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Abstract: Thermal barrier coatings with multi-sized porous structure at micro and nano scales were
prepared with hollow spherical YSZ powders and polypropylene powders through atmospheric
plasma spraying. The thermal conductivities of the multi-sized thermal barrier coatings after a
long-term serving at high temperature were tested through laser flash heating method. Meanwhile,
the physical models of thermal barrier coatings with multi-sized porous structure at micro and
nano scales were constructed through Ansys Workbench. The evolutions of thermal conductivity of
thermal barrier coatings with multi-sized pores after long-term service at 1100 ◦C were investigated
through computation. It was found that the thermal conductivity of the coating increased with the
extension of the serving time. When the serving time reached 60 days, the thermal conductivity of
the coating tended to be stable and close to the compacted bulk. The computational results were
consistent with the tested ones, which could be helpful to explain the thermal conducting evolution
in thermal barrier coatings with multi-sized porous structure at nano and micro scales after long-term
serving at high temperature.

Keywords: thermal barrier coating; multi-sized porous structure; thermal conductivity; simulation;
compact bulk

1. Introduction

Thermal barrier coatings (TBCs) have been widely used in hot sections of advanced gas
turbines and aeroengines to improve the reliability and durability as well as the efficiency
of engines [1–3]. Zirconia is often used as thermal barrier coating materials for its low
thermal conductivity. While zirconia will experience phase changes at temperature higher
than 950 ◦C, which will led to the increase of inner stress accompanied with the volume
expansion. After cooling down to room temperature from high serving temperature,
there will form high tensile stress in zirconia coatings. After several cycles of cooling
down from high temperature, the accumulated inner tensile stress will exceed the strength
of zirconia, which will finally lead to cracks and failures [4–6]. Therefore, stabilizers,
such as Y2O3, MgO, CeO2 and CaO, are used to prevent phase changes of Zirconia at
high temperature [7]. Y2O3 is thought to be the preferred stabilizer with the content of
6–12wt.% [8]. Especially, 8mol YSZ has the stabilized cubic structure. Meanwhile, the
thermal conductivity of 8YSZ is 2.3 W/m·K at 1100 ◦C [9]. While, the common used TBCs
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with 8YSZ ceramic coatings prepared through atmospheric plasma spraying have lower
thermal conductivities than that of the bulk 8YSZ for the plasma sprayed coating’s lamellar
structures with many unbonded zones between the deposited powders [10–15]. To reduce
the thermal conductivity of the TBCs furtherly, large closed pores at microns and tens of
microns size are introduced to TBCs through pore-forming agents, such as polypropylene
(PP), polymethyl methacrylate (PMMA), high-density polyethylene (HDPE), polyether-
ether-ketone (PEEK), mesocarbon-microbead (MCMB) carbon powder and so on [16]. Gao
et al. [17] used hollow spherical powder of YSZ with nano structured shells to prepare
multi-sized porous TBCs at nano and micron scale through atmospheric plasma spraying.
Masayuki Arai et al. [18] used polyester to create large pores at tens of microns scale in
TBCs, which had a porosity of about 40% and a very low thermal conductivity of about
0.3 W/m·K at 1100 ◦C. Therefore, constructed pores will be beneficial to insulate thermal
flows.

Pores are often seen as flaws or defects in bulk constructional materials. While, in
functional materials, pores take different effects according to the serving conditions. Pores
in thermal barrier coatings, especially closed pores, are filled with vacuum or motionless
air, which can be seen as poor conductor of heat and take the effects of heat insulator. While,
heat transfers mainly in the form of convection among connected or linked pores, especially
cracks, which will be not beneficial to lower thermal conductivity. Therefore, closed pores
are preferred to heat insulator. On the other side, pore size take positive contribute to
heat insulator [19–21]. In certain porosities, the number of interfaces among pores and
ceramics increased greatly with the decrease of pore size, which would decrease the
thermal conductivity furtherly. Generally speaking, pores will be healed during sintering
of ceramics. Moreover, small pores, seen as flaws, can reduce sintering temperature under
certain circumstances and promote sintering processing [22]. Some scholars have found
through finite element simulation that the pore size decreases to nano size, the sintering
activity becomes strong [23–25]. In thermal barrier coatings, the serving temperature
becomes ever higher, which reaches near the sintering temperature. If the nano-sized
pores take the effects of activation in YSZ coatings, YSZ coating will sinter partially and
the thermal conductivity will increase [26–28]. Therefore, it is necessary to investigate
the thermal conductivity evolution of thermal barrier coatings with multi-sized porous
structure at nano and micro scales after serving at high temperature for a long-term. The
results can be used to improve the hot insulation as well as the efficiency of engines in hot
sections of advanced gas turbines and aeroengines.

In this work, thermal barrier coatings (TBCs) with multi-sized porous structure at
nano and micro scales were constructed through Ansys Workbench. Meanwhile, the real
multi-sized porous TBCs were prepared through atmospheric plasma spraying with hollow
spherical YSZ powders and polypropylene powders as pore forming agent. The evolution
of the thermal conductivity in TBCs with multi-sized pores after a long-term serving at
high temperature were simulated through Ansys and tested through laser flash heating
method, respectively.

2. Experimental Materials and Procedures
2.1. Powder and Coating Deposition

The hollow spherical 8YSZ powder (Metco 204 NS, Oerlikon, Schaumburg, IL, USA)
with a mean size about 80 µm were chosen as feedstock. The powder has a globular
shape as shown in Figure 1. Meanwhile, polypropylene powder (Guangdong Huachuang
Plastic Chemical Industry Co.Ltd, Foshan, China) with a mean size of about 50 µm was
chosen as pore forming agent as shown in Figure 2. Polypropylene powders with volume
content of 10% and 15% were added into 8YSZ powders through ball milling (ND7—04,
Nanda Tianzun Electronic Co., Ltd., Nanjing, China) at a roation speed of 120 rpm. The
mixed polypropylene powder was controlled as 0%, 10%, 15% in volume. Incol 718 nickel
alloy was used as the substrate. NiCoCrAlTaY powder (Amdry 997, Metco, Oerlikon,
Schaumburg, IL, USA) was used as bond coat material with a mean size about 100 µm
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as shown in Figure 3. Before coating deposition, the Incol 718 substrate was sandblasted
with 20–30 mesh brown corundum at the pressure of 0.8 Mpa which could clean on the
substrate surface and improve the bonding strength between the substrate and the coating.
The thermal barrier coatings were prepared through atmospheric plasma spraying (ZB-80,
Beijing Zhengbang Co. Ltd., Beijing, China) with the coating processiong parameters
shown in Table 1.
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Table 1. Plasma spraying parameters.

Coating Parameters

Bond Coat

Arc voltage (V) 67
Arc current (A) 540

H2 pressure (MPa) 0.3
Ar flow (SLPM) 36.7

Powder feeding rate (rad/min) 3.5

Top Coat

Arc voltage (V) 70
Arc current (A) 600

H2 pressure (MPa) 0.2
Ar flow (SLPM) 34.5

Powder feeding rate (rad/min) 3.7

2.2. Thermal Conductivity Simulation

According to the real structure of TBCs, the TBC model was divided into four parts
including the substrate, the bond coat, the thermally grown oxide and the top coat. To be
consistent with the sample’s size of thermal conductivity tested through laser flash heating
method, the diameter of the substrate was set as 12.6 mm and the thickness was 2.6 mm.
The thick-nesses of the bond coat and the top coat were 0.1 mm and 0.2 mm, respectively.
To simulate conveniently, the pores were idealized as spherical. To meet the real size scale
in the multi-sized porous TBCs, the pore sizes were proposed to be set as 0.3 µm, 3 µm and
30 µm scales. The multi-sized pores distributed randomly in the top coat in real. While, to
simulation simplely and conveniently, the radomly distributed multi-sized pores could
be arranged in layers with the same ratio of the each sized pores as the real TBCs as well
as the total porosities. The number of the three sized pores were set as 1000, 500, and 100
respectively. The total porosity was calculated to be 5%. The number of pores of different
sizes would be adjusted to obtain different porosities according to the real ratio of the
three scaled pores in the real multi-sized TBCs. The total porosities could be 5%, 10%, 15%
and 20% by adjusting the number of pores at different sizes. The appropriate simulation
model was based on the SEM-images and idealized to simple three directional distribution
with the same ratio of each sized pores and total porositiesas the real TBCs. Meanwhile,
the thickness of TGO was adjusted to the serving times according to the real thickness
evolutions of the TGO during the long-term serving at high temperature. The model was
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shown in Figure 4. HYPERMESH software was used to mesh the model. Figure 5 shows
the grids of the model after finite element grid generation.
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2.3. Characterization

The morphology of the original powder and the microstructure of the multi-sized
TBCs were examined by scanning electron microscopy (SEM; VEGA II-XMU, TESCAN,
Brno, Czech Republic). The porosities of the TBCs was determined by image analysis
including four steps: grayscale transformation, image preprocessing, image binarization
and statistics porosity. The thermal conductivity of thermal barrier coating was tested
through laser flash heating method with laser thermal conductivity meter (DLF-1200,
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TA, New Castle, DE, USA). The value of thermal conductivity is calculated according to
Formula (1):

K = DCpρ (1)

In the formula, K is the thermal conductivity (W·m−1·K−1); D is the thermal diffusivity
(m2·s−1); Cp is the specific heat (J·kg−1·K−1); ρ is the room temperature density of the
sample (kg·m−3) (The Archimedes drainage method is used to measure the density).

3. Results
3.1. Microstructure of the Deposited Porous TBCs

Figure 6 shows the cross-sectional microstructures of the coatings prepared with Metco
204NS powder and 0%, 10% and 15% volume contents of pore former. It was found that
the thickness of the top coat of the prepared thermal barrier coating was about 150 microns.
Through computer-imaging analysis of the SEM figures, the porosities of the TBCs were
6.44%, 15.52%, and 22.25%, respectively.
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3.2. Thermal Conductivity Computation of Porous TBCs after Long Time Serving

The temperatures, at which thermal conductivities were calculated, were set at 25 ◦C,
200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C, 1000 ◦C, 1050 ◦C, 1100 ◦C. The thermal conductivity of
the ceramic bulk was 2.3 W/m·K at 1100 ◦C and the thermal conductivity of the pores
was 0.0257 W/m·K at 1100 ◦C, which were referred in literatures [9–14]. Figure 7 shows
the temperature distribution isopleth of the coating at 1100 ◦C. The heating of the model
presented a gradient distribution. Figure 8 shows the heat flux distribution nephogram
of the coating at 1100 ◦C. Heat transferring in the coating was very high. While, heat
transferring in the pores was low, which reflected that the existence of pores improved the
heat insulation effects of the coatings.
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The thermal conductivity of the constructured multi-sized porous TBCs was calculated
through Ansys Software. The equivalent thermal conductivity of the TBCs was calculated
according to the internal heat insulation and steady-state thermal conductivity. The thermal
conductivities of the substrate structure and pores were certain. Meanwhile, the equivalent
thermal conductivity of the constructured multi-sized porous TBCs model was calculated
according to the simulation data. According to the Equations (2)–(4), the Equation (5) could
be obtained:

q = −k
dT
dx

(2)

q =
λ∆T

d
(3)

q =
J
S

(4)

λ =
q·d
∆T

=
J

d·∆T
(5)

where q was the heat flux, k was the scale constant, dT/dx was the temperature gradient, λ
was the equivalent thermal conductivity, ∆T was the temperature change before and after
heat conduction, d was the total distance of heat conduction, J was the heat flow and S was
the heat conduction area.

Figure 9 shows the equivalent thermal conductivity of the top coat in TBCs with
various porosities at different temperatures. The thermal conductivity of the TBCs de-
creased with the increase of serving temperature. Meanwhile, the thermal conductivity
of the TBCs reduced with the increase of porosities. The existence of pores reduced the
thermal conductivity of the coating and improved the thermal insulation effect of TBCs.
Figure 10 shows the thermal conductivity of TBCs with different porosities at 1100 ◦C
for different serving times. The thermal conductivity of the TBCs increased with the in-
crease of the serving times. With the prolongation of serving times, the multi-sized pores
would disappear partially among the boundaries of the deposited YSZ particles, which
would bring out the increase of the TBCs. Large pores at micron and tens of microns will
not disappear because the diffusion among YSZ particles could not penetrate across the
micro-sized pores especially tens of microns sized large pores. Meanwhile, the nano-sized
pores would disappear during the serving at high temperature, which would lead to the
increase of the thermal conductivity in the multi-sized porous TBCs. Therefore, the thermal
conductivity tended to be stable after about 60 days serving at 1100 ◦C, which was close
to the bulk’s thermal conductivity [9]. With the further prolongation of serving times, the
thermal conductivity of TBCs tended to be stable and unchanged. The porous structures
tended to be stabilized which led to the unchanged thermal conduction and finally would
ensure the stable operation of gas turbine engine.

3.3. Thermal Conductivity of the Multi-Sized Porous TBCs after Long-Term Serving at High
Temperature

Figures 11–13 show the cross-sectional microstructures of the multi-sized TBCs with
different contents of pore formers added at 1100 ◦C for different serving times. With the
prolongation of serving times, the multi-sized pores would disappear partially among the
boundaries of the deposited YSZ particles, which would bring out the increase of the TBCs.
Large pores at micron and tens of microns would not disappear because the diffusion
among YSZ particles could not penetrate across the micro-sized pores especially tens of
microns sized large pores. When the serving time reached 30 days, the large pores in the
coating began to connect with each other. When the serving time reached 60 days, the
macroporous connections completed. At that time, the porosity in the coating tended to be
stable and would not change with the extension of the serving time.
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The tested thermal conductivities of the multi-sized TBCs with different porosities at
1100 °C for different serving times as a function of temperature were shown in Figure 14.
The thermal conductivity of the bulk ceramic decreased with the increase of the serving
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temperature. The thermal conductivity of the TBCs decreased with the increase of the
content of the polypropylene powder. The existence of large pores could effectively
reduce the thermal conductivity. The thermal conductivity of the TBCs increased with the
increase of the serving times. As comparison to the tested results, the calculated thermal
conductivities of the multi-sized TBCs fitted to the tested ones very well after long-term
serving at high temperatures.

Coatings 2021, 11, x FOR PEER REVIEW 13 of 16 

 

 

 
(a) 

  
(b) (c) 

Figure 14. The tested thermal conductivities of the top coats in TBCs with different porosities at 1100 °C for different 
serving times: (a) 0%; (b) 10%; (c) 15%. 

4. Discussion 
4.1. Diffusion in Multi-Sized Porous TBCs and Nano Pores Extinction Mechanism 

Figure 15 shows the schematic model of the pore evolution mechanism of TBCs with 
multi-sized pores serving at 1100 °C for different times. With the prolongation of serving 
times, some of the multi-sized pores would disappear among the boundaries of the de-
posited YSZ particles, which would bring out the increase of the thermal conductivity of 
the TBCs. Large pores at micron and tens of microns would not disappear because the 
diffusion among YSZ particles could not penetrate across the micro-sized pores especially 
tens of microns sized large pores especially below the melting point of the materials. 
When the serving time reached 30 days, the large pores in micron size in the coating began 
to connect each other. According to the cross-sectional microstructure of the coating after 
a serving time of 60 days and 90 days as seen in Figures 11e,f, 12e,f and 13e,f, the 
macropores in micron size connected completely after 60 days’ serving at 1100 °C. At that 
time, the porosity in the coating tended to be stable and would not change with the exten-
sion of the serving time. 

Figure 14. The tested thermal conductivities of the top coats in TBCs with different porosities at 1100 ◦C for different serving
times: (a) 0%; (b) 10%; (c) 15%.

4. Discussion
4.1. Diffusion in Multi-Sized Porous TBCs and Nano Pores Extinction Mechanism

Figure 15 shows the schematic model of the pore evolution mechanism of TBCs
with multi-sized pores serving at 1100 ◦C for different times. With the prolongation of
serving times, some of the multi-sized pores would disappear among the boundaries of the
deposited YSZ particles, which would bring out the increase of the thermal conductivity
of the TBCs. Large pores at micron and tens of microns would not disappear because the
diffusion among YSZ particles could not penetrate across the micro-sized pores especially
tens of microns sized large pores especially below the melting point of the materials. When
the serving time reached 30 days, the large pores in micron size in the coating began to
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connect each other. According to the cross-sectional microstructure of the coating after a
serving time of 60 days and 90 days as seen in Figure 11e,f, Figure 12e,f and Figure 13e,f,
the macropores in micron size connected completely after 60 days’ serving at 1100 ◦C. At
that time, the porosity in the coating tended to be stable and would not change with the
extension of the serving time.
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4.2. Thermal Conductivity Evolution Mechanism in Multi-Sized Porous TBCs

The thermal conductivity of 8YSZ material decreased with the increase of the serving
temperature. The thermal conductivity of the porous TBCs decreased with the increase
of the contents of the polypropylene powder added into the feedstocks. It reflected that
the existence of pores could effectively reduce the thermal conductivity of the TBCs. The
thermal conductivity of the TBCs increased with the increase of the serving times. The
thermal conductivities of the multi-sized TBCs with 0%, 10% and 15% polypropylene
added into Metco 204NS powders were 2.02 W/m·K, 1.52 W/m·K, 0.72 W/m·K, at 1100 ◦C
without serving After 60 days of serving at 1100 ◦C, the thermal conductivities were
2.14 W/m·K, 1.64 W/m·K, 0.84 W/m·K, respectively.In general, the thermal conductivities
increased a little after 60 days of serving at 1100 ◦C. Some scholars investigated that TBCs
prepared with 8YSZ through APS had a porosity of 15% and a thermal conductivity of
0.8~0.86 W/m·K [29–32]. Although the pore’s effects on the thermal conductivity of TBCs
were discussed in their works, the pore’s evolution on the thermal conductivity after long-
term serving at high temperature. With the prolongation of serving times, some of the
multi-sized pores would disappear among the boundaries of the deposited YSZ particles,
which would bring out the increase of the thermal conductivity of the multi-sized TBCs.
Large pores at micron and tens of microns would not disappear because the diffusion
among YSZ particles could not penetrate across the micro-sized pores especially tens of
microns sized large pores. Meanwhile, the nano-sized pores would disappear during the
serving at high temperature, which would lead to the increase of the thermal conductivity
of the multi-sized porous TBCs for its high activities of sintering at relative low temperature
of 1100 ◦C [29], which was lower than the melting point of 8YSZ. Therefore, the thermal
conductivity tended to be stable after about 60 days serving at 1100 ◦C, which was close
to the bulk’s thermal conductivity [9]. With the further prolongation of serving times,
the great gaps between the deposited particles with tens of microns pores could not be
filled through diffusion at 1100 ◦C. The porous structures tended to be stable, which
led to the thermal conductivity of TBCs unchanged and finally would ensure the stable
operation of gas turbine engine. Large pores at microns and tens of microns would take
the effects of sintering resistance, which was helpful to TBCs’ long-term serving at high
temperature. Therefore, multi-sized porous TBCs could serve with a relatively stable
thermal conductivity after a period high temperature serving in long-term serving at high
temperature. Meanwhile, TBCs with closed pores had lower thermal conductivity than
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the conventional ones. During the serving of TBCs at high temperature for long terms,
the TBCs would experience some changes especially fines pores which would affect the
TBCs’ thermal conductivity as well as the thermal insulation. The thermal conductivity
of the porous TBCs after long-term serving could be tested experimentaly. While, it
would take long times in serving at high temperature. Simulations to evaluate the TBCs’
thermal conductivity in long-term serving at high temperature would save times and
costs effectively.

5. Conclusions

Multi-sized porous thermal barrier coatings at micro and nano scales were prepared
through hollow spherical powders of Metco 204NS and micron-sized polypropylene pow-
ders through atmospheric plasma spraying. The thermal conductivities of the multi-sized
TBCs after a long-term serving at high temperature were tested through laser flash heating
method and simulated through Ansys software. The calculated thermal conductivities of
the multi-sized TBCs fitted to the tested ones very well after long-term serving at high tem-
peratures. The thermal conductivity of the TBCs increased with the increase of the serving
times. The thermal conductivity tended to be stable after about 60 days’ serving at 1000 ◦C,
which was close to the bulk’s thermal conductivity. With the prolongation of serving times,
the nano-sized pores would disappear during the serving at high temperature. Large pores
at micron and tens of microns would not disappear, which were helpful to anti-sintering.
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