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Abstract

The infiltration of molten calcium, magnesium, and alumino-silicates (CMAS) into jet engine
thermal barrier coatings (TBCs) causes an increased stiffness and a destructive phase
destabilization eventually leading to thermomechanical failure. Using 3D confocal Raman
spectroscopy, the extent of thermochemical degradation was identified by mapping the monoclinic
phase volume fraction (mPVF) throughout a standard EB-PVD 7YSZ TBC coating. The mPVF is
characterized as a function of depth and infiltration time with microscale resolution. Results show
that phase destabilization was most intense along the column's perimeter whereas the core of the
column retained most of its original phase. The greatest amount of phase destabilization occurs
within the first hour of the interaction after which the average minimum mPVF is 32%. This value
increases to 42% after a ten-fold increase in interaction time. This ability to quantitatively and non-
destructively characterize degradation of CMAS infiltrated TBCs will accelerate development of
degradation resistant coatings.
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1. Introduction

In order to increase engine efficiency, the operating temperatures of jet engines are pushed
beyond the melting point of the underlying metallic alloys that make up their components [1]. Safe
operation in this extreme environment is ensured by the use of thermal barrier coatings (TBCs) [2-
4]. Common TBCs are composed of three layers on top of a metallic substrate: a ceramic top coat
such as 7 wt.% vyttria stabilized zirconia (7YSZ), a thermally grown oxide (TGO) layer, and a
metallic bond coat [3]. A 7YSZ top coat is considered as a suitable model system. In this study,
the top coat was deposited on an alumina substrate via electron beam physical vapor deposition
(EB-PVD). This resulted in a characteristic segmented columnar structure, which provides high
strain tolerance and thermal shock protection [5]. Also characteristic of the EB-PVD fabrication
method is the presence of closed porosity throughout the coating, which lowers thermal
conductivity of the TBC, further insulating the metallic engine components from high temperature
degradation [6].

In flight, jet engine TBCs are exposed to several types of degradations [4, 7, 8], including
airborne contaminants with a composition dominated by calcium, magnesium and alumino-
silicates (CMAS) [9]. As TBCs make it possible to increase operating temperatures, the melting
point of CMAS can be reached [6, 7], which can have detrimental effects on TBCs as molten
CMAS infiltration can drastically alter their mechanical and chemical properties [10-16].
Infiltration is exacerbated by the capillary effect in TBCs obtained by EB-PVD [6, 17]. As the
molten CMAS penetrates the ceramic topcoat, the YSZ oxide is dissolved in stoichiometric
proportions and reprecipitates as yttria-depleted zirconia grains [7, 15, 16]. As a result, the
metastable yttria-rich tetragonal phase (t'-ZrO.) constitutive of EB-PVD YSZ TBCs transforms
into the unstable yttria-lean tetragonal phase (t-ZrOz). This, in turn, leads to the t-ZrO, phase
reverting to the monoclinic phase (m-ZrO2) upon cooling at ambient temperature [7, 11, 12, 16,
18]. The destabilization pathways of t'-ZrO> from high temperature exposure and from CMAS
attack have been elucidated in previous reports [19, 20]. During rapid cooling, CMAS solidifies
within the inter-columnar gaps and the porosity of the coating, effectively combining the open
spaces and segmented micro-structure of the coating into a conglomerate, particularly at the
surface of the TBC and at its interface with the metallic bond coat [16]. This conglomeration
increases the modulus of the layer [15, 21], diminishes the strain tolerance and increases the

thermal conductivity of the coating [15, 22, 23]. In addition, the t-ZrO> to m-ZrO, phase change



is accompanied by a volume expansion of approximately 3-5%, which further compromises the
structural integrity of the coating, contributing to stress localization, crack propagation and
spallation [15, 18, 21, 24-26]. CMAS infiltration depth depends on many factors such as the
viscosity of the CMAS melt, the microstructure of the coating and the extent of thermal gradient
[17]. It is known that the lifetime of a TBC under CMAS attack is dependent on the infiltration
depth as well [27]. Up to the authors’ knowledge, currently, there are no non-destructive analyses
to identify the CMAS infiltration depth with high resolution in a TBC on real engine hardware. A
novel technique must be developed in order to predict the TBC damage before the coatings
undergo spallation and the blades exposed to high temperatures, which can eventually cause
catastrophic incidents.

Raman spectroscopy uses inelastically scattered light to identify the chemical bonds
present within a material and has the ability to distinguish between the different chemical phases
of a material such as ZrO> [19, 28]. As a result, Raman spectroscopy is a powerful tool for the
identification of the phase destabilization that occurs in CMAS-infiltrated coatings, which can help
identify the extent of degradation as a result of CMAS infiltration [16, 19]. Furthermore, the
confocality implemented on new Raman systems enables non-invasive probing below the sample
surface to characterize the volume of TBCs without the need for cross sectioning.

Here, by creating 2D Raman hyperspectral maps at increasing depths within the coating, a
3D reconstruction was created tracking the degradation through the evolution of phase
concentrations caused by the infiltration of CMAS into the ceramic coating. The phase degradation
of EB-PVD 7YSZ due to the CMAS infiltration at 1250°C was studied in a novel manner as a
function of time and depth using 3D confocal Raman spectroscopy [17, 29, 30]. We evaluated
changes of monoclinic phase volume fraction (mPVF) in ZrO; at various depths and locations
across 7YSZ by comparing the peak intensities of the m-ZrO, Raman bands to the sum of the
intensities of the bands corresponding to the t-ZrO, and m-ZrO. phases following a method
established by Clarke & Adar [31]. Using this method, a 3D map of the phase volume fractions in
the EB-PVD 7YSZ system was reconstructed to show the effects of annealing time on the depth
of the m-ZrO; phase formation with microscale resolution. The approach was validated by
characterizing a cross section of the same sample with surface Raman measurements. Additionally,
the distribution of the phase volume fractions with respect to the microstructure of the TBC was

elucidated. SEM-EDS was used to further validate the results of the Raman confocal studies.



2. Material and methods
2.1 7YSZ Topcoat fabrication

7YSZ coatings (thickness of 400 pum) were produced on alumina substrates using a 150
kW EB-PVD system equipped with a single ingot containing 7YSZ at the German Aerospace
Center (DLR) in Cologne, Germany. A thicker TBC was intentionally coated for fundamental
study purposes and does not represent actual blade coatings. The alumina substrates were placed
on a sample holder rotating directly above the ingot. The parameters for the TBC deposition

included a substrate temperature of 1000 °C with a rotational speed of 12 rpm.

2.2 CMAS composition and fabrication

The CMAS composition (in mol.%: 24.6% CaO, 12.4% MgO, 11% Al>03, 41.7% SiO»,
8.7% FeO & 1.6% TiO2) was derived from the compositions found in aero-engines operating in
Middle Eastern countries and have been used in previous studies [6]. The CMAS powders were
artificially synthetized through co-decomposition of Me-nitrates together with SiO, and TiO-

powders, as described in more details in [6].

2.3 Sample preparation

A CMAS reference sample was prepared by annealing CMAS powder at 1250 °C for 10 h
allowing it to melt onto a platinum foil. CMAS was applied as a paste in the amount of 10 mg/cm?
on the 7YSZ coating and infiltration experiments were carried in a laboratory box furnace with
heating/cooling rates of 10K/min. Two annealing times, 1 h and 10 h, were used. The list of

Table 1. Inventory of the samples considered in this study.

Sample Composition Annealing Annealing time (h)
Temperature (°C)
C1 CMAS 1250 10
A0 7YSZ 0 0
A3 7YSZ 1250 10
B2 7YSZ+CMAS 1250 1
B3 7YSZ+CMAS 1250 10




samples considered in this study is provided in Table 1. Control samples composed of pure 7YSZ
(A0, A3) were used as reference to rule out the effect of high temperature on 7YSZ and focus on
the changes resulting from CMAS infiltrated in 7YSZ (samples B2 and B3). For validation, a
cross section of the CMAS infiltrated TBC annealed for 10 h (B3) was prepared to collect Raman
spectra directly from the volume corresponding to the depth probed with the non-destructive
approach. Prior to cross sectioning, the samples were covered with an epoxy (Gatan G2), sectioned
in half using a diamond saw and polished down to a 0.05 pum finish using standard metallographic
techniques.

2.4 Sample characterization

Scanning electron microscopy images (SEM) of the cross sections of the infiltrated samples
to assess the CMAS infiltration were obtained on a DSM Ultra 55 SEM (Carl Zeiss NTS, Wetzlar,
Germany) equipped with energy dispersive spectroscopy (EDS) (Inca, Oxford Instruments
Abingdon, UK) to determine the compositions of the crystalline phases.

Raman measurements were performed on an Alpha 300RA WITec Confocal Raman
microscope with a He:Ne 532 nm laser source excitation and a 20X objective (Numerical Aperture
0.4, corresponding to Z-resolution of 6.65 um and XY -resolution of 0.8 um). For all data reported
here, excitation laser power (11.6 mW) and collection parameters remained constant, including an
integration time of 20 s. After filtering the Rayleigh scattering with a notch filter, the inelastically
scattered light was split with an 1800 gr/mm grating. Step size of 1 um was used for the line scans
and 2D maps. 2D maps consisted of an array of 20 x 20 spectra (this corresponded to 400 spectra
collected in a total acquisition time of 8,000 s per 2D map). Detection covered the spectral range
of 100 — 800 cm™. To assess the CMAS degradation and the corresponding phase changes in 7YSZ
as a function of depth, Raman point spectra and 2D spectral maps at increasing depths were
collected by focusing the light at different positions beneath the surface. The step size between the
different planes of analysis was to 6.65 um, corresponding to the axial limit of resolution of the

20x objective.

3. Calculations
3.1 Determination of mPVF




We evaluated changes in the mPVF of ZrO; at various depths and locations across the
model TBC by comparing the peak intensities of the m-ZrO, Raman bands to the sum of the
intensities of the bands corresponding to the tetragonal (1248, 12°3) and monoclinic (1182, 1}21)

phases following a model established by Clarke and Adar [31]:

1%182 +171r191
mPVF = 1
0.97 * (I1*® + 17%%) + (132 + 1Y) @

In this study, we considered the factor 0.97 used by Clarke and Adar [31] to be a satisfactory
approximation given that our laser illumination is similar to the 514 nm source used to establish

the reported factor.

The tetragonal phase volume fraction (tPVF) following a model established by Perry et al [32]
using the intensities of the bands corresponding to the tetragonal (/2°3) and monoclinic (I.:8%)

phases:
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t
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3.2 Analysis of Raman spectra

In order to calculate the mPVF , the bands of the corresponding Raman shifts were fitted
using a pseudo-Voigt function. The pseudo-Voigt function approximates the Voigt function that
is a convolution of Gaussian and Lorentzian profiles [33, 34]. It assumes equal line widths of both
Gaussian (Eq. 2) and Lorentzian (Eq. 3) profiles. The pseudo-Voigt profile has been found to be a
good approximation to the Voigt function based on analysis of several spectra [35].

The nonlinear least squares solver in MATLAB was used for curve fitting in order to
determine the intensity of the selected bands. The intensities of the Raman bands corresponding to
the monoclinic phase at 182 cm™ and 191 cm™ and to the tetragonal phase at 148 cm™ and 263 cm-
1 were calculated using the pseudo-Voigt fit. The 2D and 3D representations of the mPVF
variations in the sample were constructed with MATLAB using a cubic spline interpolation

smoothing to reduce pixilation and produce a gradient in the final rendering. The 3D maps were



compiled by importing the sequence of 2D maps into the
volume viewer plugin of Imagel, using a z-aspect ratio
parameter of 100 and a sampling parameter of 20 with a
trilinear interpolation.

Box and whisker plots were generated to display the
data as the median mPVF measured as a function of depth.
The central line corresponds to the median, while the bottom
and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers indicate the maximum
and the minimum mPVF values and are not considered as

outliers.

4. Results

A representation of the morphological of the CMAS
infiltrated 7YSZ TBC after 10 h of CMAS infiltration at
1250°C is presented in Fig. 1. Fig. 1(a) shows the top 50 pm
of the coating at the CMAS-7Y SZ interface whereas Fig. 1(b-
e) represent the microstructure at distances of 100, 200, 300
and 400 um from the surface, respectively. In Fig. 1(a-d),
large gaps of several micrometers were present, which were
attributed to CMAS-associated sintering of the columns. Gaps
observed in Fig. 1(e) were smaller. However, a large amount
of deposits, which are likely a reservoir of CMAS, can be
observed in the lower part of the coating, at the interface with
the substrate, in Fig. 1(e). At the top of the TBC, the red lines
in Fig. 1(a) were drawn to differentiate the reacted (outside of
the line) and un-reacted (inside the line) regions of 7YSZ of
the columns. CMAS was present in heterogeneous pockets at
the periphery of the columns. Structural changes due to
CMAS attack on the coating could be observed as well as

more rounded edges (red arrows) of the columns that were

10°um QMA!"

Fig. 1. Microstructural changes to
the TBC columns as a result of
dissolution in steps of 100 um after
10 h of CMAS infiltration at 1250
°C. SEM images obtained at selected
depth below surface: (a) 0 um (b) 100
pm (c) 200 um (d) 300 pm (e) 400
pm. Red arrows indicate regions with
most severe loss in feathery features,
while regions least affected are shown
by blue arrows.



originally more “feathery” (blue arrows) in appearance. “Feathery” edges that are more
representative of the pristine TBC (Fig. S1(a)) could be observed in some columns of the images
collected at 200 um (Fig. 1(c)), but not at the surface nor at depths of 300 and 400um (Fig. 1(d,e)).
These observations are in agreement with previous work by Naraparaju et al [6].

4.1 Raman spectra of pure CMAS and 7YSZ

Next, the effect of the aforementioned infiltration on the phases of ZrO, was investigated
by Raman confocal microscopy. Molten CMAS was first characterized by Raman spectroscopy
(Fig. 2(a)). Several bands in the 100 - 800 cm™ range are consistent with the 3D network of SiO4
and AlQO4 tetrahedra in CMAS [36], with various ions including calcium, magnesium, and, to a
lesser extent, titanium and iron modifying its network. Raman modes above 500 cm™ were
previously attributed to vibrational modes associated with bonds between the silicon, aluminum
and oxygen ions [36, 37]. Bands below 500 cm™ likely correspond to a perturbation of the vibration
of the SiO4 tetrahedra by the different ions found in CMAS. For instance, the band located around
192 cm™ has been ascribed to SiOs tetrahedra being modified by magnesium ions [38-40] while
the bands around 343 cm™ and 398 cm™ likely correspond to SiO, tetrahedra affected by the

presence of calcium ions [41-43], and iron ions [39, 41], respectively.



Characteristic Raman signatures of the tetragonal phase of 7Y SZ before annealing (sample
A0) and after annealing (sample A3) are shown in Fig. 2(b). Raman signatures of the non-reacted
samples (samples A0 and A3) exhibit six characteristic bands at 148 cm™, 263 cm™, 322 cm™, 466
cm?, 610 cm™, and 642 cm, consistent with previous reports on the tetragonal phase of zirconia
found [19, 44-46]. An effect of high temperature on the TBC without CMAS attack was observed
after annealing without CMAS (sample A3). A marked increase in the 263 cm™ peak intensity was
observed in addition to a shift (Fig. 2(b)). The increase in intensity may be attributed to a change
in the zirconia lattice due to heating [47]. Furthermore, it is noticed that the peak located at 263

cm™* narrowed, which is indicative of an increase in the local order of the crystalline lattice [28].

4.2 Probing the depth of the CMAS infiltrated 7YSZ with Raman confocal spectroscopy

CMAS degradation and the corresponding phase changes in 7YSZ were evaluated with
Raman confocal spectroscopy. Spectra presented in Fig. 2(c) were collected at increasing depths.
Monoclinic bands (182 cm™, 192 cm™) that were not present in samples A0 and A3 (Fig. 2(b))
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Fig. 2. Raman spectra of the materials involved in the CMAS-7YSZ interaction. (a) Raman spectrum of
CMAS after annealing at 1250°C for 10 h. (b) Raman spectrum of 7YSZ alone before and after annealing. (c)
Evolution of Raman spectrum of 7YSZ as a function of depth within the coating — a depth of Opum corresponds to
the surface of the sample
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could be observed in the infiltrated TBC. Intensities of all the bands decreased with increasing
depth, although the rate at which the monoclinic peak intensities decreased was much greater than
that of the tetragonal bands. The part of the 7YSZ coating analyzed by confocal Raman
spectroscopy shown in Fig. 2(c) corresponds to the top 50 um of 7YSZ coatings shown in Fig.
1(a).

4.3 Validation of confocal Raman spectroscopy depth measurements

The framework of non-destructive characterization of phase destabilization due to CMAS
infiltration was validated by comparing the Raman data collected on the non-sectioned B3 sample
(volume probing in Fig. 2(c)) and on the surface of the same sample that was cross-sectioned
(surface probing) as depicted in Fig. 3(a). Fig. S2 provides the details of the locations probed for
the non-sectioned and cross-sectioned samples. Fig. 3(a) depicts the measurement directions for
the depth profiles and for the line scans performed on the cross-sectioned sample. Line scans,
which correspond to a succession of spectra collected every 1 um along a selected line, at the
surface of the cross sectioned sample, allowed for data to be obtained at the center of the TBC
column and at the perimeter of the TBC column. In addition, the representation of the locations at
which the spectra were collected are depicted in blue for the edge of the column and red for the
center of the column in Fig. 3(a). The data was used to elucidate the effect of microstructure on
phase transformation due to CMAS ingression. Raman spectra were collected and fitted at each

point and mPVF was calculated following eq. 1.
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Fig. 3. Comparison of 3D confocal Raman spectroscopy and cross-section Raman spectroscopy. (a)
Representation (not to scale) of a 3D volume of CMAS infiltrated EB-PVD 7YSZ used for validation of the 3D
confocal Raman spectroscopy approach for non-destructive analysis. The rectangles represent the data points
acquired at the edge (blue) and center (red) of the column as a depth measurement with 3D confocal
Raman spectroscopy. The circles represent the data points acquired at the edge (blue) and center (red) of
the column as a surface measurement. (b-d) mPVF measured on the unsectioned B3 sample using non-
destructive depth probing at (b) the center, and (c) the perimeter of column. The three curves in each graph
represent triplicates. (d) Successive 2D maps of mPVF obtained selected Z planes, i.e., depths. Scale bar
indicates 3um. (e-g) mPVF measured on the cross-sectioned B3 sample. Raman spectra collected along (e) the
center, and (f) the outer layer of the column. The three curves in each graph represent triplicates. (g) Map of
mPVF capturing one edge and center of a column in the section as represented by the black box in (a). Scale
bar indicates 8um.

The mPVF determined from the cross sectioned sample at the center and perimeter of the TBC
columns are shown in Fig. 3(e) and (f), respectively. A decrease in mPVF with increasing depth
was observed in both locations, but the values for the mPVF along the outer layer of the columns
were higher than in the center column throughout the depth. The data collected from the non-
destructive depth profiles exhibited a similar behavior (Fig. 3(b,c)). To further demonstrate the
lateral variation of the mPVF, the mPVF was mapped at the CMAS-7YSZ interface as shown in
Fig. 3(g). The 2D maps (Fig. 3(d)) used for the 3D reconstruction (Fig. 4) also indicated similar
changes in ZrOz, more predominant in the outer layer of the columns. The lateral variation
corresponds with the true interface seen in the SEM image in Fig 1(a) delineating the reacted and

non-reacted regions.

12



4.4 Quantification of the effect of annealing time on phase transformation

Starting from the surface of the TBC, Raman spectra were collected in the form of 2D

Raman spectral maps at focal planes at successive depth increases of 6.65 um (see Methods). In

order to quantify the effect of annealing time on the phase transformation due to CMAS infiltration,

measurements were performed on two samples with different annealing times at 1250 °C: B2 (1

h) and B3 (10 h). The Raman spectra collected were processed to calculate the tPVF and the mPVF

in the volume probed (see Methods).
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Table 2. Mean mPVF values per depth and their corresponding standard deviations extracted from the data

presented in Fig. 4.

Sample B2 Sample B3
Mean mPVF Standard Mean Standard
Depth (um) (%) Deviation (%) MPVF (%) Deviation (%)

0 40.1 8.4 47.1 4.2
6.65 41.3 10.2 47.9 3.5
13.30 39.0 6.3 45.4 3.1
19.95 35.8 6.4 43.9 2.1
26.60 345 4.7 43.6 1.6
33.25 33.6 3.6 43.3 1.3
39.90 33.2 2.9 42.3 1.2
46.55 32.3 2.4 41.8 1.2

The 3D reconstructions of the tPVF of a 20 x 20 x 50 um?® volume of the upper part of the

top coat of samples B2 and B3 are presented in Fig. 4(a,d), respectively. Fig. 4(b,e) display the

mPVF of the same volume in each sample. Overall, it can be observed that the values of the mPVF

in sample B3 were roughly 10% higher than the values in sample B2. The variations of the mPVF

values across the scanning plane as a function of depth are depicted in the box and whisker plots

of Fig. 4(c) and (f) for samples B2 and B3 respectively, representative of the 400 spectra collected

at each focal plane (see Methods). As shown in Table 2, for sample B3, the mean mPVF is found
to be 41.8 % at a depth of 46.55 um, while the mean mPVF in B2 at the same depth is 32.3 % at
the same depth. It can also be seen that with an increased heating time the values of the mPVF

become more constant as is shown by the decrease in the standard deviation from the mean values
of the mPVF (Table 2). Throughout the depth of the coating the standard deviation for the mPVF

values for sample B2 is double the standard deviation values for the mPVF values in sample B3,

suggesting more heterogeneities in the system.
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4.5 SEM investigation of the 7YSZ infiltrated with CMAS at 1250°C for 10h

To confirm our findings, a detailed microstructural analysis of sample B3 was performed
under SEM. It provides an independent way to correlate the non-destructive confocal Raman
results with a conventional destructive analytical technique to evaluate and confirm the CMAS
infiltration/degradation. Fig. 5 shows an SEM image (Fig. 5(a)) and EDS mapping (Fig. 5(b-f)) of
sample B3 at the 7YSZ-alumina interface. EDS mapping of Zr, Ca, Mg, Al and Si shown in Fig.
5(b-f) indicate that the CMAS infiltration reaches the 7YSZ-alumina interface through the inter-
columnar gaps and fills open porosity (Fig. S1) throughout the coating after 10 h. Accumulation
of CMAS at the 7YSZ-alumina interface is clearly visible from the elemental maps in Fig. 5.
Figures S3 and S4 provide the details of the specific locations and corresponding elemental
compositions of the CMAS from the EDS, respectively, confirming the accumulation of Si, Ca
and O at the 7YSZ-alumina interface.

Fig. 5. 7YSZ coating infiltrated by CMAS. (a) SEM cross section image of CMAS-infiltrated 7YSZ EB-PVD
coating close to the substrate. Elemental maps of (b) zirconium (Zr), (c) calcium (Ca), (d) magnesium (Mg), (e)
aluminum (Al), and (f) silicon (Si).

5. Discussion

These results present the first known use of Raman confocal measurements to quantify,
localize and delineate the reacted and unreacted 3D volumes with high spatial resolution, non-
destructively. Fig. 1 shows the microstructural changes due to the CMAS infiltration for 10 h
into the TBC throughout the coating. The large presence of the CMAS filled gaps, and the
deteriorated edges of the outer regions of the columns confirm the degradation of the coating and

15



suggest that accumulation of the CMAS at this interface is accompanied by a thermochemical
reaction. Presence of this accumulation is confirmed by the EDS mapping of the components of
CMAS in Fig. 5(b-f).

The CMAS filled open spaces and can also be found throughout the coating as shown in
Fig. 1(a-e). However, the degradation is not uniform. At the center of the coating (Fig. 1 (b-d))
fewer microstructural changes have been observed. This is due to the fact that reactions in the bulk
of the coating are minimized by the limited availability of the melt in relation to the TBC material.
In the studied case, molten CMAS is mainly at the CMAS-7YSZ and 7YSZ-alumina interface as
shown in Figs. 1 and 5. In line with previous literature [16], the outer regions of the columns will
be quickly infiltrated and slowly undergo phase transformation during cooling. This is clearly
shown in Fig. 3(g) where most of the tetragonal phase remains at the center of the column, while
the edges exhibit a very high mPVF content. A detailed study on the erosion properties of CMAS
infiltrated EB-PVD 7YSZ with two different microstructures revealed that more ‘feathery’
microstructures are more susceptible to erosion due to heavier reaction [48]. In turn, it is expected
that the mechanical properties of these columns will change severely due to the transition to m-
ZrO; phase [15, 21]. At the 7YSZ-alumina interface (Fig. 1(e) and Fig. 5), the large accumulation
of CMAS could lead to severe reactions of the columnar roots and result in the formation of more
globular monoclinic grains (Fig. S1(b)) because of the TBC material being able to react with the
higher availability of the CMAS melt present [16].

The bands observed in the Raman spectrum of CMAS (Fig. 2(a)) do not appear in the
Raman spectrum of CMAS infiltrated 7YSZ (Fig. 2(c)) which only exhibits bands corresponding
to the different phases of 7YSZ. To test the influence of heating the 7YSZ TBC without CMAS
on its Raman signature, the spectra of the as coated sample (A0) and the sample heated for 10 h
(A3) were compared. As noted earlier there is a minor effect of heating in that it seems to add
order to its crystal lattice. However, it can be seen that simply heating pure 7YSZ under the
conditions used for B3 did not induce any monoclinic phase. It was then concluded that the
appearance of the monoclinic bands was due solely due to the 7YSZ-CMAS interaction. Further
after the interaction occurs a decrease in the monoclinic band intensity as a function of depth was
resolved with Raman spectroscopy as shown in Fig. 2(c). This led to the conclusion that it is
possible to track the degradation of the coating as a function of depth with confocal Raman

spectroscopy with negligible influence of CMAS on the Raman spectrum.
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To ensure that the depth measurements were reliable, a comparison of Raman depth
profiles performed on the intact sample (B3) and line scans performed on a cross-sectioned copy
of sample B3 is presented. In this study, due to the size of the volume probed with Raman confocal
microscopy, a difference in the mPVF was found depending on where the data was collected
relative to the center of the columns. Given the difference in orientation of the volume probed
when collecting depth profiles (Fig. 3(b,c)) and the line scans (Fig. (3(e,f)), we expect differences
in shape of the Raman bands analyzed. Furthermore, the effect of the microsampling to distinguish
gradients in properties in a complex matrix was previously discussed by Lipkin et al [49]. Keeping
these variations in mind, the mPVF calculated from the standard Raman measurements performed
on the cross-sectioned TBC and the non-invasive depth profile were compared, at the column’s
outer layer and at its center. At the center, mPVF values obtained using the depth profiles (Fig.
3(b)) and the line scans (Fig. (3(e)) show similar evolution of the properties in the volume of the
TBC. At the perimeter of the columns, both collection methods show a higher value than at the
center. This is due to the perimeter of the columns being in direct contact with the molten CMAS,
which is in agreement with previous reports [16, 48, 50]. This constitutes the first reported map
(Fig. 3(g)) of this phenomenon with such spatial resolution. Such maps make it possible to confirm
that the CMAS attack is not as strong in the center columns of the coating. Although the non-
destructive Raman measurement is in good agreement with the more conventional approach of
sectioning the sample and probing its surface, we observe small differences in the evolution of
mPVF content between the two data sets. Beside the aforementioned effect of the probe [49], this
could also be attributed to the fact that columns are not perfectly vertical, making it difficult to
predict where to probe when analyzing the material non-destructively. It is possible that during
depth profiling, regions slightly out of the column’s edges were probed. Even so, the two data
collection methods appear to be in good agreement with each other.

With this validation of the method, the reconstruction of the 3D spatial distribution of the
mPVF and tPVF are presented (Fig. 4). We compared samples B2 and B3 in order to elucidate the
dependence mPVF distribution on the time of infiltration. From Fig. 4, it is seen that the amount
of the monoclinic phase formation increases with respect to the infiltration time along the coating
depth. However, this increase in mPVF slows down between 1 and 10 h. It is well known from the
literature that the CMAS infiltration kinetics is much faster than the reaction kinetics of 7YSZ with

CMAS melt [4]. This is thought to be due to the closed porosities within the coating providing an
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effective barrier against CMAS infiltration into the body of the coating arms. Within the first hour
the outer layers of the columns are degraded. Then the degradation of the body of the coating
occurs slowly as the CMAS makes its way into the pores in the body of the coating. In time,
sintering would come in to play and pore coalescence would follow. The degradation would slow
down as CMAS reaches deeper in to the columns via column dissolution [16, 50].

The variation of the mPVF values shown in the box and whisker plots of sample B2 and
sample B3, Fig. 4(c) and (f) respectively, lends credence to this theory. The mPVF values in sample
B3 show less variation throughout the volume characterized as compared to mPVF values in
sample B2. The origin of this variation between samples may be due in part to the lateral
heterogeneity in mPVF values as shown in Fig. 3(g) and in Fig. 1(a). We also note the potential
effect of microsampling in the variations observed between the measurements at the surface and
the ones at depth 6.65um [49]. Nonetheless the results indicate that the t-ZrO. phase is better
preserved in sample B2, due to less time being allowed for the CMAS attack to occur. This would
lead to a larger difference in values between the edges and center of the TBC columns than in
sample B3.

As Raman spectroscopy reveals the chemical changes occurring in the coating, the
approach can be extended to other CMAS-resistant materials. This would allow for the use of this
method on one of the more promising materials used in CMAS resistant coatings. One such
material, gadolinium zirconate, as well as its crystalline reaction products with CMAS, have been
shown to be Raman active [51, 52]. Further, 3D confocal Raman spectroscopy has shown the
ability to selectively map different phases within a material (Fig. 4). This selectivity between
phases and the ability to characterize TBCs non-destructively will accelerate the development of
new CMAS resistant coatings, such as those made of gadolinium zirconate. This study is
anticipated to contribute to numerical models aiming to predict the lifetime of the CMAS
infiltrated TBC and to advance testing techniques for in-service applications noninvasively. In
future work, the effects of reaction temperature, concentration of the CMAS deposit, and annealing
time will be investigated further.

The majority of the TBCs in jet engines are deposited using atmospheric plasma spraying
(APS), which leads to quite heterogeneous and much thicker (300-500 um) TBCs. It is currently
unknown if this technique will work on such coatings due to extensive scattering of the incoming

probe laser and outgoing signal from deep within the TBC. Here, due to the loss of signal that
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occurs inside the body of the coating, the integration time of the Raman system used was 20 s to
increase the signal to noise ratio. While this helped with the clarity of the spectra collected, as
mentioned earlier, it caused the collection time for a single 2D map to be 8000 s leading to a time
collection for 3D reconstructions that remains impractical. More work needs to be done in order

to reduce the large acquisition time.

6. Conclusion

This work shows, by non-destructively probing the volume of TBCs, that the majority of
thermochemical degradation resulting from the formation of the monoclinic phase occurs within
the first hour of CMAS ingression. The findings indicate that at 46 um in the coating the difference
between the mPVF for B2 and B3 was only 10%, which is not high for a ten-fold annealing time.
The findings also imply that the thermochemical degradation aggravates the thermomechanical
degradation of coating stiffening greatly within the first hour. Further, the study provides new
insights on the variability of monoclinic phase across the reacted portion of the sample due to the
closed porosity and columnar microstructure of the coating. Locally, the phase transformation was
observed to occur primarily closest to the inter-columnar gaps and along the column edges due to
the higher exposure to the infiltrated CMAS. The observed variability of the monoclinic phase
with respect to location along the depth and along the columns themselves can provide insight to
the fabrication of optimized microstructures for CMAS mitigation. The significance of this work
provides localized information on the degradation and infiltration in jet engine ceramic coatings,
specifically highlighting the detrimental effects within the first hour of infiltration.
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Pristine TBC CMAS-infiltrated TBC

| d / i g
Fig. S1. (left) Feathery arms of the pristine EB-PVD TBC before infiltration by CMAS. (right)
TBC after infiltration and attack by CMAS. Globular structures formed in the Y7SZ columns are
indicated in yellow circles and small pores are indicated by the arrows.

Fig. S2. (a) Optical images of the surface for confocal measurements, (b) optical image of

locations where confocal measurements were taken (red for perimeter of column measurements,

blue for center of column measurements) (c) optical image of location of center of column cross
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sectional measurements. (d) Optical image of location of perimeter of column cross sectional

measurements
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Fig. S3. SEM cross sectioned images used for SEM (a) surface, (b) middle of sample, (¢) 7YSZ-
alumina bond coat interface
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(@)

Position Mg Al Si Ca Ti Fe Zr @)
1 6.4 5.5 18.7 14.1 0.8 7.9 5.6 40.9
2 15 5.1 16.8 6.5 0.7 14 29.6 38.5
3 3.5 3.0 8.7 7.0 0.6 3.6 40.3 33.3
4 0.7 0.6 14 11 0.4 1.2 67.6 27.2
(b)
Position Mg Al Si Ca Ti Fe Zr @)
1 3.5 3.6 9.3 7.9 0.5 4.2 37.2 33.8
2 2.7 3.3 8.5 7.1 0.5 3.5 41.3 33.1
3 3.1 3.2 8.3 7.2 0.5 3.8 40.8 33.0
4 2.2 2.2 5.6 5.0 0.4 3.4 50.7 30.7
5 74.0 26.0
6 0.6 0.5 14 1.3 1.1 68.1 27.1
(c
Position Mg Al Si Ca Fe Zr @)
1 0.27 14.9 17.8 115 1.0 11.8 42.7
2 0.6 16.5 20.0 12.8 0.9 4.4 44.8

Fig. S4. Elemental composition (in wt%) at different locations as shown in Fig. S3 (a), (b), (c).
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