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Abstract

The solution precursor plasma spray (SPPS) process has been used to deposit ZrO2–7 wt.% Y2O3 thermal barrier coatings (TBCs) that
contain alternate layers of low and high porosities (layered-SPPS). The thermal conductivity of the layered-SPPS coating is found to be
lower than those of both a SPPS coating with distributed porosity and an air-plasma-sprayed coating of the same composition, in the
temperature range 100–1000 �C. Analytical and object-oriented finite element (OOF) models have been used to analyze the experimental
thermal conductivity data. The OOF model is better at describing the experimentally measured thermal conductivities than the analytical
model, and the OOF model captures accurately the effect of real microstructures on the thermal conductivities of these plasma-sprayed
TBCs.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Air plasma spray (APS) is a low-cost method for depos-
iting ceramic thermal barrier coatings (TBCs) used to pro-
tect and to insulate hot-section metallic components in gas
turbine and diesel engines [1–3]. The ubiquitous ‘‘splat’’
boundaries and microcracks in APS TBCs that run parallel
to the metal/ceramic interface are highly effective in reduc-
ing the thermal conductivity of APS TBCs. However, the
‘‘splat’’ boundaries and the microcracks are also the source
of weakness in APS TBCs, limiting their in-service spalla-
tion life [4,5].

To that end, a new plasma-based coatings deposition
method – solution precursor plasma spray (SPPS) – has
been developed and used to deposit highly durable TBCs
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[6–8]. In the SPPS process, an aqueous chemical precursor
feedstock that results in a ZrO2–7 wt.% Y2O3 (7YSZ) cera-
mic solid solution is injected into the plasma jet. This is in
contrast to the APS process, where ceramic powder is used
as the feedstock [9,10]. By virtue of the deposition mecha-
nisms that are fundamentally different from those in the
APS process, the microstructures of SPPS TBCs are vastly
different from those of APS TBCs. The key microstructural
features of the SPPS TBCs are: (i) distributed porosity;
(ii) through-thickness vertical cracks; and (iii) lack of
large-scale ‘‘splat’’ boundaries/cracks. The porosity and
the through-thickness vertical cracks impart strain-toler-
ance to the TBC, while the lack of large-scale splat bound-
aries effectively toughens the TBC [8].

Although SPPS TBCs have been found to be highly
durable in cyclic heating/cooling laboratory tests where
thermal gradients were not involved, SPPS TBCs have
thermal conductivities higher than APS TBCs [6]. This
rights reserved.
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Fig. 1. SEM micrographs of the APS coating at: (a) low magnification;
and (b) high magnification. Arrows in (b) indicate splat boundaries.
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provides the motivation for reducing the thermal conduc-
tivities of SPPS TBCs for use in engine environments where
steep thermal gradients across TBCs are desired.

In this context, we exploit the versatility of the SPPS
process in depositing layered TBCs with microstructures
engineered for reducing the thermal conductivity. Here
we use the SPPS method to deposit 7YSZ TBCs with alter-
nating layers of low and high porosities. The layered-SPPS
TBCs are found to have thermal conductivities lower than
those of both SPPS TBCs and APS TBCs of the same
chemical composition. Analytical modeling and the
object-oriented finite element (OOF) method are used to
analyze microstructural effects on the thermal conductivi-
ties of the TBCs studied here. This is in an effort to support
and to guide microstructural design of low-thermal-
conductivity TBCs.

2. Experimental

Both SPPS and APS coatings were deposited, using the
same direct-current 9MB plasma torch (Sulzer Metco,
Westbury, NY) attached to a six-axis robotic arm, on
grit-blasted, plasma-preheated (preheating temperature
�200 �C) 304 stainless steel disk substrates (diameter
25.4 mm, thickness 4 mm). For SPPS coatings the feed-
stock used was an aqueous precursor solution of zirconium
and yttrium salts (Inframat Corp., Farmington, CT), to
result in a solid solution of 93 wt.% ZrO2 and 7 wt.%
Y2O3 (7YSZ) in the coating. Two different types of SPPS
coatings were deposited under different processing condi-
tions, one to result in a coating with distributed porosity
and the other to result in alternate layers of low and high
porosities. For APS coatings, ceramic powder feedstock
(Metco 204NS, Sulzer Metco, Westbury, NY) of a similar
composition was used. The final coating thickness for all
three types of coatings (APS, SPPS, and layered-SPPS)
deposited here was 1.3 mm.

Cross-sections of the three types of coatings were cut
and polished to a 1 lm final finish using routine metallo-
graphic techniques. The cross-sectional coating microstruc-
tures were observed using optical microscopy and a
scanning electron microscopy (SEM; Quanta, FEI, Hills-
boro, OR). Quantitative image analysis was performed
on the SEM images (at least 25 micrographs per coating)
using a image-analysis software (Clemex Vision, Clemex
Technologies Inc., Longueil, Canada) and stereological
formulations [11].

Thermal conductivity measurements were performed
using a method described in earlier studies [6,12,13].
Briefly, free-standing coatings of as-sprayed APS, SPPS,
and layered-SPPS were obtained by dipping the specimens
in a 40% HNO3 solution for 2 h, where the acid attacked
selectively the partially attached metal/ceramic interfaces.
These were then cut and ground into plates (8.8 · 8.8 ·
1 mm3). Thermal diffusivity (j) of each plate specimen
was measured at various temperatures in the range 100–
1000 �C during heating using the laser-flash technique
(Thermaflash 2200, Holometrix, Bedford, MA) in Ar
atmosphere. Prior to thermal diffusivity measurements,
the front and the back faces of each specimen were coated
with two thin layers of gold and carbon, respectively, to
prevent direct transmission of the laser beam through the
translucent specimens. Appropriate corrections were made
in the thermal diffusivity calculations to account for the
presence of these layers. The precision of the thermal diffu-
sivity measurements was ±5%. The specific heat capacities
(c) as a function of temperature for 7YSZ was obtained
from a previous study [6]. Densities (q) of the plate speci-
mens were measured using the Archimedes principle, with
deionized water as the immersion medium. The thermal
conductivity (k) is given by k = jqc.

3. Results and discussion

3.1. Microstructures

Figs. 1(a) and (b) show SEM micrographs of the APS
coating at low and high magnification, respectively, show-
ing splats, splat boundaries/cracks, vertical microcracks,
and pores. These microstructures are similar to those doc-
umented in the APS coatings literature [9,10]. The density
of the APS coating was found to be 5.16 g cm�3, or 0.15
volume-fraction porosity (/), assuming the density of fully
dense 7YSZ to be 6.07 g cm�3.

Figs. 2(a) and (b) show SEM microstructures of the
SPPS coating at low and high magnification, respectively.



Fig. 2. SEM micrographs of the SPPS coating at: (a) low magnification;
and (b) high magnification. Arrows in (a) indicate vertical cracks.
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Note the absence of large splats and splat boundaries/
cracks that are always present in the APS coatings. The
porosity in the SPPS coating appears to be distributed,
but with a somewhat horizontal texture. The SPPS coatings
are also characterized by through-thickness vertical cracks
(Fig. 2(a)).

Figs. 3(a)–(c) show microstructures of the layered-SPPS
coating at low (optical), medium (SEM), and high (SEM)
magnifications, respectively. The interleaved low- and
high-porosity layers, and the through-thickness vertical
cracks, are clearly visible in Fig. 3(a). Figs. 3(b) and (c)
show that the pores within the high-porosity layers are
not continuous. The dashed lines in Fig. 3(c) mark the
approximate locations of the high- and low-porosity layers,
where the high-porosity layers contain elongated pores pri-
marily, while the low-porosity layers contain mainly round
pores.

For analytical modeling of microstructural effects on
thermal conductivity, detailed image analysis of the SPPS
coatings was performed with the following assumptions:
(i) elongated pores are approximated by disks, with dia-
meter d and thickness t, and aspect ratio d/t > 1.25; and
(ii) round pores of d/t < 1.25 are approximated by spheres.
In the case of layered-SPPS coatings the following assump-
tions are made: (i) high-porosity layers of thickness LDisk

contain only disk-shaped pores; and (ii) low-porosity layers
of thickness LSphere contain only spherical pores. All disk-
shaped pores are assumed to be parallel to the substrate/
coating interface and perpendicular to the heat flux. These
assumptions, depicted schematically in Fig. 4, are essential
for striking a balance between simplifying the representa-
tion of complex microstructures for analytical modeling
and capturing the key microstructural characteristics.

Table 1 summarizes the data from the detailed image
analyses of the SPPS and layered-SPPS coatings.

The densities of the SPPS and the layered-SPPS coatings
were measured to be 4.73 and 4.13 g cm�3, respectively.
The corresponding porosity volume fractions (/) of
0.22 and 0.32 for SPPS and layered-SPPS coatings, respec-
tively, compare with those estimated from image analysis
(Table 1).

3.2. Thermal conductivity: experimental data

Fig. 5 shows a plot of thermal conductivity as a function
of temperature for APS, SPPS, and layered-SPPS coatings.
Thermal conductivity data for fully dense, hot-pressed
7YSZ from a previous study [12] are included in Fig. 5
for comparison. Overall, although the thermal conductivi-
ties in Fig. 5 are seen to decrease with temperature, they are
not a strong function of temperature, which has been
attributed to strong phonon scattering in zirconia ceramics
[14–16].

The thermal conductivity values for the APS coating
(0.8–1.0 W m�1 K�1) in Fig. 5 compare with the data
obtained by others for 7YSZ APS coatings [17–19]. The
thermal conductivities of the SPPS coating (1.0–
1.2 W m�1 K�1) are found to be higher than those of the
APS coating. Note that the SPPS coating is thermally more
resistive than TBCs fabricated using electron-beam physi-
cal vapor deposition (EB-PVD); thermal conductivities
of 7YSZ EB-PVD coatings are in the range 1.5–
2.0 W m�1 K�1 (not shown here) [18–20]. In Fig. 5 it can
be seen clearly that the layered-SPPS coating is thermally
more resistive (thermal conductivity 0.7–0.8 W m�1 K�1)
than both the APS and the SPPS coatings in the tempera-
ture range studied.

3.3. Thermal conductivity: analytical modeling

The reduced thermal conductivity of the porous coat-
ings, relative to the dense 7YSZ, is considered to be solely
due to the missing dielectric medium in the form of pores.
This is described by the Maxwell equation for materials
with spherical, non-interacting pores of volume-fraction
porosity /Sphere [21]:

kSpherical pores

kDense

¼ 1� 3

2
/Sphere ð1Þ

The pores are assumed to be non-conducting, and their
sizes are too large to scatter phonons [16]. Scattering of
radiation by pores is also neglected because the radiation
penetration depth of plasma-sprayed coatings is negligible
(�10 lm) [22]. However, the coatings studied here contain
non-spherical pores, and therefore we consider a model



Fig. 3. (a) Low-magnification optical micrograph of the layered-SPPS coating showing alternate layers and vertical cracks (arrows). SEM micrographs at
(b) low and (c) high magnification, showing the alternate layers of low and high porosities. Dashed lines in (c) demarcate approximate boundaries between
low- and high-porosity layers.
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proposed by Kachanov and co-workers [23,24] that takes
into account non-spherical morphology of pores. For
disk-shaped pores aligned normal to the heat flux (Fig. 4)
the thermal conductivity reduction is given by [23–25]

kDisk Pores

kDense

¼ 1� 2/Disk

p

� �
d
t

� �
ð2Þ

Consider the SPPS coating which contains both spheri-
cal and disk-shaped pores. The combined effect of the two
different types of porosities on the thermal conductivity
SPPS is given by [26]

kSPPS¼
1

2
f4

/Disk

1�/Sphere

 !
f3ð/SphereÞþ f3

/Sphere

1�/Disk

� �
f4ð/DiskÞ

( )
kDense

ð3Þ

where f3 and f4 are functions representing Eqs. (1) and (2),
respectively. Using Eqs. (1)–(3) and the microstructural
data from Table 1, the calculated thermal conductivity of
the SPPS coating is plotted in Fig. 5. The calculated ther-
mal conductivities are within 12.7% of the experimental
values, and they are consistently lower than the experimen-
tal values. This could be due to various reasons, including
(i) overestimation of the porosities in the coatings and (ii)
assumption of all disk-shaped pores being aligned normal
to the heat flux, which may not be strictly valid.

Consider the layered-SPPS coating, which contains
alternating layers of spherical pores (low porosity) and
disk-shaped pores (high porosity) (Figs. 3 and 4). Thus,
the conductivity of the layered-SPPS coating is given by

kLayered-SPPS ¼
f3ð/SphereÞf4ð/DiskÞðLSphere þ LDiskÞ
f3ð/SphereÞLDisk þ f4ð/DiskÞLSphere

 !
kDense

ð4Þ
Using Eqs. (1), (2) and (4), and the microstructural data
from Table 1, the calculated thermal conductivities of the
layered-SPPS coating are also plotted in Fig. 5. The agree-
ment between the calculated and the experimental values is
within 11.3%, which is better than that in the SPPS-coating
case. Once again, the calculated values are consistently
lower than the experimental values, which can also be
attributed to the reasons mentioned above. Nevertheless,
the agreement between the calculated and experimental
thermal conductivities is noteworthy considering that there
are no adjustable parameters in Eqs. (1), (2) and (4).



Table 1
Results of the microstructural characterization of the SPPS and layered-
SPPS coatings

Microstructural parameter Symbol SPPS Layered-SPPS

Porosity volume fraction
from disk-shaped pores

/Disk 0.17 0.24

Porosity volume fraction
from spherical pores

/Sphere 0.07 0.06

Total porosity volume
fraction (/Disk + /Sphere)

/ 0.24 0.30

Average aspect ratio of
disk-shaped pores

d/t 2.84 3.34

Average thickness of
high-porosity layer (lm)

LDisk – 6

Average thickness of
low-porosity layer (lm)

LSphere – 4

Average vertical crack
spacing (lm)

W 170 300

Average vertical crack
gap thickness (lm)

u 0.11 0.13

Fig. 5. Thermal conductivity as a function of temperature. The symbols
represent experimentally measured data, and they are connected with
dashed lines. Error bars represent ±5%, which are about the size of the
symbols for SPPS, layered-SPPS, and APS coatings. The solid lines
represent results from the analytical modeling for SPPS and layered-SPPS
coatings. Experimental data for the dense 7YSZ is from Ref. [12].

Fig. 4. Schematic showing the different types of porosities (spherical and
disk-shaped) present in the SPPS and the layered-SPPS coatings. The
direction of heat flow (Q), and the thicknesses of the low (LSphere) and high
(LDisk) porosities are indicated. The disk-shaped pores are assumed to
have a diameter d and thickness t.
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Note that the vertical cracks in both SPPS and layered-
SPPS coatings have a negligible effect on the thermal con-
ductivity, as determined using the expression of Lu et al.
(Eq. (18a) in Ref. [25]) and the data in Table 1.

The thermal conductivity of the APS coating was not
analyzed using the models discussed above because the
microstructural parameters for that coating could not be
quantified satisfactorily. Instead, the newly developed
OOF method [27] was used to analyze the thermal conduc-
tivity of the APS coating. For comparison, the thermal
conductivities of the SPPS and layered-SPPS coatings were
also analyzed using the OOF method.

3.4. Thermal conductivity: OOF

OOF is a relatively new finite element-based approach
that combines data in the form of microstructures with fun-
damental material data (such as elastic modulus or thermal
conductivity of the constitutive phases) as a basis for
understanding the behavior of complex materials [27].
Although the current version of OOF (a public domain
software [28]) is limited to two-dimensional microstruc-
tures, it has been used successfully in analyzing elastic
modulus [29], thermal stresses [30,31], thermal expansion
[29], and thermal conductivities [32] of complex materials,
including APS TBCs.

In this study the inputs for two-dimensional OOF were
digitized SEM images of the APS, SPPS, and layered-SPPS
coatings. The microstructures were converted into binary
images consisting of only two distinct phases: 7YSZ and
pores (Ar gas). The 7YSZ phase was assigned dense-
7YSZ thermal conductivity from Fig. 5 for a given temper-
ature. Thermal conductivity of Ar was calculated using the
dilute gas approximation [33] for the entire temperature
range. The thermal conductivity of gas phase confined to
pores has been found to be different from its conductivity
in open space. The following analytical expression can be
used to estimate thermal conductivity (kGas) of a gas phase
in pores [22]:

kGas ¼
k0

Gas

1þ BT
dtP

ð5Þ

where kGas is the conductivity of Ar gas in open space, T is
the absolute temperature, P is the pressure, B is a constant
(2.5 · 10�5 Pa m K�1), and dt is the pore thickness. Aver-
age values of dt for the APS, the SPPS, and the layered-
SPPS coatings were measured to be 0.3, 0.6 and 1.9 lm,
respectively.

The binary images were then meshed using an adaptive
meshing procedure, which allowed the subdivision of
the elements and movement of nodes to conform to the



Fig. 7. OOF microstructure of the layered-SPPS coating with a superim-
posed thermal gradient of (T1 � T2). The cross-hatched region represents
porosity.
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microstructure. This helps in minimizing the energy func-
tional parameter of the mesh, which can be further reduced
by an ‘‘annealing’’ procedure at the conclusion of the
meshing operation. A finer mesh is created at the 7YSZ/
pore interfaces where higher temperature gradients are
expected, as shown in Fig. 6 for a small portion of the
layered-SPPS coating microstructure. A typical OOF mesh
for the layered-SPPS coatings consisted of up to 220,000
triangular elements for the 7YSZ phase, and up to 75,000
elements for pores, depending on the complexity of a spe-
cific microstructure. The top and the bottom of the meshed
micrographs were assigned constant temperatures of T1

and T2, such that a thermal gradient of 10 �C (T1 � T2) is
set up across the meshed micrographs, in the direction of
the expected heat flow in an actual TBC. The two vertical
sides of the micrographs were kept adiabatic. The resultant
heat flux was used to obtain the average thermal conductiv-
ity of the microstructure. Fig. 7 shows an example of a
microstructure (layered-SPPS) with superimposed thermal
gradient.

The thermal conductivity results from the OOF analysis
for the APS, SPPS, and layered-SPPS coatings are plotted
in Fig. 8. In the cases of the APS, SPPS, and layered-SPPS
coatings the agreements between the experimental data and
the OOF results are within 8.5%, 2.1%, and 6.0%, respec-
tively. These agreements are better than those obtained
using analytical modeling, despite that fact that OOF is a
two-dimensional model. This can be attributed to fact that
‘‘real’’ microstructures are used as input in OOF, instead of
the approximated, ideal microstructures used in the analyt-
ical modeling. This demonstrates the utility of OOF in cap-
turing accurately the effect of real microstructures on the
thermal conductivities of plasma-sprayed TBCs.
Fig. 6. OOF mesh of a small region of the layered-SPPS microstructure.
The dark and the light regions are 7YSZ and pores, respectively. Note the
finer mesh near the 7YSZ/pore boundaries.

Fig. 8. Thermal conductivity as a function of temperature. The symbols
represent experimentally measured data, and they are connected with
dashed lines. Error bars represent ±5%, which are about the size of the
symbols for SPPS, layered-SPPS, and APS coatings. The solid lines
represent results from OOF modeling for APS, SPPS, and layered-SPPS
coatings. Experimental data for the dense 7YSZ is from Ref. [12].
4. Summary

The microstructures of SPPS TBCs have been tailored to
contain alternate layers of high and low porosities (layered-
SPPS), in an effort to reduce the thermal conductivity of
SPPS TBCs. The thermal conductivities of the 7YSZ
layered-SPPS coating are found to be lower than those
of both the SPPS coating and the APS coating of the same
composition, in the temperature range 100–1000 �C. Analyt-
ical modeling and OOF have been used to analyze the
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experimental thermal conductivity data. The OOF model is
better at describing the experimentally measured thermal
conductivities than the analytical model, and the OOF
model captures accurately the effect of real microstructures
on the thermal conductivities of these plasma-sprayed TBCs.
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