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High temperature ceramic protective coatings, also called thermal barrier coatings (TBCs),
are used to protect components, which are internally or back-side cooled. Calcium-magnesium-
alumino-silicate (CMAS) particulates, such as sand, are ingested by these aero-engines and
travel through the hot gas stream, eventually depositing onto the TBCs. The subsequent
degradation is detrimental to the lifetime of the coatings with the risk of engine failure. In
this work, synchrotron X-ray diffraction measurements were used to capture effects CMAS
has on a 7-8 wt% yttria-stabilized zirconia (YSZ) TBC applied on an internally cooled hollow
dogbone sample under thermal gradient conditions. Thermochemical degradation of the YSZ
coating was observed, after 1 hour of CMAS-infiltration, through the formation of monoclinic
phase. The monoclinic phase concentration was observed to be around 18% at the surface
of the YSZ coating and declining towards zero halfway through the coating. This monoclinic
concentration is roughly 2 times less than under isothermal conditions at similar annealing
temperatures and timescales. These results showcase the successful capture and monitoring of
coating degradation throughout a replicated aircraft flight cycle. These results can be further
expanded upon with other coating systems, to elucidate the transitory processes of in-situ
coating degradation throughout an operational cycle. The results may be used in strategies to
mitigate the detrimental effects of CMAS on high temperature ceramics.
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I. Nomenclature

7𝑌𝑆𝑍 = 7 wt% (8 mol%) yttria stabilized zirconia
𝐶𝑀𝐴𝑆 = Calcium-magnesium-alumino-silicate
𝑚𝑃𝑉𝐹 = Monoclinic phase volume fraction
𝑇𝐵𝐶 = Thermal barrier coating
𝑋𝑅𝐷 = X-ray diffraction

II. Introduction
Superalloy components used within gas turbine engines for aerospace applications are susceptible to the high

temperatures and harsh environments present during engine operation. High temperature ceramic coatings, known as
thermal barrier coatings (TBCs), are applied through various deposition methods in order to insulate and protect these
superalloy components [1]. Coupled with cooling methods, higher engine efficiencies are viable due to the increase in
capacity for engine operating temperatures. A standard TBC used on turbine blades is comprised around 150 - 200
μm thick ceramic top coat layer of 7-8 wt% yttria-stabilized zirconia (7YSZ) and experiences a typical temperature
difference of about 150 - 200◦C from the hot gas stream surface of the coating to its interface [1–4]. Yttria is used
as a stabilizer to the zirconia, stabilizing the polymorph into its metastable tetragonal phase at room temperature and
prohibiting increased strain in the coating due to the roughly 4% volume expansion associated with the martensitic
transformation [5, 6]. This work captured the degradation mechanism of a standard 7YSZ TBC using high energy
synchrotron x-rays.

Electron-beam physical vapor deposition (EB-PVD) is standard deposition method used to apply TBCs onto high
strained components, such as turbine blades, within the engine [1]. A higher in-plane strain tolerance can be achieved
through EB-PVD due to its columnar microstructure that forms during the deposition process. The microstructure itself
can be further tailored by modifying the deposition parameters, as reported previously in literature [7, 8].

During an aircraft’s operation, particulates, such as calcium-magnesium-aluminosilicates (CMAS), are inevitably
ingested by the engine. CMAS compositions, such as sand, then travel with the gas stream and become molten in the
combustor. These molten sand particulates then flow to the turbine section of the engine and deposit onto the surface of
the hot ceramic coating of the turbine blade. This CMAS melt, upon contact, begins to wet, infiltrate, and interact with
the ceramic, causing irreparable coating degradation. This degradation can be categorized by thermochemical and
thermomechanical mechanisms as the CMAS attack destabilizes the coating and introduces additional stresses into the
coating itself [9, 10]. Capillary effects from the columnar microstructure of EB-PVD TBCs accelerate the infiltration
of CMAS, essentially drawing the CMAS into the intercolumnar gaps present through the ceramic’s microstructure
[8]. Fig 1a summarizes the CMAS infiltration and its effects on the ceramic coating. Fig. 1b and Fig. 1c show SEM
micrographs of pristine, non-infiltrated 7YSZ EB-PVD coating and CMAS-infiltrated counterpart 7YSZ EB-PVD
coating, respectively. Some thermochemically induced phase destabilization of the ceramic coating is indicated through
the monoclinic phase, denoted in Fig. 1c as mYSZ.

This CMAS-related degradation limits the operational capabilities of aircrafts operating in regions with high
CMAS concentration by reducing the durability and lifetime of the essential high temperature ceramic coatings within
the aircraft’s engines. Capturing, monitoring, and elucidating the complex CMAS infiltration phenomenon and the
subsequent CMAS-TBC interactions during operation is indispensable towards improving CMAS mitigation strategies.

Previous studies have looked at using in-situ synchrotron XRD to study the behaviors representative of operating
conditions and its effects as a result of rapidly changing environments for ceramic coatings throughout a flight cycle
[11–16]. This work builds upon these studies by capturing the effects of CMAS infiltration over the course of a 1-hour
operation flight cycle with thermal gradient conditions. Synchrotron x-rays offer high spatial and temporal resolution
capabilities, which is necessary to capture the fast acting effects CMAS has on high temperature ceramic coatings.

III. Experimental Methods

A. High Temperature Ceramic Coatings Sample Manufacturing
A 7-8 wt% yttria-stabilized zirconia (YSZ) ceramic coated tubular IN100 specimen was used in this study. The

roughly 211±4 μmm YSZ ceramic coating was deposited on top of a 118±4 μmm NiCoCrAlY bond coat which was
applied on the IN100 substrate through electron beam physical vapor deposition. A similar tubular dogbone sample and
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Fig. 1 a) Schematic of CMAS infiltration and its effects on 7YSZ coatings, [10], b) SEM micrograph of a pristine,
non-infiltrated 7YSZ coating, and c) SEM micrograph of a CMAS infiltrated 7YSZ coating with progressed
thermochemical degradation and sintering.

experimental setup was used in previous work by Knipe et al. [11]. Fig. 2a shows a schematic of the experimental setup.
An x-ray incident beam impinged the surface of the coated sample in a grazing manner and produced a diffraction cone
of Debye-Scherrer rings unique to the crystalline phase of the material present in the beam path. These diffraction
rings are captured by an area detector during experiments. Fig. 2b focuses on a fourth of the Debye-Scherrer rings of
stabilized tetragonal 7YSZ; the 7YSZ diffraction peaks are identified and denoted using Miller indices. An examplary
x-ray diffraction lineout generated from area detector images is depicted in Fig. 2c. The temperature profile used during
this infiltration experiment is shown in Fig. 2d.

It should be noted that the sample was thermally cycled for about 130 hours prior to this study. Each pre-aging cycle
lasted roughly 80 minutes and includes a 20 minute ramp up to operation temperatures, 40 minute hold, and finally a
20 minute ramp down to room temperature. The tubular dogbone sample had inner and outer radii of 2 and 4 mm,
respectively, which allowed for a thermal gradient to be established through internal cooling of the inner wall of the
substrate and outer heating of the surface of the ceramic coating.

B. CMAS Fabrication & Composition
The CMAS used in this work this study was synthesized from compositions found within aero-engines operating

in the Middle East (in mol.%: 24.6% CaO, 12.4% MgO, 11% Al2O3, 41.7% SiO2, 8.7% FeO & 1.6% TiO2); this
composition has been characterized and used in previous studies [8–10]. The CMAS powders were artificially
synthesized through the co-decomposition of SiO2, TiO2, and Me-nitrates powders. This processing of the CMAS
powders is described in greater detail in previous work [8].

C. CMAS Infiltration Parameters & Thermal Gradient Cycle Profile
A paste of the CMAS powder, with a concentration of roughly 10 mg/cm2, was applied in vertical strips on the

ceramic surface of the tubular dogbone sample. The infiltration experiments conducted within this study were performed
with annealing temperatures of 1260 ◦C and with heating and cooling rates of 300 ◦C/min within an IR Heater consisting
of four 2000 W lamps with elliptical mirrors to focus the energy onto the sample. Measurements were performed at
room temperature after the end of the 1 hour of CMAS infiltration, as shown in Fig. 2d.

Thermal gradient was established through pressurized air flowing through the internal cooling channel of the hollow,
tubular dogbone sample. Previous work had shown an air flow of 75 SLPM results in a 150 ◦C temperature difference
between the coating surface and bond coat [11]. Therefore under similar experimental conditions and sample geometry,
a similar thermal gradient resulting in a temperature difference of approximately 150 ◦C across the thickness of the
coating can be established. Within this work, an air flow rate of 80 SLPM was used and held throughout the entire
thermal cycle. This slight increase in flow rate was to achieve a similar thermal gradient while operating at higher
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Fig. 2 a) Schematic of the hollow cylindrical dogbone sample highlighting the incident X-ray beam penetrating
the coating in a grazing manner and the resulting diffraction cone of Debye-Scherrer rings, b) zoom of a fourth
of the Debye-Scherrer rings for 7YSZ with the Miller indices of the intensity peaks identified and labeled, c)
the 1D XRD lineout of the Debye-Scherrer rings with the same main peaks identified and labeled, and d) the
temperature profile of the experiment, highlighting the 1 hr of CMAS infiltration at 1260 ◦C and the formation of
the monoclinic phase of the ceramic coating around 600 ◦C as a result of phase destabilization from CMAS-related
thermochemical degradation.

surface temperatures during testing.

D. In-situ synchrotron XRD Experimental Parameters
High-energy XRD measurements were performed at the 1-ID beamline of the Advanced Photon Source at Argonne

National Laboratory. The tubular dogbone sample was mounted inside of the IR furnace with K-type thermocouples
placed on the surface of the sample as well as at the inlet and outlets of the internal cooling channel of the heated test
section. The furnace and sample were moved relative to the beam through a micrometer stage to graze further into the
coating during measurements. The incident beam size was 15 μm horizontally by 150 μm vertically with an beam
energy of 90.515 keV. This beam size provides roughly 14 data points across the ceramic layer. The incident beam
impinged the sample and diffracted. Full Debye-Scherrer diffraction rings were captured on a GE-41RT 2048 x 2048
pixel area detector with a sample to detector distance of roughly 1800 mm. CeO2 powder was used to calibrate the
instrument. The infiltration experimental data was collected with an exposure time of 0.3 s. A maximum depth of 225
μm relative to the surface of the sample was probed to fully capture the ceramic topcoat of the sample. Due to the
curvature of the tubular dogbone sample, the probed volume varied from 0.00138 mm3 near the surface to 0.00806 mm3

at the maximum measured depth. The changing probed volume effects as a result of grazing have been considered
through the changing transmission measurements captured for each data point. High-energy XRD using a synchrotron
was selected due to the high spatial resolution, fast data acquisition, and penetration depth, all of which are vital for
understanding the transitory mechanisms and processes initiated as CMAS infiltrates and degrades the ceramic coating.

4

D
ow

nl
oa

de
d 

by
 E

m
br

y-
R

id
dl

e 
A

er
on

au
tic

al
 U

ni
ve

rs
ity

, D
ay

to
na

 B
ea

ch
 o

n 
D

ec
em

be
r 8

, 2
02

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I: 

10
.2

51
4/

6.
20

25
-2

50
2 



E. Monoclinic Phase Volume Fraction (mPVF) Equation

𝑚𝑃𝑉𝐹 (%) = 𝐼𝑚 (111) + 𝐼𝑚 (111)
𝐼𝑡 (101) + 𝐼𝑚 (111) + 𝐼𝑚 (111)

(1)

An equation for the phase volume fraction for YSZ coatings, with respect to the martensitic, monoclinic phase,
has been previously reported in literature and is presented in Eq. 1 [17]. Variables for Eq. 1 are obtained through the
integrated intensities of the monoclinic (111), (111) and tetragonal (101) XRD peaks. Pseudo-Voigt fittings were used
in the deconvolution of the XRD peaks to isolate the respective monoclinic and tetragonal peaks of interest.

IV. Results & Discussion
A cutout section of the dogbone sample is shown in Fig. 3a. This cutout clearly depicts the internal air cooling

channel as well as a proportionally accurate representation of the thermal barrier coating layer of the sample. Fig. 3b
depicts a detail of this cutout, focusing on the ceramic layer. The CMAS-related thermochemical degradation, quantified
through the monoclinic phase formation is tracked and plotted in contour maps throughout the depth of the 7YSZ layer
within Fig. 3b.

Internal 
Air Cooling 

Channel

S3S1
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7YSZ
CMASSubstrate

TGO
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Beam 
Dimensions
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Fig. 3 a) Proportional schematic cutout of the cylindrical dogbone sample and b) a detail of the cutout exposed
to CMAS along with the spatial resolution of the incident X-ray beam measured throughout the depth of the
coating. A contour map highlights the monoclinic phase volume fraction throughout the depth of the ceramic
7YSZ coating layer.

From the contour map in Fig. 3b, it can be observed the highest monoclinic phase volume fraction concentrations
within the 7YSZ coating occurs at the surface of the coating, closest to the CMAS deposition and CMAS-7YSZ
interfacing region. A gradient of the monoclinic concentration then occurs until reaching essentially zero after 105 μm.
This trend is a result of the longer time of exposure interactions, higher concentrations of CMAS near the surface of the
coating, and greater surface area coverage of the 7YSZ for the CMAS to interact with. The thermal gradient through the
depth of the ceramic layer also greatly impacts the mechanisms influencing CMAS degradation within the coating.
Due to the presence of a thermal gradient, there exists a point through the thickness of the 7YSZ ceramic coating layer
where the temperature would be below the CMAS melting temperature and therefore any CMAS infiltrating to this point
solidified. Once solidified, the CMAS has a greatly reduced interaction with the ceramic coating.

The thermal gradient effects can be observed within the plot in Fig. 4, which displays the monoclinic PVF after
thermal exposure under thermal gradient and isothermal conditions, respectively. The sample for the isothermal
experiment had a CMAS paste deposited onto the surface of a 12 by 12 mm square with an approximately 400 μm thick
7YSZ coating that was EB-PVD deposited onto an alumina substrate. This sample was then annealed at 1250 ◦C for
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1-hour in a furnace. Synchrotron x-ray diffraction measurements were then conducted after CMAS infiltration at room
temperature.

No further 
thermochemical 

degradation
(Thermal Gradient)

No further 
thermochemical 
degradation
(Isothermal)

Fig. 4 The monoclinic phase volume fraction of 7YSZ ceramic coatings exposed to CMAS for 1 hr around 1250
◦C under isothermal (blue) and thermal gradient (orange) temperature profile conditions. The thermal gradient
infiltration condition was performed with air flowing over the backside of the underlying substrate of the sample
at 80 standard liters per minute.

It should be noted that the spatial resolutions of the data in the previously published work, [15], presenting the
monoclinic PVF after isothermal exposure and after thermal gradient condition presented within this study are different.
The incident beam size within the isothermal condition was 30 μm by 300 μm while the beam size within the thermal
gradient condition was 15 μm by 150 μm, horizontal by vertical, respectively. Therefore, the isothermal line within Fig.
4 was plotted with a 15 μm offset to place the mPVF values within the middle of probed region; similarly, the thermal
gradient line was plotted with a 7.5 μm offset. These offsets were applied to aid in the comparison of the different
spatially resolved data.

Using Eq. 1, it can be observed within Fig. 4 the isothermal condition experienced around 2 times the amount of
mPVF concentration present near the surface of the coating as compared to the thermal gradient condition. Then after
approximately 45 μm from the surface of the coating, the two thermal loading conditions appear to follow similar values
throughout the depth of the two coatings. In the experiment under isothermal conditions, it was observed that CMAS
was fully infiltrated within a few minutes of exposure at 1250 ◦C. Given the similar thermal gradient conditions as
reported in [11], a 150 ◦C temperature difference can be assumed within the thermal gradient sample. This thermal
gradient is assumed to have hindered full CMAS infiltration. Future work by the authors plan to directly observe
the depth of CMAS infiltration. Discrepancies with the isothermal condition between full CMAS infiltration and the
formation of monoclinic phase, indicating thermochemical degradation, is likely due to phase destabilization of the
coating occurring much slower than the physical CMAS infiltration [8]. In other words, there is a lag between CMAS
infiltration and subsequent phase change. It is expected, similar to the results of previously published work within the
isothermal case reported in [15], further exposing the thermal gradient sample to 10 hours of infiltration would show an
increase in the mPVF concentrations within the CMAS infiltrated regions; however, more future work is needed to test
this expectation. From Fig. 4, it is noted that the monoclinic YSZ phase was not observed beyond the depth of 135 μm
for the isothermal case as compared to 112.5 μm for the thermal gradient case. This observation highlights the more
severe condition (isothermal) has a more detrimental effect on the TBC than the thermal gradient case, overstating the
extent of thermochemical degradation influencing coating failure. Optimization of the thermal gradient profile to extend
the life of the TBC and minimizing the effects of CMAS infiltration can be attained using XRD data. The current data
suggests a thermal gradient across the depth of the coating of approximately 150 ◦C results in roughly halving the effect
of phase destabilization and reducing the thermochemical degradation of the coating near the surface and columnar tips
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of the 7YSZ EB-PVD coatings.

V. Conclusion
High temperature ceramic coatings are used to protect superalloys within the aircraft gas turbine engine during

operation. These coatings are exposed to extreme environments. Exposure to debris and particulates, such as sand,
is inevitable when operating within sandy regions such as deserts. Exposure to this sand, degrades these ceramic
coatings, risking pre-mature coating failure and potentially catastrophic engine failure during operation. Replicating
the environmental conditions and capturing the transitory interactions from first contact exposure and throughout a
operational cycle during flight in a controlled manner is vital to better elucidate and mitigate the detrimental pre-mature
coating failure mechanisms. This work has demonstrated a way to non-destructively capturing CMAS infiltration
through synchrotron X-ray diffraction methods. Thermochemical degradation of the coating was observed through
the formation of the monoclinic phase through the 7-8 wt% yttria-stabilized zirconia ceramic coating after 1 hour
of infiltration. Additional data can be captured to monitor the interactions of the CMAS with the ceramic coating
throughout the thermal cycle to better unveil the stages and processes of degradation due to CMAS-coating interactions
at high temperatures simulating operational flight conditions within a gas turbine engine.
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