicknesses of all exposure times.

It should be noted that an assumption of a zero point was used in calculating the reaction rates for both

cases due to the more complex initial distribution associated with the crystallization anneal prior to steam

testing.
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Figure 7. a. Projected SiO, thickness lognormal distributions, b. Experimental (0.1044 um?/h) and statistical prediction (0.0915

um883/h) of average SiO, thickness up to 25,000 h exposure at 1350°C.

Quantification of the lognormal distribution can also allow for understanding of EBC failure. Since

there is no accepted critical TGO thickness yet for EBC spallation — as this information is dependent on the
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EBC properties, test conditions, and specimen geometry — the assumption that the EBC/CMC system will
fail once the Si is consumed was applied here. The Pilling-Bedworth ratio of Si is 2.15, suggesting that full
consumption of a 40 um average thickness Si layer would result in an average SiO, TGO thickness of 86
pm. It is assumed that an 86 um TGO would be unrealistic for the current EBC system, and instead a 40
um SiO, thickness is chosen as an upper limit for oxidation prior to EBC spallation. The percentage of TGO
measurements greater than 40 microns is shown in Figure 8a. Red triangles indicate experimental
percentages, while black squares represent the calculated percentages from the lognormal distributions.
No measurements were made where the scale thickness was greater than 40 um for the 100 and 300h

oxidation exposures at 1350°C.

While some measurements were greater than 40 um for the 500, 700, and 1000h test samples,
the measurements associated with those points were due to large scale defects in the material and not
indicative of full Si consumption. For example, Figure 8b shows the defect present within the 500h
exposure sample TGO analysis dataset. While the SiO, scale thickness is locally greater than 40 microns,
this was due to a fully oxidized Si splat that appeared to not have been properly adhered to the Si bond
coating. A clear increase in predicted bond coating consumption is witnessed at and above 2,500h, where

~94% of the bond coating would be assumed to be fully consumed by 25,000h of exposure at 1350°C.
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Figure 8. a. Prediction of SiO, thickness greater than 40 um within TGO, measured and predicted from lognormal distribution
parameters, b. BSE SEM image of a TGO defect region from the 500h exposure at 1350°C.

Cracking Behavior of SiO, TGOs

Crystalline SiO, TGOs are known to crack due to a combination of growth, thermal, and phase
change stresses during high-temperature exposures. Visualization of regularly spaced channel cracks were
shown in Figure 4 and visualization of crack networking in thick TGO regions were shown in Figure 8b. Of
primary concern is the cristobalite SiO, displacive phase change at 250°C 320, which induces a 5% volume
change and can weaken the interface through cracking. The thermal properties, such as thermal
expansion, can also vary greatly between the alpha and beta cristobalite phases, resulting in a certain

magnitude of thermal stress upon cycling?% 22,

Table 2 shows the number of channel cracks counted and the total distance analyzed for crack
counting. All high-resolution SEM images used for analysis were summarized in Figure 9a to provide

average crack spacings with standard deviations as a function of exposure time.
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Table 2. Analysis of TGO cracking as a function of exposure time at 1350°C.

. Number of .
Exposure Time Distance
channel cracks Cracks/mm
(h) Analyzed (mm)
measured
100 139 0.74 188
300 121 1.1 110
500 215 1.2 179
700 152 14 109
1000 238 2.8 85

The average crack spacing generally increased as a function of exposure time at 1350°C with 100h
thermal cycles. Statistical differences were found particularly between the 100h and 1000h exposure
samples. An increase in the crack spacing implies that stress relief could be occurring at elevated
temperatures, where SiO, creep may be high enough to seal cracks. High-temperature creep data of
cristobalite SiO, is not available for validation of the authors’ interpretation, although intermediate
temperature creep data on quartz SiO, has been measured 2 and such data implies that creep may play
a significant role in high-temperature cristobalite stress relaxation. Due to the unknown mechanism
causing the decreased crack density as a function of exposure time and due to the large error with the
limited data collected, a critical TGO thickness for coating spallation could not be determined and

additional testing is needed for such identification.

The TGO thickness at each crack was also measured and compared to the total average TGO
measurement set, Figure 9b. Excellent agreement was found between both datasets, showcasing that
channel cracks form at average thickness locations. High fidelity statistics on the TGO thickness may not
be needed for determining a reasonable average scale thickness but are still required for accurate fitting

to a lognormal distribution as described previously.

14



0
&

=y
N
1
1

=y
-
1
1

[(o]
1

Average Crack Spacing (im)
IS
]
|

o]
1
1

.

0 200 400 600 800 1000
Exposure Time (h)

=

21 T T T T T T

H Average L0
181 A Median R

TGO Thickness At Cracks (um)

0 3 6 9 12 15 18 21
Full TGO Thickness (um)

Figure 9. a. Average crack spacing and b. ratio of SiO, thickness under cracks to average SiO, thickness as a function of exposure
time. Bars for each datapoint represent the standard deviation.

Discussion

EBCs are prone to morphology changes at elevated temperatures, even throughout relatively
short exposure times under 1000h. In particular, the coarsening behavior of the Yb,SiO5 secondary phase
can be expected to change moisture diffusion pathways and potentially impact chemical processes such
as bond coating oxidation or molten deposit reaction and infiltration kinetics. The changes in grain

structure for the Yb,Si,0, primary phase of the EBC was not quantified in this work, although it is expected
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that small grains will coarsen at comparable rates to that of the monosilicate phase. Such data can be

expected to support multi-scale model development for lifetime prediction of EBCs.

The witnessed trends with lognormal parameters p and o provide a basis for understanding the
scale growth distribution across a variable roughness interface and support lifetime prediction modeling
with enhanced insights compared to more typical kinetic analysis methods discussed in the introduction.
While the plasma spray process relies on mechanical and some chemical interaction between layers for
coating adherence, the surface preparation procedure and thermal spray parameters can be tailored to
minimize the degree of local defects at the interface. For example, Harder et al. showed that EBC bond
strength increased with increasing interfacial roughness 3. Yet, considerations should be made regarding
optimization between enhanced roughness for adhesion and minimized roughness for TGO thickness
uniformity. Such changes should impact the shape function for the lognormal distribution and as such

impact predicted coating lifetimes.

The presented lognormal fit trends allowed for prediction of EBC spallation times through
identification of full local consumption of the Si bond coating. A singular kinetic rate only provides average
scale thickness, which is expected to be less conservative than consideration of the entire range of scale
thicknesses found within a given sample. A perhaps more realistic utilization of the lognormal distributions
would be identification of a critical SiO, thickness for adhesion failure of the EBC, although such data is
coating dependent and not often available in the literature, as TGO measurements under spalled coatings
are not reliable. Transitions to linear oxidation kinetics have been reported immediately prior to coating
failure?, likely due to stress evolution within the TGO as a function of scale growth and thermal cycling.
Extrapolations of the current data are thus only reliable up the transition point in kinetic behavior leading
up to EBC spallation. While the utilization of a lognormal distribution function for TGO growth variations

under EBCs is promising for 2- and 3-dimensional modelling and lifetime development of EBC/CMC
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systems, additional work is first required to fully understand the TGO cracking behaviors throughout

thermal cycling.

Once the bond coating is fully consumed locally, the ceramic component will itself undergo
oxidation and accelerated oxidation will occur laterally along the bond coating interfaces. The predicted
percentage of localized TGO thickness and subsequent bond coating consumption, shown in Figure 7a and
Figure 8a, can be used to estimate the failure time of the EBC. From the predictions, full bond coating
consumption in local regions can be expected as early as 2,500 - 5000 h of exposure. Mital et al. suggest
that EBC delamination can occur upon reaching an average SiO, thickness of 20 — 30 um 24, which is in
general agreement with the statistical predictions shown in this work. Local defects such as those
proposed above are likely failure points for coated systems in service, and concepts for nondestructive
evaluation of coating and bond coating integrities are needed for health assessment during use. The
relationships between TGO channel cracking, crack networking in the TGO, and EBC delamination at the
TGO interface should be further studied. Continued efforts must be placed on quantification of stress
evolution from the bond coating oxidation process to be able to translate performance metrics between

various coating chemistries and morphologies.

Crack spacing analysis as a function of exposure time showed that cracks are spaced further apart
with increased scale thickness. The original hypothesis was that crack spacing will decrease with increasing
TGO thickness, as the thicker scale will experience a higher degree of stress from particularly phase change
and thermal stresses. Crack healing from further oxidation relies on cation species diffusing outward
during oxidation?, yet oxidation of Si is governed by oxidant diffusion inward to the unreacted interface
and as such healing of SiO, cracks would not be driven by further oxidation. While the present results
initially appear counterintuitive, the 100h exposure cycles may provide enough time for creep relaxation
of the SiO, scale so that crack closure can occur. The authors are aware of the many nuances that underpin

segmentation crack measurements, in particular sample preparation effects on artificial TGO crack
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development. Yet, it is assumed that sample preparation would be more detrimental to larger, fragile
TGOs, and thus more cracks would be induced in specimens with thicker scales. That is not seen
experimentally in this work. Given the limited comparative data on SiO, crack densities available, and the
lacking creep data for cristobalite, this analysis should be repeated for further investigation. A
comparative study should also investigate crack behavior with shorter thermal cycles to assess the

impacts of creep relaxation time on crack density and spacing.

Conclusions

Yb silicate EBC systems were exposed to 100h cycles in a flowing steam/air mixture at 1350°C to
assess bond coating oxidation behavior up to 1000h of total exposure. A statistical prediction of SiO,
growth was formulated based on the lognormal distribution of scale thicknesses along the bond coating
interface, which showed general agreement with the expected parabolic kinetic behavior typically utilized
for Si oxidation. The lognormal distribution trends allowed for prediction of thickness variations as a
function of time and allow for prediction of thickness-dependent phenomena such as full consumption of
the Si bond coating in local interface regions. SiO, cracking was measured and the average crack spacing
was found to increase as a function of exposure time, implying creep relation of SiO, at elevated

temperatures during the 100h thermal cycles.
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