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The thermal barrier coating obtained by atmospheric plasma spraying (APS TBCs) has a distinct lamellar mi-
crostructure, in which the splats discontinuous interfaces running parallel to the metal/ceramic interface con-
tribute largely to the reduction in the effective thermal conductivity of APS TBCs. The dependency of such
contribution on the topological structure of the interface discontinuity is investigated in the present work.
Firstly, the concept of discontinuity of splats interfaces was defined to quantify the splats discontinuous inter-

faces revealed by microscopic observations. Then, the microstructure model with a random distribution of
discontinuous interfaces was established by utilizing the finite element simulation method to investigate the
effect of interlayer discontinuity on thermal conductivity of the APS TBCs. Finally, an optimal topological
structure of the interface discontinuity was found to be responsible for the lowest effective thermal conductivity
of the APS TBCs and typical parametrical tendencies demonstrated.

1. Introduction

Thermal barrier coatings (TBCs) are applied to protect substrate
metal from high-temperature gas and lower metal temperature, con-
sisting of a ceramic top coat and a bond layer. The top coat, usually a
kind of oxide ceramics, is primarily used to resist the heat flux, and the
bond layer is applied to improve the adhesion of the ceramic top coat
[1-3]. By utilizing different process, different microstructures of the
ceramic coat could be realized to optimize the overall performance of
the TBCs. Air plasma spray (APS), a low-cost method for depositing
ceramic thermal barrier coatings (TBCs), can produce the lamellar
structure ceramic TBCs, which have the ubiquitous ‘splat’ boundaries/
interfaces in APS TBCs. These ‘splat’ boundaries run parallel to the
metal/ceramic interface and are thought to be highly effective in re-
ducing the thermal conductivity of APS TBCs [4,5] as the interface
discontinuity would always increase the thermal resistance therein.

As a matter of fact, the effective thermal conductivity of the APS
TBCs is affected by such microstructures as interfaces, pores, cracks,
grain size and so on. Therefore, many researchers have taken various
experimental methods to explore the effects of microstructure in TBCs
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on its thermal conductivity. For instances, Chi [6]and Markocsan [7]
et al. regulated the microstructure of the coating by changing the
spraying parameters and using different powders to study the thermal
properties of YSZ coatings with different microstructure. The results
confirm the vital role of interlamellar pores and splat interfaces on the
effective thermal conductivity of the coating and enable opportunities
for microstructural tailoring through proper selection of feedstock
material and process conditions. Nitin P. Padture et al. used the solution
precursor plasma spray (SPPS) process to deposit YSZ TBCs with en-
gineered microstructures, claiming the layered-SPPS coating that con-
tains alternate layers of low and high porosities could get excellent
thermal insulation properties [8]. Guo combined low thermal con-
ductivity materials (LaPO4 and GdPO,) with yttria-stabilized zirconia
(YSZ), and utilized air plasma spay to fabricate the nanostructure
LaPO,/YSZ and GdPO4/YSZ double-ceramic-layer thermal barrier
coatings, which are of ultralow thermal conductivity [9,10]. In addi-
tion, some researchers have also studied the effect of microscopic
crystal structure of the coatings on its effective thermal conductivity.
Wang [11,12] and Feng [13] investigated the relationships among the
crystal structure, phase composition and thermophysical properties of
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materials by TiO, doped YSZ and Al,O3; doped Gds;TaO,, respectively.
At the same time, many researchers have also used some theoretical
methods to study the thermophysical properties of thermal barrier
coatings. For example, Jin studied the relationship between the effec-
tive thermal conductivity and the microstructure in the plasma sprayed
yttria-stabilized zirconia (YSZ) coatings based on the Lattice Boltzmann
method (LBM) and the effective thermal conductivity of TBCs fabri-
cated by different plasma spray technologies are estimated [14]. Wei
et al. proposed an analytical mathematical formulation to indicate the
relationship between defects and effective thermal conductivity and the
effects of shape and size of defects on the effective thermal conductivity
of TBCs are presented [15]. Sevostianov and Kachanov established a
model to calculate the anisotropic effective thermal conductivity of the
plasma sprayed ceramic coatings in terms of the relevant micro-
structural parameters, wherein the dominant porous space was treated
as the oblate(crack-like) pores [16]. T. Nakamura et al. [17] and Y.
Wang et al. [18] set up a detailed finite element model based on the
actual porous structure of the coating to investigate the effects of pore
sizes, shapes and orientations on the mechanical properties of TBCs.
Kulkarni and Allen quantified microstructure (porosity, opening di-
mensions, orientation and morphologies) in plasma sprayed YSZ
thermal barrier coatings through small-angle neutron scattering (SANS)
data, and assembled these microstructural parameters into finite ele-
ment model to predict thermal conductivity and elastic modulus of the
coatings [19].

However, in the aforementioned theoretical study of the influence
of coating microstructure on thermal conductivity, the researchers fo-
cused on the impact of pores on thermal conductivity and studied the
size, shape and distribution of pores respectively. As a result, there was
often an obvious deviation between the theoretical results and the ex-
perimental results, which could be due to the fact that the effect of the
discontinuous interface between layers on the thermal conductivity was
overlooked. Some scholars began to pay attention to this issue and had
characterized the splat interfaces in the plasma spraying coatings. Wang
[20] et al. observed the formation process of the splat interface, and
stated that not all of the flattened areas of molten droplets were bonded
perfectly. There're lots of discontinuous interfaces between splats, so
the thermal conductivity in the discontinuous splat interface area
would decrease obviously. By comparing the thermal conductivity of
the spray coating and the thermal cycle coating, they demonstrated the
significant impact of the splat interface on performances of the TBCs.
Moreover, Golosnoy et al. analyzed the heat flow across the splat in-
terface and claimed that the effective thermal conductivity is largely
controlled by the inter-splat bridge area based on a one-dimensional
analytical mode [21], in which the heat flow along the paths paralleling
to the interfaces have not been taken into account. Lu et al. char-
acterized the porous structure of the plasma sprayed coating and re-
vealed numerically that the splat interface has a significant effect on the
effective thermal conductivity [22]. However, there is no quantitative
description on the effect of the discontinuous splat interface on the
effective thermal conductivity of APS TBCs, in particular the influence
of topology of the interface discontinuity. This is a critical factor for
optimize the thermal performance of such APS TBCs through designing
the dimensions and locations of the interface discontinuities.

The dependency of the effective thermal conductivity of the APS
TBCs on the topology of the interface discontinuity is concentrated on
this paper. Firstly, the discontinuity of splat interfaces is quantified and
the location of the discontinuous interfaces is mathematically de-
scribed. Then, the finite element model is used to simulate the heat flow
through the TBCs and calculate the effective thermal conductivity,
which is verified by the experimental data. Finally, the effect of splat
interfaces discontinuity on thermal conductivity is investigated, and the
optimized topology of the discontinuous interface is obtained under the
present conditions. These methods as well results could be utilized for
the microstructure design of APS TBCs.
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Table 1

Spray parameters used for sprayed YSZ top coatings.
Ar He U I D F G
(L/min) (L/min) w) (A) (mm) (g/min) (Mpa)
27 1.67 75 600 85 21 0.4

Ar/He: Flow of Ar/He; U: Voltage; I: Electric current; D: Spray distance;
F: Powder feed rate; G: Cooling gas pressure.

2. Experiments and modeling
2.1. Coating preparation and microstructures analysis

The YSZ coatings were prepared by ZB-80X plasma spraying
equipment with YSZ (8 wt% Y»03) powders. The stainless steel wafer of
diameter 12.7 mm was used as a substrate to be sprayed, after rough-
ened by sandblasting. The spraying parameters are showed in Table 1.
Since the thermal expansion coefficients of the substrate and the
coating are different, the substrate and the coating could be separated
by heating the substrate and then cooling in water to obtain a separate
coating sample. The thickness of the separate coating is 1.375 mm. The
density of the sample was determined by the Archimedes method,
which is 5.1386 g/cm® The porosity of the coating samples was
quantified by the method of image analysis. Firstly, scanning electron
microscopy (SEM) was adopted to observe and screen the micro-
structure upon the polished cross-sections of the coatings, and then the
cross-sectional images of the coating are treated by threshold method to
count the pores within the coating. The pores can be characterized by
two types of pores, including the pores in every single layer and those at
the discontinuous interfaces. Finally, the commercial software Image J
was utilized to calculate the porosity only containing the volume
fraction of the pores within every single layer, which is averagely
8.08% for the coating samples in the present work.

The cross sections of the sample were observed by Quanta 200F
field emission environment scanning electron microscope. The typical
SEM micrographs of APS coatings specimens are shown in Fig. 1. It is
found that the 8YSZ coating sample coated by APS is a typical layered
structure, and the stacking of layers was observed upon the fracture
surfaces. The thickness of each layer of the batch is roughly 10.25 um
by statistics and the statistical characteristics of the thickness of each
layer is shown in Table 2. The interface discontinuities can be clearly
found between the adjacent layers and every layer is filled with pores or
separated regions. These features have been largely considered in the
present simulation studies.

2.2. Thermal conductivity measurement

The thermal conductivity of the coating has been obtained in-
directly. Firstly, the thermal diffusivity of the coating was gained by the
method of laser flash [23], and then the specific heat capacity and
density of the coating were measured, and finally the thermal con-
ductivity x was calculated by the formula:

Kk=¢pXCpXp (€8]

During the measurement of the thermal diffusivity of the coating
with the instrument FLA427, the forward side of the sample was irra-
diated by the pulsed Laser, and the temperature at the backward side of
the sample was monitored and recorded. And then the time when the
temperature of backward side of the sample reached half of its max-
imum temperature was adopted to estimate the thermal diffusivity of
the sample as [23]:

2

a= 0.1388L—
b2 )
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Fig. 1. (a), (b), (c), (d) SEM micrograph of the APS coatings, (e) and (f). SEM micrograph of discontinuous interfaces.

The specific heat capacity of 8YSZ, C, is a function of temperature
and can be calculated from the content of the oxide components and
their respective standard specific heat capacities. The respective stan-
dard specific heat capacity of each temperature of Y>03 and ZrO, can be
found in the thermodynamics manual [24], and according to the Neu-
mann-Kopprule rule [25], the specific heat capacity of 8YSZ is calcu-
lated by the following formula for several temperature levels as listed in
Table 3.

Cp-8ysz = 0.08Cy,y203 +0.92C; 7102 3

2.3. Modeling and verification

According to the microstructure of the APS thermal barrier coating
observed by SEM as shown in Fig. 1, it can be found that there are many
pores and cracks within the coating. There're also many imperfect
bonding regions between the splats, which is formed during depositing
the lamellar structure and results in obvious discontinuous interfaces
between the adjacent splats [20]. To quantitatively describe such dis-
continuous interface and analyze its effect, the discontinuity between
adjacent splats is defined as the ratio of the discontinuous interface area
to the total interface area for which the discontinuous interface and

continuous interface are indicated by dotted lines (Sq) and solid lines
(So) in Fig. 2, respectively.

Sd
n=
Sa + Se

4

Typically, the splat-interface discontinuity was calculated to be
approximately 45.4% for the present samples according to the SEM
photomicrographs and the statistical characteristics of the splat-inter-
face discontinuity are shown in Table 4. These experimental measure-
ment and other parameters as listed in Table 5 are applied to the finite
element model, in which the discontinuity is particularly proposed.

Moreover, some other mathematical treatments are applied in the
model as following: 1) The porosity is uniformly sprinkled into the bulk
material and the thermal conductivity of the bulk material with por-
osity is related to the thermal conductivity of the solid 8YSZ as [26]:
k=kox (1 - %); 2) The continuous interface is thermally perfect
conductive, while the discontinuous interface is thermally insulated
without considering surface thermal radiation herein; 3) The dis-
continuity of each interface is identical and equals to the variable n; 4)
The discontinuous interfaces distribute randomly between the adjacent
splats (layers).

The calculation of the effective thermal conductivity of the model is

Table 2

The statistical characteristics of the thickness of each layer.
Number 1 2 3 4 5 6 7 8 9 10 average
Thickness (pm) 9.85 10.25 10.86 12.25 9.28 9.75 8.96 10.22 10.42 10.66 10.25
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Table 3
Theoretical specific heat capacity of 8YSZ
Temperature (°C) 20 200 400 600 800 1000 1200
Cp-sysz(J/(g°K)) 0.45002 0.54121 0.57813 0.59984 0.61635 0.63971 0.64461
Splat
Discontinuous interface
(AT A Continuous interface
Fig. 2. The splat-interface discontinuity statistics and model simulation.
Table 4 L6
The statistical characteristics of the splat-interface discontinuity. - —=— Experimental results
215r ®  Numerical prediction
Number 1 2 3 4 5 6 average \E
= l4r
Sd(pm) 27.68 22,557 22.088 25.077 22.001 24.297 =
Sc(um) 32.3 27.793 28.457 26.843 2393  28.753 Zi1sl
n= Sd 42.30% 44.80% 43.70% 48.30% 47.90% 45.80% 45.40% E -
Sq+Sc 5 ) u
12,
'g \- < I/o
g ‘§§§“l————__ /’//’/.
S11f 8
Table 5 =
Model parameters. E 1.0 -
)
Item Thickness of each layer Number of layers Discontinuity ﬁ 09 L
value 10 125 45%
08 1 1 i 1 1 1

based on the Fourier's law and thermally conductive partial differential
equation.

q = —va (5)
oT
C,— = kV2T
Pors; 6

Where q is the heat flux vector, VT is the temperature gradient vector, k
is thermal conductivity, o is the material density, C, is the specific heat
capacity and V? is the Laplacian operator.

The effective thermal conductivity is computed with the steady-
state heat conduction analysis, which is described by Eq. (6) with
Z—f = 0. The given temperature boundaries are prescribed at both the
top and the bottom surfaces, while the insulated boundaries at the
vertical surfaces. Therefore, a certain temperature difference of AT is
established through the depth of the coating and the heat flux field is
computed by the Finite Element Method, which can be used together to
calculate the effective thermal conductivity with Fourier's law as
q,h

kar = 47

@)

Here, ke is the effective thermal conductivity, g, is the total steady-
state heat flux through the transverse cross-section of the model, h is
the thickness of the model and AT is the temperature difference be-
tween the top and bottom surfaces.
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200 400 600 800

Temperature (°C)

1000 1200

Fig. 3. Comparison of numerical results with experimental results.

The typical results of effective thermal conductivities estimated by
numerical computation and measured by experiment are shown in
Fig. 3, which indicate a well agreement as a whole. Although, there are
small deviations in magnitudes of thermal conductivity for most points,
which should be mainly due to the uncertainty of the thermal con-
ductivity of the bulk materials that used in the finite element model.

3. Results and discussion
3.1. The effects of interface discontinuity

Based on the verified layered model APS TBCs, the effects of dis-
continuity on thermal conductivity were investigated. Firstly, keep the
splat thickness constant, let the discontinuous interfaces randomly
distribute and change the discontinuity of the interfaces, and the
models with different degree of interface discontinuity are shown in
Fig. 4. The effective thermal conductivity of the coating was computed
at different levels of temperature and the results are shown in Fig. 5, in
which it can be found that the effective thermal conductivity would
decrease with increasing the interface discontinuity if the layer thick-
ness is kept constant. The results can also partially explain why the
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Fig. 4. Finite element models with different splat-interface discontinuity.
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Fig. 5. Effective thermal conductivity of TBCs with different splat-interface
discontinuity.

thermal conductivity of the thermal barrier coating will increase after
high temperature heat treatment [27]. Since the thermal barrier coating
is heat-treated at a high temperature, the discontinuous interface be-
tween the layers is fused and converted into a continuous interface
[28], which means that the degree of interface discontinuity of the
coating is reduced and therefore the thermal conductivity increased.

Then on, keep the discontinuity and the total thickness of the
sample fixed, change the thickness of each single layer, which is actu-
ally the vertical distances between the adjacent discontinuous inter-
faces as shown in Fig. 6.

It is indicated in Fig. 7 that the effective thermal conductivity of the
coating would increase with increasing the layer thickness, as which
means that density of the longitudinal distribution of discontinuous
interfaces decrease. That is to say, the coating changes into a more
continuous media if the thickness of each layer is increased.

3.2. The effect of the distribution of discontinuous interfaces

The previously discussed on the effects of discontinuity and layer
thickness are conducted for the cases of random distribution of

Spm 6pm

R

Tpm

BEEBEBEEEEPEEEESE

1.40 -

135 F

1.30

Thermal conductivity/(W/mk)

1.15 1 L 1 | L
5 6 7 8 9 10

Thickness of each layer(pm)

Fig. 7. Effect of thickness of a single layer on the effective thermal conductivity
of the coating.

discontinuous interfaces. As a matter of fact, the distribution of dis-
continuous interfaces is controllable in some extent [8,29,30], which
means that the thermal performance of the coating could be further
tailored. Of course, the effect of the distribution of the discontinuous
interfaces would be revealed herein to find out the probably existence
of the most optimization. This theoretical investigation is carried
through by keeping the discontinuity and the layer thickness fixed.
Without loss of generality, a tri-layer model with two interfaces is
adopted in this analysis, in which only one section of discontinuous
interface is taken into account for each interface as shown in Fig. 8(a).

The optimal solution to the relative location of the two dis-
continuous interfaces is derived with the parameters of layer thickness
d, total width a, and length of discontinuity n is variably distributed. An
ideal crack originated at x; is assumed to attribute for the section of the
discontinuous interface between the top layer and the middle layer, and
an ideal crack originated at x, for that between the middle layer and the
bottom layer. Therefore, the heat flow from top surface to bottom
surface has three heat transfer paths q1, q», g3 in parallel. The total heat
flow could be written as following if only the shortest heat conduction
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Fig. 6. Finite element models with different distances between discontinuous interfaces.
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Fig. 8. Sketch of the (a) general and (b) optimal distribution of discontinuous interfaces.
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Fig. 9. Heat flux field for the cases of random and overlapping discontinuous interfaces.

—
%)
T

—=a— Random distribution
—e— Overlapping distribution

-
S}
T

—
—_
T

g
o
T

Thermal conductivity/(W/mk)
1= —
0 o

S
2
T

—_— .

1 1 1 1 1 1
200 400 600 800 1000 1200

Temperature (°C)

e
o

Fig. 10. Effective thermal conductivity for the cases of random and overlapping
discontinuous interfaces.

path is considered.

X1 X2
AT AT
Qouar=Q+Q+ Q= k== + [k
o 2 JE+(n+x—x)?+d
a
AT
+ [
nrxy 20 ®)

Which is,
X1 X — X a—x—n
= kAT| — + + ~f (g, x
Qtotal (Zd d2+(n+x1—x2)2+d 2d )f(l 2)

9

As we can understand that, the less the total heat flow, the lower the

effective thermal conductivity. At the same time, to minimize the
quantity Qo is to minimize the function f(x1, x,), that is

_ _ a—-n-y Yy _
f(xz—xl)—f()’)—kAT[ = hﬂn_y)ud)_

kar | £ 4 y ! -1
2d J&2+(m—-y? +d 2d (10)

Immediately, the minimum value is obtained when y = x5-x; = a-n
with x, = a-n and x; = 0, which is the configuration of overlapping
discontinuous interfaces as shown in Fig. 8(b).

Therefore, it is revealed by the present solution that the configure of
overlapping discontinuous interfaces has the lowest effective thermal
conductivity and should be regarded as the most optimized option,
which is further verified by finite element analysis, which involves a
multilayer structure for generality. Typically, the contours of heat flux
field in the sample subjected to specified temperature boundaries are
shown in Fig. 9, wherein Fig. 9(a) and (b) represents the cases of
random distribution of discontinuous interfaces and overlapping
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of distribution of discontinuous interfaces on thermal con-

distribution of discontinuous interfaces, respectively. and the effective
thermal conductivity of the cases of random and overlapping distribu-
tion of discontinuous interfaces is computed and compared shown in
Fig. 10.

It is shown that the overlapping distribution of discontinuous in-
terfaces would be the optimal solution to minimize the effective
thermal conductivity of the multilayer coating when there is only one
discontinuous interface between two adjacent layers. It is also indicated
that the distribution of overlapping discontinuous interfaces would
maximize the heat transfer path of the heat flow, which decrease the

4830

effective thermal conductivity. The effect of the dispersity of the in-
terface discontinuity is further investigated with dividing the dis-
continuous interface into different numbers of section while keep the
interface discontinuity fixed, which means the total length of the dis-
continuous interfaces is identical. The optimized case of overlapping
discontinuous interfaces is always adopted in this model as shown in
the upper part of Fig. 11 and the typical contours of heat flux field are
shown in the lower part of Fig. 11. Further, the effect of the dispersion
degree of the discontinuous interfaces on the effective thermal con-
ductivity of the coating is shown in Fig. 12.

It is shown that the effective thermal conductivity would increase
with increasing the dispersity of the interface discontinuity, which
means that the thermal barrier ability of the interface discontinuity
would decrease with its degree of dispersion. This is due to the fact that
the increase of dispersion of the interface discontinuity provides more
outlets and shortcuts for the heat flow to pass through as shown in
Fig. 12, which shorten the heat transfer path and therefore enhance the
apparent thermal conductivity. However, the effective thermal con-
ductivity would converge into some steady value with increasing the
dispersity of the interface discontinuity to some extremity. This means
that the shortest heat flow heat transfer path has been realized for the
case of specified degree of interface discontinuity that is fully dispersed.

4. Conclusions

The effects of interface discontinuity of the APS TBC on its effective
thermal conductivity are investigated and it is found that the effective
thermal conductivity of the coating could be optimized by designing the
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topological features of the discontinuous interfaces. The detailed results
could be summarized as following.

(1) The effective thermal conductivity of the coating would be reduced
with increasing the interface discontinuity when the layer thickness
is fixed.

(2) The effective thermal conductivity of the coating would increase
with increasing the layer thickness of the splats when the interface
discontinuity is fixed.

(3) The overlapping distribution of the discontinuous interfaces is
found to be the optimized status for minimizing the effective
thermal conductivity of the coating.

(4) The effective thermal conductivity of the coating would increase
with increasing the dispersion of the discontinuous interfaces, al-
though the thermal conductivity would approach to some steady
value when the dispersion is large enough.
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