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Calcium—-magnesium—alumino-silicate (CMAS) corrosion is one of the important causes of failure in
thermal barrier coatings (TBCs). Herein, 8YSZ (8% Y,03-ZrQ,) single and YAG (Y3Al50,,)/8YSZ double
ceramic-layered (DCL) TBCs were deposited on the Al,O3 substrate by atmospheric plasma spraying,
respectively. The CMAS corrosion tests were conducted at 1250 °C for 1, 4, and 12 h, as well as on YAG/
CMAS mixed powder (mass ratio 1:1) for 12 h. The microstructure and the corrosion products were
analyzed to reveal the CMAS corrosion processes and mechanisms of these two types of TBCs. Results
showed that YAG particle surface layer is slightly corroded by molten CMAS after 12 h at 1250 °C, which
proved the good CMAS corrosion resistance and high-temperature stability of YAG. For the pure 8YSZ
TBCs, the coating phase started to transfer from the as-sprayed tetrahedral phase to a monoclinic phase
after corrosion for 1 h, and CMAS infiltrated the 8YSZ ceramic layer completely after 12 h. However, for
the YAG/8YSZ DCL TBCs, only the high-melting-point apatite phase formed on the surface of TBCs
blocked the further infiltration of CMAS by slowing further corrosion of CMAS. The protective apatite
phase isolated CMAS from the internal YAG, keeping the bottom 8YSZ ceramic layer intact and exten-
sively reducing the further damage to these TBCs.

Keywords atmospheric plasma spraying, CMAS, double ceramic

layer, thermal barrier coatings, YAG/8YSZ

1. Introduction

Thermal barrier coatings (TBCs) are widely used for the
protection of hot-section components from high-temperature
environments to improve the engine inlet temperature, thermal
efficiency, and service lifetime (Ref 1-3). TBCs comprise a
ceramic layer (top coating, TC), metal intermediate layer (bond
coat, BC), and superalloy substrate (substrate, Sub). In service,
mixed deposits (CaO-MgO-Al,03-Si0,, calcium—magnesium—
alumino-silicate (CMAS)) arise in the natural environment
(such as volcanic ash and gravel), anthropogenic activities
(industrial smoke, dust, etc.); these are inhaled and attached to
the surface of TBCs, which could cause the blockage of the
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holes for cooling film and the corrosion of TBCs, finally
accelerating the failure of such TBCs (Ref 3). On the one hand,
the CMAS adsorbed and deposited on the surface of the hot-
end parts blocks the cooling holes on the surface of the gas
film, which reduces the cooling effect and changes the
temperature and stress fields of the components. On the other
hand, molten CMAS penetrates the TBCs at high temperature,
which accelerates the sintering and phase transition instability
of the coating, resulting in a significant decrease in the service
life and heat insulation performance of TBCs (Ref 4).

At present, 8YSZ (8% Y,03-ZrO5) is the most widely used
top-coating material and is prepared by the air plasma spraying
(APS) or electron-beam physical vapor deposition (Ref 5-9).
However, the limiting operating temperature of 8YSZ is about
1200 °C due to the potential phase transformation and severe
sintering therein. Besides, that CMAS contaminating the 8YSZ
top coating may also cause transformation of the t-ZrO, phase
to an m-ZrO, phase (Ref 9-13). Therefore, the development of
new CMAS-protective material has attracted more attention.
Among the many new TBC candidate materials, pyrochlore,
fluorite structure zirconate, and garnet structure substances
(Y5Al501,, YAG) (Ref 14, 15) have attracted attention because
of their excellent high-temperature mechanical properties and
structural stability, good creep resistance (Ref 16), and low
thermal conductivity (Ref 13-15). Besides, the oxygen diffu-
sion rate of YAG (1072 m? s~ ') (Ref 17) is about ten orders of
magnitude lower than that of YSZ (107'°-107"'m? s
(Ref 18, 19), which is conducive to blocking the transfer of
oxygen to the bonding layer (Ref 20, 21). At the same time,
when YAG is used together with YSZ, the high Y-content in
YAG can inhibit the precipitation of Y,Oj stabilizer in YSZ and
further improve its phase stability. Theoretically, from the
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perspective of CMAS corrosion potentially causing the phase
transformation of YSZ, combining the good mechanical
properties of the YAG, YAG/YSZ double ceramic-layered
(DCL) TBCs are expected to show better CMAS corrosion
resistance, but the actual application of YAG/YSZ TBCs
remains to be explored (Ref 22, 23).

In the present research, a YAG/8YSZ DCL TBC system
structure was designed. The ceramic surface layer YAG could
protect the bottom layer YSZ and may improve the CMAS
corrosion resistance, endowing this DCL TBC system with
better overall performance than its single ceramic counterpart
(Ref 20). The authors found that for the YAG/8YSZ DCL
TBCs, only the high melting point apatite phase formed on the
surface of TBCs blocked the further infiltration of CMAS by
sealing pores and cracks in the coating. The protective apatite
phase isolated CMAS from the internal YAG kept the bottom
8YSZ ceramic layer intact and prevented further damage to the
TBCs. This study aims to provide theoretical support for the
application of YAG/8YSZ DCL TBCs in a CMAS corrosion
environment.

2. Experiment

2.1 Materials and Preparation

YAG powders (12-40 um, Xiamen Bajaxiang Microcrys-
talline Material Technology Co, China) and 204B-NS 8YSZ
powders (35-86 um, Oerlikon Metco, Switzerland) were used
as ceramic layer materials. The raw YAG powder was
agglomerated to improve the fluidity and morphology. The
agglomeration process was described as follows: deionized
water was used to prepare YAG powder suspension with a fixed
content ratio of 50%, and after 1 h of ball milling, adding 3%
polyvinyl alcohol, 19, dispersant, 19, defoamer (additive
quality used to ensure the desired dry powder mass ratio) into
the suspension and continuously ball-milled the material for
0.5 h; finally, the agglomerated YAG powder was obtained by
LX-5 series centrifugal spray dryer. The particle size of YAG
powder after agglomeration was 20-56 um, realizing good
fluidity and making it suitable for plasma spraying.

Based on the classical composition of CMAS (after
neglecting trace amounts of NiO and other components), the
chemical formula can be expressed as 33Ca0-9MgO-13A10; 5-
45810,). In the present work, the CMAS powder was prepared
as reported (Ref 21). The preparation process of CMAS powder
was obtained by mixing and high-energy-ball milling the high-
purity (99.99 %) oxides, dried at 70 °C and subjected to heat
treatment at 1300 °C, before crushing and sieving. In this study,
aluminum oxide with a similar composition to the TGO was
selected as the substrate to prepare the DCL TBC, to avoid the
effect of the possible superalloy oxidation products being

Table 1 Air plasma-spraying parameters

generated during the high-temperature corrosion process. The
Al,0O5 substrate measured 20 mm x 5 mm.

2.2 Goating Preparation

Bond-coat-free TBC specimens were prepared to investigate
the CMAS corrosion behavior and mechanism thereof. The
surface of Al,O5 substrate was sand-blasted and cleaned before
spraying. The surface ceramic layer was prepared by the APS
system (GP-80, Jiujiang). The ceramic layer thickness of single
8YSZ was about 300 um, and the thickness of 8YSZ and YAG
was about 150 um in this DCL YAG/8YSZ TBC system. The
spraying parameters are listed in Table 1.

2.3 Corrosion Experiments and Phase Structure Analysis

The CMAS was uniformly coated with 12 mg/cm?® on the
surface of the cleaned single and DCL TBCs. The corrosion
experiments were conducted by heating the specimens to
1250 °C at a rate of 10 °C/min in a resistance furnace, holding
for 1, 4, and 12 h, respectively, and then cooling in furnace. In
addition, the mixtures of CMAS and YAG powders at a mass
ratio of 1:1 were treated by ball-milling and then heated as for
the corrosion experiments (1250 °C for 12 h). A Quanta FEG
450 field emission scanning electron microscope (SEM) with
EDS energy spectrum was used for observing microscopic
morphology and micro-zone chemical composition analysis of
YAG powders, 8YSZ, and YAG/8YSZ TBCs after CMAS
corrosion. The phase structure analysis of the powder and
coating surfaces was assessed using a D/MAX 2500PC x-ray
diffractometer (XRD) with a scanning speed of 5°/min, a
scanning range of 10-90°, an accelerating voltage of 40 kV and
a current of 30 mA.

3. Results and Discussion

3.1 Corrosion Characteristics of YAG Powder and CMAS

Figure 1 shows the XRD patterns of CMAS and YAG mixed
powder after 12 h at 1250 °C. The XRD peaks are still
dominated by YAG peaks, accompanied by calcium feldspar
(CaAl,Si,0Og) and apatite (CasYsO(SiO4)6) peaks of lower
intensity (Ref 22). The generation of apatite phase indicates the
reaction between CMAS and YAG powder during high-
temperature processing, while the generation of calcium
feldspar phase may result from the reaction between CMAS
and YAG powder or the self-crystallization of CMAS.

Figure 2 shows the morphology at microscopic-scale and
EDS point sweep of CMAS and YAG mixed powders after
holding at 1250 °C for 12 h. Figure 2(a) and (b) indicates that
the CMAS corrosion medium adhered to the surface of YAG
particles uniformly after high-temperature melting. The YAG
particle matrix remains intact, the ball shape profile is clear, and

Ar, L H,, L  Voltage, Current, Distance, The gun traveling Number Total spraying Powder feed
Parameters min~' min~’ \% A mm speed, mm min " of passes duration, min rate, g min '
8YSZ 60 5.5 60 650 100 500 25 8 40
YAG 50 6.5 55 650 85 500 30 10 40
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only a low degree of reaction occurs at the edge of the YAG
powder particles, suggesting that YAG shows good high-
temperature stability and CMAS corrosion resistance.

Figure 2(c), (d), and (e) shows the EDS point scan results of
acicular substance A, massive substance B, and gray-black
substance C (Fig. 2b), respectively: the compositions of
substances A and B are similar, and it is considered that
substance A and substance B are the reaction-generated acicular
and massive apatite (CasYO(SiOy4)g) by atomic ratio calcula-
tion (analysis of Fig. 1). The high-melting point inert apatite
phase in the coating tends to hinder the penetration of CMAS
and improve the CMAS corrosion resistance of the TBC system
(Ref 23, 24). According to the EDS result at Point C, the
calculated atomic ratio is about 1:2:2:10. Combined with the
XRD analysis results in Fig. 1, due to the existence of
measurement error, black substance C is speculated to be the
structural product of calcium feldspar (CaAl,Si,Oyg).

v Y,ALO,,
\ CaAl,Si,0,

* Ca,Y0(Si0,)

— PDF #01-073-3185,
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Fig. 1 XRD patterns of CMAS and YAG mixed powders after
12 h at 1250 °C

3.2 CMAS corrosion Product and Morphology Analysis

3.2.1 Surface Corrosion Morphology and Phase Analy-
sis. Figure 3 shows the surface morphology of 8YSZ single
ceramic (a-c) and YAG/8YSZ DCL TBCs (d-f) after corrosion
for 1, 4, and 12 h, and EDS results (g-i). As shown in Fig. 3(a)
and (d), the surfaces of single 8YSZ ceramic and DCL YAG/
8YSZ TBCs remained smooth after 1 h of corrosion because
the CMAS melted and adhered to the coating surface uniformly
and did not penetrate after only that short a corrosion time. The
surface morphology of 8YSZ single ceramic-layered TBCs
after 4 and 12 h of CMAS corrosion is shown in Fig. 3(b) and
(c): With the increase in corrosion time, gray island structures
and black substances appear on the surface of 8YSZ TBCs and
are then continuously transformed into small gray particles. For
the DCL TBCs, there remains a layer of vitreous material
adhered to the TBC surface even after 12 h of CMAS
corrosion, and needles and lumps produced remained on the
TBC surface. The rough surface of single ceramic-layered
8YSZ TBCs was probably caused by the strong reactivity of
8YSZ and molten CMAS; the relatively flat surface of YAG/
YSZ TBCs may indicate their improved corrosion resistance.

Figure 3(g) shows the EDS results pertaining to point 4 in
Fig. 3(c), which is ZrO, according to the calculated atomic
proportions of Zr and O. The dark-gray substance B in Fig. 3(c)
and the gray substance C are similar in composition and are
speculated to be CMAS molten salts (Fig. 3h).

Figure 3(i) shows the point scan analysis of acicular
substance D in Fig. 3(f): the composition is consistent with
the composition and ratio of apatite (CasYsO(Si04)s, as shown
in Fig. 2(c) found in the CMAS corrosion experiment on YAG
powder.

Figure 4 demonstrates the XRD patterns of 8YSZ single
ceramic (a) and YAG/8YSZ DCL (b) TBCs after corrosion.
Figure 4(a) indicates that the monoclinic ZrO, peak emerges
after 1 h of corrosion at 1250 °C, and a strong monoclinic ZrO,
peak is found after 12 h of CMAS corrosion. It is believed that
during the early stage of corrosion, CMAS molten salt did not

(e)

Fig. 2 Micro-morphology spot sweep pattern of CMAS and YAG mixed powder after 12 h at 1250 °C (a), (b), and EDS of CMAS and YAG

mixed powder after 12 h at 1250 °C (c-e)
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Fig. 3 Surface micro-morphology of 8YSZ single ceramics (a), (b), (¢) and YAG/8YSZ double ceramics (d), (e), (f) TBCs after 1, 4 and 12 h

corrosion and EDS results (g), (h) and (i)
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Fig. 4 XRD patterns of 8YSZ single ceramic (a) and YAG/8YSZ double ceramics (b) TBC corrosion surface

penetrate the TBCs. During corrosion, the molten CMAS
triggered the transformation of 8YSZ from a metastable tetrag-
onal phase to a monoclinic phase after 12 h of CMAS corrosion
(Ref 25, 26). In (Ref 24), the same material system and
preparation method were used herein (the cited research proved
that 8YSZ underwent phase transformation only after sintering at
1300 °C for 200 h). Therefore, sintering alone was not the cause
of phase transformation. The stronger ZrO, monoclinic peak after
12 h of CMAS corrosion also indicates that the reaction between
8YSZ and CMAS is more adequate, and there is no remaining
molten CMAS to solidify and form a thicker vitreous layer on
8YSZ surface, which is consistent with the results of Fig. 3(b) and

10208—Volume 31(12) December 2022

(c) above. As shown in Fig. 4(b), the XRD results of the corrosion
surface for YAG/8YSZ DCLTBCs are consistent with the results
of surface morphology EDS analysis (Fig. 3g-i) and the analysis
of the corroded physical phase results of YAG powder particles
(Fig. 1), showing that apatite (CasYsO(SiO4)s) was the main
corrosion product.

3.2.2 CMAS Corrosion Depth for YSZ and YAG/YSZ
TBCs. Figure 5 shows the microscopic morphology of the
cross sections of 8YSZ single ceramic-layered TBCs after
CMAS corrosion at 1250 °C for 1 h (a-c), 4 h (d-f), and 12 h
(g-i) at different magnifications. After CMAS corrosion for 1 h,
CMAS began to penetrate the surface of the ceramic layer

Journal of Materials Engineering and Performance



Fig. 5 8YSZ single ceramic-layered TBCs were corroded at 1250 °C for 1 h (a), (b) and (c), 4 h (d), (e) and (f), and 12 h (g), (h) and (i)

cross-sectional micro-morphology

(Fig. 5b, area A in Fig. 5a and c), indicating that the ceramic
layer maintains a typical layered structure. With the extension
of corrosion time, obvious pitting corrosion characteristics
appear in the surface area of the ceramic layer (Fig. Se, area C
in Fig. 5d). The lamellar structure of the ceramic layer in
Fig. 5(f) is difficult to distinguish, which is presumed to be the
interaction of high temperature and corrosion. Figure 5(g)
illustrates that there are transverse large-scale cracks in the
ceramic layer, forming a reticulated connection between tiny
poles, with the entire ceramic layer being corroded (Fig. Sh and
i). The corrosion depth (4 in Fig. 5g) of the ceramic layer by
CMAS is about 120 um. It is reasonable to believe that the
corrosion of CMAS accelerates the 8YSZ phase-transition
process. The phase transformation of tetragonal phase to
monoclinic phase accompanied by 3-5% volume change (Ref
27, 28) may contribute to the formation of large-scale cracks. It
can be concluded that the conventional YSZ ceramic coating
could not resist the attack of CMAS molten salt.

Figure 6 shows the microscopic morphology of the CMAS/
8YSZ interface after CMAS corrosion of at 1250 °C for 1 h
(high-magnification view of region M in Fig. 5b), where the
EDS data pertaining to points 4, B, and C are listed in Table. 2.
Within the range of error in the energy spectrum, the dark
substance A on the 8YSZ contains mainly Ca, Mg, Al, Si, and
O, and the particles B and C are mainly composed of O and Zr.
Combined with the analysis of Fig. 4(a), XRD pattern of the
8YSZ surface, it is concluded that the dark substance A is
CMAS molten salt and the spherical particles B and C are ZrO,
particles. This result is consistent with the results of Fig. 3(g)
and (h) pertaining to the analysis of the spherical particles A
and dark-gray substance B on the coating surface (Fig. 7).

Journal of Materials Engineering and Performance

Fig. 6 CMAS/8YSZ interface morphology after 8YSZ single
ceramic-layered TBCs were corroded at 1250 °C for 1 h

Figure 8 shows the cross sections of YAG/8YSZ DCL TBCs
after CMAS corrosion at 1250 °C for 1 h (a-c), 4 h (d-f), and
12 h (g-i) at the same magnification. From the cross sections of
YAG/8YSZ DCL TBCs after corrosion at 1250 °C for 1, 4, and
12 h (Fig. 8a, d, and g), a layer of dark-gray CMAS remained
on the YAG surface, which is consistent with Fig. 3(d-f)
showing the surface morphology of YAG/8YSZ DCL TBCs
after corrosion for different times. This is consistent with the
surface morphology of the YAG/8YSZ DCL ceramic TBCs

Volume 31(12) December 2022—10209



after corrosion for different times in Fig. 3(d-f). It is also
observed that, during CMAS corrosion, molten salt penetrates
the surface YAG ceramic layer, but the CMAS does not
penetrate the whole YAG ceramic surface layer even after 12 h
of CMAS corrosion. The underlying 8YSZ ceramic layer
shows no obvious corrosion, and it is believed that YAG can

Table 2 EDS point sweep data of 8YSZ single ceramic-
layered TBCs corroded at 1250 °C for 1 h at the CMAS/
8YSZ interface

Element, at% (0] Si Ca Al Mg Zr Y

A 64.5 177 81 6.0 20 L5 03
B 69.0 20 12 09 03 256 09
C 67.0 22 14 10 0.1 27.1 1.2

(b)

P(K:)Si jies ~ Resin
)
44

YAG .. Cracks

protect the underlying ceramic layer 8YSZ from CMAS since
no large-scale cracks were found.

Figure 8(b-h) shows magnified views of region A, C, and E
in Fig. 8(a), (d), and (g), respectively. The YAG ceramic layer
remains nearly intact and no CMAS corrosion behavior (no
large-scale cracks) is visible, only a small amount of lumpy,
acicular material is found at the CMAS/YAG interface.
Figure 8(c), (), and (i) shows high-magnification images of
regions B, D, and F in Fig. 8(b), (d), and (g), respectively. The
acicular and lumpy materials can be observed at the CMAS/
YAG interface, and the amount thereof gradually increases with
the increase in corrosion time. The EDS point analysis results in
Fig. 8(i) are shown in Fig. 9 and Table 3.

The composition of point 4 is CMAS salt. The elemental
composition of point B is similar to that of point C, which are
speculated to be an apatite phase (CasY¢O(Si04)¢), combined
with the surface XRD analysis in Fig. 4(b). This acicular,

At%
0:67.0
Si:2.2
Ca:14
Al:1.0
Mg 0.1
Zr 271

Fig. 8 YAG/8YSZ DCL TBCs were corroded at 1250 °C for 1 h (a), (b) and (c), 4 h (d), (e) and (f), and 12 h (g), (h) and (i) cross-sectional

micro-morphology
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Fig. 9 EDS of points A to D in Fig. 7(i) (a-d)

Table 3 EDS point scan data of points A to D in Fig. 7(i)

Element, at% (0] Si Al Ca Mg Y
A 63.2 15.9 13.7 6.6 0.3 0.3
B 66.0 12.5 10.9 5.1 0.2
c 64.5 11.7 10.3 4.7 0.3
D 62.0 3.1 21.0 0.7 0.3

massive material is considered as an apatite mineral with the
effect of slowing the CMAS corrosion process. Within the
energy spectrum error range, point D is composed of mainly O,
Al, and Y, which agrees with their proportions in the Y;Als04,
phase. This is confirmed to be YAG (Y3AlsO;,) when
combined with the XRD data (Fig. 4b). Therefore, the reaction
between YAG and CMAS only takes place at the contact
interface, and the internal YAG structure remains intact. It is
believed that the acicular corrosion products (CasY¢O(SiO4)e)
can be attributed to the strong affinity of Y and Al in YAG to Ca
and Si in CMAS, respectively. It is reported (Ref 29) that, when
doping YAG with Ca and Si simultaneously (Ca" is exchanged
with Y>* while Si*" is replaced with AP +), the overall defect
reaction can be expressed using the following Kroger—Vink
equation:

CaO0 + Si0, YAGCal, + Si, + 303 (Eq 1)

According to Eq 1, the Y*>" and AI*" in YAG crystals at high
temperature can be replaced by Ca®" and Si*" in CMAS,

Journal of Materials Engineering and Performance

respectively, and defective reactions occur to produce
structural products such as calcium feldspar (CaAl,Si,Og)
and apatite (CayY¢O(SiO4)¢). The appearance of such
apatite with a higher melting point and excellent stability
may be conducive to the improvement of CMAS corrosion
resistance.

4. Conclusion

The CMAS corrosion behavior of two different structured
TBCs was compared, and the reactivity between CMAS and
YAG powders and CMAS corrosion behavior of APS-sprayed
8YSZ single ceramic-layered and YAG/8YSZ DCL TBC
systems at 1250 °C were investigated. The conclusions are
drawn as follows:

(1) YAG reacts with molten CMAS at 1250 °C for 12 h,
but still shows good stability and CMAS corrosion resis-
tance potential.

(2) YAG/8YSZ DCL TBCs show better CMAS corrosion
resistance than that of 8YSZ single ceramic-layered
TBCs, and the phase transition of 8YSZ induced by
CMAS corrosion may be responsible for the failure of
single ceramic-layered 8YSZ.

(3) The corrosion of YAG and CMAS is attributed to the
strong affinity of Y and Al in YAG to Ca and Si in
CMAS, and the corrosion products (such as calcium
feldspar (CaAl;Si;Og) and apatite (CasYeO(SiO4)e))

Volume 31(12) December 2022—10211



show good stability in CMAS and slowed the corrosion
and penetration of CMAS to YAG/8YSZ DCL TBCs
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