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Abstract: The failure of plasma-sprayed thermal barrier coatings (TBCs) during service is usually
related to the cracking behavior. In this study, plasma-sprayed TBCs were prepared with two
kinds of agglomerated sintered yttria-stabilized zirconia (YSZ) powders with different particle sizes.
The evolution of mechanical properties and crack propagation behavior of the coatings during the
whole life stage were studied by a thermal shock test. The effect of powder particle size on the
cracking behavior of the TBCs during thermal shock was analyzed from the aspect of pore structure,
mechanical properties, and stress state of the coatings. The crack propagation and coalescence in the
direction parallel to the substrate in the coating is the main factor leading to the spalling failure of
the coating during thermal shock. Although the coating prepared by fine YSZ has higher fracture
toughness, the lower strain tolerance will increase the cracking driving force on the crack tip of the
coating during thermal shock, and the cracks in the coating propagate merge at a faster rate during
thermal shock. The larger porosity and pore size of the coating prepared by coarse YSZ help the
coating suffer less thermal stress during thermal shock. Although the existence of pores reduces the
fracture toughness of the coating to a certain extent, the increase of strain tolerance reduces the crack
growth rate in the coating, so the coating has a longer life.
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1. Introduction

Thermal spraying coatings are often used to strengthen the surface of key components
in aerospace, petrochemical and metallurgical fields to enhance their high temperature
performance, wear and corrosion resistance [1-4]. Plasma-sprayed yttria-stabilized zirconia
(YSZ) thermal barrier coating (TBCs) is a kind of functional coating which is widely used
in thermal protection and thermal insulation of hot-end parts of gas turbine and aero-
engine. The application of TBCs can improve the working temperature of the engine,
thus improving the efficiency and performance [5,6]. Although the TBC technology has
been successfully applied in gas turbine and aero-engine for many years, the coating still
faces the risk of failure in a harsh service environment [7,8]. Once the coating peels off
prematurely, the alloy protected by it will be directly exposed to excessive temperature,
which poses a hidden danger and threat to the safety and reliability of the whole engine [9].
The failure of the TBCs during service is usually related to the cracking behavior of the
coatings [10-12]. Therefore, the study of crack propagation behavior of the coatings is
helpful to understand the failure mechanism of coatings and guide the development of
new TBCs with long life.

The service process of TBCs is often accompanied by thermal shocks. Under the action of
thermal stress, the coating is prone to crack near the TC/TGO/BC interface, resulting in the
spalling of the ceramic layer and the failure of the coating [11,13,14]. The cracking resistance
of the coating is very important to maintain the structural integrity of the coating during
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service, so in the development and preparation process of the TBCs, it is necessary to improve
the fracture toughness of the ceramic layer so as to strengthen the resistance to interlayer
cracking of the coating [15-17]. The feedstock powder morphology is an important parameter
affecting the properties of TBCs. The powder size affects the deposition, solidification, and
crystallization of molten droplets by influencing the particle state in the plasma, thus affecting
the pore structure and mechanical properties of the coating [18,19]. Dwivedi et al. [19]
studied the effect of the particle size of YSZ powder on the fracture toughness of plasma-
sprayed coatings. Their results show that the fracture toughness of the coating decreases
with the increase in powder size. The coating prepared with fine particle size powder
has dense microstructure, low porosity and high fracture toughness. In addition to the
cracking resistance, the pore structure of the coating is also an important factor affecting
the cracking behavior of TBCs during thermal shock service [20-22]. The microstructure of
plasma-sprayed coating contains a variety of pores, such as unbonded defects, macropores
and microcracks [23,24]. The pores in the coating can reduce the thermal conductivity, increase
the strain tolerance of the coating, and reduce the thermal stress during service, thus affecting
the cracking behavior of the coating [20,25,26].

The cracking failure of plasma-sprayed TBCs under thermal shock largely depends on
the joint action of cracking resistance and cracking driving force of the coatings [27]. The
selection of particle size of sprayed powder is an important step in the TBC preparation
process. Previous studies have shown that the coatings prepared by fine YSZ powder have
denser structure and higher fracture toughness because of more sufficient melting of the
fine powder during plasma-spraying [18]. However, on the other hand, increasing the
strain tolerance of the coating with a porous structure is also very important to improve the
thermal shock cracking resistance of the TBCs [28,29]. Up to now, it is still not very clear
how the particle size of the powder responds to the cracking and failure behavior of the
coating during thermal shock. In this study, plasma-sprayed TBCs were prepared with two
kinds of agglomerated sintered YSZ powders with particle sizes of 5-45 pm and 15-70 pm.
The evolution of mechanical properties and crack propagation behavior of the coatings
in the whole life stage were studied by thermal shock experiments. The effect of powder
particle size on the cracking failure behavior of the coating during thermal shock was
analyzed from the point of view of pore structure, mechanical properties and stress state.

2. Materials and Methods
2.1. Coating Preparation

The TBCs samples were made of disc-shaped nickel-base alloy (IN-738) with thickness
of 3 mm and diameter of 25.4 mm as substrate. Before spraying the coating, the surface
of the substrate was treated by sandblasting and ultrasonic cleaning with acetone. The
metal bonding layer coating and the ceramic top coat were deposited successively on the
prepared substrate surface by atmospheric plasma-spraying (APS) process. The bond coat
was prepared by NiCrAlY powder with a particle size of 5-70 um. The ceramic coatings
were sprayed with two kinds of 8YSZ (8wt.% Y,O5 stabilized ZrO;) powders with different
particle sizes, which are called fine and coarse powders, respectively. Two kinds of 8YSZ
powders are obtained by screening the same batch of powders. The morphology and
particle size distribution of the two kinds of YSZ powders are shown in Figure 1. It can
be seen that the two kinds of powders show good sphericity. From the enlarged surface
and section, it can be seen that the powders are formed by agglomeration and sintering
of submicron particles. The particle size distribution range of fine powder measured by
laser particle size analyzer is 545 pm, and D50 is about 25 um. The measured distribution
range of coarse particle size powder is 15-70 um, and D50 is about 45 pm.
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Figure 1. Morphology and particle size distribution of the two kinds of YSZ powders: (a) fine powder;
(b) coarse powder; (¢) magnification of powder surface morphology; (d) magnification of powder
cross-section morphology and (e) particle size distribution.

The YSZ ceramic coat and NiCrAlY bond coat of all samples were prepared by a
commercial atmospheric plasma-spraying equipment (APS-2000, Beijing Aeronautical Man-
ufacturing Technology Research Institute, Beijing, China). Figure 2 shows the Schematic
diagram of the YSZ coating deposited by plasma-spraying process. In the process of spray-
ing, argon was used as the primary gas to form the plasma flame arc, and hydrogen was
used as the auxiliary gas. The pressure of the main gas and auxiliary gas was controlled
at 0.4 and 0.25 MPa respectively. The primary gas flow was controlled in 47 L/min, and
the spraying voltage was controlled by adjusting the flow rate of auxiliary hydrogen, so as
to adjust the arc power. According to the difference of melting point of YSZ ceramic and
NiCrAlY metal powder, the power of plasma-spray gun was controlled to 36 and 30 kW,
and the spraying distance was controlled to 70 and 100 mm respectively when spraying ce-
ramic coat and bond coat. The moving speed of the spray gun was maintained at 150 mm/s
during the coating spraying process. The two kinds of YSZ powders were prepared under
the same powder feeding conditions, argon was used as carrier gas was controlled at
9 L/min, and the rotational speed of powder feeder was controlled at 1.5 r/min. The
thickness of the deposited coating was controlled by spraying times. All TBC samples were
prepared into a ceramic coat with a thickness of 300 um and a bond coat with a thickness
of 150 um.

YSZ powder Deposited coating

° Molted YSZ

particles

High temperature
Plasma flame

1
Plasma spray gun| Coating formation
1

Coating sample

Figure 2. Schematic diagram of the YSZ coating deposited by plasma-spraying process and images
of the prepared coating samples.

2.2. Evaluation of Coating Properties and Characterizations

The thermal shock experiment adopted the assessment temperature of 1050 °C. Each
thermal shock included holding in a muffle furnace for 30 min and rapid cooling in water
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at room temperature. After the cooled sample was dried, the next thermal cycle was
continued, and the thermal shock process was repeated until the coating fails. To study
the crack evolution behavior of the TBCs, the thermal shocked TBC sample to different life
stages was used to investigate the crack propagation behavior of the coating in the whole
life stage.

The cross-sectional structure of coatings was observed using a scanning electron micro-
scope (SEM, ZEISS EVO MAT15, Carl Zeiss SMT Ltd., Cambridge, UK) in the backscattered
and secondary electron modes with an acceleration voltage of 20 kV. The pore informa-
tion of the coating was obtained by measuring the statistical cross-section image of the
coating by the image analysis software Image-] 1.50i (National Institutes of Health, USA,
https:/ /imagej.nih.gov/ij (accessed on 17 January 2023)). In the process of statistical cracks,
the image of the coating structure was continuously taken along the cross-section of the
coating under an optical microscope (OM, ZEISS Observer Al m, Carl Zeiss SMT Ltd.,
Cambridge, UK) under a 100 x magnification, and then the image is spliced into an image
containing the continuous cross-section of the coating. The crack information in the coating
was obtained by count the length and number of cracks on the coating cross-section. In
order to avoid the influence of the crack caused by the edge effect on the statistical results of
the internal crack information of the coating, only the cracks in the 12.7 mm region (about
half the diameter of the coating sample) at the center of the cross-section of the coating were
counted. The crack density of the coating was obtained by dividing the number of cracks by
the statistical length 12.7 mm. The cracking behavior of coatings in the thermal cycling was
obtained by characterizing cracks in the samples after different cycles of thermal cycles.

The phase analyses of the YSZ feedstocks and coatings before and after thermal cyclic
testing were examined by X-ray diffraction (XRD, D/max2550VB/PC, RIGAKU, Tokyo,
Japan) using filtered Cu Ko radiation at an accelerated voltage of 40 kV and a current of
100 mA. Diffraction angles were set in the range of 10° to 80° with a step width of 0.02°.
The hardness and fracture toughness of the coatings prepared by two kinds of particle
size YSZ at different life stages were measured by a Vickers indenter. The indentation
load of 300 g was used to measure the hardness, and the holding time was set to 15 s. The
fracture toughness of the coating was measured by the indentation method to determine
the crack propagation length of the coating under the action of indentation and calculate
the crack extension force (G¢). To make the coating crack under the action of indentation,
the indentation load used to measure the fracture toughness was 1000 g. According to the
indentation morphology and the crack generated, the critical crack growth energy release
rate G¢ was calculated according to the following formula [21,30]:

Ge =6.115 x 10*-a2.P/3 (1)

where a is the half-diagonal length of the indentation, c is the crack length from the center
of the indentation, and P is the intention load.

3. Results and Discussion
3.1. Microstructure and Fracture Toughness of Coating

Figure 3 shows the microstructure and pore size distribution information of the as-
sprayed coatings prepared by two kinds of YSZ powders. The coating prepared by coarse
particle size powder has higher porosity than that prepared by fine particle size YSZ.
In particular, there are a large number of large pores in the coating prepared by coarse
particle size powder. The particle size of the powder affects the deposition, solidification,
and crystallization of molten droplets during plasma-spraying process, thus affecting the
microstructure of the coatings [31]. Fine YSZ powder typically results in good melting
during deposition, which reduces the volume of inter-splats gaps and voids during coating
formation. As a result, the coating prepared by fine YSZ powder has lower porosity and
smaller pores than that prepared by coarse YSZ powder.
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Figure 3. Typical microstructure and pore size distribution of the as-sprayed coatings prepared by
the fine and coarse YSZ powder.

Figure 4 shows the change of porosity of the coating prepared by two kinds of particle
size YSZ powder during thermal shock. With the increase of thermal shock cycles, the
porosity of the two kinds of coatings decreased rapidly at first, and then tended to stabilize
at a certain level. It is worth noting that the porosity of the coating prepared by coarse
YSZ powder is always higher than that of the coating prepared by fine YSZ. Previous
studies have reported that plasma-sprayed coatings will be significantly sintered within a
few hours of thermal shock, resulting in a decrease in the porosity of the coatings [32,33].
The sintering rate of the coating is related to the size of the pores in the coating, in which
the large pores are difficult to be healed by sintering [34-36]. From the microstructure of
the coating, it can be seen that the pores in the coating prepared by fine YSZ powder are
finer than those of coarse YSZ powder, so the coating is easier to be sintered. The coating
prepared by coarse powder contains more pores of larger size, so the sintering degree of
the coating is not as serious as that of fine powder, and the coating still has relatively high
porosity after thermal shock.
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Figure 4. Evolution of porosity of two kinds of coatings during thermal cycling test.

Figure 5 shows the XRD patterns of two kinds of YSZ powders and corresponding
coatings. From the diffraction angle of 27° to 33°, it can be seen that there is a small amount
of monoclinic phase (m phase) in the original YSZ powders of both sizes. However, after
the two kinds of powders are melted and solidified to form the coating during plasma-
spraying, there is no monoclinic phase exist in the coating. The structure of zirconia in
both coatings is tetragonal. Therefore, the particle size of YSZ powder does not affect the
phase structure of the coating, and the influence of phase structure can be excluded in the
subsequent analysis of the cracking behavior of the two kinds of coating.
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Figure 5. XRD patterns of two kinds of YSZ powder and corresponding coating: (a) fine powder;
(b) coarse powder.

Fracture toughness is very important to resist cracking damage of coatings during
thermal shock. Coatings with high fracture toughness are usually desired in coating design
and preparation. Figure 6 shows the change of fracture toughness of the coatings during
thermal shock. The fracture toughness of the coating prepared by two kinds of YSZ powder
both increases with the increase of thermal shock time, and the fracture toughness of the
coating prepared by fine particle size YSZ is always higher than that of the coating prepared
by coarse YSZ powder during thermal shock. The porosity is an important factor affecting
the fracture toughness of the coating [19]. The difference of fracture toughness between the
two kinds of coatings is caused by the pore structure of the coatings. Finer YSZ powder
resulted in better melting, compaction, and thus a denser structure. Coatings produced
using coarse YSZ powder resulted in unmelted particle population, and a high level of
porosity, including large interlamellar separations. The existence of pores reduces the
cohesive bonding strength of the splats in the coating. The porosity of the coating prepared
by fine YSZ powder is lower than that prepared by coarse YSZ during the whole thermal
shock process, so the coating with a denser structure has higher fracture toughness.
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Figure 6. Evolution of fracture toughness of two kinds of coatings during thermal cycling test.

3.2. Thermal Shock Spalling Behavior of Coating

In the thermal shock test, with the increase of cycle times, the thermal stress produced
during thermal shock leads to the formation and propagation of cracks in the coating,
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which is characterized by the spalling of the coating macroscopically. Figure 7 shows the
changes of macroscopic morphology and spalling ratio of the coatings prepared by two
kinds of particle size YSZ during thermal shock experiments. When the two kinds of
coatings were subjected to about 400 thermal shocks, only a little spalling occurred at the
edge of the samples. After that, the spalling area of the coating increases with the increase
of thermal shock cycles. The coating prepared by fine YSZ exfoliated in a large area during
400-500 thermal shock, and the spalling rate increased rapidly, from about 10% to 70%, or
even completely. In contrast, the spalling rate of the coating prepared by coarse YSZ still
increased gently after 400 thermal shocks, and there was no sharp spalling of the coating.
Peeling only occurred at the edge of the coating after 600 thermal shocks.
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Figure 7. Evolution of macroscopic morphology and spalling ratio of the two kinds of TBCs during
thermal cycling.

3.3. Cracking Behavior of Coating

Figure 8 shows the variation of average crack length and crack density with thermal
shock cycles in the coatings prepared by two kinds of YSZ powders. In the early stage
of thermal shock (less than 400 cycles), the crack length of the two coatings increases
uniformly with the increase of thermal shock cycles. After 400 thermal shocks, the crack
length in the coating prepared by fine YSZ powder increases rapidly, and the average crack
length increases to more than 200 um after 500 thermal shocks. From the cross-section of
the coating, it can be found that there is a penetrating transverse crack in the ceramic layer
above the bond coat in the coating. Corresponding to the rapid increase of crack length, the
coating exfoliates rapidly in large area macroscopically. Similar results in previous research
also shows that the crack in the plasma-sprayed TBCs will expand to about 200 um in
length at 80% of the whole life, and then the coating will peel off rapidly and lead to the
failure [11]. The average crack length of the coating prepared by coarse YSZ powder was
about 80 um after 200 thermal shocks. During the subsequent thermal shock, the crack
length in the coating did not increase obviously, and even after 600 thermal shocks, the
average crack length in the coating was only about 100 um. The penetrating long crack
formed by crack merging was not observed in the cross-section of the coating. As a result,
the coating did not peel off rapidly after 500 thermal shocks.
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Figure 8. Evolution of crack length and density in the two kinds of coatings during thermal cycling
test and typical crack morphology in coatings after thermal cycling.

The evolution of crack density is similar to that found by Jordan et al. [11]. The crack
density in the coating prepared by two kinds of YSZ changed little in the first 200 thermal
shocks. With the increase of cycles, the crack density in the coating shows a saddle-shaped
trend, especially the coating prepared by fine YSZ is more obvious. After 200 thermal
shocks, the crack density in the coating prepared by fine YSZ increases rapidly with the
increase of cycle times, and reaches the maximum at 320 thermal shocks. Since then, as
the thermal shock cycle continues to increase, the crack density in the coating decreases
gradually. However, the crack density of the coating prepared by coarse YSZ did not
change significantly during the whole thermal shock process.

The change trend of crack density is related to the crack evolution behavior in the
coating, and the crack propagation in the coating can be inferred from the change of
crack density and length. In practice, cracks exist and propagate in a three-dimensional
form in the coating. The crack observation and statistics were obtained from the two-
dimensional image of the cross-section, so it is necessary to accurately interpret the actual
crack evolution state of the specimen corresponding to the crack information in the two-
dimensional section.

Figure 9 shows a schematic diagram of the crack evolution behavior in the coating
during thermal shock, so as to understand the relationship between the crack behavior in
the coating and the statistical crack density. Figure 9a indicates the initiation of No. 1, 2,
3 and 4 cracks in the coating at the early stage of thermal shock. The crack is disc-shaped
and propagates in the shape of emission in the coating. Crack No. 1 of the four cracks in
this stage is located on the cut and observed section of the specimen and is observed in the
crack statistics, while cracks No. 2, 3 and 4 cannot be observed because they are not on the
cutting line. With the increase of thermal shock cycle, the crack in the coating propagates,
and the crack state after propagation is shown in Figure 9b. After the No.1 crack propagates,
the crack length observed from the cutting section increases, which reflects that the crack
length increases in the crack statistics. After the No. 2 and No. 3 cracks near the cutting
section propagate, the crack range extends to the observed cross-section, which reflects
the statistical result that the crack density increases. It should be noted that some of these
cracks may have just extended to the observed cross-section, so the observed crack length
is shorter, while the actual crack length in the coating is larger. In addition, some cracks
(such as No. 4) may not be observed in the cutting section after propagation, so such cracks
will not be counted. As the thermal shock cycle continues to increase, the cracks in the
coating will further expand and merge, such as cracks No. 2 and No. 3 in Figure 9c. After
the crack merges, the number of cracks observed in the cross-section decreases and long
cracks appear.
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Figure 9. Schematic diagram of crack evolution behavior in the coating during thermal cycling:
(a) crack initiation; (b) crack propagation and (c) crack coalescence.

Based on the above analysis, it can be known that the increase of crack density in the
coating section during thermal shock reflects the rapid crack propagation in the coating
or the initiation of new cracks near the cross-section. The decrease of crack density in the
later stage of thermal shock reflects the coalescence of cracks in the coating. When a large
number of cracks in the coating merge, the coating will peel off rapidly and fail.

In Figure 8, the crack density of the coating prepared by fine YSZ increases rapidly
during 200-300 thermal shocks, indicating that the cracks in the coating propagate at a
faster rate, and a large number of cracks are observed in the cross-section. In this process,
the accelerated increase of crack length in the coating also reflects that the crack in the
coating is in the stage of active propagation. The sharp decrease of crack density in the
coating after 300 thermal shocks indicates that more and more cracks merge in the coating,
and accordingly, the statistical crack length in the cross-section increases rapidly. From the
statistical results of crack length distribution in the coating after thermal shock in Figure 10,
it can be seen that not only the number of shorter cracks in the cross-section of the coating
increased significantly after 320 thermal shocks, but also a large number of cracks with a
length of more than 200 um appeared in the coating. After 510 thermal shocks, the number
of short cracks (<200 pm) in the coating decreased, but the number of long cracks increased
significantly. At this time, there is a penetrating horizontal crack in the coating, so the
coating peels off rapidly and fails. Therefore, 200 um can be regarded as the critical crack
length of thermal shock failure of the coating. When the length of a large number of cracks
in the coating exceeds 200 um, the cracks in the coating will merge, resulting in the rapid
spalling of the coating in the form of instability.
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Figure 10. Distribution of crack length in the coating prepared by fine YSZ powder after different
thermal cycles: (a) 90 cycles; (b) 150 cycles; (c) 320 cycles and (d) 510 cycles.

The crack density and average length of the coating prepared by coarse YSZ powder
did not change significantly after 300 thermal shocks, indicating that the crack initiation
and propagation behavior in the coating is slow. The statistics of crack length distribution
in Figure 11 confirmed that the coating did not form many long cracks after 330 and
480 thermal shocks, and the crack distribution in the coating was similar to that in the initial
stage of thermal shock. These results show that the cracks in the coating prepared by fine
YSZ powder undergo a process of rapid propagation and coalescence in about 500 thermal
shocks, which leads to the failure of the coating. However, the crack length and number
of the coating prepared by coarse YSZ are stable during the whole thermal shock process,
and there is no rapid crack propagation and coalescence after 480 thermal shocks, so the
coating shows a longer thermal shock life.
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Figure 11. Distribution of crack length in the coating prepared by coarse YSZ powder after different
thermal cycles: (a) 90 cycles; (b) 150 cycles; (c) 330 cycles and (d) 480 cycles.
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3.4. Effect of Strain Tolerance on Thermal Stress of Coating

Fracture toughness is a key factor affecting the cracking behavior of coatings. Before
thermal shock experiments, according to the results of fracture toughness of two kinds of
coatings, it is expected that the crack growth rate of the coating prepared with fine YSZ
will be slower than that of the coating prepared with coarse YSZ, resulting in a longer
thermal shock life. However, the thermal shock test results are contrary to the expectation,
which shows that in addition to the fracture toughness, there are other factors that affect
the cracking behavior of the coating.

In this study, the difference between the coatings prepared by the two kinds of YSZ
powder is mainly reflected in the pore structure. Although the dense structure of the coating
prepared by fine particle size YSZ powder has better fracture toughness, the decrease of
porosity may also reduce the strain tolerance of the coating. The strain tolerance of the
coating is also an important factor affecting the cracking behavior of TBCs during thermal
shock conditions [26,28].

The hardness of the coating can reflect its strain tolerance. The higher the hardness
of the coating is, the worse the strain tolerance is. During the thermal shock process, the
hardness evolution of the coatings prepared by two kinds of particle size YSZ is shown
in Figure 12. The hardness of the two kinds of coatings increased after thermal shock,
and the hardness of the coating prepared by fine YSZ powder was higher than that of the
coating prepared by coarse one during the whole thermal shock process. The hardness of
the coating is related to its porosity. The literature has shown that the hardness and elastic
modulus of the coating decrease with the increase of porosity [29,37]. In this study, the
porosity of the coating prepared by coarse YSZ is higher than that of the coating prepared
by fine particle size YSZ during the whole thermal shock process, so the coating has higher
strain tolerance.

1500
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—e— Coarse powder TBC
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_—
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Figure 12. Hardness evolution of two kinds of YSZ coatings during thermal cycling.

In addition to the anti-cracking ability of the coating itself, the thermal stress formed
during thermal shock is also the key to affect the cracking behavior of the TBCs. Finite
element simulation method was used to analyze the effect of the strain tolerance of the
ceramic layer on the thermal stress at the crack tip of the coating.

Figure 13 shows the establishment of the finite element geometric model and the
boundary conditions. The model was established according to the actual coating samples,
including a Ni-based alloy substrate with a thickness of 3 mm, a bond coat layer with an
average thickness of 150 pm and a top layer of YSZ ceramics with a thickness of 300 pm.
A wavy interface similar to the actual shape was introduced between the bonding layer
and the ceramic layer. From the cross-sectional morphology of the coating after thermal
shock, it can be seen that the cracking leading to the spalling of the coating occurs in the
ceramic layer within 100 um above the interface between the bonding layer and the ceramic
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layer. According to the morphology of the crack in the coating (Figure 13a), a semi-elliptical
crack was set up in the YSZ layer near the bond coat on the right side of the finite element
model, and the thermal stress at the crack tip during thermal shock was investigated. The
symmetrical boundary condition was adopted on the left side of the finite element model,
the bottom boundary restricts the movement of the Y axis, and the upper boundary is
set as a free boundary. Considering that the material below the right boundary crack is
continuous, the multi-point constraint boundary condition (MPC) was adopted to make the
boundary have the same displacement in the X-axis direction. Since there is a penetrating
vertical crack in the upper part of the right boundary crack, it was set as a free boundary.
The model includes nickel-based alloy matrix, NiCrAlY bonding layer and YSZ ceramic
layer. The material property parameters of each layer used in the finite element simulation
were taken from the literature [38,39], as shown in Table 1. To analyze the influence of the
strain tolerance of the ceramic layer on the cracking of the coating, the elastic modulus of
the YSZ layer is taken as a variable in the finite element simulation. The elastic modulus of
20, 40 and 60 GPa were selected to calculate the thermal stress of crack tip in the coating
during thermal shock.

500 pm

(a) EERETNT

TC

Free boundary

(b)

Substrate
3000 pm

Figure 13. The geometric model, boundary conditions and meshes of the finite element model.
(a) SEM images of cracking characteristics in the coating; (b) simplified model extracted from coating
structure and (c) mesh structure and boundary conditions of the finite element model.

Table 1. Temperature dependent physical properties of substrate, bond coat and YSZ topcoat.

Materials Temperature Elastic Modulus Thermal Expansion Coefficient Poisson’s Yield Strength
(] (GPa) (10-6°C-1) Ratio (GPa)
20 123 12 0.36 888
Sub 420 108 12.5 0.37 887
ubstrate 820 92 147 0.38 910
1020 84 15.8 0.38 470
20 152 12.3 0.32 426
BC 420 145 15.2 0.33 396
820 109 16.3 0.35 284
1020 72 17.6 0.35 150
20 20 40 60 9.7 0.2 -
420 20 40 60 9.7 0.2 -
Y5z 820 20 40 60 10 02 -
1020 20 40 60 10.4 0.2 -
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In the process of finite element simulation, a temperature load of simulating thermal
shock was applied to the model to calculate the thermal stress caused by the thermal
expansion mismatch of the coating. The temperature loading process includes heating the
sample from room temperature (20 °C) to 1050 °C for 120 s, then holding 30 min at high
temperature, and cooling to room temperature after 120 s. In the process of thermal shock,
the cracking parallel to the interface direction of the bond coat/ceramic layer is the main
reason for the spalling of the coating, so the stress S22 at the crack tip perpendicular to
the cracking direction was paid more attention. Figure 14 shows the cloud diagram of the
stress distribution of S22 in the coating at the end of the heating stage during the thermal
shock process, which shows that there is an obvious stress concentration at the crack tip.
The greater the stress there is, the greater the driving force of crack propagation is, the more
serious the cracking in the coating will be.

‘ Crack tip

Figure 14. Stress (522) distribution in coating at the end of heating stage during thermal cycling.

The evolution of temperature and crack tip stress 522 of TBCs during the whole
thermal shock process is shown in Figure 15. In the thermal shock heating stage, the stress
at the crack tip increases with the increase of the sample temperature, and the maximum
stress appears at the end of the heating stage. The stress in this process is a tensile stress
perpendicular to the direction of crack propagation. The magnitude of the stress is an
important factor driving the crack propagation. The elastic modulus of the ceramic layer
has a significant effect on the stress level at the crack tip. When the elastic modulus increases
from 20 GPa to 40 GPa and 60 GPa, the maximum stress S22 at the crack tip increases from
800 MPa to 1200 MPa and 1480 MPa, respectively.
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Figure 15. Evolution of stress S22 at the crack tip in the coating during thermal cycling.
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In this simulation, the stress state of the coating during thermal shock was studied by
elastic-plastic analysis, and the effect of elastic modulus of ceramic layer on the crack tip
stress of the coating was investigated. The results show that reducing the elastic modulus
of the ceramic coating plays a very significant role in alleviating the crack driving force in
the coating. From the difference of porosity and hardness, it can be seen that the coating
prepared by coarse particle size YSZ has lower elastic modulus than the coating prepared
by fine particle size YSZ, so the coating bears less thermal stress at the crack tip during
thermal shock.

3.5. Thermal Shock Resistant Analysis of Coating

The cracking behavior of TBCs during thermal shock depends on two factors; the
cracking resistance of the coating itself and the cracking driving force formed during
thermal shock. The porosity of the coating will affect its fracture toughness and strain
tolerance. With the change of porosity, the fracture toughness and strain tolerance often
change in the opposite direction, that is, when the fracture toughness of the coating increases
by reducing the porosity, the strain tolerance of the coating will become worse. Considering
the crack evolution behavior, porosity and mechanical properties of the coating during
thermal shock, the effect of YSZ powder particle size on the thermal shock failure of the
two coatings can be clarified. Although the porosity of the coating prepared by fine YSZ
is small and the coating has relatively high fracture toughness, the strain tolerance of this
coating is worse than that of the coating prepared by coarse YSZ. Therefore, the crack tip
of the coating prepared by coarse YSZ is driven by greater cracking force during thermal
shock. Since the adverse effect of the decrease of strain tolerance caused by low porosity
of the coating prepared by fine YSZ is more significant than that on the improvement of
fracture toughness of the coating, so the crack in the coating propagates at a faster rate
during thermal shock, and the coating shows a shorter thermal shock life.

In addition, the pore size of the coating prepared by fine YSZ is smaller. These smaller
pores are easier to be sintered at high temperature, resulting in a further reduction of the
strain tolerance of the coating. Therefore, with the increase of thermal shock cycle, the
cracking driving force of the crack tip in the coating becomes larger and larger. However,
the pore size of the coating prepared by coarse YSZ is larger, and there are still many pores
that cannot be sintered after thermal shock, which restrain the strain tolerance degradation
of the coating to a certain extent. The study of Rad et al. [40] shows that the pores in the
ceramic layer will significantly affect the stress distribution in the coating. The dispersed
pores can alleviate stress concentration in the coating. In this experiment, the coating
prepared by coarse YSZ powder was subjected to less thermal stress during thermal shock
thanks to its higher porosity and larger pore size. Although the porosity reduces the
fracture toughness of the coating to some extent, the increase of strain tolerance reduces
the crack growth rate in the coating, so the coating prepared by coarse YSZ powder shows
a longer thermal shock life.

4. Conclusions

The YSZ coatings with different microstructures were prepared by using two kinds of
agglomerated sintered powders with particle sizes of 5-45 um and 15-70 pum. The cracking
failure behavior of the coatings during thermal shock was studied. The main conclusions
are as follows:

(1) The effect of particle size of YSZ powder on the microstructure of the coating is mainly
reflected in the porosity and pore size. The porosity of the coating prepared by fine
powder is low, the pore size is small, and the small pores in the coating are easy to be
sintered during thermal shock, which further reduces the porosity of the coating. The
porosity and pore size of the coating prepared by coarse powder are relatively larger,
the larger pores are difficult to be sintered after thermal shock, and the porosity of the
coating is relatively high.
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(2) The particle size of YSZ powder does not affect the phase structure of the atmospheric
plasma-sprayed 8YSZ coating. The YSZ coatings prepared by coarse and fine particles
are tetragonal zirconia.

(38) The particle size of the powder leads to the difference of the pore structure of the
coating, which in turn affects the fracture toughness and strain tolerance of the coating.
The change of porosity influences the fracture toughness and strain tolerance of the
coating in opposite direction, that is, when the fracture toughness of the coating is
increased by reducing the porosity, the strain tolerance of the coating will become
worse. The coating prepared by fine powder has high fracture toughness because
of its compact structure, but the strain tolerance of the coating is poor. Due to the
existence of many pores, the fracture toughness of the coating prepared by coarse
powder is relatively lower, but the strain tolerance of the coating is better.

(4) The fracture toughness and strain tolerance of the ceramic layer play an important
role in the thermal shock life of the coating. Although the coating prepared by fine
powder has relatively high fracture toughness, its lower strain tolerance will increase
the cracking driving force on the crack tip of the coating during thermal shock. In
the process of thermal shock, the cracks of the coating propagate and merge at a
faster speed, and the thermal shock life is short. Although the larger porosity and
pore size in the coating prepared by coarse particle size powder reduce the fracture
toughness of the coating to a certain extent, the increase of sintering resistance and
strain tolerance reduces the crack growth rate in the coating, and the coating has a
longer life.

(5) Theresults of this study provide guidance for the development and design of high per-
formance TBCs. When adjusting the pore structure of the coating, attention should be
paid to the improvement of anti-cracking ability and strain tolerance at the same time.
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