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Abstract: Microstructure has a significant influence on the thermal conductivity of thermal barrier
coating (TBC) systems. In this work, the microstructures including splat interface, monoclinic phase
and grain boundaries in the YSZ air plasma spraying (APS) TBC systems are investigated. A finite
element simulation model based on electron backscatter diffraction (EBSD) images is established.
It is found that the simulation results of thermal conductivity are in good agreement with the
experimental results. Using this model, the effect coefficient of splat interface, monoclinic phase
and grain boundaries on thermal conductivity are calculated. Results show that the splat interface
influences the thermal conductivity of the TBCs. Those results provide important guidance for
reducing the thermal conductivity of thermal barrier coatings.
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1. Introduction

Thermal barrier coatings (TBCs), an oxide ceramic layer for the protection of a substrate
material, are widely used for the thermal, oxidation and hot corrosion protection of high-temperature
components in gas turbines [1]. The coatings provide insulation to metallic structures, thus, delaying
the thermally-induced failure that governs the component durability and life [2,3]. However, as the
thrust-weight ratio of engines become higher, the temperature of gas turbines for military aircraft
engines has reached 1700 °C. The operating temperature of traditional YSZ coatings is generally lower
than 1200 °C, which cannot meet the requirements of future military aircraft engines [4,5]. Therefore,
the method to reduce the thermal conductivity of YSZ coatings became a hot topic in recent years.
The thermal conductivity of YSZ coatings is closely related to the microstructure; therefore, it is
necessary to study the microstructure of the TBCs in order to reduce its thermal conductivity.

Numerous works have investigated the relationship between the microstructures and thermal
conductivity. Pores and cracks are the most important factors affecting the thermal conductivity.
Moreover, there have been many studies on the effect of pores and cracks that focus on thermal
conductivity. Chi and coworkers used image analysis (IA) data to simulate the effect of porosity on
the thermal diffusivity; it turns out a very fast increase in the thermal diffusivity within the first 15 h
of service. It might be due to the crack-like pores that filled with air through this process and to
the thermal diffusivity of air (2.2 x 10~° m?-s~!) which is roughly two orders of magnitude higher
than the air thermal diffusivity of typical YSZ porous TBCs (3-5 x 1077 m?-s71) [6]. Chi et al. [7]
compared coatings with different microstructures prepared with different feedstocks and different
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spraying processes, then analyzed structure—thermal conductivity images during thermal cycling.
The results revealed that more interface, higher porosity and more interlamellar pores can reduce
the thermal conductivity of TBCs. Increasing the length and width of the interlamellar pores at
high temperatures can reduce the tendency of the coating to sinter, thereby lowering the thermal
conductivity of TBCs. However, no quantitative relationship was provided between the microstructure
and thermal conductivity.

Wei and coworkers quantified the influence of pore radius and crack length on effective thermal
conductivity. It is found that the longest crack has the greatest effect on thermal conductivity [8].
Clyne and Golosnoy established equations of pores to predict thermal conductivity of TBCs using
Eshelby-based and contact-based analytical models respectively [9,10]. When the Eshelby-based
model is used in materials with high porosity, the calculated results are found to be higher than the
experimental results because the Eshelby-based analytical model depends upon the assumption that
only the tetragonal phase is present. Contact-based analysis models have been adopted to predict the
microstructure changes during sintering. However, the establishment of these models is based on
the analysis of SEM images, leading to the establishment of an equation that is roughly similar to the
experimental value rather than based on the actual microstructure and resulting in the limitations of
model application. To research the relationship between interface and thermal conductivity, the model
of heat conduction established by McPherson [11], the model of object oriented finite (OFF) established
by Wang et al. [12] and the mathematical formula that can calculate the influence of the interface on
thermal conductivity established by Wei and his colleagues [13] all made explanations for low thermal
conductivity of the coatings with the lamellae. They think that the lamellar interspaces are equivalent
to the pores parallel to the interface and that the width of the pores is equivalent to the average free
path of the gas molecules, which limits the conduction of heat flow. In these studies, the influence
of the splat interface on the coating performance was quantified and the influence coefficient was
calculated to account for 25%-70% of the total influence, but the establishment of these model is
also based on SEM microstructure observations followed by simulation calculations, which fail to
calculate based on the true microstructure the influence coefficients of the grain boundaries, interface
and monoclinic separately.

Therefore, we tried to establish a finite element (FE) model based on the microstructure of
electron backscatter diffraction (EBSD) analysis because more information, such as grain size and
phase composition, can be easily obtained by EBSD compared with SEM. Hence, it is more accurate to
establish the FE model based on EBSD images when we consider the influence of multiple factors on
the thermal conductivity. The effect coefficient of grain boundaries, interfaces and monoclinic phase
on thermal conductivity are directly calculated; additionally, it provides a reference for how to guide
the spraying process to lower the thermal conductivity of the coatings.

2. Materials and Methods

Commercially-available ZrO,-3% mol Y,Os; nanopowder and micropowder were used.
Metco A-2000 APS equipment was used to deposit the coatings onto aluminum substrates (Guan Yu
special Alloy products Co. Ltd., Shanghai, China, 128 mm x 84 mm x 2 mm). Two specimens,
designated as M; and M;, were sprayed with nanopowder. A third specimen, designated as Mj3,
was sprayed with micropowder. The spray gun parameters are listed in Table 1.

Table 1. The spraying parameters.

Parameters Primary Plasma Secondary Feed Rate .
Sample Current (A)  Voltage (V) Gas (Ap) Plasma Gas (H,)  (g-min—1) Spray Distance (mm)
M; 560 68 25 12 25 120
My 600 69 25 12 30 130

M3 500 62 40 7 25 120
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Microstructure of the YSZ coating is characterized by SEM (Magellan 400, FEI, Hillsboro, OR,
USA) equipped with an EBSD detector. EBSD provides the conditions for the analysis of crystal
microdomain orientation and crystal structure while preserving the conventional features of SEM.
Through EBSD image analysis of a certain sample area, the size, distribution, orientation and grain
boundary distribution of the crystal grains and the phase contained in the area can be obtained.

In this study, 25 EBSD images were selected for each YSZ coating, and an FE mesh model that is
consistent with the true microstructure is generated. The FE meshes of the M;, M; and M3 coatings
with microstructures are illustrated in next part. The thermal conductivities of the YSZ coatings are
obtained through a steady-state heat transfer analysis, while the thermal conductivity of ceramics in
the direction of the temperature gradient can be computed with Fourier’s equation:

he [ VTdT

A=Am T 1)

where / is the thickness of ceramic, / is the width, Ay, represents the thermal conductivity for the bulk
material, I is the integral path of the heat flux density and VT is the temperature gradient.

The thermal conductivity of the tetragonal phase, the grain boundaries and the splat interface are
2.65,1.54 and 0.03 W/m-K, respectively [14]. Rhagavan et al. revealed that the thermal conductivity of
pure monoclinic zirconia with 98% density was 3.6 W/m-K [15]. Thus, the thermal conductivity of
monoclinic phase in our model is also set to be 3.6 W/m-K. The thermal conductivity of each content
is shown in Table 2.

Table 2. The thermal conductivity input data.

Content Thermal Conductivity (W/m-K)
tetragonal phase 2.65
grain boundaries 1.54
splat interface 0.03
monoclinic phase 3.60

3. Results and Discussion

3.1. The Microstructure of YSZ Coatings

The EBSD images of the polished cross-sections of the YSZ thermal barrier coatings and the
cross-section backscattered image of M3 are shown in Figure 1. The phase composition of each sample
and the content of each phase, the distribution of cracks, the pores and the grain boundaries can be
observed from the EBSD images. Different colors indicate different compositions. Red represents the
monoclinic phase, green represents tetragonal phase, black represents grain boundaries and white
represents cracks and pores. In the process of APS, the spraying powers for the coatings of M; and
M; were lower than that of coating M. This caused the lower temperatures of in-flight particles
in as-sprayed M; and M3 coatings and then led to worse melting state. Therefore, the porosities of
coatings M; and M3 were higher compared with that of coating M,. Furthermore, the larger raw
spraying powders for coating M3 also contributed to the relatively worse melting of in-flight particles,
which resulted in more pores in the coating Ms. The content of monoclinic phase, tetragonal phase,
cracks and pores can be obtained from the data measured by EBSD; all are listed in Table 3.

Table 3. Microstructures parameters.

Coatin Monoclinic  Pores and Tetragonal Grain Boundary The Average
8 Phase (%) Cracks (%) Phase (%) Densities (m/pm?) Grain Size (nm)
M; 191 15.98 82.11 2.51 980
M, 2.13 13.01 84.86 2.23 1200

M3 8.02 30.02 61.96 1.48 1620
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Figure 1. Cross-section backscattered image of (a) M3, and the EBSD images of polished cross-sections
of the YSZ thermal barrier coatings (b) My, (c) M, and (d) M3.

3.2. Simulation of Thermal Conductivity

The FE meshes of the M, M, and M3 coatings with varied microstructures are illustrated in
Figure 2a—c, respectively. The thermal conductivity of the coating along the spray direction is calculated.
The distributions of the thermal gradient along the spray direction under steady-state conditions are
shown in Figure 3a—c, and the thermal fluxes are shown in Figure 3d—f, pertaining to coatings My,
M; and M3, respectively. The simulation results As and experimental results Ay of thermal conductivity

are listed in Table 4.
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Figure 3. Distributions of thermal gradient (a) Mj, (b) M; and (c) M3, and the thermal flux of coatings:
(d) My, (e) M2 and (f) M3.
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Table 4. The comparison of theoretical results As and experimental results Ag.

The Simulation Results  Experimental Findings Calculation Errors (%)

Coating As (W/m-k) Ao (W/m-L)
M, 1.76 1.244 41.48
M, 1.9 1.29 47.29
M, 1.55 1.27 22.05

Comparisons show that the calculation error is very large because the splat interfaces cannot be
seen in the EBSD image. However, the splat interfaces have a significant influence on the thermal
conductivity of YSZ coatings [11]. This influence will be discussed later in detail.

3.3. The Effect of Splat Interface on the Thermal Conductivity

To analyze the effect of the splat interfaces on thermal conductivity, an idealized model was
introduced. In a study by Shen et al. [13], an artificial image with dimensions of 25 um x 25 um
was created, and all the splat interfaces were represented as rectangular elements having a size
of 3.25 pm x 0.125 pum, as indicated in Figure 4. The thermal conductivity of splat interfaces is
obtained through iterative computation and was set to 0.03 W/m-K, which made the simulated thermal
conductivities map well with the experimental thermal conductivities of as-sprayed coatings [16].
The distribution of the thermal flux about the coating is shown in Figure 5. Using Equation (1),
the thermal conductivities of the coatings were calculated. The simulation results (A.) and the
experimental findings (Ag) are listed in Table 5.
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Figure 5. The distributions of thermal flux about the coatings (a) M1, (b) M, and (c) M3.

Table 5. Comparison of theoretical and experimental results.

Coating Slmulz(a‘tl:](;glissult Ac Exper;\m?‘r:\;/arlnFll(r;dmgs Calculation Errors (%)
. 0 .
M; 1.28 1.244 29
M, 1.38 1.29 6.98

M, 1.16 1.27 8.66
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The phase composition and content of grain boundaries were easily obtained through the EBSD
image as shown in Figure 1. Furthermore, when the ideal splat interface model was introduced,
the simulated thermal conductivity and experimental thermal conductivity can be matched well.
Therefore, it is more accurate to use this model to figure out the influence coefficient of thermal
conductivity for the splat interface, grain boundaries and monoclinic phase. The thermal conductivity
of pores and cracks, tetragonal phase, monoclinic phase, grain boundaries and splat interface were
placed in the simulation model. The thermal fluxes of coatings without splat interface is obtained based
on the finite element mesh in Figure 2 and is represented in Figure 6. The distribution of the thermal
gradient and thermal flux under steady-state conditions can be estimated through the FE grid and are
shown in Figure 7. By combining the results with Equation (1) and (2), the thermal conductivity A; of
the coating with splat interface and A, without splat interface, the change in the thermal conductivity
(AA1) under the influence of the splat interface and the effect coefficient R, obtained are therefore listed

in Table 6.
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Figure 6. Thermal flux of coatings without splat interface (a) My, (b) M, and (c) M.
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Figure 7. Thermal flux of coatings with splat interface (a) My, (b) M, and (c) M.
Table 6. The simulation results A1, Ay, the effect coefficient Ry .
The Simulation The Simulation Change of Thermal
Coatin Result of Coatings  Result of Coatings Con guctivit AA The Effect Coefficient of
& without Interface with Interface A, W, /m-k})l 1 Splat Interface Ry (%)
A1 (W/m-k) (W/m-k)
M; 2.46 1.8 —0.66 53.1
M, 2474 1.83 —0.64 499
Mj 2.798 2.1 —0.70 549

It can be concluded that the splat interfaces have a significant influence on the decrease of thermal
conductivity of YSZ TBCs, and the effect coefficient can reach 50%. The reason is that the splat interface
can cause phonon scattering and reduce the phonon mean free path. Furthermore, the lamellar spaces
are similar to the pores parallel to the interface, and the pores will cause further phonon scattering,
making great reduction of the heat transfer ability of the coatings.
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On the basis of Tables 5-7, it could be found that the order of experimental thermal conductivity
is M < M3 < My. However, the order of simulated thermal conductivity is different, in which the M3
shows the maximum thermal conductivity. It is probably attributed to the fact that the same idealized
splat interface models were introduced in all three coatings. In fact, the splat interfaces should also be
different from each other due to the differences of the microstructures for the three coatings, as shown
in EBSD and SEM images. Therefore, it inevitably leads to different deviation levels in the as-simulated
thermal conductivity and finally results in the different trends of simulated and experimental thermal
conductivities. It might be one of the major limitations of this model.

Table 7. The simulation results A, A3 and the effect coefficient Rj.

Simulation Results of Simulation Result

Coatin Coatings without of Coatings with C(l;\::gzctifvli“hezr;\\al Effect Coefficient of
8 Monoclinic Phase Ay, Monoclinic Phase W/ 13] 2 Monoclinic Phase R; (%)
(W/m-K) As (W/m-k) m
My 2.37 2.46 0.09 7.23
M, 24 2.474 0.07 5.43
M; 2.51 2.798 0.288 22.68

3.4. The Effect of Monoclinic Phase on the Thermal Conductivity

To elucidate the effect of the monoclinic phase on the thermal conductivity, the thermal
conductivity (Az) of the coating with monoclinic phase, tetragonal phase, grain boundaries and
splat interface are compared with the thermal conductivity (Ay) of a coating that contains tetragonal
phase, grain boundaries and splat interface. According to the idealized FE model, the pores, cracks
and monoclinic phase are regarded as the tetragonal phase. Thus, the distributions of the thermal
gradient and thermal flux under steady-state condition of the TBCs without monoclinic phase can be
obtained, as listed in Figure 8. Similarly, when only cracks and pores are regarded as the tetragonal
phase, the distributions of the thermal gradient and thermal flux under steady-state condition of the
TBCs with monoclinic phase can be obtained, and it was indicated in Figure 9. Using Equation (1)
along with these results, A, and A3 can be calculated, as listed in Table 6. The effect coefficient of the
monoclinic phase R, on the thermal conductivity of the coating and the change in thermal conductivity

AX; can be evaluated according to Equation (3).
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Figure 8. Distributions of thermal flux on the materials without monoclinic phase (a) M1, (b) M, and
(c) M.
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Figure 9. Distributions of thermal flux on the materials with monoclinic phase (a) Mj, (b) M; and (c) Ms.

The amount of monoclinic phase in each coating is listed in Table 3. The monoclinic phase has a
very small concentration of 2% in coatings M; and M, and the thermal conductivity of the coating
is increased by 0.1 W/m:K correspondingly according to Table 7. Furthermore, comparing M, with
M3 when the concentration of the monoclinic phase is increased by 6%, the value of the thermal
conductivity with monoclinic phase increased by 0.28 W/m-K. Thus, it can be concluded that the
monoclinic phase can increase the thermal conductivity of the coatings. The reason is that the content
of Y3* in the monoclinic YSZ decreased, leading to the reduction of point defects and lattice distortions.
As a result, the scattering ability of the microstructure for phonons decreases, resulting in an increase in
the phonon mean free path. In order to get a coating with a very low thermal conductivity, the content
of the monoclinic phase should be kept at minimum.

In our study, the simulation results indicate that thermal conductivity of as-sprayed YSZ coatings
at room temperature reduces with the decrease in the content of monoclinic phase. Therefore,
the monoclinic phase should be avoided during practical spraying processes to reduce the thermal
conductivity of YSZ coatings, which is consistent with the previous researches [17] and common
practices. After thermal cycles, the content of monoclinic phase does increase because YSZ coatings
would undergo a martensitic phase transformation from tetragonal zirconia to monoclinic zirconia at
temperatures above 1200 °C. To avoid the increase of the content of monoclinic phase after thermal
cycles, which would result in the increase of thermal conductivity at service temperature, the common
practice solution is to improve the thermal stability of YSZ coatings. For example, the thermal stability
of YSZ coatings could be improved, and the monoclinic phase was suppressed during thermal cycles
by fabricating coatings of AlO3; doped YSZ materials [18].

3.5. Effects of Grain Boundaries on the Thermal Conductivity

The thermal conductivity of the coatings Ay that contain the tetragonal phase and grain
boundaries can be seen in Table 6. The simulation results of the coatings for Ay, are compared with the
thermal conductivity of the tetragonal phase, At. The effect coefficient, R3, of the grain boundaries on
the thermal conductivity of the thermal spray coating can be obtained using Equation (4). Namely,
the magnitude of the change in the thermal conductivity of the coatings via the grain boundary can
also be calculated. The effect coefficient of the grain boundaries R3 and the amount of change AA; are
listed in Table 8.

—A
= TT x 100% (@)
0

Table 8. Effect coefficient of grain boundaries R3 and the amount of change in thermal conductivity AAz.

Coatin Thermal Conductivity of Change of Thermal Effect Coefficient of the
8 Tetragonal Phase At (W/m-k) Conductivity AAz (W/m-k) Grain Boundary Rj3 (%)
M; 2.65 —0.28 22.51
M, 2.65 —0.25 19.38

M3 2.65 -0.14 11.02
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M; and M, are nanocoatings which were sprayed with nanopowders, while M3 was sprayed
with a micropowder. Thus, the different coatings have various grain sizes. Normally, when the
grain size is reduced, the concentration of grain boundaries will be increased. The grain boundaries
have the characteristic of phonon scattering and can reduce the phonon mean free path, leading to a
reduction in the thermal conductivity of the coating. The effect coefficient of the grain boundaries is
about 20% for each nanocoating. The grain boundaries play a vital role in the total reduction of the
thermal conductivity.

4. Conclusions

The FE model was established based on EBSD analysis, which could offer more microstructure
information. At the same time, an ideal interface model was introduced. The computational results are
in agreement with the experimental findings, and the calculation error is lower than 10%. Using this
model can simulate the effect of each microstructure on thermal conductivity more accurately.

The splat interface and grain boundaries play a critical role in the reduction of thermal
conductivity, and the influence coefficient of the interface on thermal conductivity is much larger than
that of the grain boundary. Therefore, it is necessary to take the splat interface into consideration
when simulating the influence of microstructures on thermal conductivity. Moreover, when studying
methods for reducing the thermal conductivity of coatings, the introduction of splat interfaces is a
worthwhile consideration.
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