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Abstract: The main purpose of this work is to suppress the rate of thermal and oxida-
tive corrosion of copper substrates using double-ceramic-layer thermal barrier coatings
(TBCs). Herein, the orthogonal spray experiment was employed to optimize the spraying
parameters for TBCs consisting of Cu/NiCoCrAlY/8YSZ/(Y(5Gdg5)TaO4. The thermal
cycling and average mass loss rate of TBCs prepared by atmospheric plasma spraying
(APS) with optimum spraying parameters correspond to 20 cycles and 0.56 %o, respectively.
The thermal conductivity (0.39 W-m~1.K~1 at 900 °C) of (Y(5Gdg5)TaOy is 71.68% and
52.7% lower than that of (Y 5Gdg 5)TaO4 bulk and 8YSZ, respectively. Meanwhile, the bond
strength increased from 8.86 MPa to 14.03 MPa as the heat treatment time increased from
0 h to 24 h, benefiting from the heat treatment to release the residual stresses inside the
coating. Additionally, the hardness increased from 5.88 £ 0.56 GPa to 7.9 & 0.64 GPa as the
heat treatment temperature increased from room temperature to 1000 °C, resulting from
the healing of pores and increased densification. Lastly, crack growth driven by thermal
stress mismatch accumulated during thermal cycling is the main cause of coating failure.
The above results demonstrated that 8YSZ/(Y(5Gdg 5)TaO4 can increase the service span
of copper substrate.

Keywords: thermal barrier coatings; copper; atmospheric plasma spraying; failure mechanism;
thermal cycling

1. Introduction

Copper is extensively utilized in the production of various heat-resistant components
and heat exchangers in industry owing to its superior casting properties and high thermal
conductivity. The blast furnace tuyeres and slag openings used in chemical metallurgy are
pure copper sleeves that are cooled by circulating water [1]. However, pure copper has a
low melting point (1083 °C), low surface hardness, and poor wear resistance. Moreover,
pure copper sleeves are often used in high temperatures (>1200 °C) [2,3]. Hence, it is critical
to deal with the fact that copper substrates are resistant to wear and high temperatures.

Protective coatings and circulating water cooling are the current mainstays for
extending the useful life of copper-based products exposed to high temperatures.
Kumar et al. [4] demonstrate that optimizing tuyere design and coating treatments ef-
fectively reduces heat loss in blast furnaces, enhances tuyere durability, and improves
operating efficiency. Zhang et al. [5] applied a Ni60A coating on copper, satisfying the wear
resistance criteria for the blast furnace tuyere; nevertheless, its resistance to molten metal
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erosion was inadequate. Pathak et al. [6] applied NiCoCrAlY-YSZ-Al,O3 + ZrO; onto the
tuyere and used APS methods to enhance the efficacy of various coatings. The findings
indicated that the YSZ coating exhibited excellent thermal cycling resistance. The service
life of the tuyere is increased by a factor of 1.9 in real manufacturing. However, despite the
advantages of circulating water cooling, it may lead to uneven cooling, leading to localized
thermal stress inside the tuyere structure, hence heightening the risk of fracture develop-
ment and propagation [7,8]. Furthermore, if the tuyere sustains significant damage, cooling
water may infiltrate the blast furnace, potentially resulting in an explosion [9]. Coating
protection is a relatively reliable protective technology, but research is still insufficient.
There is an urgent need to find new types of coating materials that are resistant to high
temperatures, oxidation, corrosion, and wear.

Rare-earth tantalates represent a novel category of thermally protective coating materi-
als, distinguished by their remarkable high-temperature stability, little thermal conductivity,
and superior resistance to oxidation and corrosion, hence offering a broad spectrum of pos-
sible applications [10-12]. Qu et al. [13] prepared bulk ceramics of (Y;_yGdx)TaOy4 ceramics
using the solid-phase synthesis method, which has a high phase transition temperature
(>1500 °C), a high coefficient of thermal expansion, and a low thermal conductivity. APS
is a commonly used method for preparing coatings. Appropriate spraying parameters
are critical in order to prepare rare-earth tantalate coatings for long-term service at high
temperatures via APS. The orthogonal experiments are able to assess the effect of factors
on experimental results and determine the optimal parameter combinations through range
analyses method. Compared to one- factor experiments and modelling analyses, orthogo-
nal experimental methods have the advantage of being able to increase the efficiency of
optimization while reducing the number of experiments and avoiding the need for complex
modelling. Li et al. [14] optimized the parameters of AICoCrFeNi coating in laser cladding,
such as laser power, powder feeding rate, and scanning speed, based on the dilution rate by
the orthogonal experimental. Zhao et al. [15] used an orthogonal experiment to study the
effect of spraying parameters on the microstructure and corrosion resistance of Ti coatings
on steel substrates, and the results showed that the spraying parameters have a significant
effect on the corrosion resistance.

In this study, the service life of 8YSZ/(Y(5Gdg 5)TaO4 double-ceramic-layer thermal
barrier coatings was improved by optimizing the spraying parameters and appropriate
heat treatment. The spraying parameters for the (Yo 5Gdg5)TaO4 coating were optimized
using an orthogonal experiment, such as the current, argon flow rate, hydrogen flow rate,
and spraying distance. On the premise of meeting the indicator of low mass loss rate during
thermal cycling, the failure mechanism and thermal properties of the coating were studied.
Additionally, this study experimentally investigated the effect of heat treatment on coating
properties such as microstructure, hardness and bond strength.

2. Experimental Details
2.1. Material Preparation

Copper substrates (purity 99.99%) with dimensions of 18 mm x 15 mm X 3 mm and
cylindrical substrates (925 mm x 4 mm), together with cylindrical graphite substrates
(925 mm x 4 mm), are utilized as substrate materials. The (Yo 5Gdg5)TaO4 coating was
applied to the graphite to investigate the thermal performance of the coating and the
development of high-temperature phase structures. The (Y(5Gdg5)TaOy4 coating on the
graphite substrate was subjected to a tube furnace at 1400 °C for 12 h to eliminate the
graphite. Graphite is susceptible to oxidation and volatilization; hence, the impact of
graphite components on the coating’s thermal performance and phase structure is mi-
nor. Prior to spraying, the pure copper substrate underwent pretreatment, which in-
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volved sandblasting with 1 mm-diameter corundum to expose fresh metal and preserve a
certain roughness.

On the copper surface, the bonding coating (BC) and the YSZ/(Y(5Gdg5)TaO4 double-
ceramic-layer thermal barrier coatings were successively prepared by atmospheric plasma
spray torch (SH-PQ-48K, XiaMen Sheng Hua Automation equipment Co.,Lte, Xiamen,
China), as shown in Figure 1. The BC used NiCoCrAlY alloy powder produced by Jinzhou
City Jinjiang Spraying Material Co., Ltd. (Jinzhou, China) with a particle size of 30 to 80 um.
Table 1 shows the composition of the NiCoCrAlY alloy powder. The ceramic coating used
8YSZ (8 wt.% Y03 stabilized Z,O3) ceramic powder with a size of 30-80 pm (Oerlikon
Metco 204NS-G, Oerlikon Metco Surface Technology Co., Ltd., Shanghai, China) and
(Y0.5Gdg 5)TaO4 ceramic powder with a particle size of 45-100 um (Shanxi Tianxuan Coating
Technology Co., Ltd., Xi’an, China); Figure 2a shows an SEM image of the (Y 5Gdg5)TaO4
ceramic powder with an average particle size of 58.79 um, and Figure 2b shows the particle
size distribution in the (Y 5Gdg5)TaO4 with the D50 = 59.32 um measured by the laser
particle sizer, both data are comparable. Table 2 demonstrates the spraying parameters
for BC and 8YSZ coating, and Table 3 shows the orthogonal experiment factor level table.
Table 4 shows spraying parameters for (Y, 5Gdg 5)TaO4#1-9 coatings, and Figure 5e shows
the optimal spraying parameters of the (Y 5Gdg5)TaO4#10 coating.
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Figure 1. The schematic diagram of 8YSZ/(Y(5Gdg5)TaO,4 double-ceramic-layer thermal barrier
coatings on copper substrate.

Table 1. The chemical composition of the NiCrCoAlY alloy powder (wt.%).

Element Ni Cr Co Al Y
W 46.37 25.95 21.54 5.63 0.51
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Figure 2. The (Y(5Gdos5)TaO4 spherical powder: (a) SEM image; (b) particle size distribution
measured by laser particle sizer.

Table 2. The spraying parameters for BC and 8YSZ coatings.

Coating Name I(A) U () PHydrogen (L/min) Pargon (L/min) Spring Distance (mm)
NiCoCrAlY 420 64 0.83 33.33 130
8 wt.% YSZ 500 64 4.33 41.33 130

Table 3. The spraying parameters and experimental levels for (Y 5Gdg 5)TaOy coatings.

Level (i) 1(A) U (V) PHydrogen (L/min) Pargon (L/min) Spring Distance (mm)
1 500 64 3.66 33.33 100
2 550 64 4.33 38.33 130
3 600 64 5 41.33 170

Table 4. The spraying parameters for (Y 5Gdg5)TaO4 coatings.

Samples 1(A) U (V) PHydrogen (L/min) Pargon (L/min) Spring Distance (mm)
(Yo5Gdp5)TaOy#1 500 64 3.66 33.33 100
(Y0.5Gd0,5)TaO4#2 500 64 4.33 38.33 130
(Y0.5Gd0,5)TaO4#3 500 64 5 41.33 170
(Yo5Gdg5)TaOy#4 550 64 4.33 33.33 170
(Yo.5Gdg5)TaO4#5 550 64 5 38.33 100
(Yo.5Gdg5)TaO4#6 550 64 3.66 41.33 130
(Yo5Gdg5)TaO4#7 600 64 5 33.33 130
(Yo5Gdp5)TaO4#8 600 64 3.66 38.33 170
(Yo5Gdp5)TaO4#9 600 64 4.33 41.33 100

2.2. Characterization

The phase was analyzed using X-ray diffraction (XRD, MiniFlex600, Rigaku, Akishima,
Japan) at a scanning rate of 5° /min within the 20-65° range, identifying the phases of the
(Y05Gdg5)TaOy4 coating with reference to the standard ICDD PDF cards in the system.

The actual density of the upper ceramic was measured ten times using a coating
thickness gauge (THS-12, Shenzhen ThreeNH Technology Co., Ltd., Shanghai, China). The
bulk density, p, was determined using the Archimedes technique. Thermal diffusivity («)
was measured using the laser flash analyzer (NETZSCH LFA 457, Netzsch, Selb, Germany)
throughout a temperature range from ambient temperature to 900 °C. All samples must be
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coated with a thin coating of colloidal graphite and gold on both sides prior to measurement.
The thermal conductivity (k) is determined using the usual relationship:

k= apCp (1)

where heat capacity Cp is obtained from DSC (STA-449-F3, Netzsch, Selby, Germany)
experiments.

The thermal expansion rate (dL/dLj) and thermal expansion coefficients (TECs) of
the (Y05Gdg5)TaO4 coating were measured by the thermo-mechanical analyzer (NET-
ZSCH TMA 402 F3, Germany) from room temperature to 900 °C. The principle is that the
thermal expansion rate (dL/dLy) during temperature change is monitored by a precision
displacement sensor, and the TECs at different temperatures are calculated according to the
expansion amount at different temperatures, expressed as:

%(Tl) - %(Tref)

TECs(Ty, Tyef) = N
re

()

where T is the test temperature and T is the reference temperature; the reference temper-
ature is generally set to room temperature.

The Vickers hardness of the (Y(5Gdg5)TaO4 coating after different heat treatment
temperatures was assessed utilizing Shimadzu HMV-G Automatic Micro Vickers Hard-
ness Tester (Laizhou Hengyi Test Instrument Co., Ltd., Laizhou, China). Each specimen
underwent a 1000 N load for ten seconds at six equidistant sites (2 mm apart) to guarantee
a thorough evaluation of the coating’s hardness. Before testing, the sample surfaces were
carefully polished using diamond abrasives to obtain a consistent surface quality. The
Vickers hardness (Hv) was determined utilizing the formula:

Ho = 1.854% (3)
where F is the indentation load and d is the indent diagonal. The bond strength of the
coating system was evaluated using a pull-off test (MTS E45.305, Ningbo Weiheng Testing
Instrument Co., Ltd., Ningbo, China) in accordance with ISO 4624:2002 [16], employing a
strain rate of 5 mm/min. The glue utilized in the experiment was epoxy adhesive (FM1000),
manufactured by Foshan Advanced Surface Technology Co., Ltd. (Foshan, China). The
assembly of the pull rod, adhesive, and (Y(5Gdg 5)TaO4 coating depicted in Figure 9a was
subjected to curing at 185 °C for 2 h. The sample was measured three times to minimize
experimental uncertainty, and average results were computed.

The heat treatment was carried out in a tube furnace (SK-G08143-3-600, TIANJIN
ZHONGHUAN FURNACE Corp., Tianjin, China) in order to investigate the effect of
different heat treatment conditions on the (Y(5Gdg 5)TaOy4 coating. The coating was heated
at different temperatures at a rate of 5 °C/min and then allowed to cool naturally to
room temperature.

The thermal cycling test for the (Yo 5Gdg5)TaO4 coating were conducted in a high-
temperature tubular furnace (OTF-1200X-S, Kejin Hefei Corp., Hefei, China). Thermal
cycling was performed at a temperature of 600 °C, held for 10 min, and then cooled to
room temperature in air. The coating was deemed invalid if the area of coating detachment
exceeded approximately 10%.
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Vertical crack

3. Results and Discussion
3.1. Orthogonal Spray Experiment

Figure 3a—i show the backscattered electron images (BSEs) of double-ceramic-layer
8YSZ/(Yo5Gdg5)TaO4 coatings with a typical layered structure. The reason for preparing a
double-ceramic-layer structure is that the TECs of 8YSZ is between BC and (Y(5Gdg5)TaOy,
which has better thermal matching properties and superior thermal cycling resistance
than the single ceramic layer [17-19]. In the nine samples, the thicknesses of the BC and
8YSZ coating correspond to 100 to 150 pm and 150 to 200 um, respectively. However, the
thickness of the (Yo 5Gdg5)TaO4 coating has a large range of variation (150 to 400 um), as
different spraying parameters lead to various deposition rates and coating thicknesses.
First, a short spray distance reduces heat loss and increases the powder melting rate,
resulting in higher coating deposition rates and thicker coatings, and vice versa [20,21].
Second, higher flow rates lead to better melting and thicker coatings [22]. Last, increasing
the voltage and current allows larger spraying power, which boosts the coating thickness
and powder melt rate; instead, the high spraying power may lead to the vaporization of
the powder or damage to the metal substrate due to high temperatures [23].
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Figure 3. The microstructure of the (Yo 5Gdg5)TaOy4 coatings #1-9: (a-i) BSE image; (j) XRD patterns.

Figure 3b,c,g show horizontal cracks in the (Yo5Gdgs5)TaO4#2-3 and #7 coatings,
which are attributed to thermal stress mismatch between the ceramic and the substrate [24].
The vertical cracks in the (Yo 5Gdg5)TaO4#1—4, and #6-7 coatings in Figure 3a-d f,g are
caused by the quenching stress generated during the cooling of molten or semi-molten
particles [25]. Both vertical and horizontal cracks appear in the (Yo 5Gdg5)TaO4#2 and
#7 coatings in Figure 3b,g, which are induced by thermal stresses due to the high hydrogen
flow rate (#2 at 4.33 L/min and #7 at 5 L/min) at a spray distance of 130 mm. Additionally,
micropores observed in the (Y 5Gdg 5)TaO4#8-9 coatings in Figure 3h,i significantly impact
the coating’s density, bond strength, and thermal cycling resistance [26]. Plasma spraying
inevitably produces microscopic defects in the coating. First, a shorter spray distance can
lead to excessive particle melting and cracking, while a longer spray distance tends to
increase porosity due to rapid cooling of the particles. Furthermore, a high flow rate reduces
porosity, while excessive flow may induce thermal stresses [27]. Lastly, high spray power
increases plasma temperature and particle melting, thereby enhancing coating density.
However, excessive values can result in overheating, cracking, or surface roughness.
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Figure 3j shows the XRD patterns of the (Y5Gdgs5)TaO; powder with the M’
phase (metastable monoclinic phase, PDF 97-023-8536) at room temperature, and the
as-sprayed (Yo 5Gd 5)TaO4#1-9 coatings exhibit the T’ phase (metastable tetragonal phase,
PDF 97-015-7741), indicating that the powder undergoes a phase transformation from the
low-temperature M’ phase to the high-temperature T’ phase during the spraying process,
and these results are similar to the phase transition of YTaOj [28].

Orthogonal spray experiments were performed to obtain the (Y 5Gdg5)TaO4 coating
with high thermal cycling performance. The average mass loss rate of the coating for
thermal cycling tests, as an indicator for evaluating coating properties, can effectively show
the effect of spraying parameters on the service life of the coating. Figure 4 shows the
macroscopic morphology of the coatings with different spraying parameters and their
matching average mass loss rates after 20 cycles of thermal cycling at 600 °C, where
600 °C is the real temperature of Cu in service. The surface color of the coating is grey or
grey-white; the results originated from the PVA in the spherical powder that does not burn
and evaporate in time when the spray distance or the spraying power is small, resulting
in a grey coating. On the contrary, when the spray distance is large, the PVA evaporates
sufficiently, and the coating is intrinsically grey-white. Meanwhile, (Y(5Gdg5)TaO4#6
coating and (Yo 5Gdg5)TaO4#2 coating correspond to the highest and lowest average mass
loss rates among these nine samples, respectively, indicating that the variation in param-
eters influences the average mass loss rate. At a spray distance of 130 mm, despite the
(Y0.5Gdo.5)TaO4#6 coating having higher argon flow (41.33 L/min) and current (550 A), the
lower hydrogen gas flow (3.66 L/min) and the occurrence of coating delamination suggest
that the bond strength between the coating and the substrate may be insufficient, which
ultimately results in lower performance compared to the (Yo 5Gdg5)TaO4#2 coating (argon
flow at 38.33 L/min, current at 500 A, and hydrogen gas flow at 4.33 L/min). Additionally,
a lower hydrogen flow rate can contribute to coating delamination by reducing the plasma
flame temperature. This decrease in temperature may result in insufficient powder melting,
ultimately leading to lower coating adhesion.
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Figure 4. The average mass loss rate and macroscopic coating surface images after 20 thermal cycles
at 600 °C.

The optimal spraying parameters for the (Y 5Gdo5)TaO4 coating were selected based
on the average mass loss rate for three samples after 20 thermal cycles. The results of the
orthogonal spray experiments were analyzed using the range analysis method, where the
Kj value, which is the sum of the average mass loss rates at all levels for each spraying
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parameter, was used to quantify the overall effect of the spraying parameters on thermal
cycling resistance. A larger K; value indicates a stronger effect of the corresponding
parameter on the thermal cycling resistance. The k; value represents the average mass
loss rate at a specific parameter level, with a smaller k; value indicating better thermal
cycling resistance. The rang (R) value reflects the extent to which the spraying parameters
influence thermal cycling resistance. Furthermore, the K; and k; values are calculated using
Equation (4) [29], and the R value is calculated using Equation (5) [29].

ki = iK = i%Y 4)
1 — Nl 1 — N11:1 1
R = max(Kj, Ky, K3) — min(Ky, Ky, K3) (5)

where i is the number of levels for each spraying parameter, and Y; is the response
value of spraying parameters at level ith, N; represents the number of levels at each
spraying parameter.

Range analysis data on the effects of the average mass loss rate are listed Table 5.
According to the R data in Table 5, the sequence of R is R (hydrogen flow rate) > R
(spray distance) > R (argon flow rate) > R (current). Therefore, hydrogen flow rate is the
primary influencing factor of the average mass loss rate, followed by the spray distance
and argon flow rate. The optimum parameters with a current of 600 A, an argon flow rate
of 38.33 L/min, a hydrogen flow rate of 4.33 L/min, and a spray distance of 170 mm are
drawn in Figure 5e. The (Y(5Gdg5)TaO4#10 coating has the lowest average mass loss rate
0.56 %o after 20 thermal cycles at 600 °C.

Table 5. The average mass loss rate, k; and R values for different spraying parameters of
(Y0.5Gdg5)TaO4 coatings.

Hydrogen Flow Argon Flow Spray Distance The Average Mass
Samples Current (A) I{ate %L/min) Raé: (L/min) P }(,mm) Loss Rafe (%o)

(Yo5Gdg5)TaOg4#1 500 3.66 33.33 100 7.11
(Yo5Gdg5)TaO4#2 500 4.33 38.33 130 1.68
(Y0.5Gd5)TaO4#3 500 5 41.33 170 4.40
(Yo 5Gdg5)TaO4#4 550 4.33 33.33 170 4.38
(Yo5Gdg5)TaO4#5 550 5 38.33 100 5.77
(Yo5Gdg5)TaO4#6 550 3.66 41.33 130 12.01
(Yo5Gdg5)TaO4#7 600 5 33.33 130 8.58
(Y0.5Gdg5)TaO4#8 600 3.66 38.33 170 2.50
(Yo5Gdg5)TaO4#9 600 4.33 41.33 100 1.94

kq 4.40 7.02 6.69 4.94 -—-

ko 7.39 2.86 3.31 7.42 -—-

ks 4.34 6.25 6.11 3.76 -—-

R 9.14 13.62 10.12 10.99 -

Based on the above, hydrogen flow rate is the main factor affecting the mass loss
rate of the (Y 5Gdg5)TaO4 coating. The minimum k; value of the average mass loss rate
of spraying parameters based on thermal cycling performance at 600 °C is shown in
Figure 5a—d. First, Figure 5a shows that the coatings corresponding to currents of 500 A
and 600 A have lower mass loss rates, while the coating corresponding to a current of 550 A
has a higher mass loss rate. The reason can be attributed to the low powder melting rate at
a coating corresponding to a current of 500 A, which results in more coating defects but less
thermal stress. When the coating corresponds to a current of 550 A, the powder melting
rate increases and there are fewer defects, but the thermal stress increases, resulting in the
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highest mass loss rate; when the coating current is 600 A, the powder melts completely,
resulting in fewer defects and the lowest mass loss rate. Second, Figure 5b shows that the
coating corresponding to a hydrogen flow rate of 4.33 L/min has a lower mass loss rate,
while the coating corresponding to hydrogen flow rates of 3.66 L/min and 5 L/min has a
higher mass loss rate. The reason for this can be attributed to the coating corresponding to
a hydrogen flow rate of 3.66 L/min, which results in a lower plasma temperature and a
low particle flight speed. The powder melted to a lesser extent, which caused the powder
to solidify prematurely and resulted in a large number of defects such as vertical cracks.
When the hydrogen flow rate corresponding to the coating was 4.33 L/min, the powder
was able to melt sufficiently and quickly deposit on the substrate, and the coating had
few defects. When the hydrogen flow rate corresponding to the coating was 5 L/min, the
coating had a large amount of thermal stress, which resulted in defects such as horizontal
cracks. Third, Figure 5c shows that the coating corresponding to an argon flow rate of
38.33 L/min has a lower mass loss rate, while the coatings corresponding to argon flow
rates of 33.33 L/min and 41.33 L/min have a higher mass loss rate. The hydrogen flow
rate mainly affects the stability of the plasma and the speed of the particles. Coating
corresponds to an argon flow rate of 33.33 L/min; the plasma cannot completely melt the
powder. Coating corresponds to an argon flow rate of 41.33 L/min; the plasma causes
thermal stress in the coating. When the coating corresponds to an argon flow rate of
38.33 L/min, the powder can be fully melted and defects can be reduced. Last, Figure 5d
shows that the coatings corresponding to the spray distances of 100 mm and 170 mm have
a lower mass loss rate, while the coating corresponding to the spray distance of 130 mm
has a higher mass loss rate. The reason for this can be attributed to the fact that when the
coating corresponds to the spray distance of 100 mm, the powder reaches the substrate in a
short distance, the powder stays in the flame for a short time, and the coating is composed
of completely melted particles with a lot of thermal stress. When the coating corresponds
to the spray distance of 130 mm, the prolonged residence time of the powder in the flame
results in a mixture of semi-melted and fully melted particles. Consequently, coating defects
increase significantly. When the coating corresponds to the spray distance of 170 mm, the
flame can fully melt the powder and generate less heat on the substrate.

In addition, Table 6 shows one-way repeated measures and a summary of ANOVA
results for spray parameters. The results show that the p value for the hydrogen flow rate
is the smallest, which is 0.00399, followed by spray distance, argon flow rate, and current.
Therefore, compared with the R value, the hydrogen flow rate is the most important factor
affecting the mass loss rate. The p values of hydrogen flow rate and spray distance are
all less than 0.050, indicating that they have a significant effect on the mass loss rate. The
p value for the argon flow rate is close to 0.05, indicating a possible marginal significance.
A p value of currents higher than 0.05 indicates that it does not have a significant effect.
The reason can be attributed to the narrow range of current values, which has a limited
effect on the mass loss rate.

The average mass loss rate was influenced by porosity and thickness caused via
spraying parameters. The (Y(5Gdg5)TaO4 coating #10 has an optimum porosity of
6.15% and thickness of 185 pm under optimum spray parameters. Lower porosity
(<5%) [29] and larger thickness (>300 um) [30] result in coatings with large internal
stresses, enabling rapid propagation of cracks within the coating and thereby enhanc-
ing the mass loss rate. In addition, large porosity leads to structural collapse of the coating
at elevated temperatures, resulting in rapid spalling and failure of coating [31]. Similarly,
Wang et al. [32] report that the mass loss of La-Mo-Si coating after oxidation for 100 h are
7.51% (45 kW), 4.12% (50 kW), 1.18% (55 kW) and 4.59% (60 kW), respectively, indicating
the La-Mo-5i coating with suitable porosity at a power of 55 kW can decrease the mass loss
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rate than other powers. Last, porosity is affected by the parameters in a similar process to
deposition rates and coating defects; higher deposition rates and fewer defects generally
lead to lower porosity, and vice versa.

—
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Figure 5. The k; value of average mass loss rate after 20 thermal cycles at 600 °C for different spraying
parameters: (a) current (A); (b) hydrogen flow rate (L/min); (c) argon flow rate (L/min); (d) spray
distance (mm); (e) optimal spraying parameters for the (Y 5Gdg5)TaOy4 coating #10.

Table 6. One-way repeated measures and a summary of ANOVA results for spray parameters.

Optimal
Factor Df Sum Sq Mean Sq F Value p Value Parameter
Current 2 54.68 27.34 2.92 0.07331 600 A
Hydrogen flow rate 2 103.1 51.55 7.02 0.00399 4.33 L/min
Argon flow rate 2 58.64 29.32 3.19 0.0592 38.33 L/min
Spray distance 2 62.94 9.02 3.49 0.04677 170 mm

3.2. Microstructure

Figure 6a—d show the BSE of (Y(5Gdg5)TaO4#10 coating after heat treatment at differ-
ent temperatures. The as-sprayed (Y(5Gdg5)TaO4#10 coating has a thickness of about
185 um. The (Yo5Gdos5)TaO4#10 coatings after heat treatment at room temperature
and 900 °C have obvious large pores, whereas there are only a few micropores in the
(Y0.5Gdg5)TaO4#10 coatings after heat treatment at 800 °C and 1000 °C, implying that heat
treatment does not completely eliminate the defects within the coating. Moreover, the
porosities of (Yo 5Gdg5)TaO4#10 coatings show a gradual decrease in order of 6.15%, 3.28%,
2.41%, and 2.16% with an increasing temperature. The results are ascribed to the micro-
scopic pores sintering within the coating at high temperatures; similar results were reported
by Sudharshan et al. [33]. Figure 6e shows the XRD pattern of the (Yo 5Gdg5)TaO4 coating
below heat treatment at 900 °C is the T" phase. When the heat treatment temperature was
increased to 1000 °C for 6 h, the characteristic peaks at 28.5° and 30° associated with the
M’ phase began to appear, indicating that 1000 °C is near the phase transition tempera-
ture point of (Y 5Gdg5)TaO4. As the temperature was further increased from 1100 °C to
1400 °C, the M’ peak became stronger and the T’ phase weaker. Moreover, (Y(5Gdg5)TaO4
coating showed a complete M’ phase after heating at 1400 °C for 12 h. This is in agreement
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with the results reported by Wang et al. [34], that is, the T/-M’ transition temperature of
YTaOy is about 1450 °C, and the phase transition temperature of (Y 5Gdg5)TaO4 is between
1450 and 1500 °C [13]. And Shian et al. [11,35-40] reported that the T’-M’ phase transition
is a ferroelastic phase transition that causes a small volume difference, indicating that
(Y0.5Gdg 5)TaOy4 coatings will not fail due to volume differences caused by phase transitions

at temperatures lower than 1400 °C.
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Figure 6. The microstructure of the (Y 5Gdg5)TaO4#10 coating under different conditions of heat
treatment: (a—d) BSE images after heat treatment at 0 °C, 800 °C, 900 °C, and 1000 °C for 6 h,
respectively; (e) XRD patterns.

3.3. Thermal Properties

The TEC determines the match between the coating and the substrate during high
temperature, which directly affects the adhesion, crack resistance, and service life of the
coating. Figure 7a shows the TECs of the (Y(5Gdg5)TaO4 coating after heat treatment at
1400 °C for 12 h. The TECs of the (Y 5Gdg5)TaO4 coating are lower than that of the dense
(Y05Gdp5)TaO4 bulk when the temperature is lower than 740 °C. The result derives from
the fact that pores or cracks in the coating counteract the volume expansion caused by
the high temperature. Meanwhile, the TECs of the coatings and dense blocks are close
to each other when the temperature exceeds 740 °C, and the TECs of the (Y(5Gdg5)TaO4
coating reach a maximum value of 9.98 x 10-¢ K~! at 900 °C. Both the coating and bulk
of (Y05Gdg5)TaO4 with similar densities and compositions have comparable TECs. The
reason can be attributed to porosity and cracks are compacted under compressive thermal
stress at high temperatures. In addition, Figure 7b shows the linear thermal expansion
(dL/dLy) of the (Yo 5Gdg5)TaO4 coating, which indicates that the coating maintains a stable
expansion until 900 °C, possesses a stable lattice structure, and does not undergo significant
phase changes or microstructural changes [27,41].

Figure 8 shows that thermal diffusivity and thermal conductivity of the (Yo 5Gdg5)TaO4
coating decrease with increasing temperature. The reason is that as the temperature in-
creases, the thermal vibrations of the lattice atoms intensify, leading to an increase in phonon
scattering [42—44]. As shown in Figure 8b, the thermal conductivity of the (Yo 5Gdg5)TaO4
coating is significantly lower than that of the 8YSZ coating, which is lower by 40.1% and
52.7% at low and high temperatures, respectively, compared to that of the (Y 5Gdg5)TaO4
blocks, which decreases by 75.6% and 71.68% at low and high temperatures, respectively.
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The low thermal conductivity effectively hinders heat transfer from the high-temperature
region to the substrate, thereby enhancing the thermal insulation performance. The low
thermal conductivity of the coating can be explained by the following two factors. First,
the large number of pores and cracks in the coating increases the intensity of phonon
scattering, which in turn decreases the phonon mean free range and thermal conductiv-
ity [45—47]. Second, the air filled in the pores and cracks in the coating, and the thermal
conductivity of air (0.03 W-m~!-k~! at 25 °C) is far lower than that of ceramics, which
prevents heat transfer and improves the thermal insulation of the coating [48,49]. Based
on the above analysis and results, the small number of pores in the coating is beneficial
to reduce the thermal conductivity and improve the thermal insulating properties and
contribute to counteracting the volume difference in thermal expansion caused by high
temperature, eventually reduces the failure of the coating due to stress damage. Excellent
thermal properties are key to improving the service life of the coating and protecting the
substrate material.

11 1.0
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Figure 7. The thermal properties of the (Y(5Gdg5)TaO4: (a) the TECs of (Y 5Gdg 5)TaO4 bulk and
coating; (b) rate of thermal expansion for (Y 5Gdg5)TaO4 coating.
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Figure 8. The thermal properties of (Y75Gdys5)TaO4 bulk and coating, and YSZ coating [50]:
(a) thermal diffusivity; (b) thermal conductivity.
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3.4. Mechanical Properties

Bond strength is a key indicator for evaluating the service life of coatings. Figure 9a
shows a schematic diagram of the bond strength test using the tensile method. The copper
substrate undergoes significant oxidation at temperatures exceeding 500 °C; herein, the
bond strength of the (Y 5Gdg5)TaO4 coating after heat treatment at 500 °C for different
times is evaluated using the puff-off test. Figure 9b—d show the fractured surface of the
(Y0.5Gdg 5)TaO4 coatings after heat treatment at 500 °C for 0 h, 12 h, and 24 h, corresponding
to the average bond strength of 8.86 MPa, 13.51 MPa, and 14.03 MPa, respectively. Fractures
at the substrate-BC interface appear when the 0 h. The 8YSZ-(Y(5Gdg5)TaOy interfaces
appear to fracture when the time is 12 h. For the samples with 24 h, mainly failure occurs in
the 8YSZ-(Y(5Gdg5)TaOy4 interfaces. The results show the stress gradient at the substrate-
BC is very high and plays a key role in the fracture behavior when the un-heat treatment.
With the increased time of heat treatment at 500 °C, the stress gradient turns small in the
8YSZ-(Y(5Gdg5)TaOy4 interfaces, which is similar to the results reported by Karaoglanli [51].
The results shows that the bond strength of the (Y 5Gd 5)TaO4 coating is the greatest when
the heat treatment temperature was 500 °C for 24 h.

(a)Pull-off test

Pull rod

TC
BC
Substrate

(b) (©) (d)

Figure 9. The fractured surface of the (Y5Gd(5)TaO, coating with various heat treatment times at
500 °C: (a) schematic of the pull-off test; (b) 0 h; (c) 12 h; (d) 24 h.

Hardness is a key indicator of mechanical properties, reflecting the coating’s resistance
to abrasion. Figure 10 shows the Vickers hardness results of (Yo 5Gdg5)TaOy4 coatings with
increasing heat treatment temperature. The as-sprayed (Y 5Gdg5)TaO4 coating has a low
hardness due to its high porosity. Compared to the as-sprayed (Y 5Gdg5)TaO4 coating,
the hardness of the (Y 5Gdg5)TaO4 coatings after heat treatment for 6 h at 700 °C, 800 °C,
900 °C, and 1000 °C increased by 3.40%, 11.90%, 14.97%, and 34.35%, respectively. Pores
in the coating appear to sinter, and the densities are improved as the heat treatment
temperature increases; thus, the results measured by the indentation method are intrinsic
hardness for the (Y 5Gdg5)TaO4 coating due to the low probability of contact between the
indenter and the pores. Paul et al. [52] also reported similar results that pores and cracks
in the coating occur and heal during heat treatment, which can improve the hardness.
Based on the above, heat treatment at 500 °C can significantly improve the bond strength
of the coating without changing the phase. Heat treatment at 1000 °C can significantly
improve the hardness, but it will cause phase transformation and oxidation of pure copper.
Therefore, heat treatment at 500 °C can significantly improve the bond strength of the
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Vickers Hardness (GPa)

coating to improve the service life while having less effect on the microstructure and
hardness of the coating.
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Figure 10. The Vickers hardness after heat treatment at various temperatures for 6 h.

3.5. Failure Mechanism

Figure 11 shows the BSE of the (Y(5Gdgs5)TaOy4 coating after various numbers of
thermal cycles. We primarily observe and analyze the failure mechanism of the ceramic
layer. As shown in Figure 11a, a small number of microcracks were observed, and Figure 11b
exhibits cracking that appeared at the interface between the BC and the 8YSZ coating as
well as at the top of the coating after 70 thermal cycles. The reason can be attributed to the
crack growth due to the accumulation of thermal stresses during the thermal cycling [53,54].
Figure 11c—f show the rapid propagation and growth of vertical cracks when thermal
cycles range from 110 to 210, while horizontal cracks appeared and gradually propagated.
The results originate from the cumulative release of thermal stress during thermal cycling
processes, leading to crack propagation and failure of coating. It is noteworthy that
Figure 11f is shorter compared to Figure 11d, the reason can be attributed to ceramic
detachment during thermal cycling. In addition, the horizontal cracks were observed
between the BC and the copper substrate at other locations after 210 thermal cycles due to
the inhomogeneity of crack distribution.

Figure 12 shows the EDS images of TBCs before and after thermal cycling. As shown
in Figure 12a, Al exhibits a discontinuous «-Al,Os layer for reasons related to the content
of elemental Al (5.64 wt.%) below 8 wt.% [55]. Additionally, the presence of Cr elemental
segregation in the as-sprayed BC can be attributed to the fact that the BC consists of (3-
NiAl, y-Ni, and 0-(Co, Cr), and the o-phase has a low level. The diffusion of Ni and Co
elements into the substrate indicates that a metallurgical bond between the BC and the
copper substrate, which can be attributed to the fact that Cu, Ni, and Co have unlimited
solubility at high temperature and form a solid solution. Y content was relatively small
(0.51 wt.% at BC), making it difficult to detect, but it plays a key role in enhancing the
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adhesion of the oxide scale to the BC [56]; O elements are distributed in the region of the
BC, indicating that the BC has been oxidized to form thermally grown oxide (TGO) during
the plasma spraying process [57]. Furthermore, as shown in Figure 12a,b, when the crack
reaches the BC, the Al element forms a continuous «-Al,O3 layer, the reason for which
can be attributed to the ability of high concentrations of Cr (18-22 wt.%) to promote the
formation of a continuous «-Al,O3 layer in thermal cycling at lower Al concentrations [58].
The BC is filled with Cr elements attributed to the reduction in the volume fraction of the
v-Ni and the increase in the volume fraction of the 3-NiAl and o phases, which aligns with
the results reported by Toscano [59]. The Ni element disappears into the substrate, which
can be attributed to the oxidation of the substrate, resulting in a decrease in the Ni-Cu solid
solution. This is similar to that reported by Li et al. [60]. In contrast, Co is present in the
substrate, which can be attributed to the fact that the solid solubility of Co and Cu is still
present [61]. Meanwhile, the O element in Figure 12b is distributed in the substrate region,
indicating that the substrate undergoes severe oxidation. Based on the above analysis and
results, the thermal cycling not only induces crack growth in the coating but also leads to
redistribution and oxidation of alloying elements. Particularly, air can enter through cracks
and reach the substrate material when the cracks grow to and reach the bond layer, causing
the substrate material to fail quickly and making the protection of the coating meaningless.

(a)(Y,5Gd,5) TaO#10-0cycles (b)(Y,5Gd, 5) TaO #10-70cycles (©)(Y(5Gd, 5)TaO #10-110cycles

-

Figure 11. The BSE of (Y(5Gdg5)TaO4#10 coating after thermal cycling at 600 °C: (a) 0 cycles;
(b) 70 cycles; (c) 110 cycles; (d) 130 cycles; (e) 170 cycles; (f) 210 cycles.

Figure 13 illustrates a schematic diagram of thermal cycling failure for TBCs. As
shown in Figure 13a, the TBCs prepared APS consist of a copper substrate, a bonding layer,
and both the 8YSZ and (Y(5Gdg5)TaO4 ceramic layers. Pores or microcracks, resulting
from incompletely melted particles during the spraying process, can easily become the
source of cracks. In addition, the TECs of the substrate Cu (17.5 x 107¢ K~ at 900 °C)
are significantly higher than that of the ceramic layer (9.98 x 10-® K~! at 900 °C), which
leads to thermal stress mismatch between the two during heating, which results in the
formation of compressive stresses in the substrate and tensile stresses in the ceramic coating.
Conversely, both tensile stresses are formed in the substrate and compressive stresses are
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formed in the ceramic coating during the cooling process in Figure 13b. As shown in
Figure 13c, under the cyclic effect of tensile and compressive stresses, the cracks begin to
expand until the coating is filled with cracks both inside and on the surface. Eventually, the
ceramic coating peels off and fails, and the BC separates from the substrate and peels off
and fails, as shown in Figure 13d when large cracks form inside the coating.

Thermal Cycling

Thermal cycling test ]
in high-temperature
tubular furnace

Figure 12. The BSE and EDS of the TBCs after thermal cycling at 600 °C: (a) 0 cycles; (b) 190 cycles.

Tensile stress Compressive

Coating

Coating

Substrate | ALs Substrate

Compressive stress Tensi

Heating Cooling

Cooling

Figure 13. The schematic diagram of thermal cycling failure for NiCoCrAlY/8YSZ /(Y 5Gdg5)TaOy4.
(a) crack source; (b) crack growth; (c) crack growth; (d) coatings failure.

4. Conclusions

In this study, the 8YSZ/(Y(5Gdg5)TaO4 double-ceramic-layer thermal barrier coatings
on copper substrate are prepared successfully by APS. The effects of different spray param-
eters on the mass loss rate of the coatings were investigated by orthogonal experiment and
range analysis method. The failure of the double-layer coating and the thermal properties
of the (Y 5Gdg 5)TaO4 coating were studied based on the optimal spraying parameters, in
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addition to the effect of heat treatment on the microstructure and mechanical properties of
the coating:

(1) The range analysis results showed that hydrogen flow rate is the primary influencing
factor of the average mass loss rate, followed by the spray distance, argon flow rate,
and current. The optimum spraying parameters for (Y(5Gdg5)TaO4 coating are a
current of 600 A, a hydrogen flow rate of 4.33 L/min, a spray an argon flow rate of
38.33 L/min, and distance of 170 mm.

(2) The failure of the 8YSZ /(Y 5Gdg 5)TaO4 double-ceramic-layer thermal barrier coatings
is crack growth due to thermal stress mismatch accumulation during thermal cycling.

(38) The TECs of the (Y5Gdg5)TaO4 coatings and dense blocks are close to each other
when the temperature exceeds 740 °C, benefiting from the pores and cracks being
sintered and compacted under the compressive thermal stress at high temperatures.
The thermal conductivity (0.39 W-m~1.K~1 at 900 °C) of (Y 5Gdg5)TaO4 coating is
71.68% and 52.7% lower than that of the (Y 5Gdg5)TaO4 bulk and 8YSZ.

(4) The phase transition of T — mixed phase of T and M’ occurs in (Y 5Gd5)TaO4 when
the heat treatment temperature increases to 1000 °C, 1100 °C, 1200 °C, 1300 °C, and
1400 °C for 6 h, respectively; the phase transition of mixed phase of T"and M’ — M’
occurs in (Yo 5Gdg5)TaO4 when the heat treatment temperature to 1400 °C for 12 h.

(5) Heat treatment improves the mechanical properties of the coating. The bond strength
increases from 8.86 MPa to 14.03 MPa when the heat treatment time increases to 24 h
at 500 °C and the hardness improves from 5.88 & 0.56 GPa to 7.90 & 0.64 GPa when
the heat treatment temperature increases to 1000 °C for 6 h.
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