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In this study, the high-temperature corrosion behavior was evaluated for (La,Gd);Zr,0; (LGZ) used as a
promising thermal barrier coatings (TBCs) material. (La,Gd);Zr,07 + YSZ multilayer prepared from atmos-
pheric plasma spray (APS) were exposed to calcium-magnesium-alumino-silicate (CMAS) melt at 1300 °C for 2,
12, 48, and 100 h. Molten CMAS and (La,Gd),Zr,0 reacted to form reaction layer Ca,Gdg(SiO4)sO, (apatite) at
1300°C. The thickness of the reaction layer increased with increasing heat-treatment time. A correlation
between the hardness and Young’s modulus relationship for the reaction layer of the coating was observed for
the microstructure using nanoindentation. It was confirmed that the pores of the coating were reduced through
the infiltration of molten CMAS in the initial stage of the corrosion reaction, and the hardness and Young’s
modulus were increased due to densification. Fracture toughness increased with heat treatment time in both
directions (in-plane and through-thickness). The fracture toughness in the in-plane direction is 0.19-0.23
MPa./m. On the other hand, the fracture resistance in the thickness direction was 0.87-1.26 MPa./m, which was
higher than that in the in-plane direction. These results show that the crack propagates in the in-plane direction

and causes TBC delamination.
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1. Introduction

Gas turbines are used in various applications such as
aircraft and generator turbine engines. It is well known that
the higher the operating temperature, the higher the energy
efficiency.»? Therefore, studies have been conducted
related to increasing energy efficiency by increasing the
operating temperature by applying thermal barrier coatings
(TBCs). In order to increase the durability of TBCs, high
melting point, low thermal conductivity, excellent ther-
mal and chemical stability, no phase change, and excel-
lent corrosion resistance or calcium-magnesium-alumino-
silicate (CMAS) resistance are required. A typical TBC
uses tetragonal partially stabilized zirconia (4 mol % Y,03—
Zr0,, YSZ) stabilized by adding Y,Os to a thickness of
100 um to 1 mm. YSZ is commonly used in TBC systems
due to its low coefficient of thermal conductivity and high
coefficient of thermal expansion.’>® Recently, volcanic
eruptions have been actively occurring, and the volcanic
ash generated is deposited on the high-temperature parts
of turbine engines and deteriorates. Volcanic ash melted
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at high temperatures penetrates TBCs through pores and
microcracks. As heating and cooling are repeated, mechan-
ical stress is generated, which significantly reduces the life
of high-temperature parts. As a result, metastable tetrago-
nal (t") YSZ decomposes into tetragonal (t) and cubic (c)
phases. During cooling, it is transformed into a monoclinic
phase (m) with excessive volume expansion, leading to
cracking and failure of the coating.’) Therefore, many
studies have been conducted on the high-temperature cor-
rosion evaluation by artificially manufactured CMAS with
components like volcanic ash.®-!2?

Therefore, new ceramic materials such as RE zirco-
nate'319 have been proposed due to their excellent prop-
erties, such as lower thermal conductivity and better CMAS
attack resistance as compared to YSZ.!” Therefore, to im-
prove durability against CMAS, a double-layer TBC with
YSZ as the middle layer and RE zirconate as the top ce-
ramic layer has been proposed. In addition, electron beam—
physical vapor deposition (EB-PVD) of the typical TBC
coating method'®!') has the advantage of being resistant to
more stains, so it is mainly applied to the most important
parts exposed to harsh environments in aircraft engines,
such as high-pressure turbine vanes and blades. To com-
plement the EB-PVD method, an atmospheric plasma
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spray (APS) system is an alternative.!?20-2D Especially,
the multilayer Gd,Zr,07 and ceria—yttria stabilized zirconia
(CYSZ) TBC fabricated by APS.'> It is reported that the
thermal cycling performance of the Gd,Zr,O; coating is
improved thanks to the multilayer design.'® Develop-
ing APS coatings with unique microstructural features is
shown to be an effective way to obtain multilayer micro-
structures. In the structure of the multilayer ceramic TBCs,
the first ceramic layer is coated with YSZ, which has a
relatively large thermal expansion coefficient and excellent
mechanical properties,”? directly on the superalloy sub-
strate and the bond coat. As the second ceramic layer is
exposed to high temperatures, it is coated with rare earth
zirconate, which has excellent high-temperature phase
stability and can be applied at higher temperatures than
existing YSZ TBCs. Like YSZ, new TBC materials should
not exhibit phase transformation at high temperatures and
should have very low sintering rates at temperatures of
more than 1200 °C.

Gd,Zr,07 (GZO) has proven to be a promising TBC
material with better CMAS corrosion resistance than YSZ.
In recent years, Gd-zirconate!?)15:17:22)29) TB(Cs and La-
zirconate!®»?D) TBCs with relatively high thermal stability
and relatively low thermal conductivity have been studied.
The reason why La doped is that La,Zr,07 has a high melt-
ing point (2300 °C) and no phase transformation, so it main-
tains stability at high temperatures.? It can also prevent
molten CMAS corrosion by forming Ca,Lag(Si04)s0,.2®

However, there are few reports regarding CMAS corro-
sion behavior for La-doped GZO, and the effect on CMAS
corrosion resistance is still unclear. In addition, the hard-
ness and Young’s modulus of the reaction layer after high-
temperature corrosion by CMAS are important charac-
teristics in evaluating the durability of the coating layer.
This study demonstrates that it provides both chemical and
mechanical influences on high-temperature corrosion be-
havior. In order to evaluate the corrosion resistance of the
(La,Gd),Zr,07 (LGZ: lanthanum Gadolinium Zirconate),
CMAS was applied to the surface of the coating layer, and
heat treatment was performed at 1300 °C for 2 to 100 h. In
this way, the high-temperature degradation behavior by
CMAS was investigated through the analysis of the com-
position and microstructure of the (La,Gd),Zr,07/YSZ
multilayer coating according to the heat treatment time.

2. Experimental procedure

2.1 Preparation of (La,Gd),Zr,0;/YSZ multi-
layer coating

The powder for the TBC was made into a spherical
shape by spray drying. This spherical powder was melted
by plasma, and the top coating powder was thermal
sprayed on the bond coating (AMDRY 386-2) at high tem-
perature and high pressure. CMSX-4 (nickel-based super-
alloys) with a thickness of 3 mm was used as a substrate.
The top was coated with Triplex APS (Triplex Pro-200,
Oerlikon Metco). The top coating layer controls the size
and distribution of the powder (making YSZ spheroidized
powder with a size of 45—125 um), and optimizes the gun
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distance, powder feed rate, and spray speed. The composi-
tion was mixed as ZrO,:La;05:Gd,03; = 43.65:6.41:49.94
in weight ratio (The composition by molar ratio was for-
mulated to be Lag5Gd; 75Z1,07). As the top coating layer,
a multilayer composed of three layers was prepared. Low
thermal conductivity (La,Gd),Zr,07 is on the top layer
(250 um), and the bottom layer is dense YSZ (150 um).
The middle layer (150 um) was composed of a mixture of
LGZ and YSZ at a ratio of 1:1.

2.2 Microstructure and
corrosion

The CMAS powder used in the corrosion experiments
was prepared using the same method as in our previous
works.®12) The composition of CMAS is 33Ca0-9MgO—
13A101.5-45Si0, mol.%.9*810:12) The (La,Gd),Z1,0,/
YSZ multilayer coating was cut into 10 mm x 5 mm using
a diamond saw. To evaluate the CMAS high-temperature
corrosion behavior, a paste prepared by mixing the CMAS
powder with ethanol ultrasonically was applied to the upper
surface of (La,Gd),Zr,0; coating in the amount of 40
mg/cm?. Specimens were heated to 1300 °C using a heat-
ing rate of 10 °C/min and held for 2, 12, 48, or 100 h before
being furnace cooled to room temperature. After heat treat-
ment, specimens were cut into Smm x Smm, and their
cross sections were polished successively using 9, 3, and
1 um diamond suspensions to analyze the reaction layer.

The (La,Gd),Zr,0;/YSZ multilayer coating, together
with the microstructural and compositional changes taking
place, was analyzed after cooling using a scanning electron
microscope (SEM; EISS Gemini SEM 300, Germany)
with a beam voltage of 15kV, and a working distance of
15 mm was used for energy-dispersive X-ray spectroscopy
(EDS) measurements to determine the compositions of the
specimen cross section. The evolution of the crystalline
phases was tracked by performing X-ray diffraction (XRD)
with CuKa radiation (1 = 1.54056 A) using a Rigaku
Smart Lab diffractometer (Rigaku Co., Japan) on either
sintered compacts or powders. XRD measurements were
taken at room temperature using a scan step of 0.02° and a
scan rate of 1°/min in the 26 range of 20-60°.

high-temperature

2.3 Mechanical properties

The values of Martens hardness (HM) and Young’s
modulus of the cross-section of the (La,Gd),Zr,07/YSZ
multilayer coating subjected to different thermal treatments
were measured at room temperature using a nanoindenta-
tion testing system (DUH-2110, Shimadzu, Japan). A 115°
triangular pyramid indenter was used at a constant load of
100 mN, with loading and unloading times of 5 s each. The
Martens hardness was calculated using Eq. (1), where F is
the maximum force and /% is the depth of penetration at that
force.?”

HMs = 1000F/26.43 x > (1

The indentation elastic modulus (Ej) is considered
equivalent to Young’s modulus,”® which is analyzed with
the same method as in our previous studies.”® >3 Where



Journal of the Ceramic Society of Japan 132 [5] 205-213 2024

| JCS-Japan

Hv represents Vickers hardness and E and Young’s mod-
ulus. dy and d, represent the diagonal lengths in the in-
plane and through-the-thickness directions, respectively.
ay, a, ay, and aq are the crack lengths propagated from
the left, right, top, and bottom edges, respectively. To
evaluate fracture toughness (K¢) values for both in-plane
and through-thickness directions were measured with the
following Eq. (2):3¥

Kc = 0.071(Hy~d)(E/Hy)(c/d)>? @)

d d
<c=c// orc,, dz//;_l>
d//+dl a + a;

V=T 2
dy+d,  ay+aq
L=y 2

3. Results and discussion

3.1 Characterization of the (La,Gd),Zr,0;/
YSZ multilayer coating
Figure 1 shows the XRD patterns of (La,Gd),Zr,07/
YSZ multilayer coatings (hereafter abbreviated to LGZ)
from 0 to 100h at 1300 °C. Figure 1(a) shows the XRD
pattern before heat treatment. Figure 1 shows XRD pat-
terns after heat treatment for (b) 2 h, (¢) 12h, (d) 48 h, and
(e) 100h. After heat treatment, peaks corresponding to
c-ZrO;, and Ca,Gdg(Si04)¢0O, were found on the coating
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Fig. 1. XRD patterns of LGZ multilayer coatings exposed with
CMAS to 1300°C for (a) Oh, (b) 2h, (c) 12h, (d) 48h, and
(e) 100 h.

surface from 2 to 100h, respectively. The 7, of CMAS
powder is about 1250 °C,” indicating that CMAS melted
and reacted with LGZ to produce Ca,Gdg(Si04)sO,. The
Ca,Gdg(Si04)60, (apatite) and c-ZrO, peaks can also be
confirmed in the same peaks after the high temperature
reaction of Sc-doped Gd,Zr,0; and CMAS.?» The peaks
of ¢-ZrO, shift to higher angles with increasing exposure
time. CayGdg(SiO4)¢0; is a phenomenon that occurs in the
presence of CMAS. Ca,Gdg(Si04)sO, shows a typical
P63 /m (hexagonal) space group structure, which is similar
to the XRD analysis result of 9.428 A and the calculated
lattice constant of 9.484 A3% The space group of the c-
ZrO, phase is Fm-3m and the calculated lattice constant is
5.16 A, which is 5.11 A similar to the XRD result. The
a-axis constants of CayGdg(SiO4)¢0, and c¢-ZrO, are
slightly smaller than the reference value. In another study,
the calculated lattice constant of Yb*t, Er’*, Ho’* and
Tm** doped Ca,Gdg(Si04)s0> (JCPDS card number 28-
0212) was reported to be smaller than the experimental
value of 9.421 A, which is 9.484 A. It was confirmed that
the Ca,Gdg(Si04)s0, lattice constant decreased after RE
doping.®> Apatite crystals are reported to be anisotropic in
shape, oriented on average perpendicular to the surface
and consistent with the [0001] axes trend.>” The aniso-
tropy could not be confirmed in this paper. However, the
length and width of apatite were confirmed to have
increased.

3.2 High-temperature corrosion behavior

Figures 2(a) and 2(b) show the microstructure of LGZ
before heat treatment. Figure 2(a) is the cross section of
the coating. Figure 2(b) shows surface of the multilayer
coating and micropores are observed. The total thickness
of the coating layer is 550 um. From the top position,
LGZ (250 um), LGZ + YSZ (150 um), and YSZ (150 wm)
layers are shown in Fig. 2(a). The results of EDS mapping
analysis of the cross-sectional microstructure of the multi-
layer coating before exposure to CMAS in Fig. 2. As
shown in Fig. 2(a), it is divided into LGZ, LGZ + YSZ,
and YSZ layers from the top position. YSZ, which is
mainly applied to TBC, is composed of the bottom layer,
and LGZ + YSZ layer is composed to secure stability at
high temperatures. In addition, LGZ on the top layer is the
thickest layer for the high-temperature corrosion evalua-
tion of CMAS. Figure 2(b) shows the surface of the coat-
ing and micropores can be identified. As seen in Fig. 2, Gd
was prominent in the LGZ layer; Gd, Zr, and Y were
prominent in the LGZ + YSZ layer; and the main compo-
nents Zr and Y appeared prominently in the YSZ layer.

Figure 3 shows cross-sectional SEM micrographs of
the microstructures of the multilayer coating layers ex-
posed by CMAS at 1300 °C for (a) 2, (b) 12, (c) 48, and
(d) 100h. After heat treatment, the coating layer reacted
with the molten CMAS to form a reaction layer. The reac-
tion layer is composed of Ca,Gdg(Si04)s0; and c-ZrO;. In
addition, the thickness of the reaction layer increased as
the time of heat treatment increased. Consistent with the
shown in Fig. 1, the formed reaction layer melted above
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Fig. 2. SEM micrograph of (a) cross-sectional result with EDS maps of elements (Zr, Y, La, and Gd) and

(b) surface of the multilayer coating.

Reacﬁqn layer (b) Reaction lay"er

LT
LGZ £YSZ

YSZ

Reaction layer
LGZ

Reaction layer

LGZ + YSZ LGZ + YSZ

YSZ 00 pm YSZ

Fig. 3. Cross-sectional SEM micrograph of LGZ multilayer
coatings that have interacted with CMAS at 1300 °C for (a) 2h,
(b) 12h, (c) 48h, and (d) 100h.

the 7i, temperature of CMAS and reacted with LGZ,
indicating that Ca,Gdg(Si04)¢O, was generated.

Figure 4 shows the thickness of the reaction layer ac-
cording to the increase in reaction time after heat treatment
at 1300 °C. The thickness of the reaction layer increased
to about 118, 137, 185, and 253 um after 2, 12, 48, and
100 h, respectively. After heat treatment, the CMAS and
LGZ coating layers react rapidly, and the reaction layer
formation rate is reduced. In our previous study, it was
also confirmed that a reaction layer was quickly formed in
the initial reaction, and the rate of reaction layer forma-
tion gradually decreased'? from the results of the high-
temperature corrosion behavior of CMAS and Gd,Si,0.
Kramer et al.*® fabricated columnar pyrochlore gadolini-
um zirconate TBC by EB-PVD and observed its corrosion
resistance. The basic corrosion mechanism is that the reac-
tion between rare earth zirconates and CMAS forms the
Ca,Gdg(Si04)60; apatite phase. Consistent with the results
of this study, the reaction between CMAS and zirconium
gadolinium slows down after premature sealing of the
channels in EB-PVD. It has been reported that this type of
corrosion mechanism plays an important role in slowing
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Fig. 4. Average thickness of reaction layer on LGZ multilayer
coatings exposed to CMAS at 1300°C as a function of heat-
treatment time.

down the CMAS attack on the coating, which is helpful
for the survivability of the reaction layer during thermal
cycling.?® Another study fabricated three lanthanum zir-
conate TBCs designed with La/Zr ratios of 0.7:1 (LZO-7),
1:1 (LZO-10) and 2:1 (LZ0O-20).>” As the amount of La
increased, the content of the apatite phase increased, while
the content of the fluorite phase decreased. It was con-
cluded that among these lanthanum zirconate coatings,
LZO-20 exhibited the best CMAS corrosion resistance. A
dense and continuous layer of apatite Ca,Lag(Si04)¢O,
indicated that the subsequent infiltration of molten CMAS
was effective.

Figure 5 shows the results of the EDS mapping analysis
of a cross-section of the multilayer coating exposed by
CMAS at 1300 °C for 2 h. The components detected in the
EDS mapping component analysis were La, Gd, Ca, Si,
Mg, Al, Zr, and Y. When comparing the depth of the reac-
tion layer after high-temperature corrosion for the CMAS
of Gd,Zr,07 and La,Zr,07, Lay,Zr,O;7 showed the forma-
tion of a deeper reaction layer.*”

These results suggest that the reactivity between
LayZr,0; and the precipitate was higher than that of
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Fig. 5. Cross-sectional result with EDS maps of elements (La, Gd, Ca, Si, Mg, Al, Zr, and Y) of LGZ
multilayer coatings that have interacted with CMAS at 1300 °C for 2 h.
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Fig. 6. (a) Low-magnification cross-sectional SEM micrograph
of LGZ multilayer coatings after exposure to CMAS at 1300 °C
for 2 h; (b) magnified view of region in yellow box of (a).

GdyZr,07. In other words, the formation of a deeper reac-
tion layer is expected with a cation radius of La (1.172 A)
larger than that of Gd (1.107 A). We have studied the effect
of the RE cation radius on the formation of the reaction
layer previously.”'9-! The formation of the reaction
layer was lower with Er (1.004 A) disilicate than with Gd
(1.107 A) disilicate. The reaction layer serves to fill pores,
induce rapid densification, and prevent further infiltration
of molten CMAS. It is desirable to form a reaction layer
that can provide this protective function at a smaller thick-
ness. In addition, reaction layer growth is dependent on
several factors such as coating porosity, CMAS melt
viscosity, temperature and time.

Figure 6(a) shows the SEM micrographs of the cross-
section of the multilayer coating layer exposed by CMAS
at 1300°C for 2h. Figure 6(b) is a high-magnification
SEM micrograph of the yellow box in Fig. 6(a). The EDS
point analysis results of A, B, C, and D shown in Fig. 6(b)
are shown in Table 1. The reaction layer in Fig. 6(b) con-
sists of sphere morphologies (points A and B) and nee-
dle morphologies (points C and D). In points A and B,
mainly Zr, O and small amounts of Gd and La were

Table 1. The compositions (at.%) of the cross-section with
CMAS for 2h at parts A, B, C, and D shown in Fig. 6(b)

Ca Al Si Gd Zr La (6]
A 1.8 0 0 5.5 32.1 1.3 59.3
B 1.6 0 0 6.8 34.5 1.5 55.6
C 7.1 2.0 17.9 21.2 1.3 1.8 48.7
D 8.9 2.2 18.6 21.4 1.9 2.0 45.0

detected. However, La, Gd, Ca, Si, and O were detected in
points C and D. According to the XRD results (Fig. 1),
points A and B are c¢-ZrO, fluorite dissolved in small
amounts of Gd and La. Points C and D are also analyzed
to be CayGdg(Si04)60; apatite phase. Ca;Lag(Si04)s0; is
formed through the reaction of La,Zr,0; and CMAS and
forms a Ca,Lag(Si04)60; to prevent further molten CMAS
penetration.”® However, the small amount of La used in
this study did not form a Ca,Lag(Si04)s0O, after the CMAS
reaction. It can be seen that a small amount of La is
included in Table 1.

Figure 7 shows the results of EDS mapping analysis of
a cross-section of the multilayer coating layer exposed by
CMAS at 1300°C for 100h. La, Gd, Ca, Si, Mg, Al, Zr,
and Y were analyzed using EDS mapping component anal-
ysis. As the high-temperature reaction time increased from
2h (Fig. 5) to 100h, changes in the reaction layer were
confirmed through analysis of Ca and Si, the main com-
ponents of apatite, the main phase of the reaction layer.

The reaction layer was slightly thicker as compared to at
2h (Fig. 5), and about 170 um was formed. As a result, it
was confirmed that the reaction layer was quickly formed
at the beginning of the reaction, but the rate of formation
of the reaction layer slowed down as the time increased.
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Fig. 7. Cross-sectional results with EDS maps of elements (La, Gd, Ca, Si, Mg, Al, Zr, and Y) of LGZ
multilayer coatings that have interacted with CMAS at 1300 °C for 100 h.
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Fig. 8. Magnified view of a cross-sectional SEM micrograph of
reaction layers that have interacted with CMAS at 1300 °C for
(a) 2h, (b) 12h, (c) 48h, and (d) 100h.

Figure 8 shows the multilayer coating analysis exposed
by CMAS at 1300°C for (a) 2, (b) 12, (c) 48, and (d)
100 h. The reaction layer is composed of spherical c-ZrO,
and needle morphology Ca,Gdg(Si04)60, apatite as shown
in Fig. 6(b). It was confirmed that the sizes of ¢-ZrO, and
apatite increased as the heat treatment time increased in
Fig. 8(d). The increase in c-ZrO, and apatite size affects
the densification of the coating and has a positive effect on
the penetration of additional molten CMAS. Also, the
porosity is sensitive to CMAS penetration at high temper-
atures, and a forming a more reactive generating layer is
formed.*"*?) Low porosity is good for corrosion resistance
and leads to low reaction layer growth in coatings.*) Also,
a major factor in the formation of the reaction layer is the
reaction temperature. In particular, temperature affects the
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viscosity of the melt. The temperature and viscosity of
molten CMAS were calculated using the VFT (Vogel
Fulcher-Tammann) Eq. (3).*%

logn = —4.55 4+ 7551 /(T — 493) 3)

Our previous study also evaluated the high-temperature
corrosion behavior of CMAS melts according to temper-
ature and viscosity.'” When the temperature increases, the
viscosity decreases, and the penetration of the coating
layer becomes easier. A reaction occurs between the mol-
ten CMAS and the coating layer, and the formation of a
dense reaction layer prevents further penetration of the
molten CMAS.

3.3 Mechanical properties

After heat treatment of the multilayer coating by CMAS
at 1300 °C for various holding times, nanoindentation anal-
ysis was performed on the reaction layer, and the hardness
and modulus of elasticity of the coating were measured.

As shown in Figs. 9(a) and 9(b), the hardness and
Young’s modulus before and after corrosion increased as
the heat treatment time increased. The hardness before heat
treatment (Oh) was 5.61 GPa and after 2h, it was 6.78
GPa, an increase of about 20 %. After 12 h, the hardness
increased to 7.76 GPa; after 48 h, the hardness increased to
8.14 GPa; and after 100h, the hardness increased to 8.17
GPa in Fig. 9(a). The Young’s modulus before heat treat-
ment (0 h) was 113.5 GPa and increased to 169.9 GPa after
2h. The hardness increased to 182.3 GPa after 12h, to
185.5GPa after 48h, and to 186.2 GPa after 100h in
Fig. 9(b). It is confirmed that the hardness and Young’s
modulus are increased in the initial stage of corrosion
reaction. The increase in the hardness of the coating after
high-temperature corrosion is due to the reduction of pores
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Fig. 9. (a) Martens hardness and (b) Young’s moduli obtained
from the reaction layer after heat treatment at 1300 °C.

in the coating through the penetration of molten CMAS,
which affects densification. These results confirmed in our
previous study that the hardness and Young’s modulus of
the EB-PVD coating side significantly decreased when the
porosity increased.?”)?>?) However, since the efficiency of
TBCs is reduced due to high densification, appropriate
improvement of TBCs according to the application envi-
ronment is required. In addition, it was reported that high
hardness for resistance to plastic deformation due to par-
ticle impact and low Young’s modulus to avoid brittle
fracture due to elastic deformation during initial impact
have a positive effect on the erosion resistance of the coat-
ing system.*)

In addition, the coefficient of thermal expansion (CTE)
of the resulting apatite (10 x 107¢/K"),*) Gd,Zr,0,
(10.4 x 107%/K=1,*D and YSZ (11 x 1076/K=1),*" the
mismatch between the bond coating (15 x 1076/K=1)*)
and the CTE with the substrate causes an increase in resid-
ual stress, which increases the possibility of delamination
of the coating. Thermal stress generated during cooling is
one of the causes of top coating cracking.*”) The resistance
of a coating to low temperature impact induced cracking
dt/dc can be expressed as Eq. (4).5”

ﬂ_l Kice no( Kie ! 4)
dc A\Yoc E.

where dt/dc is the crack growth rate; A is a constant and n
is a value related to the properties of the material. K¢ is
the coating fracture toughness. Y is the shape factor of the
crack, o is the thermal stress, and c is the crack length.

(a)

140

_—
(=3
) ~

120

=

=

~ 100fF

?n & a,
2 o 4+ q
—

% 60 [ *au
[~ _ ad
= Y

&}

/.‘
[

Heat treatment time (h)
Fig. 10. (a) Microstructure of crack propagated by Vickers
after heat treatment for 2 h. (b) Value of crack length according to
heat treatment time.

Where E. is the elastic modulus of the coating. Kic/E.
reported that it would be a reasonable indicator to evaluate
the mechanical resistance of coatings to impact.’® Crack-
ing that occurs in actual operating environments has a
significant impact on TBC lifespan. As a result of thermal
cycling tests to determine the failure mechanism of LGZ/
YSZ, vertical cracks mainly occurred in the YSZ layer
because YSZ (11.08 x 107°/K~") had a high TEC of LGZ
(10.33 x 107°/K~1). Additionally, it was reported that
horizontal cracks mainly occur at the interface of LGZ and
YSZ.3Y To evaluate the toughness, cracks were induced on
the polished cross-section of specimens in reaction layer
using a Vickers hardness indenter at a load of 0.5 kgf for
5s. There are studies on the relationship between crack
propagation behavior, microstructure and residual stress in
coating layers.39-2-3%

Figure 10(a) shows the microstructure of a crack
propagated by Vickers after heat treatment for 2h, and
Fig. 10(b) shows the value of crack length according to
heat treatment time. The induced cracks occurred in
horizontal and vertical directions, with the “in-plane” and
“through-the-thickness” directions defined as directions
parallel and perpendicular direction, respectively. The
crack length for the in-plane directions (@, and ;) was
longer than that for the through-thickness directions (ay,
and ag). Since the crack was not affected by in-plane
compressive stress, it tended to propagate in the in-plane
direction.>¥
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Fig. 11. Comparison of in-plane and through-thickness fracture
toughness according to heat treatment time.

Figure 11 Comparison of in-plane and through-thick-
ness fracture toughness according to heat treatment time.
Fracture toughness slightly increased with heat treatment
time in both directions.

This is due to the reduction of defects and splat bound-
aries, which can restrict crack propagation as sintering
progresses.® The fracture toughness in the in-plane direc-
tion is 0.19-0.23 MPa,/m. On the other hand, the frac-
ture resistance in the thickness direction was 0.87-1.26
MPa,/m, which was much higher than that in the in-plane
direction. These results show that the crack eventually
propagates in the in-plane direction and causes TBC
delamination.

In summary, this study evaluated the high-temperature
corrosion reaction layer of LGZ multilayer coating with
CMAS, unlike the single-layer YSZ system applied to
TBC:s. In the initial stage of the corrosion reaction, the size
of the needle morphology Ca,Gdg(Si04)¢O, phase and the
reaction layer increased with time due to the penetration of
molten CMAS. These results confirm that the hardness and
Young’s modulus are improved by preventing the pene-
tration of additional molten CMAS through the densifica-
tion of the coating. Therefore, the use of LGZ multilayer
coating appears to constitute a promising strategy for
designing TBCs.

4. Conclusions

The high-temperature corrosion behavior of candidate
TBC material (La,Gd),Zr,07/YSZ multilayer coating pre-
pared by APS and exposed to CMAS was investigated for
holding times of up to 100h at 1300°C. EDS analysis
demonstrated that the coating layer was composed of LGZ,
LGZ + YSZ, and YSZ layers from the top. In the initial
stage of the high-temperature reaction, the thickness of the
reaction layer was rapidly formed, and the reaction rate
gradually decreased as time increased. Peaks correspond-
ing to c-ZrO, and CayGdg(Si04)¢0, were analyzed in the
XRD results after heat treatment. These results indicate
that molten CMAS reacted with LGZ to form Ca,Gdg-
(Si04)60;. The reaction layer was composed of spherical
morphology (c-ZrO;) and needle morphology [Ca,Gdg-
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(Si04)60;] forms, as confirmed by SEM and EDS analysis.
In addition, it was confirmed that in the initial stage of the
corrosion reaction, the pores of the coating were reduced
through the infiltration of molten CMAS, and the hard-
ness and Young’s modulus were greatly improved due to
densification. The fracture toughness in the in-plane
direction is 0.19-0.23 MPa,/m. On the other hand, the
fracture resistance in the thickness direction was 0.87-1.26
MPa,/m, which was higher than that in the in-plane direc-
tion. These results show that the crack eventually propa-
gates in the in-plane direction and causes TBC delamina-
tion. These results indicate that the LGZ multilayer coating
layer will facilitate the development of TBCs with superior
lifetime performance as compared to a single YSZ coating
layer.
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