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Abstract

Thermal barrier coating (TBC) revolutionized the industry by allowing higher
operating temperatures for equipment, such as gas turbines in the aeronautical
industry. However, at high temperatures, the TBC is exposed to the attack of
molten silicates, known as CMAS (Calcium-Magnesium-Alumino-Silicate),
which are particles from the environment that infiltrate the TBC, causing de-
lamination. In this study, samples coated with TBC by thermal spray and
covered with CMAS were evaluated at temperatures of 1200°C and 1250°C.
For each temperature, exposure times of 1 h and 5 h were used. Samples with
longer exposure time had a considerable volume increase. The main contri-
bution of this work was to demonstrate the non-wettability of the CMAS,
even in the 5-h heat treatments, which prevented its infiltration in the deeper
regions. The conditions to guarantee the formation of the silicate and its
consequent wettability are also discussed.
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1. Introduction

Thermal barrier coating (TBC) is increasingly applied to metallic components
that operate at thermally high temperatures, which leads to oxidation and corro-
sion of these components. The structure of a TBC system consists of two layers:
the ceramic top coat and the metallic bond coat, which lies between the metal
substrate and the top coat [1].

The ceramic outer layer usually consists of zirconia (ZrO,) stabilized with 6 to
8% by weight of yttria (Y,0;). The top coat is often called YSZ (Yttria Stabilized
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Zirconia) or PSZ (Partially Stabilized Zirconia). Its thickness ranges from 130 to
380 um [1] [2]. This material has low conductivity, high thermal shock toler-
ance, and a high melting point compared to other oxides. Its main function in
TBC is the thermal insulation of the metal substrate [1] [2] [3] [4] [5]. The
thickness of the bond coat varies between 60 and 160 um. It usually consists of
an MCrAlY alloy (“M” signifying Co, Fe, and Ni, or a combination of these).
The choice of this alloy is largely due to its high resistance to oxidation and cor-
rosion when operating at elevated temperatures. Thus, the two main functions of
the bond coat are 1) to protect the substrate against oxidation and corrosion at
high temperatures and 2) to promote adhesion between the substrate and the
ceramic top layer [1] [2] [3] [4] [6].

The efficiency provided by a TBC system is unquestionable. The superalloys
in turbine components generally operate above 1370°C, but with a melting point
of around 1300°C. The airfoils are manufactured hollow to avoid structural fail-
ure by melting, oxidation, thermal fatigue, or other mechanisms. In addition, a
stream of compressed air is injected to cool the component [7] [8]. A TBC sys-
tem can reduce the surface temperature of the component by approximately
170°C. This thermal insulation can increase gas turbine efficiency, reduce main-
tenance requirements, reduce fuel consumption, and increase by 3 to 4 times the
life of the coated component [2] [3] [7] [8] [9].

The two main techniques currently used to fabricate YSZ are Air Plasma
Spray (APS) and Electron Beam-Physical Vapor Deposition (EB-PVD) [3] [10]
[11] [12] [13]. Rotating components such as turbine blades, which are always
subject to thermal stress cycles, are preferably manufactured using EB-PVD,
which can increase the tolerance of these elements [11] [12]. Rotation of the
component during the deposition process creates a columnar structure with in-
tercolumnar gaps [6]. In contrast, stationary objects, such as combustion cylind-
ers and turbines, are manufactured by APS [3] [12]. The microstructure pro-
duced is a thin lamellar layer (typical of thermal spray), with pores, microcracks,
oxides, and solid particles between the lamellae of the coating [1] [12] [14]. In
addition, the APS technique is used more than EB-PVD because it is easier to
apply and less expensive [3].

Spallation, the main failure mode of a TBC system, occurs due to the emer-
gence of residual stresses in the system, caused by the oxidation of the bond coat
during operation at elevated temperatures and by the difference in the thermal
expansion coefficients of the bond coat and the top coat [1] [4] [15]. Buckling
followed by spallation can occur in the system as the coating is subjected to
compressive residual stresses due to the difference in thermal expansion coefti-
cients between the substrate and the coating [6]. In recent years, the scientific
community has turned its attention to the attack promoted by molten silicates,
which are usually referred as CMAS because of their main components: Cal-
cium-Magnesium-Alumino-Silicate. This attack occurs because the YSZ is an
extremely porous layer. As the equipment operates at high temperatures, depo-

sits from the environment, including dust, sand, volcanic ash, and runway de-
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bris, melt and penetrate the porous structure of the TBC [4] [16] [17] [18]. In-
side the TBC, the CMAS promotes a thermochemical attack, as the YSZ dis-
solves in the presence of the CMAS and reprecipitates with different composi-
tions and morphology [16]. The CMAS also performs a thermomechanical at-
tack. This occurs because, during turbine cooling, the CMAS solidifies inside the
YSZ, increasing its stiffness and promoting the spallation of the system [18] [19]
[20].

This study aims to evaluate typical TBC (YSZ) samples subjected to CMAS
attack at different operating temperatures and for different exposure times at
these temperatures, correlating with the wettability of the molten silicates in the

ceramic structure of the TBC.

2. Materials and Methods
2.1. Preparation of the CMAS

A specific composition of the CMAS was prepared based on the literature [10]
[16] [17] [21]. The following chemical reagents were used: CaO (DINAMICA
QUIMICA, 95% purity), MgO (CAAL, 95% purity), ALLO, (NEON, 95% purity),
and SiO, (ADICEL, 94% purity). The oxides were placed in a Petri dish and
mixed with a spatula until uniform coloration was achieved. Table 1 details the
percentage by weight of each component in the manufactured CMAS. It is im-
portant to mention that the constitution of the CMAS may vary depending on
the place of origin [18].

2.2. Obtaining the Samples

The original TBC sample was fabricated on a carbon steel substrate. The APS
technique in an argon-hydrogen atmosphere, using an F4 plasma torch (Oerli-
kon Metco, FAMB), configured with a 6 mm nozzle and 1.8 mm injector, was
employed to deposit both the bond coat and the top coat. The bond coat was
made of NiCrAl alloy and the ceramic layer was ZrO,-7%Y,0; (Oerlikon Met-
co). A PACE cutter, model PICO 155 Precision Saw, was used to cut the original
sample into six smaller specimens. Each of these specimens was approximately
17 x 17 x 4 (Dimensions in mm). Of these six samples obtained, one was left as a
spare and the other five were used for the study and were numbered 0, 1, 2, 3,
and 4.

Table 1. Constituents of the produced CMAS.

Oxide Content (wt%)
Sio, 48.4
CaO 33.2
ALO, 12.0
MgO 6.4
CMAS (Total) 100.0
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2.3. Isothermal Treatments

For the isothermal treatment cycles, a Lindberg/Blue M Tube Furnace was used.
On each isothermally treated sample, approximately 10 mg/cm* of CMAS was
manually deposited on its surface before being placed in the furnace. To facili-
tate reading and understanding of the work, the samples were renamed accord-
ing to the isothermal treatment applied. Sample 0 did not receive isothermal
treatment. The other samples (1 to 4) were initially heated with a linear ramp of
10°C/min from room temperature (25°C) to a temperature of 1000°C. Subse-
quently, there was a secondary heating process that used a linear ramp of
5°C/min. Finally, the samples were slowly cooled to room temperature. Table 2
shows the secondary heating process, the length of stay and the designation

adopted for the samples.

2.4. Energy Dispersive X-Ray Spectroscopy (EDS)

After isothermal treatment, the samples in Table 2 were cut, embedded in Bake-
lite, sanded, and polished to obtain a flat, mirror-like surface and evaluate their
respective cross sections. To visualize the chemical components on the surfaces
of the polished samples, the energy dispersive x-ray spectroscopy (EDS) tech-
nique was used. This technique was performed using a JEOL scanning electron
microscope (SEM), model JSM-6510.

3. Results and Discussions
3.1. Wettability

Photographs taken with conventional equipment show the top view of the TBC
samples to analyze the wettability of the CMAS (Figure 1). Figure 1(a) presents
sample 0, untreated. Figure 1(b) illustrates sample 1-1200-1 with the deposition
of 10 mg/cm’® of CMAS before the isothermal treatment. Images of samples
1-1200-1, 2-1200-5, 3-1250-1, and 4-1250-5 after the isothermal treatments are
in Figures 1 (c)-(f), respectively.

After the isothermal treatments, the particle size of the deposited CMAS was
modified. The material maintained a light coloration, but the grains joined to-
gether, visually increasing the grain size of the CMAS. Cracks visible to the
naked eye appeared in samples 2-1200-5 and 4-1250-5 (Figure 1(d) and Figure

1(f)). These samples were subjected to a longer exposure time (5 h) at their

Table 2. Secondary heating process, length of stay and adopted designation.

Sample Secondary Heating Process  Length of Stay Adopted Designation

0 - - 0

1 1000°C - 1200°C 1 hour 1-1200-1
2 1000°C - 1200°C 5 hours 2-1200-5
3 1000°C - 1250°C 1 hour 3-1250-1
4 1000°C - 1250°C 5 hours 4-1250-5
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Figure 1. Wettability analysis: (a) Sample 0; (b) Sample 1-1200-1 before IT; (c) Sample
1-1200-1 after IT; (d) Sample 2-1200-5 after IT; (e) Sample 3-1250-1 after IT; (f) Sample
4-1250-5 after IT (IT—Isothermal Treatment).

respective isothermal treatment temperatures, therefore, the exposure time was
more detrimental to the coating than the applied temperature. Wettability was
not observed under the tested conditions. The area occupied by the deposited
CMAS remained approximately the same before and after isothermal treatments
(Figures 1(b)-(f)). Thus, it can be assumed that no silicate was formed or that
only a small amount was formed. Two different ways to produce CMAS are
found in the literature. In the former, the components are mixed in appropriate
proportions and applied to the surface of the samples [16] [22] [23] [24] [25]. In
the second, after mixing the components, a heat treatment is done before apply-
ing the material to the samples. This heat treatment aims to ensure the forma-
tion of silicate [18] [26] [27] [28] [29]. In this study, the first methodology was
adopted because it is closer to the operation of gas turbines. It is important to
mention that some of the applied material may have become silicate and pene-
trated the YSZ. Thus, a cross-sectional analysis of the samples is necessary to

determine whether or not the molten silicates infiltrated into the TBC.

3.2. Variation in Volume

Figure 2 shows the conventional equipment images (frontal and isometric) of
samples 1-1200-1, 2-1200-5, 3-1250-1, and 4-1250-5 after their respective iso-
thermal treatments. Images of sample 0 (no treatment) are also shown for com-
parison.

The height of the samples in Figure 2 was measured with a caliper. Samples
2-1200-5 and 4-1250-5 had a greater increase in height (around 20%) and con-
sequently in volume. A comparison of samples 2-1200-5 and 3-1250-1 demon-

strated that exposure time had a greater influence than the temperature on
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Sample Front View Isometric View

/
T

1-1200-1

2-1200-5

3-1250-1

4-1250-5

Figure 2. Variation in the sample volume: Frontral View and Isometric View [dimensions
in mm].

volume increase. Buckling can be observed in sample 2-1200-5. Severe corrosion
was also observed on the steel substrates (indicated by arrows in Figure 2). This
is because the sides of the obtained samples were exposed to the environment
after cutting the original sample, causing hot oxidation on the steel substrates
during the isothermal treatments.

CMAS can increase the volume of the TBC by penetrating the YSZ. In the
presence of molten silicates, the YSZ grains dissolve easily. As a result, a phase
transformation occurs in YSZ, which originally had a tetragonal structure that

precipitated into a monoclinic structure. This phase transformation is accompa-
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nied by an increase in volume. Furthermore, once inside the coating, the CMAS
can separate the crystals from the structure, implying a further increase in vo-
lume [21] [22] [30]. However, to infiltrate the TBC structure through pores and
microcracking, CMAS must melt [31] to form silicate. However, because no
wettability was observed, silicate formation probably did not occur, and thus
penetration did not occur, or if it did, it was a small amount of material. There-
fore, the oxidation corrosion of the substrates is the main factor related to the
observed volume increase, since iron oxidation involves the absorption of oxy-
gen from the atmosphere, which implies an increase in the mass of the oxidized
substrate.

In addition to the oxidation of the substrate, it should also be mentioned the
appearance of some cracks in the samples after the isothermal treatments. As
previously mentioned, the original structure of a TBC system consists of two
layers (bond coat and top coat) deposited on the substrate. In Figure 3 this
structure can be seen by the scanning electron microscope (SEM) image.

The samples tested for a 5-hour interval showed the appearance of cracks in
their structures, which is also one of the reasons for the observed increase in vo-

lume (Figure 4).

3.3. Energy Dispersive X-Ray Spectroscopy (EDS)

The cross-section of the samples was examined using EDS to observe the per-
meability of the molten silicates inside the ceramic layer of the TBC. For each
analysis elements with a lower percentage of weight and/or irrelevant for this
study were disregarded. Figure 5 illustrates the overview of sample 0, which al-

lows the constituent elements of TBC to be identified.

Bond coat

Substrate

REF 15kV WDI1Imm SS39 x100 100pm  e—
MACKENZIE 0000 01 Jun 2022

Figure 3. SEM of cross section of the as sprayed TBC.
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Figure 4. SEM. Cracks presents in the sample 4-1250-5 after exposition to 5 hours at
1250°C.

250 pm

Figure 5. EDS overview of Sample 0.

Three distinct regions can be seen in Figure 5. At the bottom, the intense
amount of Fe demonstrates that this is the steel substrate. In the upper region,
the Zr element appears more intensely, indicating the top coat region (YSZ). The
bond coat can be identified by the presence of the elements Ni, Cr, and Al (al-
though Al is distributed throughout the region, a greater concentration is noti-
ceable in the bond coat region). Therefore, a NiCrAl-type alloy is evident in the
bond coat.

Figure 6 illustrates an EDS image focused on the ceramic coating of sample 0.
In this image, the presence of Y is visible, due to the higher magnification. Oxy-

gen also appears throughout the region. This element is present in zirconia
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(ZrO,) and yttria (Y,0,). However, the sample surface could also have oxidation,
as the sample had contact with the atmosphere after polishing and before being
inserted into the sample holder of the SEM.

The ceramic coating of sample 1-1200-1 presented in Figure 7 illustrates the
ceramic layer (Zr), bond coat (Ni and Cr), and part of the substrate (Fe). There-
fore, it was not possible to identify regions with infiltration of molten silicates in
sample 1-1200-1. The short exposure time may not have been sufficient to melt
CMAS and penetrate the coating structure; therefore, the deposited material re-
mained on the YSZ surface [31].

An EDS image of sample 2-1200-5 is in Figure 8. A linear concentration of Ca
is recorded in the upper part of the plate, indicating that CMAS is present on the
surface of the ceramic layer. However, the upper right region shows a higher

concentration of both Ca and Mg. In the same region, no presence of Zr and Y

Figure 7. Sample 1-1200-1. Image obtained by EDS of the ceramic coating.
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appears in lower concentrations, which indicates the accumulation of CMAS in
the region of YSZ discontinuity. However, this discontinuity may have been
caused by the CMAS itself through a chemical corrosion process [16] [20]. The
small amount of Y in this region reinforces this hypothesis since a discontinuity
due to mechanical friction would imply the complete absence of both Zr and Y.
At an intermediate depth, a greater concentration of Ca is noted on the right
than in the left region, evidencing that the high concentration in the upper re-
gion allowed greater infiltration, including in regions with Zr and Y. This is be-
cause the amount of CMAS has a large effect on the severity of the corrosion.
Factors that influence the penetration of CMAS inside the TBC are temperature,
time, the surface roughness of the YSZ, and the number of molten silicates. The
higher the amount of CMAS in the region, the greater the observed degradation
effects and the greater the penetration depth achieved [32] [33].
The ceramic layer of sample 3-1250-1 is illustrated in Figure 9.

100 pm 100 pm 100 um

Figure 8. Sample 1-1200-5. Image obtained by EDS of the ceramic coating.

100 pm 100 pm

Figure 9. Sample 3-1250-1. Image obtained by EDS of the ceramic coating.
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The constituent elements of yttria-stabilized zirconia (Zr, Y, and O) are easily
identifiable in Figure 9. The elements of interest—Ca, Mg, and Al (CMAS con-
stituents)—appear at higher concentrations above the ceramic coating.

However, a comparison between Zr and Ca indicates an apparent overlap be-
tween these elements at the CMAS interface with the YSZ. This means that a
small amount of CMAS infiltration occurred in the surface region of the YSZ.
The infiltration process of CMAS has the following sequence: 1) Through wetta-
bility, the molten CMAS spreads along the surface of the TBC. During this
propagation process on the surface, the dynamic contact angle decreases dra-
matically over time. 2) Upon reaching a steady state of spreading, the infiltration
process begins, which is believed to start through the surface defects, such as
microcracks formed during the coating deposition process. 3) Once inside the
ceramic layer, the molten CMAS propagates through microstructure defects,
mainly wide-open cracks [32]. Figure 10 shows the beginning of penetration
(ie, stage 2).

Figure 11 shows the EDS image for sample 4-1250-5. The constituent ele-
ments of the YSZ (Zr, Y, and O) appear to be well distributed in the analyzed re-
gion. However, no relevant quantities of the participating CMAS elements (Ca,
Mg, Al, and Si) were found, indicating the absence of silicate in the analyzed re-
gion. The exposure time influences the penetration depth of the CMAS into the
ceramic layer, which may reach the bond coat or even the substrate [22] [31]
[34] [35]. However, the literature indicates that 5 h at 1250°C is sufficient for
complete penetration of CMAS into the YSZ [21]. This also evidences that sili-
cate formation did not occur or only a small amount was formed.

To better observe the penetration, one of the possibilities is to ensure the for-
mation of the silicate, Ze., as mentioned earlier, some authors performed a heat
treatment on the mixture of the CMAS constituents before depositing it onto
TBC samples. This heat treatment requires a high temperature and exposure
time to ensure silicate formation, such as 1400°C for the time interval of 30 min
[18] or 1 h [21]. Another possibility is to focus a higher magnification on the
surface of the ceramic layer since CMAS accumulates on the surface of the top
coat when there is no penetration [31]. An investigation in the pore and micro-
crack regions, which are pathways for CMAS [36], could be evidence of the

CaK 100 pm o [ [ Zr L | 100 pm ¢ s

,,,,i,i.’,'\i‘ < Nt A O sy ,,,,/, @...-,_,m

Figure 10. Sample 3-1250-1. Comparison between Ca and Zr elements.
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Gry]  wm[ox] 0w

Figure 12. Sample 4-1250-5. Image obtained by EDS focusing on the top surface of the
ceramic coating.

beginning of penetration.

Figure 12 shows the EDS image that was focus on the surface layer of sample
4-1250-5. In the left upper region is possible to observe a great amount of Ca,
Mg and Al (constituents of CMAS) indicating the presence of these elements,
but these tree elements (together) are above on the surface of YSZ when com-
pared to Zr. On the other side, the comparison between only Ca and Zr allow to
observe that in some regions a superficial penetration has occurred how is
showed in Figure 13. This penetration was very superficiality, similar to that
which occurred in sample 3-1250-1 (Figure 10).

4. Conclusions

None of the test conditions showed CMAS’s wettability on the surface of the
TBCs, indicating the need for heat treatments with longer exposure time or
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Figure 13. Sample 4-1250-5. Comparison between Ca and Zr elements.

higher service temperatures for complete silicate formation. The methodology of
performing a heat treatment of the CMAS before application to the samples is
also a viable possibility.

The steel substrates suffered from hot corrosion because the sides of the sam-
ples were exposed to the furnace atmosphere during isothermal treatments, al-
lowing oxidation corrosion.

The samples treated isothermally for the 5-h interval (2-1200-5 and 4-1250-5)
showed the largest volume increase. This increase occurred due to emergence of
some cracks and mainly due to the hot corrosion of the steel substrate.

The CMAS permeability within the YSZ was not observed in sample 1-1200-1.
A small amount of infiltration into the surface region of the ceramic layer was ob-
served for samples 3-1250-1 and 4-1250-5. A longer exposure time would facilitate
the infiltration of the molten silicates into the deeper regions of the coating.

On the other side, sample 2-1200-5 displayed the penetration of molten sili-
cates into the interior of the TBC. The CMAS penetration reached greater depths
in the region with the highest accumulation of CMAS on the surface of the ce-
ramic layer.

For future research, a study focused on determining the necessary conditions
for the formation of silicate with the composition used here is suggested. For
this, the CMAS produced must be submitted to different isothermal treatments
(varying the temperature and time of each one of them), and analyzing the
formation or not of the silicate according to the isothermal treatment applied.
This study should precisely target test conditions for a new penetration assessment
of CMAS in TBC.
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