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Based on the law of the conservation of energy, for the first time, novel mathematical formulations are
proposed to quantify the influence of splat interfaces and defects on the effective properties of plasma
sprayed thermal barrier coatings in spray direction, including the Young's modulus and the thermal
conductivity. Combined with finite element solution values and experimental results, a comparison between
effect coefficients of splat interfaces and defects shows that splat interfaces account for about 75–80% of the
total reduction in the effective Young's modulus, and for about 55–70% of the total reduction in the effective
thermal conductivity, indicating that the splat interfaces may have greater influences on the Young's
modulus than that on the thermal conductivity.
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1. Introduction

Plasma sprayed thermal barrier coatings (TBCs) have been widely
used for the protection of hot-section components in gas turbine. In
the current TBCs system, ceramic top-coat provides the thermal
insulation and is typically made of Y2O3-stabilized ZrO2 (YSZ), which
possesses a suite of desirable properties that make it the material of
choice for the top-coat [1]. The splat interfaces and defects (pores and
cracks) in ceramic top-coat influence effective properties, including
the Young's modulus and the thermal conductivity. To establish
quantitative correlations between microstructure and effective
properties is needed for optimal design. Relations of microstructures
and overall properties of coatings have been studied both theoreti-
cally and experimentally [2–5]. Hasselman and Singh [6,7] presented
expressions for the effect of microcracks on thermal conductivity and
elasticity of brittle ceramics. A model for the microstructure of plasma
sprayed coatings involving regions of good and poor contact between
lamellae was derived by McPherson [8] to provide an explanation for
the much lower thermal conductivity of coatings compared with the
bulk material. Ramakrishnan and Arunachalam [9] proposed equa-
tions for effective elastic modules of porous solids using the principle
of statistical continuum mechanics. Nakamura et al. [10] investigated
the effects of pore sizes, shapes, and orientations on the mechanical
properties of thermally sprayed ceramic coatings through detailed
finite element models with geometries similar to those of actual
ceramic containing many embedded pores. Sevostianov and Kacha-
nov [11] estimated the anisotropic properties of plasma sprayed
coatings by modeling the dominant elements of porous space (two
basic families of pores: parallel and perpendicular). Numerous
analytical models and traditional empirical formulas were applied to
evaluate effective properties of porous materials [12–19]. Recently,
finite element models for actual coating microstructures can be
generated by digital image processing, such as object-oriented finite
element (OOF) [20] method, which has become one of the most
common applications of capturing accurately the effect of real
microstructures on effective properties of thermal barrier coatings
(TBCs) [21,22]. Nakamura et al. [23] have provided significant
information to estimate the effects of splat boundaries through the
investigation of thermal cycled coatings based on OOF simulation
values and measured values. Up to now, however, the in-depth
theoretical research on effects of splat interfaces of TBCs is still rather
limited. What's more, no detailed expressions have been proposed to
quantify the influence of defects and splat interfaces on the effective
properties of plasma sprayed coatings in previous studies.

In the present work, novel mathematical formulations are
developed to quantify the contribution of splat interfaces and defects
on the effective Young's modulus and the effective thermal conduc-
tivity of ZrO2-8% Y2O3 coatings in spray direction. By means of finite
element method based on actual microstructural images of YSZ
coatings in conjunction with experimental results, a comparison
between effects of splat interfaces and defects on the effective
properties of plasma sprayed nanostructured YSZ coatings is taken.

2. Expressions for effects of splat interfaces and defects on
effective properties

When the stress or the heat flow transfers across the YSZ coating
shown in Fig. 1, supposing a unit thickness rectangular plate, the

mailto:fanqunbo@bit.edu.cn
http://dx.doi.org/10.1016/j.surfcoat.2010.03.057
http://www.sciencedirect.com/science/journal/02578972


3377S. Wei et al. / Surface & Coatings Technology 204 (2010) 3376–3381
localized effects will be induced by splat interfaces and defects, but
will dissipate or smooth out far away from interfaces or defects.
Because of the localized effects, nonlinear stress regionΩwith volume
VΩ or thermal gradient region Ψ with volume VΨ will occur around
interfaces and defects, as shown in Fig. 1(a) and (b), respectively.

2.1. Effects of splat interfaces and defects on the effective Young's
modulus

If the stress is gradually applied to the coating, all external work
will be converted into internal work called strain energy. Suppose the
plate is subjected to the uniform stress σ0 on the top, and the bottom
is fixed. If the final displacement is Δh, the external work becomes

W =
σ0⋅l⋅Δh

2
ð1Þ

where l is the width of the model, while the thickness is unit.
For the coatings without any interior defects, by Hook's lawwe get

U = ∫ε

0
σ0dε∫dx∫dy∫dz =

1
2
σ2
0

E0
∫VdV ð2Þ

where E0 is Young's modulus of the bulk material; ε is the strain; V is
volume of overall coating. Based on the principle of conservation of
energy, W=U, the Δh can be expressed as

Δh =
1
2
σ2
0

E0
⋅l⋅h⋅ 2

σ0⋅l
=

σ0⋅h
E0

ð3Þ

where h is the height of the model.
The effective Young's modulus is obtained according to the

following equations:

Eeff =
σ0

ε0
= σ

0=Δh
h
= E0 ð4Þ

Actually, interfaces and all kinds of defects make ceramic coatings
behave inherently very complex. With defects and interfaces inside,
Saint-Venant's principle claims that the localized effects caused by
any inside defect or interface acting on the body will dissipate or
smooth out within regions that are sufficiently removed from the
location of defect or interface. Furthermore, the resulting stress
distribution at these regions will be the same as that caused by any
Fig. 1. The YSZ coating plate with defect and splat interface inside. (a) Subject to a
uniform normal stress,Ω is the regionwhere nonlinear stress occurs around defects and
splat interfaces. (b) Subject to a temperature difference load, Ψ is the region where
nonlinear thermal gradient occurs around defects and splat interfaces.
other statically equivalent load applied to the body without defects
inside. Because of the localized effects caused by defects and
interfaces, nonlinear stress regions will occur around the defects.
Then, the total strain energy is rewritten as

U =
1
2
σ2
0

E0
1−ρð Þ⋅hl−VΩ½ � + ∫VΩ

ωdVΩ ð5Þ

where ρ is the porosity; ω is strain energy density at region Ω and
∫VΩωdVΩ is the strain energy of region Ω.

Considering W=U, Δh can be further written as

Δh =
σ2
0

E0
1−ρð Þ⋅hl−VΩ½ � + 2∫VΩ

ωdVΩ

σ0⋅l
ð6Þ

The effective Young's modulus can be expressed as

Eeff =
σ0

ε0
= σ

0=Δh
h

ð7Þ

According to Eqs. (6) and (7), the effective Young'smodulus can be
predicted as

1
Eeff

=
1
E0

1−ρ−VΩ

hl

� �
+

2∫VΩ
ωdVΩ

σ2
0 ⋅hl

ð8Þ

here,

2∫VΩ
ωdVΩ

σ2
0

=
1

2E0
∫VΩ½ σ2

x + σ2
y + σ2

z

� �
−2v σxσy + σyσz + σzσx

� �
σ2
0

+
2 1 + vð Þ τ2xy + τ2yz + τ2zx

� �
σ2
0

�dVΩ

ð9Þ

where σ is the normal stress; τ is the shear stress; and v is the
Poisson's ratio. In Eq. (9), the term in square bracket can be reduced as
a dimensionless quantity, which is decided by size distributions,
orientation direction and morphology of splat interfaces or defects
actually.

Considering,

2∫VΩ
ωdVΩ

σ2
0

=
f VΩð Þ
E0

ð10Þ

Thus,

Eeff = E0⋅
hl

1−ρð Þ⋅hl + f VΩð Þ−VΩ½ � ð11Þ

here, VΩ and f(VΩ) are functions related to defects and splat interfaces,
independent of the size of models.

If only considering defects, the Young's modulus is written as

Edefects = E0⋅
1

1 + α
ð12Þ

where α=[f(VΩ(defects)−VΩ(defects)] /hl−ρ, which is the Young's
modulus effect coefficient of defects.

For interfaces only, the Young's modulus is expressed as

Einterfaces = E0⋅
1

1 + β
ð13Þ

where β=[f(VΩ(interfaces))−VΩ(interfaces)] /hl, which is the Young's
modulus effect coefficient of splat interfaces.



Fig. 2. Flowchart illustrating the methodology for predicting effect coefficients.
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Actually, defects and splat interfaces are affected by each other, VΩ

and f(VΩ) will be affected by the locations of defects and splat
interfaces additionally. To separate the effects of defects and splat
interfaces, the effective Young's modulus is predicted as

Eeff = E0⋅
1

1 + α + β + λ
ð14Þ

where λ is the coefficient of interactive effect of defects and splat
interfaces. If defects and splat interfaces strengthen the mechanical
barrier abilities when interacting with other, the overall effect
coefficient of splat interfaces and defects shall be larger than the
mathematical sum of splat interfaces and defects effects, namely λN0;
otherwise, λb0.

2.2. Effects of splat interfaces and defects on the effective thermal
conductivity

Thermal conductivity K is the property of a material that indicates
its ability to conduct heat. It appears primarily in Fourier's law for heat
conduction.

q = −K∇T ð15Þ

∇T = n0
ΔT
dh

ð16Þ

here, q is the heat flux vector, ▽T is the temperature gradient vector,
ΔT is the temperature difference, dh is the thickness of conducting
surface separating the two temperatures, and n0 represents vector.

The effective thermal conductivity is determined with the steady-
state heat transfer analysis. The top and the bottom of the coating are
assigned constant temperature of T+ΔT and T, and the other two
boundaries are kept insulated, shown in Fig. 1(b), such that a
temperature difference of ΔT is set up across the plate. Under steady-
state conditions, the effective thermal conductivity, Keff, in the heat
flow direction can be computed with Fourier's equation:

Keff =
qΓ⋅h
ΔT⋅l ð17Þ

Here, qΓ is the total steady-state heat flux per unit thickness
through any transverse cross-section of the model.

Meanwhile, the total heat power Qsum in the coating converted by
the external work is

Q sum = Keff ⋅ΔT⋅l ð18Þ

Considering the localized effects caused by defects or splat
interfaces, a nonlinear thermal gradient region Ψ with volume VΨ

will occur around defects or splat interfaces. Then, the total heat
power is written as

Q sum = ∫VK0⋅ δ∇Tð ÞT∇TdV

= K0
ΔT
h 1−ρð Þ⋅hl−VΨ½ � + ∫VΨ

δ∇Tð ÞT∇TdVΨ

n o ð19Þ

where K0 is the thermal conductivity of the bulk material, and V is the
volume of the plate.

According to Eqs. (18) and (19), Keff can be expressed as

Keff = K0 1−ρ−VΨ

hl
+

∫VΨ
δ∇Tð ÞT∇TdVΨ

ΔT⋅l

" #
ð20Þ
Considering

∫VΨ

δ∇Tð ÞT∇T
ΔT
h

" #
dVΨ = f VΨð Þ ð21Þ

where the term in square bracket can be reduced as a dimensionless
quantity, which is decided by size distributions, orientation direction
and morphology of splat interfaces or defects actually.

Eq. (20) can be rewritten as

Keff = K0 1−ρ−VΨ

hl
+

f VΨð Þ
hl

� �
ð22Þ

here,Ψ and VΨ are functions are functions related to defects and splat
interfaces, independent of the size of models.

If only considering defects, the thermal conductivity is written as

Kdefects = K0 1−ϕð Þ ð23Þ

where ϕ=[VΨ(defects)− f(VΨ(defects))] /hl+ρ, which is the thermal
conductivity effect coefficient of defects.

For interfaces only, the thermal conductivity is expressed as

Kinterfaces = K0 1−φð Þ ð24Þ

where φ=[VΨ(interfaces)− f(VΨ(interfaces))] /hl, which is the thermal
conductivity effect coefficient of splat interfaces.

Actually, defects and splat interfaces are affected by each other. VΨ

and f(Vψ) will be affected by the locations of defects and splat
interfaces additionally. To separate the effects of defects and splat
interfaces, the effective thermal conductivity is predicted as

Keff = K0 1−ϕ−φ−γð Þ ð25Þ

where γ is the coefficient of the interactive effect of defects and splat
interfaces. If defects and splat interfaces strengthen the heat transfer
barrier abilities when interacting with each other, the overall effect
coefficient of splat interfaces and defects shall be larger than the sum
of splat interfaces and defects effects ,namely γN0; otherwise, γb0.



Fig. 3. Porosity and standard deviation as function of magnification for plasma sprayed
YSZ coating. SEM images at ×600 are chosen for higher porosity and lower standard
deviation.

3379S. Wei et al. / Surface & Coatings Technology 204 (2010) 3376–3381
3. Comparisons between effect coefficients of splat interfaces
and defects

As shown in Fig. 2, instead of calculating the effective properties
directly using the equations mentioned above, we predict the thermal
Fig. 4. Finite element model and distributions of stress and thermal gradient. (a) A SEM cros
with SEM image. (c) Stress profile. Grey color represents normal region (1±20% σ0) not a
gradient profile. Grey color represents normal region (1±20%ΔT/h) not affected by defects
conductivity and the Young's modulus of coatings by finite element
method (FEM) at first. To capture the real characteristics of the
microstructures, digital image processing technique is employed [24].
Two important issues should be considered. Firstly, the model sample
must be large enough to contain sufficient microstructural features.
Secondly, detailed microstructural features must be included in the
model to reflect the real microstructure of coatings [23]. As seen in
Fig. 3, the porosity is slightly increasing with increasing picture
magnification from ×200 to ×1000, while the standard deviation is
increasing rapidly. In our simulation, scanning electron microscopy
(SEM) images at ×600 with an average porosity of 8.28% is used. In
this paper, over 200 images are selected and more than 70,000
quadrangle elements are used in each finite element mesh, as shown
in Fig. 4(a) and (b). Since the Young's modulus and the thermal
conductivity of air are very small as compared to that of the bulk
material, zero Young's modulus and zero thermal conductivity are
assumedwithin defect areas. While the Young's modulus and thermal
conductivity of fully dense bulk material are chosen as E0=200 GPa
and K0=2.3 W/mK, respectively. Incidentally, those extremely thin
microcracks and micropores, which are not shown in these images
due to the limited resolution of micrograph, are not considered in our
simulation for their ignorable influences on the effective properties
(see more discussion in Ref. [23]).

With the aid of ANSYS code in conjunction with the Fourier's
equation and the stress equation (see more details in Refs. [21,23]),
the apparent Young's modulus and the apparent thermal conductiv-
ity, namely Ec and Kc, are computed in Table 1. It might be noted that
s-section image of YSZ coating (212 μm×159 μm). (b) Finite element model according
ffected by defects, while other colors indicate nonlinear stress region Ω. (d) Therma
, while other colors indicate nonlinear thermal gradient region Ψ.
l



Table 1
Estimated effective properties and effect coefficients of YSZ coatings.

EX EY KX KY

Computed values 142 GPa 132 GPa 1.85 W/mK 1.78 W/mK
Experimental results 56 GPa 1.08 W/mK
Effect coefficients α=0.515 ϕ=0.226

β=2.056−λ φ=0.304−γ
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the effects of splat interfaces can not be taken into account by FEM,
because the interface properties are unknown and not introduced. The
difference between FEM solution results and values of bulk material
can be attributed to defects (pores and cracks). Fig. 4 shows
distributions of stress in spray direction and thermal gradient under
steady-state conditions, grey color represents normal regions (1±
20% σ0 or 1±20% ΔT/h) not affected by defects, while other colors
indicate nonlinear stress region and thermal gradient region. In Fig. 4
(c) and (d), the stress contours and thermal gradient contours clearly
illustrate the effects of defects. There are obvious concentrations of
stress and thermal gradient around defects. Generally, higher stresses
or thermal gradients contribute to lower effective Young's modulus or
thermal conductivity. The Young's modulus and the thermal conduc-
tivity of the coating in the spray direction namely Ee and Ke are
measured as 56 GPa and 1.08 W/mK, respectively. As shown in Fig. 2,
the difference between calculated FEM results and experimental
values is attributed to splat interfaces and interactive effects of defects
and splat interfaces. The effect coefficient can be further expressed as

132 = 200
1

1 + α

56 = 200
1

1 + α + β + λ

8>><
>>: ð26Þ

1:78 = 2:3 1−ϕð Þ
1:24 = 2:3 1−ϕ−φ−γð Þ

�
ð27Þ

Thus,

α = 0:515
β = 2:056−λ

�
ð28Þ

ϕ = 0:226
φ = 0:304−γ

�
ð29Þ
Fig. 5. Finite elementmodels used to estimate effective properties and effect coefficients. (a) I
representing the splat interfaces in coatings. (c) The model containing defects and interfac
To compare effect coefficients of defects and splat interfaces,
additional methods are required to estimate λ and γ. Three artificial
finite element models with dimensions 25 μm×25 μm and more than
20,000 elements are designed in Fig. 5: all of the defects are idealized
and assumed to be spheroid elements with the aspect ratios of b/
a=0.6 (a and b are major and minor axes, a=0.7 μm) in Fig. 5(a); all
of the interfaces are idealized and assumed to be rectangle elements
with the size of 3.25 μm×0.125 μm in Fig. 5(b); Fig. 5(c) shows the
model containing defects and interfaces together. Corresponding
effective properties and effect coefficients are shown in Table 2. EY and
KY of the model in Fig. 5(a), only representing the defects inside of
coating, are approximately equal to computed values in Table 1. And
KY and EY of the model in Fig. 5(c), representing the defects and
interfaces inside of coating, are close to the experimental results.
Hence, β and φ of the model in Fig.5(b) could indicate the effect
coefficients of splat interfaces. By certain values of α, β and ϕ, φ, λ and
γ are calculated as 0.279 and −0.178, respectively. To ensure the
methodology's stability and reduce its sensitivity, more models,
whose EY and KY are similar to the ones' in Table 1, are chosen to
further make sure the range of γ and λ. Ultimately, we get

0 b γ bα
−ϕ b λ b 0

�
ð30Þ

Thus, β and φ can be further predicted as

3α b β b 4α
1:35ϕ bφ b 2:35ϕ

�
ð31Þ

A comparison between effect coefficients of defects and splat
interfaces, namely α and β, shows that the Young's modulus effect
coefficient of splat interfaces is more than triplicate effect coefficients
of defects, indicating that splat interfaces have much greater
influences on the Young's modulus than defects. Comparing ϕ and φ
it can be found that the splat interfaces makes more contribution than
defects in defining the thermal conductivity of plasma sprayed
coatings.

It is found that splat interfaces playmajor important role in defining
effective properties. Actually, it appears that splat interfaces account for
about 75–80% (75%b β

α + βb80%) of the total reduction in the effective
Young's modulus, and for about 55–70% (55%b φ

ϕ + φb70%) of the total
reduction in the effective thermal conductivity, indicating that the splat
interfaces have greater influences on the Young's modulus than that on
the thermal conductivity; their role as barriers to mechanical force
dealized spheroid elements representing the defects in coatings. (b) Rectangle elements
es together.



Table 2
Computed effective properties and effect coefficients of artificial models.

EY (GPa) α, β, γ KY (W/mK) ϕ, φ, λ

Fig. 5(a) 131 α=0.527 1.74 ϕ=0.243
Fig. 5(b) 74 β=1.703 1.15 φ=0.500
Fig. 5(c) 57 γ=0.279 1.00 λ=−0.178
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transfer is more significant than that as barriers to physical thermal
transfer. In future work, additional methods are required to verify the
underlying nature of splat interfaces role in plasma sprayed TBCs.

4. Conclusions

(1) Basedon the lawof the conservation of energy, novel expressions
are proposed to quantify the influence of splat interfaces and
defects on the effective Young's modulus and thermal conduc-
tivity of plasma sprayed thermal barrier coatings.

(2) Finite element models according to realistic microstructure of
coatings are generated to compute the apparent Young's
modulus and the apparent thermal conductivity. Meanwhile,
effect coefficients of defects are calculated by means of
analytical equations.

(3) Combining with finite element solution values and experimen-
tal results, effect coefficients of splat interfaces are evaluated. A
comparison between effect coefficients of splat interfaces and
defects shows that splat interfaces account for about 75–80% of
the total reduction in the effective Young's modulus, and for
about 55–70% of the total reduction in the effective thermal
conductivity, which indicates that the splat interfaces have
greater influences on the Young's modulus than that on the
thermal conductivity.
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