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A B S T R A C T   

Carbon-carbon (C/C) composites require protective coatings for prolonged use in elevated temperature, oxidizing 
environments. Ceramic coatings can provide oxidation protection; however, thermal expansion mismatch in 
conjunction with thermal events and interfacial constraint during coating deposition can result in residual stress, 
which can affect the lifetime and performance of the system. This work leveraged high energy synchrotron X-ray 
diffraction to determine the depth resolved residual elastic strain in two rare-earth oxide stabilized zirconia (12 
mol% yttria and 6 mol% samaria) coatings, applied to a carbon-carbon composite substrate. The experimental 
characterization of the as-deposited coatings indicated a tension to compression residual elastic strain gradient, 
which was consistent with an energy-based model that illustrated the crystal structure dependence of the residual 
stress state. Via an oxyacetylene torch exposure, the ablation behavior and crack propagation were correlated to 
the measured residual elastic strain state and highlighted the influence of processing and exposure induced 
residual stress on coating performance. These experimental residual elastic strain measurements and relation to 
failure mechanisms support the survivability of these coating systems in applications that require thermal pro
tection systems (TPS).   

1. Introduction 

Carbon fiber-reinforced carbon (C/C) composites are attractive 
candidates for high temperature structural materials (i.e., aircraft disc 
brakes, rocket nose cones, and nozzle components) due to low density, 
low thermal expansion, thermal stability, and strength and stiffness 
retention at elevated temperatures [1,2]. Additionally, the improved 
uniformity of properties in woven carbon fiber composites extends 
design opportunities [3]. However, the current employment of C/C 
composites as a high-temperature structural material is limited by the 
onset of volatile oxidation in air at temperatures greater than 500 ◦C 
[4,5]. For this reason, protective coatings are imperative to realize the 
benefits of C/C as a material candidate for elevated temperature 
applications. 

Silicon carbide (SiC) is the historical coating solution for oxidation 
protection of C/C due to its good physical and chemical compatibility 

and formation of a dense, stable SiO2 oxide layer up to 1500 ◦C [6]. With 
the current demands of hypersonic flight, a single phase SiC protective 
coating is not sufficient for operating windows above 1600 ◦C due to 
volatilization of the passive oxide to SiO gas [7,8] and below 1100 ◦C 
due to thermal expansion incompatibility induced cracking and 
debonding [9]. Recently, improved oxidation protection of C/C sub
strates has been achieved via multi-layer coatings with a ceramic 
oxidation protection coating [10–12], which generally provide advan
tageous fabricability over rare-earth silicate coating options [13]. For 
example, a ZrSiO4 and aluminosilicate glass coating was shown to fill 
cracks in the SiC layer and protect the C/C substrate for continuous 
protection up to 1500 ◦C [10] and yttria stabilized zirconia (YSZ) based 
coatings, YSZ-La-Mo-Si [11] and SiC-YAG(Y3Al5O12)-YSZ [12], have 
effectively protected C/C from inward oxygen diffusion up to 1500 ◦C. 
Self-healing coatings such as these can retard crack growth; however, 
ultimately through thickness coating cracks degrade the protective 
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nature of these coatings and expose the underlying C/C substrate to 
rapid oxidation and failure. 

While commonly listed as an origin of crack failure [7,8,10], residual 
stress due to deposition and thermal exposure has not been studied in 
plasma sprayed YSZ on C/C. Conversely, residual stress in YSZ coatings 
has been studied extensively for protection of metallic jet engine turbine 
blade materials. Several experimental neutron and X-ray diffraction 
(XRD) studies [14–17] have illustrated processing and exposure induced 
elastic strains as well as correlated failure mechanisms in YSZ coated Ni- 
based alloys. These studies include in-situ synchrotron XRD with applied 
load and temperature to illustrate the elastic strain gradient through the 
coating [14] and to identify the critical thermomechanical load state to 
induce cracking [15]. Additionally, ex-situ residual elastic strain char
acterizations reported depth-resolved residual elastic strains from 
quenching of molten spray particles and post-deposition cooling via 
synchrotron X-ray [16] and neutron diffraction [17] of YSZ coated 
metallic substrates. Lastly, analytical thin coating model efforts have 
identified the sensitivity of coating strain magnitudes and gradients to 
the mismatch in the coefficients of thermal expansion (CTE) [18] for YSZ 
coatings and correlated well to experimental relaxation due to micro
cracking [19]. 

As stated, crack formation resulting from quenching stress of sprayed 
YSZ molten particles [20] and stress upon cooling due to thermal 
expansion mismatch [19] between the C/C substrate and the coating can 
hinder oxidation protection. However, the current knowledge is limited 
to observational coating failure without quantification of the residual 
stress. In addition, studies on residual stress in YSZ coatings have not 
focused on application to woven C/C and the corresponding effects of 
weave geometry and reduced substrate CTE as compared with the often- 
studied metallic substrates. In this work, a 12 mol% yttria stabilized 
zirconia (YSZ) coating is leveraged as a baseline composition to compare 
with a 6 mol% samaria stabilized zirconia (SmSZ), C/C coating, with 
application temperatures up to 1800 ◦C [21]. Thus, the aim of this study 
is to quantify the residual stress state (via energy dispersive X-ray 
diffraction) of two stabilized zirconia coatings applied to C/C, then to 
understand this stress state in the context of the coating crystal struc
tures, reinforced by a finite thickness coating model, and finally to 
leverage this characterization to inform and rationalize the coatings 
performance in representative thermal exposures (oxyacetylene torch). 

2. Material and methods 

2.1. Materials preparation 

The substrate C/C panel, 5.5 mm thick, was commercially sourced 
(CeraMaterials, PA, USA). The C/C was formed from 12K Twill woven 
carbon fabric, that was impregnated with a carbon matrix and processed 
to 2000 ◦C, to achieve a composite density of 1.47 g/cm3. C/C substrates 
were sectioned to 50 mm × 25 mm × 5.5 mm samples via a KBC Tools 
surface grinder with a diamond cutoff wheel. The substrate surfaces 
were then prepared for coating application by polishing with 320 grit 
SiC sandpaper followed by a 30 s pre-ablation exposure with an 
oxyacetylene torch. This pre-coating sample preparation produced sur
face channels, intended to form an interlocking transition layer between 
the substrate and coating. This transition layer has been shown to 
enhance adhesion strength and thermal shock resistance of C/C coatings 
[22], through a mechanism referred to as anchoring by Saad et al. [21]. 
Finally, the C/C substrates were ultrasonicated with a DI water and 
ethanol solution and dried in a muffle furnace at 135 ◦C for 2 h. 

The SiC intermediary coating layer was applied via pack cementation 
as characterized by Hao et al. [23] with the following process: (a) the 
powder mixture consisting of 60 wt% Si (Aldrich Chemistry, 325 mesh, 
99 % trace metals basis), 25 wt% C (Timrex KS6 Graphite, N-056), and 
15 wt% Al2O3 (NanoTek Aluminium Oxide) was dry milled for 4 h with 
cylindrical alumina grinding media. (b) The prepared substrate C/C was 
embedded in the powder mixture in a graphite crucible. (c) Pack 

cementation was conducted in an argon atmosphere for 2 h at 1900 ◦C in 
a graphite heating element furnace (Carbolite LHTG 200–300/30-1G 
High-Temperature Furnace, Carbolite Gero Ltd, Derbyshire, UK). The 
resulting SiC layer was several microns thick (2.90 μm average), with a 
range of 2 μm to 5 μm along the surface of the C/C as verified by electron 
microscopy images and subsequent measurement via ImageJ. 

The stabilized zirconia coatings were deposited via air-plasma spray 
deposition on the pack-cemented SiC layer bonded to the C/C substrate, 
as shown schematically in Fig. 1. Two varieties of zirconia coating were 
deposited and studied in this work: (a) 12 mol% Y2O3 stabilized ZrO2 
(YSZ) was commercially sourced (Praxair Surface Technologies #AI- 
1066, IN, USA) and (b) 6 mol% Sm2O3 stabilized ZrO2 (SmSZ) was 
developed in-house via spray drying (Arch Spray Drying Services Inc., 
Brunswick, Georgia, USA). Prior to plasma spray, the loose powders for 
both coatings were studied via electron microscopy images with sub
sequent ImageJ measurements to inspect both particle size and shape 
and to confirm general acceptability, spherical powder with 10s of μm 
mean diameter, for plasma deposition. From this, the loose powder, pre- 
deposition, average particle size was 58 μm with a standard deviation of 
10 μm for the YSZ powder, and average of 27 μm with a standard de
viation of 19 μm for the SmSZ powder. The YSZ coating composition was 
selected as a baseline material due to its excellent thermal stability as a 
coating and prior use and study in gas-turbine engine applications to 
intermediate temperatures (approx. 1200 ◦C) [24] as well as potential as 
a constituent in composite coatings with applications over 2000 ◦C [25], 
while the SmSZ composition was studied with the goal of improved 
coating emissivity [26,27] and ablation resistance [28] up to higher 
service temperatures (1800 ◦C) [21]. For plasma spray deposition, the 
C/C substrates with the SiC intermediary layer were fixtured perpen
dicular to the plasma plume and preheated to 800 ◦C via a heat gun to 
reduce thermal shock from the aggressive plume heating and associated 
temperature gradient. The zirconia coatings were sprayed with the pa
rameters listed in Table 1 to a nominal thickness of 150 μm (Metal 
Technology of Indiana Inc., IN, USA). During deposition, the plasma 
plume achieves temperatures of 8000–10,000 ◦C [29], which heats the 
deposited coating and substrate to a temperature of approximately 
1000 ◦C [30] prior to the system cooling to room temperature. This 
processing-induced thermal event is a primary contributor to residual 
stress. After deposition, each sample was sectioned along the mid-length 
to 25 mm × 25 mm × ~5.65 mm via a surface grinder with a diamond 
cutoff wheel. 

To simulate an in-use environment and to study survivability of the 
coating system, a single YSZ/SiC coated C/C sample was exposed to an 
oxyacetylene torch in accordance with ASTM E285-08 (2020). The 
sample was mounted in a graphite holder at a working distance of 50 
mm from the torch tip to produce a heat flux of approximately 1.7 MW/ 
m2, as measured by a Thermogage TG-1000 (Vatell Corporation, VA, 
USA). The exposure was conducted for 60 s at a flame-facing surface 
temperature of approximately 1200 ◦C, as measured by a one-color 

Fig. 1. Schematic (not to scale) of sample coating process.  
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pyrometer (OS3750, Omega Engineering Inc., Stamford, CT, USA) 
centered on the exposed sample surface and confirmed via a back sur
face Type S thermocouple measurement. A default emissivity value of 
0.9 was used to determine the sample surface temperature by the py
rometer, because the exact coating emissivity at the applied temperature 
was not known. However, the actual emissivity of the YSZ coating sur
face at elevated temperatures was likely less than 0.9, such that the 
reported temperature reading of 1200 ◦C is lower than the actual sample 
surface temperature during exposure. The torch was operated with an 
oxidizing atmosphere via oxygen and acetylene flow rates of 12 slpm 
and 10 slpm, respectively. Ultimately, the as-deposited samples and 
exposed sample were cross-sectioned with a surface grinder to a size of 
10 mm × 10 mm for microstructural characterization and energy 
dispersive X-ray diffraction (EDD) strain measurements. These final 
sectioning planes were along the outside square of the samples (not the 
coating face) such that there was minimal influence on the coating or 
residual stress measurements. Furthermore, the diamond cutoff wheel 
used to section samples for characterization is expected to have a 
maximum of a 0.1 mm affected zone [31], which is negligible compared 
with the 10 mm × 10 mm × 5.65 mm sample size. The three sample 
conditions studied in this work were an as-deposited 12 mol% YSZ/SiC 
coated C/C (YSZ-Dep), a post-deposition, oxyacetylene torch exposed 
12 mol% YSZ/SiC coated C/C (YSZ-Exp), and an as-deposited 6 mol% 
SmSZ/SiC coated C/C (SmSZ-Dep). For ablation performance of the 
SmSZ/SiC coating applied to C/C, readers are directed to the work by 
Saad et al. [21]. 

2.2. Microstructural characterization 

Complementary microstructural characterization to the EDD resid
ual elastic strain measurements was conducted on the coating surface 
and cross-sectional views to understand the coating morphology and 
compositions. For cross-section characterization, samples were mounted 
in a resin such that the coating surface was preserved and then me
chanically polished with a 1 μm diamond paste. Scanning electron mi
croscopy (SEM) was conducted in an FEI Nova NanoSEM with an 
installed Oxford INCA Energy 250 system for elemental mapping via 
energy dispersive spectroscopy (EDS) and a Gaseous Analytical Detector 
(GAD) for backscatter electron (BSE) imagery. To determine the crystal 
structures of the stabilized zirconia coatings, conventional X-ray powder 
diffraction (XRD) was employed on the sample surfaces via a PAN
alytical Empyrean Powder X-ray Diffractometer with an X-ray generator 
input of 40 mA and 45 kV, a 0.08 s/step scan rate, a 0.03◦ step size, and a 
20◦ to 80◦ scattering angle (2θ) range. 

The coating surface topology was mapped via a Zygo ZeGage Pro 
optical profilometer. The full coating surface of each sample was 
measured with a 2.75× magnification objective lens, at a 3 μm lateral 
resolution. Post-processing of raw topology data and determination of 
surface roughness statistics were conducted in the Zygo Mx software. 

2.3. Synchrotron X-ray characterization 

Elastic strain measurements were performed on the Structural Ma
terials Beamline (SMB) at the Cornell High Energy Synchrotron Source 

(CHESS). Energy dispersive X-ray diffraction (EDD), while commonly 
used for determining spatial fields of residual elastic strain at the 
component length scale, was selected as the experimental mode due to 
the high atomic number of the zirconia-based coatings, requiring high 
energies for X-ray transmission, and ideally to identify the residual 
elastic strain of each phase in a single region, simultaneously, by post- 
processing the diffraction peak profiles corresponding to each crystal 
structure. Additionally, the high brilliance synchrotron radiation, 
several orders of magnitude greater than conventional X-ray tube 
sources, allowed the measurement of bulk elastic strains at an increased 
resolution and confidence than traditional sin2ψ methods. 

The EDD setup consisted of a polychromatic X-ray source (50–200 
keV) and a single-element Canberra GL-0055 energy-resolved detector 
positioned downstream of the sample at a horizontal takeoff angle (2θ) 
of 6.47317◦. The EDD technique employs a transmission mode of X-ray 
diffraction, with a schematic illustration of the sample configuration 
shown in Fig. 2a. The diffraction volume, or sampling region, was 
defined by both the beam-defining slit (0.450 mm width by 0.015 mm 
height) and the downstream detector slits (0.450 mm width by 1.000 
mm height) to produce a diffraction volume lozenge of 0.450 mm in the 
transverse direction (1-axis), 7.96 mm along the incident beam direction 
(2-axis), and 0.015 mm in the out-of-plane direction (3-axis). This 
elongated sampling region was selected to maximize the depth resolu
tion of residual elastic strain to 0.015 mm, while maintaining a suffi
ciently large sampling region to reduce scan dwell times. Fig. 2b shows 
the position of the sampling region centroid (zs) of the line scans, 
centered laterally within each sample, along the out-of-plane direction 
(3-axis). The line scans were conducted at 15 μm steps, from the first 
indication of the coating diffracted spectra until the diffraction peaks 
corresponding to the coatings were no longer apparent, followed by 
several 100 μm steps to probe the C/C substrate near the interface. The 
diffraction vector of this experiment, and thus the projected elastic 
strains, was in the 1–2 plane of Fig. 2a, which resulted in an in-plane 
residual elastic strain measurement, nearly aligned with the 2-axis. 

The EDD data analysis was performed using a CHESS software 
package, consistent with analyses of previous studies [32] which was 
written in SciPy [33] using modules from HEXRD [34]. The diffracted 
spectra, as resolved on the downstream detector, are used to calculate 
elastic strain along specific lattice planes via Bragg’s law. The true 

elastic strains, εel
i = ln

(
di

di
o

)
, for both coatings were calculated via the 

energy shift of the fitted diffraction peaks, simplified via Bragg’s law for 

a single takeoff angle, as εel
i = ln

(
Ei

o
Ei

)
[35], where di (Å) is the inter- 

atomic spacing for a specific (ith) lattice plane of the phase in the 
stressed condition, and di

o (Å) is the corresponding stress-free spacing of 
the same lattice plane, while Ei (keV) is the diffracted energy peak of a 
specific (ith) lattice plane of the phase as determined by the center of the 
Gaussian curve fit, and Ei

o (keV) is the corresponding stress-free energy 
of the same lattice plane. Thus, residual elastic strain (εel

i ) was calculated 
along i lattice planes, maximum of 5 (i = 1 to 5), for each depth resolved 
scan through both the YSZ/SiC and SmSZ/SiC coated samples. The 
stress-free lattice parameter for the cubic YSZ, determined by EDD of the 
original loose powder at CHESS, was aYSZ = 5.1575 Å. In addition, EDD 
of the loose SmSZ powder identified a stress-free lattice parameter of the 
tetragonal SmSZ of aSmSZ = 5.1440 Å and cSmSZ = 5.1507 Å, with a 
tetragonality (c/a) ratio of 1.0013. 

3. Finite thickness coating model 

3.1. Model formulation 

An approach proposed by Stoney [36] and modified by Freund et al. 
[37] for finite thickness films is leveraged to understand the stress state 
that arises from the elastic incompatibility between the substrate C/C 
and coating: yttria stabilized zirconia (YSZ) and samaria stabilized 

Table 1 
Plasma spray parameters used in zirconia coating application.  

Parameter Unit Value 

Primary gas, Ar L/min 90 
Secondary gas, H2 L/min 2–6 
Current A 480 
Voltage V 65–70 
Power kW 31.2–33.6 
Spray distance mm 100 
Powder feed rate lb/h 5 
Spray passes – 4  
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zirconia (SmSZ) during cooling of the system after plasma spray depo
sition. The stabilized-zirconia coatings have a higher coefficient of 
thermal expansion (CTE) than the substrate C/C; thus, during cooling 
the coating is constrained at the interface and strains accrue in both 
materials. The thin, 2.90 μm average thickness, SiC intermediary layer is 
assumed to have a negligible impact on the elastic and expansion 
properties of the interface, and thus the system is modeled as two-phase 
with C/C as the substrate and YSZ or SmSZ as the coating. This approach 
assumes a perfect elastic bond upon completion of the coating spray 
deposition, followed by a constant uniform cooling of the entire system 
to room temperature. 

During cooling, in the absence of externally applied stresses, the 
coating undergoes a state of biaxial stress. This stress is induced by the 
uniform strain due to the mismatch in thermal expansion coefficients of 
the substrate (αs) and coating (αc) as seen in Eq. (1). 

εm = (αs − αc)ΔT (1) 

To simulate cooling from plasma spray deposition, the modeled 
temperature change (ΔT) was −1000 ◦C [30]. To equilibrate the 
mismatch strain (εm), the coating and substrate are subject to a constant 
mid-plane extensional strain (εo) and curvature (κ) throughout the sys
tem [38]. Assuming both materials are isotropic, elastic, and homoge
nous, the expressions for the total strain (εs) through the thickness (hs) of 
the substrate and the total strain (εc) through the thickness (hc) of the 
coating, along the depth (z) of the system, are provided in Eqs. (2a) and 
(2b). 

εs(z) = εo − κz for −
1
2
hs < z <

1
2
hs (2a)  

εc(z) = εo − κz + εm for
1
2
hs < z <

1
2
hs + hc (2b) 

Thus, by leveraging the biaxial stress state of the coating, the strain 
energy density (U) through the depth of the coating is given by Eq. (3). 

U(z) =
Ec

1 − νc
(εo − κz + εm)

2 for
1
2

hs < z <
1
2
hs + hc (3)  

where Ec and νc are the elastic modulus and Poisson ratio of the coating. 
From this, the strain in the coating is comprised of the constant mid- 
plane extensional strain (εo), the strain due to the constant curvature 
(κ) about the center of curvature, and the strain due to the mismatch in 
thermal expansion coefficients of the coating and substrate (εm). 

As established by Saeidpourazar et al. [39], the mid-plane exten
sional strain (εo) and the curvature (κ) of the coating are solved by 
integrating the strain energy density (U) in Eq. (3) with respect to the 
thickness of the substrate and coating to find the potential energy (V), 

taking the variants, and confirming the stability of the system 
(∂V/∂εo = 0 and ∂V/∂κ = 0). The resulting relationships are listed in 
Eqs. (4a) and (4b). 

κ =
κst(1 + h)

1 + 4hm + 6h2m + 4h3m + h4m2 (4a)  

εo =
εst

(
1 + h3m

)

1 + 4hm + 6h2m + 4h3m + h4m2 (4b)  

where κst = (6εm/hs)hm and εst = − εmhm. The notation of h ( = hc/hs) 
and m ( = Ec(1 − νs)/Es(1 − νc)) are the ratios of the coating to the 
substrate thicknesses and biaxial moduli, respectively. This formulation 
can be used to determine the stress in the coating and substrate; how
ever, in this analysis, the curvature (κ) and potential energy (V) were the 
metrics selected to compare to the experimental residual elastic strain 
states of the two stabilized-zirconia coating systems. 

3.2. Material properties 

The finite thickness model approach requires elastic and geometric 
property inputs for both the substrate and coating materials. For both 
phases, the properties were assumed constant at their respective room 
temperature values due to the temperature insensitivity of these mate
rials below 1000 ◦C. Additionally, the properties of the substrate were 
assumed to be purely dependent upon the C/C, neglecting the thin SiC 
intermediary layer. The material parameters required for the model are 
α,E, ν,h. Each material parameter model input was sourced from either 
literature (α, E, and ν) or from microscopy images of the samples (h), 
such that, the model implementation and experimental elastic strain 
measurements are independent. The values used for these parameters 
are listed in Table 2 and the determination of each parameter value is 
described in the forthcoming paragraphs. 

The modeled substrate C/C thickness (hs), as commercially sourced 
and measured, was 5.5 mm. The elastic and thermal properties of the 
modeled substrate were determined from woven carbon fiber literature 
values, as the carbon fibers govern the substrate and interface behavior. 

Fig. 2. (a) Schematic (not to scale) illustration of the EDD experimental setup and coordinates. (b) Beam centroid positions in the out-of-plane direction (3-axis), for 
scans through the depth of the sample for the as-deposited YSZ/SiC coating (YSZ-Dep), the torch-exposed YSZ/SiC coating (YSZ-Exp), and the as-deposited SmSZ/SiC 
coating (SmSZ-Dep). 

Table 2 
Mechanical and geometric parameters used in the finite thickness coating model 
for each material system: carbon-carbon (C/C), yttria stabilized zirconia (YSZ), 
and samaria stabilized zirconia (SmSZ).  

Input model parameter Unit C/C YSZ SmSZ 

CTE, α ppm/◦C 1.0 12.6–13.0 10.7–11.2 
Young’s modulus, E GPa 300 36–42 33–39 
Poisson ratio, ν – 0.26 0.30 0.30 
Thickness, h mm 5.50 0.12–0.16 0.12–0.16  
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Furthermore, the in-plane woven morphology of the carbon fibers re
sults in the macro-scale substrate properties to be primarily dependent 
on the longitudinal fiber properties. Therefore, the C/C is modeled as 
transversely isotropic, based on parameters measured parallel to the 
fibers. The modeled elastic modulus (Es) was 300 GPa [40], Poisson ratio 
(νs) was 0.26 [41], and CTE (αs) was 1.0 ppm/◦C [42], in which the 
model uses the in-plane properties of the C/C material. These values are 
maintained the same for the modeling of both zirconia-based coatings. 

The modeled coating (YSZ and SmSZ) property values were deter
mined from literature based upon the experimentally observed crystal
linity of the as-deposited coatings. As predicted for the respective 
stabilizing phase fractions, the YSZ (12 mol% yttria) coating was cubic 
and the SmSZ (6 mol% samaria) coating was tetragonal as determined 
by both EDD and conventional X-ray diffraction of the as-deposited 
samples. This variation in crystal structure necessitated independent 
elastic moduli (EYSZ

c and ESmSZ
c ) and coefficients of thermal expansion 

(αYSZ
c and αSmSZ

c ) for each coating. The nominal material parameters from 
literature were based on sintered sample properties, under the 
assumption that the yttria and samaria stabilized zirconia exhibit the 
same mechanical behavior, for a give phase fraction and crystal struc
ture, due to the similar stoichiometry of the stabilizers. From this, the 
room temperature nominal sintered value of the CTE and elastic 
modulus for the tetragonal SmSZ were 10.7 ppm/◦C [43] and 257 GPa 
[44,45], and for the cubic YSZ were 12.6 ppm/◦C [46] and 277 GPa 
[45], respectively. In addition, from cross-sectional SEM evidence of 
both as-deposited samples, the nominal coating thickness (hYSZ

c and 
hSmSZ

c ) was 0.15 mm, with a 0.12 mm minimum, 0.16 mm maximum, and 
0.012 mm standard deviation. The isotropic Poisson ratio (νYSZ

c and 
νSmSZ

c ) of stabilized zirconia is insensitive to crystal structure, and thus 
was modeled as 0.3 for both coatings [47]. Ultimately, the crystal 
structure dependent elastic and expansion properties of the stabilized- 
zirconia coatings were input into the energy-based finite thickness 
coating model to understand the variation in the experimental residual 
elastic strain metrics, based on crystallinity. 

There is inherent uncertainty in material properties, which is espe
cially exacerbated by the variability of molten particle impingement and 
cooling from plasma spray deposition. For this reason, a range of input 
parameters were modeled for both the YSZ and SmSZ coating properties. 
The observed coating thickness (hYSZ

c and hSmSZ
c ) was nominally 0.15 mm; 

however, cross sectional microscopy indicated a range of 0.12 to 0.16 
mm, as attributed to irregular passes and powder distribution during 
plasma-spray. In addition, the literature indicated a range of values for 
the CTE and the elastic moduli of both materials. The cubic YSZ coating 
CTE (αYSZ

c ) ranged from 12.6 ppm/◦C [46] to 13.0 ppm/◦C [48], while 
the tetragonal SmSZ coating CTE (αSmSZ

c ) ranged from 10.7 ppm/◦C [43] 
to 11.2 ppm/◦C [46]. These values for CTE of the tetragonal SmSZ 
coating were modeled as isotropic, without consideration of the asym
metry in the a and c crystal axes, due to the polycrystalline nature of the 
plasma-sprayed coating and the measured tetragonality ratio of nearly 
unity. The nominal elastic moduli of fully dense, sintered cubic (YSZ) 
and tetragonal (SmSZ) stabilized zirconia were 277 GPa and 257 GPa 
[44,45], respectively; however, previous studies [49,50] have high
lighted the sensitivity of elastic moduli of these plasma-spray coatings to 
porosity. Few indications of porosity were seen in either as-deposited 
sample (YSZ-Dep and SmSZ-Dep) cross-sectional SEM micrographs; 
however, an independent study of coating porosity was outside the 
scope of this work. Therefore, to account for the potential debit in 
stiffness and to coincide with previous plasma-spray coating stiffness 
studies [51,52], the YSZ coating elastic modulus (EYSZ

c ) was modeled 
with a range of 36 to 42 GPa, while the SmSZ coating elastic modulus 
(ESmSZ

c ) was modeled from 33 to 39 GPa. These ranges were determined 
by debiting the sintered material literature values due to the nature of 
plasma-spray coatings, while maintaining the same parameter ratio due 
to crystallinity. The full list of model input parameters is summarized in 

Table 2. The range of values for each coating property propagated 
through the model to a range of modeled coating curvature (κ), Eq. (4a), 
and potential energy (V), the integration of strain energy density (U), Eq. 
(3), for each composition cooling to room temperature, post plasma 
spray deposition. These ranges are ultimately considered model uncer
tainty for comparison to the experimental residual elastic strain state of 
both coatings. 

3.3. Coating stress state metrics 

The goal of the finite thickness coating model was to compare with 
the residual elastic strain state, determined via the experimental EDD 
measurements. Specifically, to investigate the effect of coating crystal
linity on the residual stress formation in plasma spray zirconia coatings. 
To achieve an equitable comparison, the model and experimental results 
are maintained wholly independent via the model input parameters 
from literature, with no corroboration with the experiment prior to the 
metrics described in this section. 

The first stress state metric leveraged to compare between the model 
and experiment is based on the curvature induced by the equilibrating of 
the mismatch stress upon cooling from plasma spray deposition. The 
constant curvature (κ) in the model formulation, Eq. (4a), is the only 
contributor to the variation in depth-resolved elastic strain in the 
coating (εc), shown via the differentiation of Eq. (2b), ∂εc

∂z ( = −κ). For this 
reason, the model curvature is compared with the residual elastic strain 
gradient (m), or slope, as determined via a linear curve fit of the 
experimental elastic strain results (εel) through the coating depth. For 
the comparison between the two coating compositions, the tetragonal 
SmSZ and the cubic YSZ, the model (κ) and experiment (m) metrics are 

implemented as ratios, with the description, Θ
(

=
κSmSZ−Dep
κYSZ−Dep

)
and β 

(
=

mSmSZ−Dep
mYSZ−Dep

)
. Thus, the curvature-based relation is the comparison of the 

Θ ratio from the model, accounting for input parameter uncertainty, to 
the β ratio from the experiment. As this comparison is based upon ratio 
values between the two coatings, the negative sign in the differentiation 
of Eq. (2b) is cancelled. 

In addition, an energy metric was leveraged to further substantiate 
the comparison between the model results and experiment. The model is 
primarily an energy formulation such that the strain terms are deter
mined via the potential energy of the coating (V), found via the inte
gration of the elastic strain energy density (U), in Eq. (3), over the 
coating depth. This model potential energy (V) represents the total 
strain energy in the coating, and as such is compared with the total re

sidual elastic strain energy density, W 
(

=
∫

Ueldz =
∫ 1

2 E
(
εel)2dz

)
, as 

determined via the discrete integration of the experimental strain energy 
density (Uel) over the coating depth. As in the curvature comparison, for 
the tetragonal SmSZ and the cubic YSZ, the model (V) and experiment 

(W) metrics are implemented as ratios, with the description, Φ
(

=

VSmSZ−Dep
VYSZ−Dep

)
and Ψ 

(
=

WSmSZ−Dep
WYSZ−Dep

)
. Thus, the energy-based relation was the 

comparison of the Φ ratio from the model, accounting for input 
parameter uncertainty, to the Ψ ratio from the experiment. 

The combination of these two metrics is leveraged in this work to 
provide rationale for the variation in stress state between the two sta
bilized zirconia coatings, which ultimately impacts the performance and 
survivability of each composition. 

4. Results and discussion 

4.1. Structure and composition of coatings 

A micrograph of the as-deposited SmSZ/SiC coated C/C (SmSZ-Dep) 
sample cross-section without polish is illustrated in Fig. 3. Note, the as- 
deposited YSZ/SiC coating illustrated a consistent morphology as shown 
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in the polished condition in Fig. 7a. The inlay, backscatter electron (BSE) 
image, magnifying the C/C-SiC-Coating interfaces illustrated that the 
pack cementation and plasma spray deposition resulted in no interfacial 
voids and intact bonding between each coating layer. The SiC layer, seen 
in the inlay BSE image as the grey middle layer, had a thickness range of 
2 μm to 5 μm across the cross-section, with little porosity and observable 
penetration between carbon fiber tows from the pack cementation 
process. This penetration of the SiC layer between the carbon fiber tows 
caused the variation in thickness of the layer. Furthermore, the pene
tration of the SiC and YSZ/SmSZ coating into the fiber tows has been 
shown to be beneficial to coating survivability due to improved adhesion 
strength via mechanical anchoring [21,53]. The expected thickness from 
plasma spray deposition of a nominal 150 μm coating (for both YSZ and 
SmSZ coatings) was achieved. However, due to the variability in the 
molten particles used in the plasma spray process, the YSZ and SmSZ 
coatings illustrated a range in thickness from 120 μm to 160 μm. 
Additionally, the top surface, as seen in Fig. 3, qualitatively illustrates 
surface roughness that resulted from plasma spray application. 

The samaria stabilized zirconia (SmSZ) coating was studied for its 
potential increased emissivity and comparable thermal stability 
compared to the baseline YSZ coating. SEM images, as well as EDS 
elemental maps of the SmSZ sample surface were conducted to confirm 
deposition quality as shown in Fig. 4. The surface shown in the SEM 
image indicated an even application with regions of fully fused coating 
layers as well as interspersed voids, due to variability in the feedstock 

particle size and splat behavior of molten, semi-molten, and unmolten 
particles in the plasma-spray deposition process [54]. In addition, 
microcracking was seen within the fully fused regions, which is char
acteristic of plasma-sprayed ceramic coatings, due to contraction upon 
cooling, which induces tensile quenching stress [55]. However, void 
formation and microcracking were expected in the coating deposition 
process and are not necessarily indicative of poor coating performance. 
The EDS composition maps showed even dispersion of the SmSZ coating 
constituent elements, which confirmed the composition of the original 
powders and the suitability of this coating system for plasma spray 
application. 

The crystal structure of the zirconia coatings is of importance for 
both the stability of the phase during thermal exposure, as well as for 
accurately determining the residual elastic strains in the EDD mea
surement. XRD was conducted to verify the crystal structures of each 
sample, as seen in Fig. 5. As expected for the 12 mol% stabilizing phase 
fraction of yttria, the YSZ coating illustrated a cubic crystal structure 
(PDF Card 04–022-7386). In addition, the comparison of the YSZ-Dep 
and YSZ-Exp XRD patterns indicated that no phase change occurred 
during the oxyacetylene torch exposure, which reinforced the thermal 
stability of YSZ as a coating. The peak doublets in the YSZ-Dep and YSZ- 
Exp spectra at the [4 0 0] lattice plane peak (2θ = 73.5◦), with the 
second peak at approximately half the intensity of the first, is charac
teristic of the X-ray peaks corresponding to the Kα1 and Kα2 wavelengths 
spreading at higher scattering angles and not indicative of crystal tet
ragonality. However, the 6 mol% SmSZ coating illustrated a tetragonal 
crystal structure (PDF Card 04–019-6351) as shown by the splitting of 
the cubic [4 0 0] lattice plane peak into two equal intensity peaks cor
responding to the [0 0 4] lattice plane (2θ = 73.3◦) and [4 0 0] lattice 
plane (2θ = 74.3◦) in Fig. 5. Additionally, the lower scattering angle 
peaks corresponding to the [0 2 0] lattice plane (2θ = 35.0◦) and the [1 3 
1] lattice plane (2θ = 60.0◦) illustrated nearly equal intensity double 
peaks indicating the tetragonality the SmSZ coating crystal structure. 
The tetragonality (c/a) ratio was 1.0013, which indicated the 6 mol% 
Sm2O3 stabilized zirconia (SmSZ) coating stabilized as the non- 
transformable t′ zirconia crystal structure, which has been shown to be 
highly stable and durable during high-temperature exposures [56]. 
Finally, the low intensity peaks around the [1 1 1] peak (2θ = 28–33◦) 
indicated the presence of a small percentage of monoclinic phase in the 
as-deposited SmSZ coating. This monoclinic phase was a consequence of 
the reduced Sm2O3 phase fraction not fully stabilizing the SmSZ coating 

Fig. 3. Cross-sectional SEM images of the as-deposited SmSZ/SiC (SmSZ-Dep) 
coated C/C with arrows to indicate the carbon fiber (C-Fiber) directions and to 
notate the layer thicknesses. 

Fig. 4. Surface morphology from SEM image and qualitative composition (EDS 
elemental maps) of the as-deposited SmSZ/SiC (SmSZ-Dep) coated C/C with 
circles and labels to indicate representative plasma spray deposition features. 

Fig. 5. XRD pattern of the as-deposited YSZ/SiC coating (YSZ-Dep: PDF Card 
04-022-7386), the torch-exposed YSZ/SiC coating (YSZ-Exp: PDF Card 04-022- 
7386), and the as-deposited SmSZ/SiC coating (SmSZ-Dep: PDF Card 04- 
019-6351). 
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and was assumed negligible to the material properties and performance 
of the coating system due to the small percentage, 3.6 mol%, as calcu
lated via the Toraya method [21]. 

4.2. Microstructural effects of torch exposure 

The coating surface topology of each sample is shown in Fig. 6, 
where the surface height indicated by the colormap is aligned with the 3- 
axis in Fig. 2a. The statistics over the entire coating surfaces showed that 
the root mean square height (Sq) for the YSZ-Dep, the YSZ-Exp, and the 
SmSZ-Dep samples was 26.3 μm, 41.2 μm, and 47.7 μm, respectively. 
The increase in Sq of the torch exposed YSZ sample (YSZ-Exp) as 
compared to the as-deposited YSZ sample (YSZ-Dep) was due to ablation 
and the associated inconsistent material loss during exposure. The SmSZ 
coating had the largest root mean square height and the surface topol
ogy, seen in Fig. 6c, illustrated the most detailed depiction of the un
derlying woven C/C fiber tows. These results are hypothesized to be a 
consequence of increased penetration of the SmSZ powders between 
surface tows of the C/C substrate due to the reduced size and more 
irregular distribution of the original SmSZ powder, developed via spray 
drying. The average particle sizes were 58 μm with a standard deviation 
of 10 μm for the YSZ powder, and average of 27 μm with a standard 
deviation of 19 μm for the SmSZ powder. This penetration between in
dividual fiber tows is beneficial to the survivability of the coating due to 
mechanical anchoring with the substrate, which improves adhesion 
strength and reinforces the coating-substrate interface against spallation 
or exfoliation. 

The polished cross-sections of the as-deposited YSZ coating sample 
(YSZ-Dep) and the post-torch exposure sample (YSZ-Exp) are shown in 
Fig. 7. However, at this magnification, the SiC intermediate layer was 
not apparent. The YSZ-Dep sample, Fig. 7a, showed no indications of 
transverse crack growth from plasma spray deposition or associated 
cooling. This crack-free as-deposited sample indicated that the elastic 

mismatch strain from the incompatible thermal expansion coefficients of 
the substrate C/C and YSZ coating did not approach the stress to induce 
coating failure. This reinforced the potential of a YSZ coating for pro
tection of the C/C substrates. In addition, the absence of crack formation 
from deposition cooling supported the model comparison, which 
assumed a homogenous coating layer. The pre- and post-exposure mass 
measurements of the YSZ-Exp sample indicated a mass loss due to 
ablation that was equivalent to a 60 μm thickness loss. Additionally, the 
post-torch exposed (YSZ-Exp) sample, Fig. 7b, showed significant crack 
networks near the free surface, due to the stress fields resulting from the 
mismatch in thermal expansion coefficients and subsequent ablation. 
Through-thickness cracks in the coating in Fig. 7b traversed from the 
free surface to approximately the mid-depth of the coating, and in most 
instances did not extend to the C/C substrate. The measured depth of 
transverse cracks in the coating was approximately 50 μm, ranging from 
46 μm to 60 μm in the cross-sectional images. The consolidation of 
significant crack networks only in the vicinity of the free surface, as well 
as the stunted crack growth prior to penetration of the substrate inter
face, indicated that the coating maintained its oxygen diffusion pro
tection throughout the torch exposure and is another aspect that 
supports YSZ as a coating candidate for C/C. 

4.3. Residual elastic strain of coatings 

The full spectra, raw diffraction signal from the EDD scans through 
the depth of the coating and substrate for each sample are illustrated in 
Fig. 8. The thin SiC intermediate layer did not produce observable 
diffraction data because the limited material volume, 2 μm to 5 μm 
thickness, generated a diffracted signal that was below the noise of the 
detector. The SiC material volume was at the maximum only a fraction 
of the 15 μm diffracted region height, which due to the variability in the 
surface topology of the C/C substrate fiber tows, was likely never fully 
contained nor centered during the depth-resolved scans. Therefore, the 

Fig. 6. Surface topology of (a) the as-deposited YSZ/SiC coating (YSZ-Dep), (b) the torch-exposed YSZ/SiC coating (YSZ-Exp), and (c) the as-deposited SmSZ/SiC 
coating (SmSZ-Dep). 
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SiC residual elastic strains were not reported. As seen in Fig. 8, the C/C 
substrate was probed for each sample and the diffraction spectra were 
measured; however, the hexagonal graphite-like fibers and matrix pro
duced highly convoluted diffraction peaks, between 62 and 70 keV. The 
deconvolution of these peaks reduced the confidence in the Gaussian fit 
operation for elastic strain and thus strains for the C/C were not re
ported. For this reason, the residual elastic strains in the YSZ and SmSZ 
coatings are the focus of this work. 

For each sample EDD measurement, first an X-ray transmission 
measurement scanned from above the free surface of the sample into the 
coating, 3-axis in Fig. 2a. A step function was fit to the reduction in flux, 
due to the absorption of the coating, to locate the presumed free surface 
and thus the initial scan position of the line scans shown in Fig. 2b. The 
surface roughness from the plasma spray deposition, illustrated in Fig. 6, 
resulted in the first several scans along the depth of each sample to 
exhibit low diffraction intensity, prior to the full 15 μm height of the 
diffraction volume, being contained within the sample. Therefore, the 
free surface and subsequently reported depth (z) in the experimental 
elastic strain measurements are in reference to the beam centroid posi
tion in the out of plane direction (zs), where sufficient diffraction energy 
to conduct a least squares fit for elastic strain was achieved. 

The elongated diffraction volume, 7.96 mm in the coating plane (2- 
axis in Fig. 2a), resulted in an increased perceived depth of the coatings 
in the EDD strain results. This was a result of variation in macroscale, out 
of plane (3-axis) features of the coating and substrate morphology over 
the nearly 8 mm in-plane length of the diffraction volume. For instance, 

topographical features such as the surface roughness, illustrated in 
Fig. 6, and the interface roughness, illustrated in Fig. 7, resulted in the 
fine 0.015 mm depth-wise diffraction volume height to illuminate 
coating volume for more scans along the 3-axis (zs) than the coating 
thickness. Additionally, any tilt or macro-form of the C/C substrate 
compounded this effect, which resulted in diffraction peaks corre
sponding to both the YSZ and SmSZ coatings to appear in more depth- 
resolved scans than the nominal 0.15 mm nominal coating thickness. 
For these reasons, the EDD measurement depth (z) is reported for the full 
range of scans, in which the coating diffraction peaks were collected 
with enough intensity counts to fit a Gaussian curve and to determine an 
elastic strain value with confidence. 

As previously mentioned, via conventional XRD and EDD scans of the 
loose powder YSZ and SmSZ coating materials, the crystal structures 
were determined to be cubic (aYSZ = 5.1575 Å) and tetragonal (aSmSZ =

5.1440 Å, cSmSZ = 5.1507 Å), respectively. In addition, Fig. 5 shows that 
no phase change occurred in the YSZ upon deposition or exposure. Thus, 
as previously described, elastic strains were determined along individual 
lattice planes corresponding to the crystal structure of each material. A 
weighted-average metric was implemented to directly compare the re
sidual elastic strain between each sample while accommodating for the 
variation in crystal structure [57]. The integrated intensity of each in
dividual diffraction peak, corresponding to the elastic strain value along 
the specific lattice plane, was selected as the weight metric. This weight 
was chosen because in diffraction-based elastic strain measurements, the 
integrated intensity is indirectly correlated with strain uncertainty [58]. 

Fig. 7. SEM cross-sectional images of (a) the as-deposited YSZ/SiC coating (YSZ-Dep) and (b) the torch-exposed YSZ/SiC coating (YSZ-Exp) with arrows to indi
cate cracks. 

Fig. 8. Full spectra, raw diffraction signal for (a) the as-deposited YSZ/SiC coating (YSZ-Dep), (b) the torch-exposed YSZ/SiC coating (YSZ-Exp), and (c) the as- 
deposited SmSZ/SiC coating (SmSZ-Dep) with arrows to indicate the diffracted peaks of each phase. 
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Therefore, this method prescribed an increased weight to the directly 
measured lattice plane strain values with increased experimental con
fidence. The elastic strains reported in Fig. 9 were determined via the 

equation εel =

∑
[Integrated Intensity]iεel

i∑
[Integrated Intensity]i

, where the summation is conducted 

for i diffraction peaks for which the experimental elastic strain (εel
i ) was 

determined along the corresponding (ith) lattice plane. This residual 
elastic strain (εel) was calculated at each depth-resolved scan location for 
each sample, which resulted in a strain component along the diffraction 
vector, closely aligned with the sample 2-axis in Fig. 2a. The comple
mentation of strain measurements across multiple lattice planes is 
another benefit of EDD in reducing uncertainty in the residual stress 
state. 

The weighted-average, depth-resolved, residual elastic in-plane 
strain for each sample are displayed in Fig. 9. The as-deposited sam
ples, YSZ-Dep and SmSZ-Dep, illustrated a tension to compression 
gradient from near the free surface towards the substrate C/C. From this, 
the maximum tensile elastic strain near the coating surface for the YSZ/ 
SiC and SmSZ/SiC coating is 0.155 % and 0.164 %, respectively. This 
strain gradient is primarily a result of the elastic mismatch strain during 
cooling from plasma spray deposition, equilibrating with an induced 
curvature of the coating and substrate. This curvature relationship with 
residual elastic strain is the basis of the finite thickness coating biaxial 
stress model. Additionally, a primary benefit of the weighted elastic 
strain, reported in Fig. 9, is that it aligns well with the isotropic modeling 
formulation, which enabled comparison between the experimentally 
measured residual elastic strains and the model results. Note, the 
increased scatter in the SmSZ-Dep sample residual elastic strains was 
attributed to the increased penetration of the SmSZ powder into the 
carbon fiber tows during deposition and subsequently higher surface 
roughness indicated in Fig. 6c. 

As previously mentioned, and illustrated in Fig. 6b, the YSZ-Exp 
sample coating surface was ablated by 60 μm during the oxyacetylene 
torch exposure. To account for the material loss and to allow for 
reasonable comparison to the as-deposited samples, the YSZ-Exp elastic 
strains in Fig. 9 were shifted by 60 μm in depth. The shifted YSZ-Exp 
residual elastic strain indicated that the ablation occurred in the ten
sile region of the as-deposited coating, which was rationalized by tensile 
residual stress near the free-surface amplifying the torch-induced 
expansion stress, which resulted in preferential ablation of this region. 
Additionally, the through-thickness crack growth that halted near the 
mid-depth of the coating in the YSZ-Exp sample, Fig. 7b, is likely a result 
of crack-arresting compressive residual elastic stress in the YSZ-Exp 
sample. The correlation of these results indicated that the ablation 
torch exposure relaxed the residual elastic strain gradient and the 

magnitude of compressive residual elastic strain near the C/C substrate 
interface in the YSZ-Exp sample as compared to the as-deposited YSZ- 
Dep sample and that the relaxation mechanism was transverse crack 
growth, as seen in the inset images in Fig. 7b. Overall, these findings 
highlighted the effect of residual stress from plasma-spray deposition on 
the failure mechanisms such as ablation and transverse crack growth, 
and ultimately the survivability of the YSZ coating system applied to C/ 
C. 

4.4. Finite thickness coating model comparison 

The residual elastic strain state of the two as-deposited coating 
samples, YSZ-Dep and SmSZ-Dep are compared via two residual elastic 
strain metrics, shown in Fig. 10. As described in Section 3.3, these 
metrics were selected to compare to the finite thickness coating model 
and to rationalize the comparison with the variation in coating crystal 
structure. As previously mentioned, both the as-deposited samples (YSZ- 
Dep and SmSZ-Dep) developed a residual elastic strain gradient (m), 
during cooling from plasma-spray deposition. This gradient was deter
mined via a linear fit as shown in Fig. 10a. From the fit, the elastic strain 
gradient for the YSZ-Dep (mYSZ−Dep) and SmSZ-Dep (mSmSZ−Dep) samples 
were −1.17e−3 and −8.79e−4 percent strain per micron, respectively. 
The resulting ratio between the SmSZ-Dep and the YSZ-Dep elastic strain 
gradient, defined as β ( =

mSmSZ−Dep
mYSZ−Dep

), was 0.75. In addition, the total elastic 

strain energy density, W 
(

=
∫

Ueldz =
∫ 1

2 E
(
εel)2dz

)
, illustrated in 

Fig. 10b, were 103.4 and 54.12 N/m for the YSZ-Dep (WYSZ−Dep) and 
SmSZ-Dep (WSmSZ−Dep) samples, respectively. The resulting ratio be
tween the SmSZ-Dep and the YSZ-Dep total energy, defined as Ψ ( =
WSmSZ−Dep
WYSZ−Dep

), was 0.52. For both these experimental elastic strain state 
metrics, β = 0.75 and Ψ = 0.52, the tetragonal SmSZ-Dep coating 
illustrated a reduced value compared to the cubic YSZ-Dep coating. To 
understand this trend, the ratio of experimental elastic strain gradients 
(β) and the ratio of experimental total elastic strain energies (Ψ) were 
compared to the results from the crystal structure dependent finite 
thickness coating model, as described in Section 3.3. 

Previous works have shown that tetragonal stabilized zirconia 
(SmSZ) has a reduced CTE and elastic modulus compared to cubic sta
bilized zirconia (YSZ), as stated in Section 3.2. In addition, the coating 
elastic and expansion property value inputs to the model have inher
ently high uncertainty, due to the variability in coating porosity and 
molten particle splat layer geometry during plasma-spray deposition, as 
well as the property dependence on the phase fraction of the oxide 
stabilizer in these zirconia material systems. To incorporate this uncer
tainty in the model, the range of property values found in literature for 

Fig. 9. Experimental in-plane, depth-resolved elastic strain for the as-deposited YSZ/SiC coating (YSZ-Dep), the torch-exposed YSZ/SiC coating (YSZ-Exp), and the 
as-deposited SmSZ/SiC coating (SmSZ-Dep). 
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each coating composition, as listed in Table 2, were used to determine a 
range of ratios for each respective parameter – ratio of thickness 
(hSmSz

c /hYSZ
c ), ratio of modulus (ESmSz

c /EYSZ
c ), and ratio of CTE 

(αSmSz
c /αYSZ

c ). Ultimately, this range of model input parameters propa
gated to a range of values for the model ratio of curvature (κ), defined as 
Θ ( =

κSmSZ−Dep
κYSZ−Dep

), as well as the ratio of model potential energy (V), defined 

as Φ ( =
VSmSZ−Dep
VYSZ−Dep

), between the SmSZ-Dep and YSZ-Dep coatings. The 
results for these model ratio metrics are illustrated in Figs. 11 and 12. In 
Figs. 11a and 12a, a 3D volume is generated from the three model input 
parameter ratios, with the color on the depicted 2D planes indicating the 
ratio of the model stress state metric, Θ in Fig. 11a and Φ in Fig. 12a. 
Additionally, for the nominal input parameter ratios from literature or 
experimental observations (ESmSz

c
EYSZ

c
= 0.93,

αSmSz
c

αYSZ
c

= 0.85, and hSmSz
c

hYSZ
c

= 1) the 

model theoretical ratio of curvature, Θ* in Fig. 11, and ratio of potential 
energy, Φ* in Fig. 12 are indicated by black stars in the 3D volume as 
well as the color bar. These theoretical model ratio values are then 
compared with the corresponding stress metrics from the experimental 
residual elastic strain to deduce the effect of coating crystallinity on the 
residual stress state arising from plasma-spray deposition. 

The volumetric map of the model curvature ratio, Eq. (4a), of the 
SmSZ coating to the YSZ coating (Θ), accounting for the range of values 
in the model inputs is shown in Fig. 11a. In addition, Fig. 11b is a two- 
dimensional view of the computed curvature ratio (Θ) with respect to 

the single CTE ratio of SmSZ to YSZ for the theoretical ratio of both 
thickness, 1, and elastic modulus, 0.93. As seen in Fig. 11, the theoretical 
ratio of curvature (Θ*) from the model is 0.78, as calculated with the 
nominal ratio of all three input parameters of the tetragonal SmSZ to the 
cubic YSZ coatings. This model curvature ratio is found via differenti
ating the total strain in the coating, Eq. (2b), with respect to the z, 
∂εc(z)

∂z ( = −κ), such that this metric is directly comparable to the elastic 
strain gradient ratio metric from the experiment. From this, the ratio of 
experimental elastic strain gradients (β), 0.75 in Fig. 10a, was consistent 
with the theoretical ratio of model curvature (Θ*), 0.78. This result was 
one indication that the variation in experimental residual elastic strain 
between the SmSZ-Dep and YSZ-Dep samples is attributable to the dif
ference in crystal structures. 

Similarly, the volumetric map of the model potential energy ratio 
(Φ), the integration of Eq. (3) over the thickness of the coating, for the 
SmSZ coating to the YSZ coating, accounting for the range of values to 
each model input is shown in Fig. 12a, with Fig. 12b illustrating a two- 
dimensional view of the computed potential energy ratio (Φ) with 
respect to the single CTE ratio of SmSZ to YSZ for the theoretical ratio of 
both thickness, 1, and elastic modulus, 0.93. As seen in Fig. 12, the 
theoretical ratio of potential energy (Φ*) from the model is 0.66, as 
calculated with the three nominal input parameters of the tetragonal 
SmSZ to the cubic YSZ coatings. This modeled total potential energy 
over the full coating thickness is directly comparable to the 

Fig. 10. Experimentally derived (a) gradient in elastic strain (m) and (b) total elastic strain energy density (W) for the as-deposited YSZ/SiC coating (YSZ-Dep) and 
the as-deposited SmSZ/SiC coating (SmSZ-Dep). The units for m and W are reported in [%/μm] and [N/m], respectively. 

Fig. 11. Finite thickness coating model derived curvature ratio (Θ) of the as-deposited SmSZ/SiC coating (κSmSZ−Dep) to the as-deposited YSZ/SiC coating (κYSZ−Dep) 
for the model input value ratio of the tetragonal SmSZ to the cubic YSZ, accounting for uncertainty in (a) CTE (αc), modulus (Ec), and thickness (hc) and (b) CTE (αc), 
with the theoretical ratios of thickness (1) and elastic modulus (0.93). 
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experimental total elastic strain energy density. From this, the ratio of 
total elastic strain energy density from the experimental residual elastic 
strain (Ψ), 0.52 in Fig. 10b, was contained in the range of the model 
calculated potential energy ratios (Φ), based on input parameter un
certainty. The total energy metric comparison between the model and 
the experiment illustrated an increased percent difference relative to the 
curvature comparison. This increased discrepancy is attributed to the 
increased dependency on the input parameters in the model energy 
equation, Eq. (3), via three active terms (εo, κ, and εm), and thus 
increased uncertainty in the model derived ratio. However, the energy 
result was consistent and contained within the range of expected values, 
accounting for model parameter uncertainty, and thus aligned with the 
model curvature to experimental elastic strain gradient comparison, to 
support the effect of coating crystallinity on the residual elastic strain 
state. 

Overall, the agreement between these experimental strain metrics 
and the model results justified that the difference in residual elastic 
strain state between the tetragonal SmSZ-Dep coating and the cubic YSZ- 
Dep coating was a consequence of the tetragonality (c/a = 1.0013) of the 
SmSZ coating and the corresponding difference in elastic and thermal 
properties. The comparison between the model curvature ratio (Θ) to 
the experimental elastic strain gradient ratio (β) as well as the model 
potential energy ratio (Φ) to the experimental total elastic strain energy 
ratio (Ψ) were both individually congruent when accounting for input 
uncertainty. Furthermore, the trend in the reduction in the magnitude of 
the ratios from the gradient comparison to the energy comparison was 
consistent between both the model and experimental results. This 
agreement illustrated the value of a fundamental analytical model to 
understand the residual stress trends in plasma-sprayed ceramic 
coatings. 

5. Conclusions 

In this work, the residual elastic strain state of two varieties of 
plasma-sprayed stabilized zirconia-based coatings, 12 mol% yttria (YSZ) 
and 6 mol% samaria (SmSZ), applied to C/C was quantified via high 
energy X-ray EDD. The benefits of the high flux synchrotron experi
mental setup included (i) bulk measurements of samples large enough to 
reduce surface and edge effects on the stress state, (ii) relaxation of the 
assumptions necessary for sin2ψ thin film residual stress analysis, and 
(iii) multiple strain measurements from distinct lattice planes in a single 
scan to reduce experimental uncertainty via the weighted average 

metric and to homogenize the diffraction-based measurement for com
parison to isotropic model formulations. These advantages in combi
nation with the fine depth-resolution and strain fidelity in the 
experimental results showed that cooling from deposition resulted in a 
tension to compression gradient (−1.17e−3 and −8.79e−4 percent 
strain per micron for YSZ and for SmSZ, respectively) of in-plane re
sidual elastic strain in both zirconia-based coatings applied to C/C. 
Furthermore, the experimentally identified variations in elastic strain 
state between the cubic YSZ and the tetragonal SmSZ coating were 
correlated to a finite thickness coating model via a comparison of both 
(i) the model-derived curvature (Θ* = 0.78) values to the experimen
tally measured elastic strain gradients (β = 0.75) and (ii) the model- 
derived potential energy (Φ* = 0.66) values to the experientially 
measured elastic strain energy densities (Ψ = 0.52). The model was 
consistent with the experimental results in both metrics to support the 
crystal structure dependence of the residual stress state in these plasma 
sprayed zirconia coatings. Finally, via oxyacetylene torch exposure 
testing of a YSZ coated sample, the ablation behavior and crack failure 
mechanisms were studied. The strain measurements were compared to 
microscopy results of the torch-exposed sample and were consistent 
with crack arrestment and improved coating survivability due to resid
ual compressive strain of approximately −0.1 percent strain near the 
coating-substrate interface. Also, the 60 μm depth of ablation correlated 
well to the depth of the residual tensile strain from deposition, which 
indicated the impact of processing-induced residual stress on coating 
performance in application. 

From these findings, plasma-sprayed stabilized-zirconia coatings are 
shown to be candidate materials for protection of C/C in high- 
temperature applications. Specifically, the YSZ/SiC coating proved 
survivability and sustained protection in an oxidizing high temperature 
environment and the SmSZ/SiC coating is expected to perform compa
rably based upon the similarities in residual stress state and proven 
thermal stability, with the benefit of improved emissivity. In addition to 
these validations of the specific coating systems, this work showed the 
importance of zirconia coating crystal structure on the residual stress 
state, as well as more broadly the direct effects of post-deposition re
sidual stress on ablation behavior, crack propagation, and ultimately 
coating survivability. Furthermore, the residual elastic strain profiles 
found in this work can be instantiated and applied in future models to 
design components with ceramic oxidation protection coatings applied 
to C/C substrates to serve as thermal protection systems, while the finite 
thickness coating analytical model can be a valuable fundamental tool 

Fig. 12. Finite thickness coating model derived total strain energy density ratio (Φ) of the as-deposited SmSZ/SiC coating (VSmSZ−Dep) to the as-deposited YSZ/SiC 
coating (VYSZ−Dep) for the model input value ratio of the tetragonal SmSZ to the cubic YSZ, accounting for uncertainty in (a) CTE (αc), modulus (Ec), and thickness (hc) 
and (b) CTE (αc), with the theoretical ratios of thickness (1) and elastic modulus (0.93). 
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for comprehending experimental residual elastic strain results. Future 
work is needed to understand the stress state of the SiC intermediate 
layer and the substrate C/C to inform potential interfacial failure, 
spallation, and exfoliation. 
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