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Abstract: Thermal barrier coatings (TBCs) play a crucial role in enhancing the operating temperature
of key equipment. However, when TBCs are sprayed on the internal surface of these components,
there are issues related to the imperfect internal diameter atmospheric plasma spray (ID-APS) process
and the unsatisfactory performance of TBCs in internal holes. Yttria-stabilized zirconia (YSZ),
YSZ + Gadolinium zirconate (GZ) and YSZ + tantalate (RETaO4) TBCs were prepared using the SM
F210 ID-APS gun. The thermal shock and particle erosion resistance of the coatings were compared,
and the relationship between the structure and properties was investigated. The results show that
the hardness, fracture toughness and erosion resistance of the three coatings are the largest in
the YSZ coating and the smallest in the GZ coating. YSZ coating also has the best thermal shock
resistance. These research findings have important guiding significance for the improvement of the
ID-APS process.
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1. Introduction

Thermal barrier coating (TBC) is generally composed of ceramic layer, bonding coat
and thermally grown oxides (TGO) formed during high-temperature operation, offering
excellent thermal insulation performance [1]. Critical equipment such as engine cylinders
and combustors [2—4] frequently operate in prolonged high-temperature environment.
TBCs need to be applied to the internal surface of cylinder bodies, pipelines and other
components to enhance operating temperature and performance [5-7]. One of the most
common preparation methods for TBCs is atmospheric plasma spray (APS) [8]. However,
traditional APS can only prepare shallow internal surface coatings through off-angle
spraying [9]. Therefore, specialized internal diameter atmospheric plasma spray (ID-APS)
process is required.

The narrow spray space of internal holes poses higher requirements for the spraying
process. In such confined space, lower cooling results in elevated heat accumulation and
oxidation, causing lower bonding strength [10,11]. Enhancing the spray distance is an
effective solution [12]. However, the adjustability of the spray distance for ID-APS is limited.
Furthermore, the mismatch in the rotational speed of the spray gun and equipment can
cause uneven coating thickness [13], and excessive dust will be redeposited within coatings,
adversely affecting adhesion strength and porosity [14,15]. To address these issues, using a
specialized ID-APS gun with a smaller nozzle in a narrow space is necessary [16].

SM F100 and SM F210 are two commonly used ID-APS guns for internal
spraying [9,17-20]. However, the SM F100 gun has a minimum spray internal diame-
ter of 100 mm, while that of the SM F210 gun is 60 mm, making it suitable for a broader
range of applications. The SM F210 gun has been used for preparing wear-resistant and
corrosion-resistant coatings, exhibiting good density and bonding strength [17,19,21,22].
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However, its usage in TBC preparation is relatively limited. Thus, exploring suitable
SM F210 spray parameters is an effective approach for improving the performance of
ID-APS coatings.

YSZ, a commonly used material for the ceramic layer, undergoes phase transformation
and sintering when exposed to temperatures above 1200 °C for a long time. These changes
lead to volume expansion stress due to phase transformation and porosity reduction due
to sintering, resulting in decreased strain tolerance and crack propagation failure [23-29].
Therefore, materials that can operate at higher temperatures and have better phase sta-
bility need to be explored, considering their crystal structure, thermal conductivity and
thermal expansion coefficient. Gadolinium zirconate (GdyZr,O7, GZ) [30,31] and tantalate
(RETaOy) [32,33] are potentially suitable ceramic layer materials.

The crystal structure of GZ is pyrochlore containing oxygen vacancies, resulting in
low thermal conductivity [34-36]. Pyrochlore transforms into fluorite around 1530 °C
without significant volume changes and has good phase stability at high temperatures [37].
However, its thermal expansion coefficient is lower compared to YSZ [34], and GZ lacks
toughening mechanism and has a low fracture toughness. During high-temperature op-
eration, GZ can react with TGO, affecting thermal shock resistance and the overall life of
coatings [38].

Tantalate crystal initially forms an m’ phase and remains stable at low temperature. It
transforms into a t phase at approximately 1450 °C and then undergoes ferroelastic phase
transformation to an m phase when cooling to about 1430 °C. During t-m phase trans-
formations, there are almost no volume changes, effectively enhancing high-temperature
toughness [39]. The complex crystal structure and large radius of RE ions result in low
thermal conductivity. However, its thermal expansion coefficient is low compared to YSZ
and varies significantly with temperature [40,41]. To ensure that TBCs maintain integrity
during thermal shock, the double-ceramic-layer (DCL) structure has been experimented
with. A low thermal conductivity material is used as the top layer, with YSZ acting as a
transition layer. This structure helps reduce thermal expansion mismatch stress between
the top layer and the bonding coat and mitigates the phase transformation and sintering of
YSZ, consequently improving thermal shock resistance and the life of TBCs [42-44].

There have been several attempts to prepare GZ coatings on the surface of YSZ
coatings to improve the thermal shock resistance of TBCs. Studies have shown that DCL
structure has superior thermal shock resistance compared to single GZ TBCs [44—47].
However, the improvement in life is not significant compared to single YSZ TBCs above
1400 °C. This indicates the need for further improvements in porosity and interface bonding
strength [48,49]. On the other hand, there have been few investigations into the preparation
of tantalate coatings on YSZ coatings. Single tantalate coatings have been prepared, and
their properties, such as thermal shock resistance, were measured [50]. The application
and failure mechanisms at higher temperatures require further analysis. Additionally, the
application of DCL coatings in the ID-APS process is limited, so more research is needed to
develop appropriate preparation process.

In this study, the SM F210 ID-APS gun is used to prepare GZ and tantalate coatings
on the surface of YSZ coatings. A single YSZ coating serves as a reference for comparison.
The primary objective of this study is to investigate the structure and performance of TBCs,
focusing on thermal shock resistance, particle erosion resistance, etc. Additionally, this
study aims to analyze the reasons for coating failure, providing valuable insights for further
enhancing the performance of TBCs.

2. Materials and Methods
2.1. Coating Deposition

In this study, all coatings were prepared using the SM F210 ID-APS gun. Before spray-
ing, the 3 mm thick high-temperature alloy substrate (GH3230) underwent sandblasting
treatment, followed by alcohol ultrasonic cleaning. The bonding coat was prepared using
commercially available NiCrAlY powder (45-106 um, Beijing Sunspraying New Material
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Co., Ltd., China). For single-ceramic-layer coatings, 8YSZ powder was deposited, while
for DCL coatings, the bottom layer was deposited with 8YSZ powder, and the top layer
was deposited with GZ and tantalate powder. The morphologies of ceramic powders are
shown in Figure 1. The composition of the coatings is summarized in Table 1. The spray
parameters of each coating are summarized in Table 2. The bond layer thickness for the
coatings was about 180-200 um and the ceramic layer thickness ranged from 250-270 pm.
In DCL coatings, the top layer thickness was approximately 90-100 um, and the YSZ layer
thickness was around 160-170 pum.

Figure 1. Powder morphologies for (a) YSZ, (b) GZ and (c) tantalate.

Table 1. Composition of the coatings.

Coating YSZ YSZ + GZ YSZ + RETaO4
Bond Coat NiCrAlY NiCrAlY NiCrAlY
Ceramic Coat 1 YSZ YSZ YSZ
Ceramic Coat 2 YSZ GZ RETaO4

Table 2. Plasma spraying parameters of SM F210 gun for TBCs.

Parameters Bond Coat Ceramic Coat
Current, A 380 360
Power, kW 12 12
Primary Gas flow rate, Ar, L/min 40 30
Second Gas flow rate, H,, L/min 2.5 3.5
Carrier gas flow rate, Ar, L/min 2.5 2.5
Spray distance, mm 35 35
Traverse speed of gun, mm/s 400 400
Powder feeding rate, % 8 12.5

2.2. Mechanical Properties Measurement

The microhardness of as-sprayed coatings was measured using a Vickers hardness
tester (BUEHER MICROMET5104, Akashi Corporation, Osaka, Japan). The loading load
of 300 g was applied for 15 s. A total of 15 points were randomly selected on each ce-
ramic layer to obtain the average microhardness value of coatings. Based on the indenta-
tion morphology, the fracture toughness (Gc) was calculated according to the following
Equation (1) [51]:

Ge=6.115x 107* x a? x g 1)

where 4 is half-diagonal length of indentation, c is half length of the crack starting from
center of indentation, and P is the applied load.

2.3. Thermal Shock Test

A thermal shock test was conducted using a gas burner rig test setup (Shaanxi Dewei
Automation Co., Ltd., Xi’an, China) to simulate the actual operating conditions of TBCs in
the engine. The ceramic layer of TBCs was heated with a propane/oxygen flame jet and the
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substrate was cooled with compressed air. The temperature of the samples was monitored
using a non-contact infrared thermometer (Smart Sensor Instrument Co., Ltd., Dongguan,
China). During the heating stage, the sample surface was heated to 1450 °C and maintained
for 2 min. In the cooling stage, compressed air was used to cool the sample surface down to
80 °C and maintained for 2 min. One thermal shock was defined as one complete heating
and cooling stage. Thermal shock failure was defined as the presence of the damaged area
reaching 10% of the total surface area. Thermal shock life was defined as the number of
thermal shock cycles meeting the failure criterion. Each coating underwent three complete
thermal shock tests, and the average life was taken as the final thermal shock life.

2.4. Particle Erosion Test

A particle erosion test was conducted using a homemade particle erosion machine
at room temperature. Erosion particles were alumina particles with an average diameter
of 50 pm. The erosion velocity was set at 110 m/s and 200 m/s, with an erosion angle of
90°. Before and after each erosion test, samples were ultrasonically cleaned with alcohol
and then weighed using a precision balance accurate to four decimal places. The erosion
rate was calculated as the ratio of the mass loss of coatings to the mass of erosion particles.
Erosion of traditional APS YSZ coating was also conducted, and this erosion rate was used
as a reference.

2.5. Characterization

The phase composition of the coatings was determined using an X-ray diffractometer
(XRD, D/Max2550VB/PC, RIGAKU, Tokyo, Japan) with a scan rate of 10° /min, a scan step
of 0.02° and a diffraction angle of 20-80°.

A metallographic polishing process was used to prepare cross-sectional samples of
as-sprayed, thermal shock-failed and particle erosion-failed TBCs. A scanning electron
microscope (SEM, ZEISS EVO MA15, Carl Zeiss SMT Ltd., Cambridge, UK) was used to
observe the cross-sectional and surface morphology of as-sprayed and particle erosion
failed coatings. The porosity of the as-sprayed coatings was determined through image
analysis, which was calculated using the average of three backscattered electron images of
the cross-section, at x 1000 magnification.

3. Results
3.1. Microstructure of as-Sprayed Coatings

Figure 2 shows the phase composition of as-sprayed TBCs of YSZ, YSZ + GZ and
YSZ + tantalate. YSZ crystal primarily consists of a metastable tetragonal zirconia phase
with a ferroelastic phase transformation toughening mechanism [23]. GZ crystal has a
pyrochlore structure with oxygen vacancies. Tantalate crystal structure exhibits an m’-
RETaOy structure which lacks the ferroelastic toughening mechanism of the m phase [39].

The cross-sectional morphologies of YSZ, YSZ + GZ and YSZ + tantalate as-sprayed
TBCs are shown in Figure 3. The coatings show a typical APS lamellar structure, the ceramic
layer of YSZ coating has a porosity of 11.01%, the ceramic layer of YSZ + GZ coating has
a total porosity of 10.41%, the YSZ layer has a porosity of 10.86% and the GZ layer has a
porosity of 9.65%. Figure 3¢,d show vertical cracks throughout the GZ and YSZ layers, with
overall good bonding between the two layers. The ceramic layer of YSZ + tantalate coating
has a total porosity of 8.82%, the YSZ layer has a porosity of 10.17% and the tantalate layer
has a porosity of 7.39%. Figure 3e,f show good interlayer bonding between tantalate and
the YSZ layers.
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Figure 2. XRD patterns of as-sprayed TBCs.
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Figure 3. Microscopic cross-sectional morphologies of as-sprayed TBCs (a,b) YSZ, (¢,d) YSZ + GZ
and (e f) YSZ + tantalate.
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3.2. Mechanical Properties

The Vickers hardness of YSZ, GZ and tantalate as-sprayed coatings are 791 = 150 HV,
447 4 105 HV and 554 + 92 HV, respectively. Among the three coatings, the YSZ layers
exhibit the highest hardness, while the GZ layer shows the lowest hardness. The frac-
ture toughness of YSZ, GZ and tantalate as-sprayed coatings are 37.4 & 10.1] x m~2,
58+12] x m 2 and 19.5 + 4.6 ] x m~2, respectively. The fracture toughness of YSZ
is the highest and approximately 6.5 and 1.9 times that of GZ and tantalate among the
three coatings. The relative order of hardness and fracture toughness among the three
coatings remains consistent, with YSZ displaying the highest values due to its ferroelastic

toughening mechanism [23].

3.3. Thermal Shock Resistance

The thermal shock life of YSZ, YSZ + GZ and YSZ + tantalate TBCs is 109 & 53 cycles,
7 £ 4 cycles and 1 cycle, respectively. YSZ TBCs demonstrate superior thermal shock
resistance compared to both YSZ + GZ and YSZ + tantalate TBCs.

Figure 4 shows the cross-sectional morphologies of failed YSZ TBCs. Figure 4a shows
that, due to the difference in thermal expansion coefficient between YSZ (10.7 x 1070 K1)
and the bond coat (17.5 x 107¢ K~1) [52], horizontal cracks propagate and extend, leading
to the coating’s buckling failure. In Figure 4b, horizontal cracks extend into the interior
and surface of the coating due to residual thermal stresses. The crack length significantly
exceeds the coating’s thickness. In Figure 4c, there is evident growth of TGO around
the interface. The thermal expansion coefficient of TGO (15.3 x 1076 K1) [52] differs
from that of YSZ and bond coat, further intensifying thermal expansion mismatch stress.
Figures 3a and 4d, respectively, display the cross-sectional morphology of as-sprayed and
failed YSZ coatings. After thermal shock failure, pores and vertical cracks in coatings
undergo sintering and shrinkage, accommodating stress accumulation and propagation
of horizontal cracks [53,54]. This failure is primarily attributed to the combined effects of
thermal expansion mismatch stress among YSZ, TGO and bond coat, thermal growth stress
induced by TGO, and reduced strain tolerance due to sintering and phase transformation.

Vertical Crack

YSZ
5 Bond coat

!
i

Horizontal Crack Long Crack

Crack Propagation
3 :

¥

Bond coat

Figure 4. Microscopic cross-sectional morphologies of failed YSZ coating at x (a) 100 magnification,
(b) 40 magnification, (c) 500 magnification and (d) 200 magnification.
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Figure 5 shows the cross-sectional morphologies of failed YSZ + GZ TBCs. The
difference in the thermal expansion coefficient between GZ (8-10.6 x 1076 K1) [34]
and YSZ (10.7 x 10-% K~ 1), along with giant temperature differences, generates residual
stresses near the interface during preparation and thermal shock in DCL coatings, making
the interface prone to crack formation [55]. Figure 5a,b show that the GZ layer with a
low fracture toughness (5.8 J/m?) has poor resistance to crack propagation. Vertical and
horizontal cracks extend and interconnect, leading to significant delamination. Figure 5c,d
show that horizontal cracks propagate within the GZ layer around the interface between
YSZ and GZ. This failure can be attributed to a combination of the low fracture toughness
and the thermal expansion coefficient of the GZ layer, along with the substantial residual
stresses generated at the interface during preparation and thermal shock.

(b)

4 Vertical Crack—
* / Near Surface Crack

Horizontal Crlack GZ

Delamination

YSZ

Bond coat Horizontal Crack

S50pm
Figure 5. Microscopic cross-sectional morphologies of YSZ + GZ coating after thermal shock failure
at x (a,c) 100 magnification and (b,d) 500 magnification.

Figure 6 shows the cross-sectional morphologies of failed YSZ + tantalate TBCs. A no-
table difference in the thermal expansion coefficient between tantalate (3-8 x 1076 K1) [41]
and YSZ (10.7 x 10~% K~1) results in substantial interface residual stresses and thermal
expansion mismatch stresses. Long horizontal cracks are formed within the tantalate
layer, accompanied by a large amount of delamination. The failure can be attributed to
significant residual stresses and thermal expansion mismatch stresses between the YSZ and
tantalate layers.

The thermal expansion coefficient and thermal conductivity of the different layers are
shown in Table 3. It can be seen that in DCL coatings, the lower thermal conductivity of
GZ and tantalate may reduce the thermal expansion mismatch stress between YSZ and
the bond coat, and the main reasons for coating failure are the differences in the thermal
expansion coefficients between the ceramic layers and the lower fracture toughness of the
top layer. As for the single YSZ coating, the primary reasons for failure are the differences
in the thermal expansion coefficient among YSZ, TGO and the bonding coat, as well as the
growth of TGO. During thermal shock, the combination of stress induced by the growth of
TGO, the thermal expansion coefficient mismatch stress among YSZ, GZ, tantalate, TGO
and the bonding coat, and the interface residual thermal stresses, lead to crack propagation
and coating failure [47,54-56].
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Figure 6. Microscopic cross-sectional morphologies of YSZ + tantalate coating after thermal shock
failure at x (a,c) 100 magnification, (b) 500 magnification and (d) 200 magnification.

Table 3. Thermal expansion coefficient and thermal conductivity of the different layers [34,41,52].

Layer YSZ GZ RETaO4 Bonding Coat

Thermal expansion
coefficient, 1076 K1

10.7 8-10.6 3-8 17.5

Thermal conductivity,

W/m.k 25 1.2-1.5 1.5-3.5 16.1

3.4. Particle Erosion Resistance

Figure 7 shows a comparison of the erosion rates at 110 and 200 m/s velocities. At
110 m/s velocity, YSZ coating has the lowest erosion rate of 0.115 mg/g, which is close
to 0.085 mg/g of the traditional YSZ coating erosion rate. The YSZ + GZ coating exhibits
the highest erosion rate of 0.484 mg/g. The erosion rates of the three coatings are contrary
to the trends of microhardness and fracture toughness. YSZ coating exhibits the lowest
erosion rate due to its highest microhardness and toughness [56]. At 200 m/s velocity, all
three coatings experience a slight increase in the erosion rate compared to 110 m/s. In this
study, the coatings with higher microhardness and fracture toughness demonstrate better
erosion resistance, and the increase in erosion velocity has a minor effect on erosion rate.

Figure 8 shows the cross-sectional morphologies of failed YSZ, YSZ + GZ and
YSZ + tantalate coatings at 110 m/s velocity. Figure 8b shows that YSZ coatings only
exhibit some pits and minor extension cracks at the center of the erosion region. The high-
stress impact of fast-speed particles causes the top layers to spall along interlayer cracks,
while YSZ with high fracture toughness (37.4 ] /m?) prevents further crack propagation into
the interior of coatings. Figure 8c,d show that the GZ layer with a lower fracture toughness
(5.8]/m?) completely delaminates under the impact of high-energy particles at the erosion
center. The transition district between the GZ and YSZ layers shows a smooth surface with
fragments peeling off and connections between cracks and pores. In contrast, the YSZ layer,
with a higher fracture toughness does not exhibit significant delamination. The special
fracture morphology of GZ coating is related to its low fracture toughness. Under the ef-
fects of particle erosion, cracks spread inside the coating rather than along the non-bonded
interface in coatings, resulting in the occurrence of a smooth surface. Figure 8e,f show that
the tantalate layer with a low fracture toughness (19.5 ] /m?) obviously delaminates at the
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erosion center, but there remain some residual coatings at the interface. There are evident
particle fragments and microcracks extending between the layers of the coating.

30
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Figure 7. Particle erosion rate of as-sprayed TBCs.
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Figure 8. Microscopic cross-sectional morphologies of coatings after erosion at 110 m/s velocity:
(a,b) YSZ, (c,d) YSZ + GZ and (e,f) YSZ + tantalate.
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Figure 9 shows the cross-sectional morphology of failed YSZ, YSZ + GZ and
YSZ + tantalate coatings at 200 m/s velocity. Compared with the erosion rate of the
coating at 110 m/s velocity, the erosion rate of YSZ coating at 200 m/s increased by 14.8%,
while the erosion rate of GZ coating and tantalate coating only increased by 3.5% and 2.2%.
The smaller erosion rate increase ratio of the latter two coatings may be related to the falling
off of the top coating and the exposure of the lower YSZ layer with higher microhardness
and fracture toughness. As a result, the increase in erosion velocity has less effect on the
erosion rate of the coatings in this experiment.

Erosion Pit

YSZ

Inter-lamellar crack
Bond coat

Transition Erosion
District District

Inter-lamellar crack
GZ /" :

Crack Propagation
Bond coat

O)

RETaOs

Erosion
District Transition District Crack Propagation
YSZ =, \

RETaO: Tunneling through defects -

Bond coat

Figure 9. Microscopic cross-sectional morphologies of coatings after erosion at 200 m/s velocity:
(a,b) YSZ, (c,d) YSZ + GZ and (e, f) YSZ + tantalate.

In this study, the coatings were prepared using the SM F210 ID-APS gun, and the
performance of the coatings is comparable to that of the traditional APS coating, which
shows the spraying process in this study is better. The porosity of YSZ, GZ and tantalate
coatings is 11.01%, 9.65% and 7.39%, respectively, among which the porosity of YSZ
coating is relatively large, but the overall difference is not significant. The hardness of
the three coatings shows YSZ coating has the highest hardness, while the GZ coating
has the lowest hardness. The trend change in fracture toughness of the three coatings
is the same as that of hardness, and YSZ has the highest fracture toughness and GZ has
the lowest. YSZ crystal primarily consists of a metastable tetragonal zirconia phase with
the ferroelastic phase transformation toughening mechanism, while pyrochlore GZ and
m’-RETaOy lack this ferroelastic toughening mechanism, resulting in lower hardness and
fracture toughness [23,34,39]. The thermal shock test shows that the YSZ coating has the
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best thermal shock resistance. The trend of the erosion resistance of the three coatings is
consistent with the hardness and fracture toughness. YSZ has the best erosion resistance,
while GZ has the worst erosion resistance. When the porosity of the coating is similar, the
hardness and fracture toughness of the coating are affected by the properties of the coating
itself and related to the crystal structure of the coating material. The erosion resistance of the
coatings is directly proportional to the fracture toughness of the coating materials [57,58].
Under the same erosion velocity and kinetic energy, coatings with higher fracture toughness
exhibit lower erosion rates in this study, consistent with previous research conclusions.

4. Conclusions

In this study, YSZ, YSZ + GZ and YSZ + tantalate DCL coatings were prepared using
the SM F210 ID-APS gun with suitable parameters. The phase composition, microstructure
and mechanical properties of the coatings were characterized. Thermal shock and particle
erosion resistance were measured, and the relationship between the structure and properties
was analyzed. The spraying parameters used in this study can prepare YSZ, YSZ + GZ and
YSZ + tantalate coatings, whose properties are comparable with the traditional APS coating.
The porosity of YSZ, GZ and tantalate coatings is 11.01%, 9.65% and 7.39%, respectively,
and the overall difference is not significant. YSZ, GZ and tantalate crystal primarily consist
of metastable tetragonal zirconia, pyrochlore and m’-RETaOy, respectively. The hardness,
fracture toughness and erosion resistance of the three coatings are the largest in the YSZ
coating and the smallest in the GZ coating. Additionally, YSZ coating also has the best
thermal shock and particle erosion resistance. It can be seen that YSZ coating has the best
performance among the three coatings. In order to further improve the performance of GZ
and tantalate coatings, it is still necessary to study improvements in coating composition
and structure optimization.
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