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Abstract

Calcium-magnesium-aluminosilicates (CMAS) are ingested by jet engines and infiltrate into high temper-
ature ceramic coatings during operation. This infiltration increases coating stiffness and promotes coating
phase destabilization, encouraging micro-crack formation. Thermomechanical effects from CMAS infiltra-
tion were mapped over time with confocal Raman spectroscopy through residual stresses within EB-PVD
7TYSZ coatings with microscale resolution. The results show an interplay between physical and chemical
components influencing the residual stress. Physical mechanisms influence residual stress more after 1h of
infiltration, inducing tensile loading up to 100 MPa on tetragonal ZrO, Raman bands. Chemical mechanisms
impart greater influence after 10h, inducing compressive loading up to 100 MPa. A monoclinic phase vol-
ume fraction of about 35% was observed as a transitional point for chemical mechanisms overtaking physical
mechanisms in influencing residual stress. These results non-destructively elucidate changes within a coat-
ing’s residual stress during CMAS infiltration, aiding coating degradation monitoring during maintenance
and towards implementing CMAS-mitigation strategies.
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1. Introduction

Metallic alloy components operating within extreme conditions, such as turbine blades within gas turbine
jet engines, are commonly protected by high temperature ceramic layers referred to as thermal barrier coat-
ings (TBCs). These high temperature coatings provide a temperature gradient of approximately 200°C with
respect to the hot environment [1]. TBCs are typically coupled with additional cooling methods, such as film
cooling, to increase the temperature gradient from the hot gases produced by the combustion section of the
engine in order to further improve the performance, durability, and to extend the life of the hot section com-
ponents [2, 3, 4, 5]. Standard TBCs comprise of several layers including a ceramic top coating, a thermally
grown oxide layer (TGO) that forms throughout the life cycle of the coating, and a metallic bond coat to aid in
adhesion between the ceramic coating and the metallic superalloy [6]. An industry standard material used for
the ceramic top coats is 7 wt.% yttria partially stabilized zirconia (7YSZ), corresponding to approximately
4 mol% Y,03-ZrO,, due to its low thermal conductivity and mechanical strength [2, 7]. Several methods
have been considered for depositing TBCs, such as air plasma spray (APS) and electron-beam physical vapor
deposition (EB-PVD). EB-PVD, the deposition method used within this study, produces characteristic closed-
porosity columnar structures, which provide high in-plane strain tolerance, lower thermal conductivity, and
excellent thermal shock protection. These attributes are ideal for moving components, such as turbine blades
[8, 9]. However, 7YSZ coatings are still susceptible to severe mechanical and chemical degradation that can
threaten the safety of hot section components and the engine itself, when operating in harsh environments.
Exposure to contaminants from the external environment of the engine can have detrimental effects on the
effectiveness and operational lifetime of TBCs [10, 11, 12, 13, 14].

During operation, jet engines are subjected to a variety of environmental conditions that can translate into
airborne contaminants entering the engine. Such contaminants are calcium, magnesium and alumino-silicates
(CMAS) dominated sand or volcanic ash. CMAS is ingested into the engine and becomes molten due to the
high temperatures of the combustor during operation. This molten CMAS melt is then carried to the turbine
section of the engine and is then deposited onto the turbine blades. The molten CMAS rapidly infiltrates into
the coatings and fills the intercolumnar gaps of the top coat for EB-PVD coatings, such as 7YSZ, through
strong capillary effects [9, 10, 12, 15, 16].

The depth at which CMAS infiltrates into the coating as well as the extent and rate of coating degradation
is dependent on a variety of factors regarding the CMAS composition, its viscosity, the microstructure and
material properties of the coating, the thermal gradient present throughout the coating, the ambient hot gas
temperature, and environmental conditions such as humidity within the turbine section [9, 17]. Similarly, the
existing literature has found a critical depth of infiltration, beyond which the coating is highly susceptible to
delamination failure [18]. CMAS begins to solidify within the coating as it infiltrates through the coating and
reaches cooler temperatures below its melting point due to the temperature gradient present within the coat-
ing. The solidified CMAS effectively combines the columns together and stiffens the overall coating. This
columnar stiffening decreases the strain tolerance, introduces mismatching coefficients of thermal expansion,
and increases the overall thermal conductivity of the coating [13, 19, 20, 21]. The now sealed intercolum-
nar gaps are unable to provide relief to the columns during cycling. If the CMAS has not fully infiltrated
throughout the coating and its intercolumnar gaps before cooling, two distinct regions form through the depth
of the coating [22]. The infiltrated region will experience additional tensile stresses with the increased stiff-
ness and decreased coating porosity [10, 20, 21, 23]. This bulk region also induces bending forces onto the
interface between the infiltrated and non-infiltrated regions. The resulting residual stresses present within the
coating coupled with thermal loading and coefficient of thermal expansion mismatches between these two
regions of the coating during operating, if severe enough stresses are present, will cause microcracks to form
and coalesce, leading to localized delamination and eventual premature coating failure at this infiltrated and
non-infiltrated interface [12, 21, 24].

Additional chemically-induced stresses form within the coating as it interacts with the molten CMAS



and becomes destabilized. Primarily, yttria, used to stabilize ZrO, into the tetragonal state, referred to as
tetragonal-prime, is leeched from the coating into the CMAS melt over time. Small amounts of the ZrO,
are also leeched into the CMAS. However, the ZrO, quickly becomes saturated within the melt as compared
to the yttria [25, 26, 27, 28]. This interaction between the CMAS melt and YSZ coating contributes to the
sintering of columnar tips and feather arms on the edges of the columns. Without yttria to stablize the ZrO,
polymorph, the yttria-lean coating can freely transform from its once stable tetragonal-prime phase to an
yttria-lean tetragonal, cubic, or monoclinic phases[12, 21, 25, 26, 29]. The monoclinic phase itself poses
several problems with its associated volumetric increase in the lattice structure of about 3 - 5% [30, 31]. The
monoclinic phase has been found to start forming around 600°C and lower [32]. This expansion introduces
additional residual stresses, which contribute towards the premature failure of the coating [9, 10, 13, 18,
20, 21, 24, 30, 31, 33, 34]. This thermochemical mechanism of phase destabilization and transformation is
delayed and much slower acting than the thermomechanical effects of CMAS infiltration through CMAS-
induced coating stiffening [26, 35].A schematic demonstrating the effects of CMAS infiltration into 7YSZ
TBCs on the residual stress is displayed in Fig. 1. In this work, further elucidation will occur for the residual
stress evolution effects of CMAS infiltration into 7YSZ EB-PVD TBCs over time through a non-destructive
confocal Raman spectroscopy technique [36, 37].
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Figure 1: Schematic of a standard TBC composition, comprising of a metallic substrate, bond coat, and 7YSZ top coat, infiltrated by
CMAS and some effects from this infiltration. These effects include the sintering of columnar tips and of the feather arms, micro-crack
formation, propagation, and coalescence until causing localized coating delamination, and the localized formation of freely trans-
formable ZrO, from the 7YSZ top coat.

Raman spectroscopy can be used to distinguish the distinct chemical phases of ZrO, polymorphs [38].
For instance, previous work by the authors have demonstrated the non-destructive evaluation in the formation
of the monoclinic phase over increased annealing times with a high spatial resolution using confocal Raman
spectroscopy and 3D rendering [36, 37, 39]. Additionally, Raman spectral signatures can be used to quantify
stress through changes in the vibrational frequency of these chemical bonds as a result from by both residual
and additional externally applied stresses [21, 40, 41]. Though spatial resolution of Raman mapping is
limited by diffraction, the coupling of the spectral measurements with confocal microscopy has significantly
improved the lateral and depth precision that can be attained with the technique. In the case of 7YSZ, both the
phase of ZrO, and the stress states in the coat can be determined non-invasively, including below a sample’s
surface, to form three-dimensional (3D) reconstructions of the material properties. It is within this probed
volume that the extent of CMAS-induced coating degradation can be evaluated on a localized microstructure



level.
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Figure 2: (a) Raman spectrum of CMAS infiltrated 7YSZ coating after an annealing time of 10 h at an annealing temperature of
1250°C. The associated Raman peaks for the tetragonal and monoclinic ZrO; phases are labelled with squares and triangles, respec-
tively. (b) Expanded view of the tetragonal 643.78 cm™! peak used within this study. Induced stresses are evaluated by the shifts with
respect to this 643.78 cm™! peak corresponding to the unstressed material. The coating at the probed point experiences a red shift and
is in tension if the peak is shifted to a lower relative wavenumber with respect to the unstressed reference location. Similarly, the coat-
ing experiences a blue shift and is in compression if the peak is shifted to a higher wavenumber relative to the unstressed reference
position.

Within this study, the residual stress evolution is tracked for 7YSZ EB-PVD coatings infiltrated by
CMAS at an annealing temperature of 1250°C as a function of varying annealing times of 1 h and 10 h
and depth through 3D reconstructing confocal Raman spectroscopy measurements. The annealing tempera-
ture of 1250°C was selected since this temperature is higher than the melting point of this particular CMAS
composition and, as a result, the CMAS remains in a melt state throughout the entire annealing time. Further
investigations regarding the CMAS composition used within this study and its melting point may be found
in [13]. An additional sample that was not infiltrated was also annealed at 1250°C for 10 h to serve as a
stress reference for the residual stress state of the coating without CMAS attack in order to isolate the effects
of CMAS infiltration on a coating’s residual stress within a given probed volume. The stress was evaluated
through the Raman shifts in the 643.78 cm™' tetragonal ZrO, Raman band from a stress reference state de-
termined by Tanaka et al. [42]. The residual stress of the coating was also evaluated using the 463.7 cm™!
tetragonal ZrO, Raman band for validation using a stress reference state mentioned by Kriamer et al. [21]. An
additional comparison of the Raman shifts between the tetragonal and monoclinic ZrO, Raman bands were
performed using a stress reference state determined by Barberis et al. [43]. Stress was then quantified for both
the 643.78 and 463.7 cm™! tetragonal Raman bands using a Raman shift and piezo-spectroscopy relationship
stress equation with piezo-spectroscopic coefficients found by Tanaka et al. and Bouvier & Lucazeau, re-
spectively [42, 44]. Using the 3D reconstruction method described in a previous investigation [39], a 3D map
of the residual stress evolution within the 7YSZ EB-PVD TBC system was reconstructed showing the effects
of annealing time throughout the probed depth with a microscale resolution. Additionally, comparison and
correlation calculations were performed to elucidate the relationship between the monoclinic formation and
its phase volume fraction concentration relative to the residual stress state of the coating.



2. Material and methods

2.1. 7YSZ TBC fabrication

A 150 kW electron-beam physical vapor deposition (EB-PVD) system at the German Aerospace Center
(DLR) in Cologne, Germany was used to produce 400 pm 7Y SZ coatings deposited onto alumina substrates.
These coatings were intentionally produced with higher thicknesses to isolate and to study the CMAS infil-
tration kinetic effects in EB-PVD coatings. Potential effects from the substrate are minimized by taking a
control sample annealed without any CMAS infiltration to provide not only a baseline, but also to isolate the
residual stresses only induced by CMAS infiltration. During the deposition process, the alumina substrates
used were placed on a sample holder with a rotational speed of 12 rpm directly above the YSZ ingot with a
substrate temperature of 1000°C. More information regarding the sample fabrication and manufacturing can
be found in [39].

2.2. CMAS composition and fabrication

The CMAS composition was derived from compositions found within aero-engines operating within Mid-
dle Eastern countries (in mol.%: 24.6% CaO, 12.4% MgO, 11% Al,03, 41.7% SiO,, 8.7% FeO & 1.6%
TiO,) as previously described in [9, 39]. The CMAS powders were artificially synthesized through the co-
decomposition of SiO, and TiO, as well as Me-nitrates powders. The process of this producing these CMAS
powders are described in greater details in [9].

2.3. CMAS infiltrated TBC preparation

A paste of CMAS in a concentration of 10 mg/cm? was applied on the 7YSZ coating and infiltration
experiments were performed at an annealing temperature of 1250°C and with heating and cooling rates of
10 K/min in a laboratory box furnace. Two annealing times of 1 h and 10 h were selected to understand
short-term and long-term infiltration kinetic effects of molten CMAS in 7YSZ coatings and to provide initial
observations on the time dependency effects of CMAS infiltration with respect to coating stress evolution.
The authors plan to expand upon this work on full coating systems with higher temporal resolutions focusing
in critical time regimes based on the findings from this study. A summary of the samples within this study is
provided in Table 1. A control sample composed purely of 7YSZ without any CMAS infiltration (A3) was
used as a reference to rule out the effect of high temperature annealing on 7YSZ and to serve as a reference
to focus solely on the resulting effects of CMAS infiltrated in 7YSZ for the chosen 1 h (B2) and 10 h (B3)
annealing times. Validation was performed on a cross section of a CMAS infiltrated TBC annealed for 10
h (B3). More information on the validation measurements carried out on this cross-sectioned sample to the
probed volume with the confocal non-destructive approach used within this study can be found in [39].

Table 1: Samples information regarding composition, annealing temperature, and annealing time.

Sample Composition Temperature (°C) Time (h)

A3 7YSZ 1250 10
B2 7YSZ + CMAS 1250 1
B3 7YSZ + CMAS 1250 10

2.4. Raman measurements parameters

An Alpha 300RA WITec Confocal Raman microscope equipped with a He:Ne 532 nm laser source ex-
citation was used to perform Raman measurements. A 20X objective lens with a numerical aperture of 0.4
(corresponding to a Z-resolution of 6.65 um and XY-resolution of 0.8 um) was used. An excitation laser



power of 11 mW and additional collection parameters, including an integration time of 20 s, remained con-
stant for all the data reported in this study. The Rayleigh scattering was filtered with a notch filter and the
inelastically scattered light was split with an 1800 g/mm grating. A step size of 1 wm was used for the line
scans and 2D maps as to prevent potential overlapping of probed points from the theoretical 0.8 wm lateral
resolution. Each 2D map consists of an array of 20 x 20 spectra, corresponding to 400 spectra being collected
for a total acquisition time of 8000 s. The detection spectral range covered during these measurements range
between 100-800 cm™'. 2D Raman spectral maps at increasing depths were collected by focusing the light at
increasing positions beneath the surface to assess CMAS degradation by the corresponding localized residual
stress changes in 7YSZ. The step size between these different depth planes was 6.65 wm, which corresponds
to the axial resolution limit for the 20x objective lens used within this study.

3. Calculations

The Raman shift and its association with stress can be written as eq. 1:

V=1

Ao = I (1
where Ao is the change in stress, v is the measured peak position, vy is the referenced peak position, and
IT is the linear piezo-spectroscopic coefficient that is experimentally found. Work by Tanaka et al. has found
that the piezo-spectroscopic coefficient for the tetragonal 643.78 cm™! peak in a freestanding 7YSZ EB-PVD
is 5.43 cm™! GPa™!. Itis from eq. 1 that the residual stress the coating experiences from CMAS attack can be
quantified from the tetragonal phase of the coating. The stresses of other peaks may also be quantified using

eq. 1 so long as the piezo-spectroscopic coeflicient has been determined for the stress-resolved peak.

3.1. Analysis of Raman spectra

The monoclinic and tetragonal ZrO, phases have doublets located between 600 - 650 cm~! Raman shift
[44, 45, 46, 47]. More specifically, the peak position references used within this study for the monoclinic
doublets are located at 615.2 cm™' [43] and 637.6 cm™! [43]. Meanwhile, the peak position references used
for the tetragonal doublets are located at 607.1 cm™! [43] and 643.78 cm™! [42]. These peak positions are
indicated as vertical dashed lines in Fig. 3. These high convoluted peaks present an issue when fitting
the tetragonal 643.78 cm™! peak. Therefore all four peaks must be deconvoluted in order to isolate the
643.78 cm™! peak prior to quantifying the residual stress of the coating using eq. 1. These four peaks were
deconvoluted using a nonlinear least squares solver within MATLAB and were fitted using a pseudo-Voigt
function. The mPVF values found in a previous investigation reported in [39] and relative peak relationships
including the intensity ratios and full width at half maximum peak values were used as additional initial
parameter values for defining the pseudo-Voigt function. An example of the final results of this deconvolution
for both the monoclinic and tetragonal doublets as well as the residual, signal-to-noise ratio, and normalized
root mean square equation (NRMSE) goodness of fit equation where 1.0 is a perfect fit is shown in Fig. 3.

The stress reference peak position reference and the piezo-spectroscopic coeflicient reported by Tanaka
et al. is used for the 643.78 cm™! tetragonal ZrO, Raman band since their measurements were conducted on
a free standing 7YSZ EB-PVD coating [42]. This allows for the changes in the residual stress solely due to
the coating’s interaction with CMAS to be more accurately quantified when coupled with the PS-coefficient.
This stress reference peak position takes into account the stresses induced to the ZrO, bonds when structured
through EB-PVD spray as compared to ZrO, nano-powder.

A 2D stress map for each depth was obtained by applying eq. 1 to each deconvoluted 643.78 cm™! peak
in every point of the 2D map. These 2D maps were then stacked by their respective probed depths creating
a 3D reconstruction of the probed volume. This reconstruction was performed for each sample by compiling
and importing the sequence of 2D maps into the volume viewer plugin with a trilinear interpolation within
Imagel.
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Figure 3: The deconvolution of the monoclinic (m) and tetragonal (t) doublets around the 643.78 cm™! peak. The measured Raman
spectrum is shown in pink while the summation of the pseudo-Voigt function fitted peaks is in black. The unstressed reference peak
positions of 607.1, 615.2, 637.6, and 643.78 cm™! are marked in dashed lines corresponding to their respective fitted peak’s colors

of blue, cyan, green, and red, respectively. The unstressed reference peak positions are based on the findings in [42, 43]. The 607.1

and 643.78 cm™! peaks correspond to the tetragonal phase doublet while the remaining 615.2 and 637.6 cm™! peaks correspond to the
monoclinic phase doublet. Additional measurement and goodness of fit parameters are also shown through the signal-to-noise ratio and
the normalized root mean square equation goodness of fit, shown as SNR and NRMSE, respectively, in the figure. For the goodness of
fit, 1.0 is an ideally perfect fit. The residual differences between the fitted and measured peaks are plotted in the lower graph.

4. Results

A Raman spectrum of CMAS infiltrated 7YSZ coating is shown in Fig. 2(a). This specific lineout comes
from a sample that was exposed to CMAS and annealed isothermally for 10 h at 1250°C, allowing for sub-
stantial phase transformation to occur during the annealing process. With the finest grating available on this
instrument, Raman spectroscopy is unable to directly distinguish between the peaks within the yttria-rich
stabilized tetragonal-prime phase and the similar yttria-lean transformable tetragonal phase, so the peaks as-
sociated with both have been labelled as the tetragonal phase throughout this paper. Similarly, the cubic phase
has very broad peaks in the same range as the tetragonal phase located around 620 cm™". It was found that the
inclusion of these broad cubic peaks during data analysis made negligible differences in the results and are
therefore not reported in the results of this study. The tetragonal and monoclinic phases and their peak posi-
tions have been labeled in Fig. 2(a). Previous literature has found the tetragonal peak labeled at 643.78 cm™!
is also stress sensitive and an excellent candidate for quantifying the stress within tetragonal ZrO,. An ex-
panded view of the 643.78 cm™! peak is shown in Fig. 2(b). The unstressed reference of the tetragonal 643.78
cm™! peak used within this study is based on a full freestanding EB-PVD 4 mol% YSZ coating from Tanaka
et al. [42]. From this unstressed reference peak position, any shifts could be attributed to additional stresses
introduced to the coating as a result of CMAS infiltration. A shift to a lower relative wavenumber corresponds
to a chemical bond associated peak in the coating experiencing tension, also known as a redshift. Likewise,
if the measured peak shifts to a higher relative wavenumber, then the coating is experiencing compression,
also known as a blueshift. An experimentally determined piezo-spectroscopic coefficient associated with the
643.78 cm™! peak can then be used to quantify the stress the coating is experiencing [44]. Similar to tracking
degradation through the phase concentration [39, 43], using this Raman shift and piezo-spectroscopic coef-
ficient stress relationship equation, eq. 1 allows for tracking the stress evolution throughout CMAS-induced
degradation of the coating. It is from quantifying the stress in multiple 2D Raman hyperspectral maps at



increasing depths in the coating that a 3D reconstruction can be created to track the residual stress evolution
of the coating as a result of CMAS degradation throughout a probed volume.

Using the stress calculation method detailed above, volumetric reconstructions of the Raman stress are
considered for non-infiltrated sample A3, annealed at 1250°C for 10 h (Fig. 4(a)), and for CMAS infiltrated
samples B2 and B3, annealed at 1250°C for 1 h and 10 h Fig. 4(b,c), as well as the average stresses throughout
the depth of the probed volume Fig. (4(d)). The non-infiltrated A3 sample serves as a stress reference of the
7YSZ EB-PVD coating prior to infiltrated and can therefore be compared to the CMAS infiltrated samples.
The extent that CMAS influences the stress state of the coating over an increased exposure and annealing
time can be extracted from using the non-infiltrated sample as the reference point since this will minimize the
influence the coating-substrate interface has on the coating’s residual stress. The non-infiltrated sample also
serves as a reference to evaluate the CMAS infiltrated B3 sample, both of which have been annealed at the
same temperature and duration.
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Figure 4: 3D reconstruction of the stress for the 643.78 cm™! peak for (a) a non-infiltrated 7YSZ sample annealed at 1250°C for 10
h (A3), (b) a CMAS infiltrated 7YSZ sample annealed at 1250°C for 1 h (B2), and (c) a CMAS infiltrated 7YSZ sample annealed at
1250°C for 10 h. (d) Average stress as a function of depth for A3, B2 and B3.

It can be observed that the non-infiltrated sample has a very uniform stress state after being annealed for
10 h at 1250°C (Fig. 4(a)). Compression estimated at 100 MPa was calculated throughout the volume of
the coat. This compression within the probed volume of the coating is typical for columnar microstructures
of EB-PVD coatings [48]. As a non-infiltrated EB-PVD coating ages, the gradient of compressive stress
coming from the growth of the thermally grown oxide layer at the interface is expected to increase as the
thermal grown oxide layer becomes more developed early in a coating system’s lifetime, causing the coating
to experience more compression [48].

CMAS exposure and infiltration is observed to have an effect on the stress state of the coating in Fig.
4(b-d). After 1 h of infiltration, the overall average stress state of the coating becomes slightly tensile, as

Stress (GPa)



observed in the red line in Fig. 4(d). The tensile loading is likely a result of both the coating stiffening from
CMAS infiltrating the intercolumnar gaps of the coating as well as coating sintering [24]. Additionally, non-
uniform stresses appear in the probed volume of the coating in Fig. 4(b). While some regions still display
a similar stress state to that of the non-infiltrated sample, other regions are experiencing around 100 MPa of
tension. This variation can be attributed to the local microstructure of the coating. While molten, CMAS
infiltrates throughout the intercolumnar gaps and feather arms of the EB-PVD columns and then solidifies
before stiffening the coating upon cooling [9, 16, 49]. As a result, there are higher concentrations of CMAS
within these intercolumnar gaps. This is not only observed with higher monoclinic concentrations as in [39],
but also within the residual stresses of the coating. While other factors will influence the overall residual
stress state within the microstructure, there will be a trend towards a red shift, tension, for the edges of the
7YSZ columns as well as any coating surfaces in contact with CMAS.

After 10 h of infiltration, as seen in Fig. 4(c), the overall stress state of the coating drastically changes,
shifting to an average state of compression. While there still are small regions of tension, as observed after 1
h of infiltration, a majority of the coating is ranging from around 100 MPa of compression at the surface to
around 300 MPa of compression around 46 pum into the depth of the coating, noted in the yellow line in Fig.
4(d). As compared to the non-infiltrated sample, which was also annealed for 10 h at 1250°C, the average
stress state of the coating overall is also more compressive on and around the edges of the columns. This
higher stress state of compression as well as the minor shift from tension to compression in most regions
can be attributed to phase destabilization and subsequent phase transformation of the coating. Additionally,
this trend towards of a residual stress profile first becoming more tensile and then transforming to become
more compressive with increased CMAS exposure and annealing times aligns with what has been found in
literature [21, 50, 51].

Volumetric reconstructions of the Raman stress-induced peak shifts are shown in Fig. 5 for both the
643.78 cm™! tetragonal peak of B2 and B3 coatings, Fig. 5(a,c) respectively, and for 637.6 cm™! monoclinic
peak of B2 and B3 coatings, Fig. 5(b,d) respectively. These peak shifts can be quantified into stress using the
piezo-spectroscopic coeflicients and the Raman shift and piezo-spectroscopic relationship equation, eq. 1.

It can be observed that after 1 h of annealing that, overall, the tetragonal peak has red shifted towards
tension as well as the monoclinic peak. Then after 10 h of annealing, the tetragonal peak has shifted more to
a blue shift in compression. The monoclinic peak for 10 h of annealing, while split, has more of a compressive
blue shift, similar to the tetragonal peak at 10 h, but has also retained its tensile red shift in some areas. The
red and blue shifts in the monoclinic peak corresponds to both microstructure as well as the presence and
concentration of the monoclinic phase in those regions. Areas with a lower presence of the monoclinic phase
will naturally have a weaker Raman signal than regions with higher monoclinic concentrations.

In addition to the 643.78 cm™! tetragonal peak, the 463.7 cm™! peak has also been used previously in
literature to measure the stress of the non-transformable tetragonal phase [21, 44]. The 463.7 cm™! peak
was used as a form of validation of the results within this study. For this validation the unstressed reference
peak position is 463.7 cm™! [21, 44] and the piezo-spectroscopic coefficient used is 5.6 cm™! GPa™! [44]. It
should be noted that this coefficient is for air plasma sprayed 5YSZ, meaning some minor discrepancy will be
present as compared to what the coefficient would be for the 463.7 cm™' peak for EB-PVD 7YSZ. Similarly,
a 488 nm Ar/Kr laser was reported in Krimer et al. [21], compared to the 532 nm He/Ne laser used within
this study. The stress for the 463.7 cm™! peak is reported in Fig. 6. A similar trend in the localized stress
distribution between the intercolumnar gaps and on and at the edge of the columns to what was found in Fig.
4 is observed. However, there are differences within the overall average stress states throughout the depth.
Most notably, the overall reported stress state within the non-infiltrated sample (Fig. 6(a)), while uniform, is
estimated at nearly 1 GPa in tension. While high, using the residual stress within the non-infiltrated sample as
a reference for the infiltrated, it is observed that both the infiltrated samples are more in compression relative
to the non-infiltrated sample. The localized microstructural effects on the stress distribution also influence
the stress state of the probed volume. The intercolumnar gaps tend to be less compressive than on or at the
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Figure 5: 3D reconstruction based on Raman shifts of the 643.78 and 637.6 cm™!, tetragonal and monoclinic peaks, respectively, for
CMAS infiltrated 7YSZ samples annealed at 1250°C for (a) 1 h and (b) 10 h. Shifts are relative to the unstressed peak position refer-
ences in [42, 43].

edge of the columns.

5. Discussion

A schematic of the stress evolution of the coating as a result of CMAS infiltration summarizing our
observations is shown in Fig. 7. Fig. 7(a) is a schematic of the pristine columnar microstructure prior to
CMAS infiltration. The columnar tips are well defined and feather arms can be observed along the edges
of these columnar finger-like structures. The center of these columns would be in compression and a stress
gradient to a less stressed or more neutral state is present approaching the edge of these columns. As molten
CMAS deposits onto the surface of the coating, as seen in Fig. 7(b), it infiltrates to some depth as seen in
Fig. 7(c). Distinct stress regions form, which can be distinguished between the infiltrated and non-infiltrated
zones of the coating. These differences in the stress state of the coating within these two zones matches
the literature [21]. The depth at which the CMAS infiltrates is dependent on the operating temperatures as
well as infiltration time. With the thermal gradient present from the surface of the coating to the interface
of the coating, bond coat, and substrate, commonly the CMAS will infiltrate to a certain depth and solidify
as it reaches below melting temperatures within the coating. This infiltration can also be interrupted if the
operating temperatures of the turbine decreases. Depending on the temperature, the CMAS might not solidify,
resulting in full infiltration of the entire thickness of the coating. At the beginning of CMAS exposure, the
effects of infiltration depth on the residual stress of the coating is immediately observable [52].

Primarily two different types of stresses are introduced during infiltration. The first is purely mechanical
and the second is purely chemical. The mechanical stress comes as the coating sinters as well as stiffens when

10



a b c
0.8 0.8
0.6 0.6
< < <
*g 0.4 = *g 0.4 = *g
) 0.2 ?D- ) 0.2 % o)
2 .8 £ °,8 £
7} -0.2 ¢ 7} 02 2 7}
5 04a® 3 048 8
2 5 -0.6 )= 06 2
Hm N N
: 0.8 0.8
A3 (YSZ 1250°C 10 h) B2 (YSZ+CMAS 1250°C 1 h) B3 (YSZ+CMAS 1250°C 10
d Average Stress throughout the Depth

15 —A3 (7YSZ at 1250°C for 10h)
: ——B2 (7YSZ+CMAS at 1250°C for 1h)
B3 (7YSZ+CMAS at 1250°C for 10h)

0.5

Stress (GPa)

P
A ——

-1

0 10 40 50

20 30
Depth (um)

Figure 6: 3D reconstruction of the stress for the 463.7 cm™! peak for (a) a non-infiltrated 7YSZ sample annealed at 1250°C for 10 h
(A3), (b) a CMAS infiltrated 7YSZ sample annealed at 1250°C for 1 h (B2), and (c) a CMAS infiltrated 7YSZ sample annealed at
1250°C for 10 h (B3) as well as (d) the average stress as a function of depth for all three samples.

the CMAS solidifies within an infiltrated region and displays a tensile stress state similar to that observed
during aging with the bulk splat-like microstructure of air plasma sprayed coatings [41, 53]. In this case,
the solidified CMAS would start to pull the columns of the coating in tension and cause a stress gradient
from the edge of these columns to the column center. This stress is also fast acting, occurring immediately
upon CMAS solidification and will be the predominant stress contributor early in the coating’s exposure to
CMAS. Depending on the extent and intensity of this additional residual stress, the coating may already start
to fail through the formation, propagation, and coalescence of cracks [35]. The chemical stress occurs over
longer periods of exposure and over several cycles of temperature fluctuations. Phase destabilization leading
to phase transformation occurs upon cooling below approximately 600°C within the yttria-lean parts of the
7YSZ. This leads to the transformation of the tetragonal phase to the monoclinic phase [32]. As observed in
a previous investigation in this work [39], a majority of this phase transformation into the monoclinic phase
occurs by 1 h of CMAS exposure and infiltration and only slightly increases by 10 h. Though it should
also be noted that the concentration and extent of this phase transformation throughout the probed volume
becomes more developed over time. The newly transformed monoclinic phase induces a compressive force
onto the surrounding coating due to its volumetric expansion during phase transformation. Since this stress
is dependent on the concentration and on the rate of monoclinic phase volume fraction growth, this stress
is slow acting and becomes more dominant over longer exposure times. In high enough concentrations, this
chemically-induced stress would negate the aforementioned mechanically-induced tensile stress and push the
coating into a residual stress profile of compression.

Outside of this infiltrated region, the coating would behave as it did prior to CMAS deposition. However,
as represented in Fig. 7(c), an interface between the infiltrated and non-infiltrated regions would result in
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Figure 7: Schematics of (a) a pristine 7YSZ EB-PVD coating cross-section prior to any CMAS exposure or infiltration. (b) Top down
view of the 7YSZ EB-PVD coating, showing cut aways of the columns as well as a region for CMAS infiltration. The typical stresses
experienced by the coating is highlighted where compressive stresses are blue and slowly shift towards green until reaching a rela-
tively unstressed state indicated in yellow. Stresses are scaled with high tensile stresses in red and are shifted to orange as the stresses
approach a relatively unstressed state indicated in yellow. The stresses then slowly shift to green and finally blue as the stresses be-
come more compressive. (¢) is the cross-section of the 7YSZ EB-PVD coating after some time that CMAS as infiltrated and interacted
with the coating, allowing for substantial monoclinic formation to occur. Two distinct regions form: the CMAS infiltrated and the non-
infiltrated regions. An intermixed stress region forms at the interface between these two regions. The overall stress gradient within

this intermixed region is dependent on several factors including, but not limited to, CMAS infiltration depth, coating age and the TGO
growth development. The localized stress gradient induced by the formation of the monoclinic phase (m-phase) is highlighted to the
right of (c) where compressive forces, relative to the surrounding tetragonal phase of the coating, are present around the globular mon-
oclinic phase.

some mismatch between the residual stress states. This intermixed stress region would introduce a gradient
between the two stress states of the infiltrated and non-infiltrated and would depend on additional parameters,
such as, but not limited to, the infiltration depth and the age of the coating. It is at this interface zone that
cracks and CMAS-related spallation are be most likely to occur, especially when considering the accumula-
tion of stresses at the interface [54], coefficient of thermal expansion mismatch, and thermal loading during
an operational cycle.

The monoclinic phase volume fraction (mPVF), as previously described in [39], and its relationship to
stress can be observed in Fig. 8. For Fig. 8(a,b), mPVF and stress stack maps throughout the depth of the
coating are shown for both CMAS-infiltrated samples for 1 h of annealing, Fig. 8(a), and 10 h of annealing,
Fig. 8(b). Within both of these stack maps are highlighted regions displaying relatively low and high mPVF
concentrations for each sample. All mPVF and stress measurements within the low and high mPVF regions
were then averaged throughout the depth and are summarized in Fig. 8(c,d). For the CMAS infiltrated sample
annealed at 1250°C for 1 h, Fig. 8(a,c), it can be observed that regions with low mPVF are more in tension
as compared to region with high mPVF, which are more in compression. This can be observed in the average

12



a B2 (YSZ+CMAS 1250°C 1 h) b B3 (YSZ+CMAS 1250°C 10 h)

# [ Low mPVF Region e ~‘f;"_gs.<.._ [ Low mPVF Region
< [ High mPVF Region < = 7 [ High mPVF Region
‘\ ,;; - ps T .

o
i
(
o
N

mPVF (%) = Stress (GPa) mMPVF (%) . == = =°.  Stress (GPa)
60 A 60 il B -

55 h = 0.3 55 -~ 0.3
0.2 —— 0.2
50 0.1 50 S 0.1
; 0 éw&gf-» 0
45 0.1 45 P S 01
0.2 %’ -0.2
. 53 "= by
-0.4 35 - -0.4
[ d =
Stress & mPVF through Depth (B2) Stress & mPVF through Depth (B2) Stress & mPVF through Depth (B3) Stress & mPVF through Depth (B3)
0.15, Low mPVF Region 55 0.15: High mPVF Region 55 0.15 Low mPVF Region 55 0.15, High mPVF Region
0.1 ve| 50 0.1
0.05 15 0.05 s
g . e g 0EE& : T 40 g
% -0.05 % % - % - &% -005 %
SA oA 2 2
g 01 3By 2 3BL g 01 35 %
o -0.15 30 E S - o - 30 % © -0.15 30 %
5 02 -~ 5 7z B 02
70125\/\// 25 25 025 25
03 20 20 03 20
-0.35- 15 -0.35! 15 -035— (15 -0.35- 15
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 501 0 10 20 30 40 50
Depth (um) Depth (um) Depth (um) Depth (um)

Figure 8: A comparison of the localized monoclinic phase concentrations, measured through the phase volume fraction (mPVF)
[39], and the localized stress state of the probed areas throughout the probed depth of the coating are shown for samples infiltrated
by CMAS annealed at 1250°C for (a) 1 h and (b) 10 h. For both samples, relatively low and high mPVF regions were selected and
mPVF and stress were tracked within these regions throughout the depth of the coating for the (c) 1 h and (d) 10 h samples.

stress and mPVF throughout the depth plots for the low and high mPVF regions. On average, the stress in
the low mPVF region is around 50 MPa in tension. The mPVF varies between 20 - 30% in this low mPVF
region. The stress being in tension follows what has been observed in literature for CMAS exposed coatings
with little phase transformation [24, 26]. Meanwhile, the stress in the high mPVF region is around 50 MPa
in compression. The mPVF in this high region starts around 55% and decreases towards around 35% around
46 pum into the depth of the coating.

As the monoclinic phase becomes more developed throughout the probed volume of the coating after
annealing a CMAS infiltrated sample at 1250°C for 10 h, Fig. 8(b,d), the stress does not vary as drastically
between low and high mPVF regions relative to the sample. Both regions have an average stress starting
around 50 MPa in compression at the surface and becomes more compressive throughout the depth of the
coating until reaching around 250 MPa in compression around 46 pum into the depth of the coating. The
low mPVF region is relatively consistent throughout the depth of the coating with a mPVF at around 40%.
The high mPVF region starts around 55% and decreases to around 40% around 46 pm into the depth of the
coating.

Comparing the 1 h and 10 h annealing samples, it can be observed that there is some threshold range of
mPVF, in which the residual stress state of the coating is dependent on. Below this threshold, the additional
residual stresses introduced by CMAS infiltration are dominated primarily by physical mechanisms, such as
coating stiffening. Above this threshold, the additional stresses introduced are dominated more by chemical
mechanisms, such as the phase transformation of the coating. Finally, as the mPVF approaches this threshold,
the stress state of the coating would slowly shift from tension to compression, as what is seen between the

13



low and high mPVF regions for the 1 h annealed sample in Fig. 8(c). This trend has also been noted in
literature [21, 50]. It is noted that additional exposure studies with a more comprehensive annealing time
sample matrix between 1 h and 10 h would be needed to better define this transitional point and to observe
how this value may change due to varying coating conditions and ageing. From the results in Fig. 8(c,d), the
transition from tension to compression appears around a mPVF of 35% for EB-PVD 7YSZ coatings exposed
to CMAS early in its lifetime. This is observed in the 1 h annealed sample where the residual stress shifts
from being in tension for the low mPVF region to compression for the high mPVF region. This shift into
compression is continued when comparing the high mPVF region of the 1 h annealed sample, Fig. 8(c) with
the low mPVF region of the 10 h annealed sample, Fig. 8(d). An increase in the mPVF, when comparing the
low mPVF region and the high mPVF region of the 10 h annealed sample, has minimal effects on the residual
stresses of the coating beyond an mPVF of 40%.

A linear Karl Pearson Correlation Coefficient calculation, eq. 2, was performed to establish a correlation
relationship between the mPVF and stress at varying monoclinic concentrations, where R is the correlation
coefficient, n is the sample size, mPVF is the concentration of mPVF at a given point, and o is the stress
calculated at a given point. The resulting correlation coefficients calculated can be seen in Table 2. Eq. 2 is
the linear Karl Pearson Correlation Coefficient equation and this equation provides a linear coefficient value
between -1 to 1, where -1 would indicate a purely negative linear relationship in which there is an inversely
proportional relationship trend between the mPVF and stress. Conversely, 1 would indicate a purely positive
linear relationship in which there is a proportional relationship trend between the mPVF and stress. Another
important value would be 0, which would indicate no linear relationship between the mPVF and stress values.

R nX(mPVFo) — (EmPVF)(Z0) @)
VnZ(mPVF2) — (EmPVF)][nX(c?) — (Xo)?]

Due to the varying mechanisms influencing stress, such as the mPVF concentration as observed in Fig.
8, all probed points on the surface measurement were put into one of three different sections: a low mPVF,
medium mPVF, and high mPVF region. The range for each of these regions were determined relatively for
each CMAS infiltrated sample by equally distributing the three ranges between the minimum mPVF value
and the maximum mPVF value previously calculated. Since there is an uneven distribution of the mPVF
values across the samples, the sample size is not consistent among the different regions and has been taken
into consideration in the standard error calculations, eq. 3.

1-R?
n—-2
Strong correlations can be observed for both CMAS infiltrated samples across the low, medium, and high
mPVF sections. This is expected since previous literature has established phase transformations having the
ability to influence the overall stress state of the coating [30, 52]. The low mPVF section for B2 (1250°C,
1 h) has the lowest correlation coeflicient, relative to the other coefficients and mPVF sections. This is
explained by the chemical mechanisms influencing stress being weakest within the low mPVF section while
the physical mechanisms being more dominant with a mPVF lower than the transitional point around 35%
mentioned previously when comparing the mPVF and stress evolution throughout the depth in Fig. 8. The
correlation coeflicient value then increases through the transition from the physically dominant to chemically
dominant mechanisms for the residual stress as the monoclinic concentration increases and the residual stress
becomes compressive within the medium mPVF and high mPVF sections. The high mPVF section for the 1 h
sample as well as all of the mPVF sections for the 10 h sample have a negative coefficient due to the notation
of tensile stresses being postive” and compressive stresses being “’negative” in stress calculations. The 10 h
sample, B3, as a relatively uniform correlation coefficient with little deviation across the low, medium, and
high mPVF sections. This suggests that the transition to chemically dominated mechanisms impacting the
overall residual stress profile of the coating the most has already been completed.

SEg = 3)
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Table 2: Pearson correlation coefficients between the calculated mPVF and stress, categorized by low mPVF, medium mPVF, and high
mPVF ranges relative to the CMAS infiltrated 7YSZ samples annealed at 1250°C for (B2) 1 h and (B3) 10 h. The correlation coeffi-
cient varies between -1, indicating a negative relationship, and 1, indicating positive relationship, with a coefficient near 0 would mean
no relationship between the two measurements. A weak correlation would have a coefficient around 0.10 - 0.30, a medium correlation
would be around 0.30 - 0.50, and a strong correlation would be around 0.50 - 1.00.

Sample Low mPVF  Medium mPVF High mPVF
(0-20.2) (20.2-40.4) (40.4 - 60.5)
B2 (7YSZ+CMAS, 1250°C for 1 h)  0.62 + 0.08 0.97 £ 0.01 -0.93 + 0.04

Sample Low mPVF  Medium mPVF High mPVF
(36.8 - 43.9) (43.9 -50.9) (50.9 - 58.0)
B3 (7YSZ+CMAS, 1250°C for 10 h)  -0.91 + 0.05 -0.95 + 0.03 -0.90 + 0.06

6. Conclusion

The work presented shows the evolution and changing prominence of both the physical and chemi-
cal mechanisms that dominate the localized stress state and microstructure of EB-PVD coatings evaluated
through non-destructive confocal Raman spectroscopy. More specifically, CMAS infiltration introduces both
additional physical and chemical components to the residual stress state of 7YSZ coatings. It was found for
CMAS exposure on coatings cycled for a short time that thermomechanical degradation and additional physi-
cal mechanisms, such as coating stiffening, are more influential towards the overall residual stress state of the
coating early on in CMAS exposure, as observed in the first hour of CMAS infiltration, producing a red Ra-
man shift and inducing tensile loading of up to around 100 MPa onto the tetragonal ZrO, Raman bands of the
7YSZ coating. Then as the CMAS has more time interact and destabilize the coating, thermochemical degra-
dation and its chemical mechanisms, such as monoclinic formation, becomes a more dominant phenomenon,
having a greater impact on the overall residual stress state of the coating and inducing a blue Raman shift and
compressive loading on the tetragonal ZrO, up to around 100 MPa. These results also suggest a transitional
concentration threshold of around 35% phase volume fraction. Below this threshold, the coating experiences
tensile loading and its residual stress is dominated primarily by physical mechanisms. Above this threshold,
the coating experiences compressive loading and its residual stress is dominated more by chemical mecha-
nisms instead. On a microstructural level, the edges and surfaces of the EB-PVD columns were observed to
be more sensitive to the residual stress effects from CMAS infiltration than regions with lower exposure to
CMAS, such as the columnar cores and centers.
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