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a b s t r a c t

This work describes the experimental results of thermal diffusivities, thermal conductivities, and thermal
resistivities of single coatings, double coatings, and sintered ceramics of 4 mol% Y2O3-stabilized ZrO2 in
a temperature range from room temperature to 1000 ◦C. The fractured surface of the coated samples
revealed a columnar microstructure. The thermal conductivities and thermal diffusivities of both EB-
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PVD coatings and sintered ceramics decreased with increasing temperature. The thermal diffusivities
and thermal conductivities of double-layer coatings were lower than those of single-layer coatings and
sintered ceramics at a given temperature.

© 2009 Elsevier B.V. All rights reserved.
hermal conductivity
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. Introduction

Thermal barrier coatings (TBCs) are widely used in gas turbine
ngines to protect the underlying metal from the high operating
emperature and improve the durability of the components and
ngine efficiency [1–4]. TBCs generally consist of 7–8 wt% yttria-
tabilized zirconia (YSZ) with a high thermal expansion coefficient
nd low thermal conductivity and chemical inertness in combus-
ion atmosphere [5–8].

The YSZ top coats for TBCs were applied by either electron beam
hysical vapor deposition (EB-PVD) [9] or air plasma spray (APS)
10]. EB-PVD TBCs are used on advanced turbine blades to increase
ngine efficiency and improve blade performance at high operat-
ng temperatures because of their favorable properties, such as their
train-tolerant columnar microstructure, good thermal shock resis-
ance, strong bonding to the substrate, and smooth surface of the
oatings [11–13].

Thermophysical properties including thermal conductivity is
ne of the most important properties in the design of TBCs for
igh temperature application of gas turbine blades since the ther-
al efficiency by temperature drops across the coatings can be
ontrolled by the thermal conductivity and operating temperature.
ome investigations have already been reported regarding the rela-
ionship between the thermal conductivity and the microstructure
f TBCs [14–20].
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However, the influence of the temperature and microstructure
of single-layer coatings and multi-layer coatings on thermophysical
properties at the same YSZ composition has not been thoroughly
investigated. For this reason, the present work is focused on this
point.

The aim of this study is to determine the influence of the tem-
perature on thermophysical properties, such as thermal diffusivity,
thermal conductivity, and thermal resistivity of EB-PVD YSZ porous
coatings as well as of a sintered dense YSZ sample for comparison.
For this purpose, single-layer coatings and double-layers coatings
were deposited by EB-PVD.

2. Experimental procedure

4 mol% Y2O3-stabilized ZrO2 coatings by EB-PVD were applied to disc-shaped
YSZ substrates of 10.0 mm diameter. For the comparison of the thermophysical prop-
erties, sintered dense YSZ specimens of 10 mm diameter and 1.0 mm thickness were
prepared by pressure sintering at 1500 ◦C for 2 h. The coating process was carried
out using EB-PVD equipment (Von Ardenne Anlagentechnik).

A coating chamber under 1 Pa vacuum was used with a commercially available
63 mm diameter YSZ ingot (Daiichi Kigenso Co.) and a 45-kW electron beam gun.
The substrate temperature was 950 ◦C.

The average coating thickness for single-layer coatings was about 300 �m at
stationary substrate. Later coatings with 150 �m for double-layer coatings were
consecutively conducted on the top surface of previous coatings layer with 150 �m
which cool down to room temperature.

The deposition rate for double-layer coatings was about 5 �m/min at 1 rpm

of substrate rotation speed. The porosity of the samples was obtained by tak-
ing the difference between the density of the coated samples (as determined by
measuring their mass and volume) and the theoretical density (6.05 g/cm3) of
ZrO2–4 mol%Y2O3. Free standing EB-PVD coatings were obtained by machining
the substrate from the coated specimen prior to thermal conductivity measure-
ments.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:JANG.Byungkoog@nims.go.jp
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Table 1
Porosity of EB-PVD coatings and sintered ceramics of 4 mol%Y2O3–ZrO2.

Samples Porosity (%)
B.-K. Jang / Journal of Alloys an

The thermal diffusivity of the specimens was measured in a vacuum cham-
er with a temperature range of 25–1000 ◦C at 200 ◦C intervals with a laser flash
echnique [21] using a thermal analyzer (Kyoto Densi, LFA-501). Because of the
ranslucency of the specimens to the laser, the specimens were sputter-coated with
thin layer of silver and colloidal graphite spraying to ensure complete and uni-

orm absorption of the laser pulse prior to the thermal diffusivity measurement.
he laser flash method involves heating one side of the sample with a laser pulse
f short duration and measuring the temperature rise on the rear surface with an
nfrared detector. The thermal diffusivity is determined from the time required to
each one-half of the peak temperature in the resulting temperature rise curve for
he rear surface.

The specific heat of the specimens was also measured in the same tempera-
ure range during heating using a differential scanning calorimeter (Netzsch, DSC
04C) with reference materials of single-crystal alumina under argon gas. The exper-

mental thermal conductivity of the specimens was then obtained according to the
ollowing relationship:

= ˛ · C · � (1)

here k is the thermal conductivity, ˛ is the thermal diffusivity, C is the specific heat,
nd � is the density of the specimens. The microstructure of the coated samples was
bserved by SEM.

. Results and discussion

.1. Microstructure of EB-PVD coatings

A typical micrograph of single-layer and double-layer coatings

f ZrO2–4 mol%Y2O3 obtained by EB-PVD is shown in Fig. 1. The
racture surfaces of these layer coatings clearly reveal a textured

icrostructure with all the columnar grains oriented in the same
irection, i.e., with the c axes perpendicular to the substrate. The
idths of the columnar grains vary according to the distance from

ig. 1. SEM micrographs of 4 mol%Y2O3–ZrO2 coatings obtained by EB-PVD: (a)
ingle-layer coatings and (b) interface at double-layer coatings (the arrows show
he layer-interface pores).
Double-layer coatings 22.4
Single-layer coatings 9.1
Sintered body 0.5

the substrate despite the columns having the same crystallographic
orientation [22]. In addition, it was reported that the preferred crys-
tallographic growth directions of columns in the coatings are 〈1 0 0〉
[23].

The main difference between single and double layers in the
present sample coatings was in the porosity and interface proper-
ties. In other words, more pores can be easily formed at the interface
of inter-layers during double-layer than single-layer deposition.
When a subsequent layer is deposited on the top surface of the
previous layer for double-layer coatings, some space at inter-layers
can exist due to the roughness of the top surface of the columns of
the previous layer [23], which results in the formation of pores as
well as a non-uniform interface.

Table 1 shows the porosity of EB-PVD coatings and sintered
ceramics of ZrO2–4 mol%Y2O3. The porosity of the coated sample is
higher than that of the sintered sample. This means that the colum-
nar structure of coatings has many pores, such as intercolumnar
gaps, intragranular nanopores within columns, and nanopores at
feather-like features of the columns [22]. In addition, the porosity
of double-layer coatings is higher than that of single-layer coatings
due to the formation of pores at the interface. This microstructural
result can have an effect on the thermophysical properties, which
are discussed in the next chapter.

3.2. Thermophysical properties

Fig. 2 shows the representative temperature-rise response
behavior as a function of time on the rear surface of specimens
after laser pulse heating for sample double-layer coatings. The time
which reaches the maximum temperature in the temperature rise
curve increased with an increase in the measuring temperature.
This tendency is the same for single-layer coatings and sintered
samples.

To determine the thermal diffusivity, the following temperature
response on the rear surface of the specimen is obtained [21]:
�T = �Tm

[
1 + 2

∞∑
i=1

(−1)n exp

(
−n2�2

L2
˛t

)]
(2)

Fig. 2. Temperature rise curve as a function of time on the rear surface of specimens
after laser pulse heating at high temperature for double-layer coatings obtained by
EB-PVD.
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ig. 3. Thermal diffusivity vs. temperature of EB-PVD coatings and sintered ceramics
f 4 mol%Y2O3–ZrO2.

here ˛ and L are the thermal diffusivity and the thickness of the
pecimen, respectively, �T is the temperature rise of the specimen,
Tm is its maximum value, and t is the time after pulse heating.
The thermal diffusivity (˛) is described by the following equa-

ion:

= 1.38L2

�2t1/2
(3)

here L is the thickness of the specimen and t1/2 is the time period
orresponding to a temperature rise to half of the maximum tem-
erature on the rear surface of the specimens.

Fig. 3 shows the thermal diffusivities of the present specimens as
function of the measurement temperature. The figure shows that

he thermal diffusivities of the coated specimens decrease with the
ncrease in temperature. The present results are in agreement with
hat of thermal diffusivities for single-layer coatings with higher
orosity in the previous report [24].

The thermal diffusivities of double-layer coatings are signifi-
antly lower than those of a single-layer coating or sintered body
t a given temperature. This is caused by the high porosity and
on-uniform interface of double-layer coatings, which results in
he enhancement of phonon scattering.

The thermal conductivities of specimens are plotted as a func-
ion of the temperature in Fig. 4. The thermal conductivities of
he sintered specimens show a distinct tendency to decrease with

ncreasing temperature. The thermal conductivities of EB-PVD coat-
ngs decrease slightly with increasing temperature. It was reported
hat thermal conductivity of partially yttria-stabilized zirconia (P-
SZ) EB-PVD coatings decreased with increasing temperature [14].

ig. 4. Thermal conductivity vs. temperature of EB-PVD coatings and sintered
eramics of 4 mol%Y2O3–ZrO2.
pounds 480 (2009) 806–809

In addition, it is apparent that the thermal conductivities of the
coatings are remarkably lower than those of the sintered samples.
Based on this result, the porous columnar microstructure in the
coatings can be considered to be the dominant factor for obtain-
ing lower thermal conductivity. In particular, the reason that the
thermal conductivity of double-layer coatings is lower than that
of single-layer coatings is a microstructural difference, such as high
porosity and a non-uniform interface with micro-pores, as shown in
Fig. 1. In addition, it was reported that the thermal conductivity on
room temperature for multi-layer coated specimens decreases with
increasing number of coating layer [25–27]. Wolfe et al. fabricated
multi-layer coatings with about 120–133 �m between 1 and 20 lay-
ers [27]. In their report [27], the grain size was found to decrease
with the increasing number of layers for the TBCs, resulting in lower
thermal conductivity.

The influence of pores on lower thermal conductivity can be
explained as follows. This is consistent with results showing that
the porosity and/or defects provide a major contribution to the
reduction of the thermal conductivity of plasma-sprayed coat-
ings [28,29]. Furthermore, the porous interfacial microstructure
in double-layer coatings is very similar to those reported for the
splat microstructure (lamellar and cracked microstructure) coated
by plasma-sprayed coatings [28,29]. It has been reported that the
splat boundaries in plasma-sprayed coatings lead to the greatest
decrease in thermal conductivity [29].

In general, the presence of defects, for example pores, vacan-
cies, grain boundaries and inclusions, has been greatest effect in
decreasing the thermal conductivity of a solid. Pores and interface
primarily decrease the net section area through which heat can
be transported by phonon and so the reduction in thermal con-
ductivity depends not only on the volume fraction but also on the
architecture of pores [30]. This can be explained from the theory of
thermal conductivity by phonons (lattice waves).

In the fundamental work of the Debye phonon approximation
[31–33], the thermal conductivity can be expressed as an integral
over temperature T:

k = kB

2�2�

[
kB

h

]3

T3

∫ �/T

0

�(x)x4exdx

(ex − 1)2
(4)

where � is an appropriately averaged velocity of sound and kB and h
are Boltzmann’s and Planck’s constants, respectively. � is the Debye
temperature, x = hω/kBT, and �−�(x) is the scattering rate at temper-
ature T for a phonon of frequency ω.

Therefore, the lattice vibration of the thermal conductivity can
be written by [31]:

k = 1
3

∫ ωmax

0

C(ω, T)�(ω)l(ω, T)dω (5)

where C(ω)dω is the contribution to specific heat of the vibration
modes, which have a frequency between ω and ω + dω, �(ω) is the
phonon velocity, and l(ω,T) is the phonon mean free path.

The mean free path (l) of a phonon can be expressed as follows:

1
l

= 1
lp

+ 1
li

(6)

where lp and li are, respectively, the phonon–phonon scatter-
ing contribution and the phonon-impurity scattering contribution,
such as the interfaces, interstitials, grain boundaries, vacancies, and
lattice strain.

As observed from Eqs. (4)–(6), if the phonon mean free path

by the increase of phonon scattering at pores or defects can
be decreased, it can be understood that thermal conductivity
decreases. Consequently, in double-layer coatings, a high poros-
ity with micro- and/or nanopores as well as a non-uniform
interface will additionally limit the mean free path of phonons
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ig. 5. Thermal resistivity vs. temperature of EB-PVD coatings and sintered ceramics
f 4 mol%Y2O3–ZrO2.

nd thus contribute to a further decrease in thermal conductiv-
ty.

To evaluate the heat transport behavior, the thermal resistivi-
ies of the present specimens can be obtained by the reciprocal of
he thermal conductivity values. The thermal resistivities of speci-

ens are plotted as a function of the temperature in Fig. 5. Although
he thermal resistivities of single-coating specimens reveal a slight
ncrease, their values for the present specimens show an increasing
endency with increasing temperature. Their values of all speci-

ens reveal the almost constant above 800 ◦C. This means that the
eat transport in the present specimens is by lattice thermal con-
uction being known as phonon contribution. In the lattice mode of
eat transport, it is known that the phonon mean free path gradu-
lly decreases with increasing temperature, resulting in an increase
n the thermal resistivities due to the increase of phonon scattering.

For this case, the explanation on radiative thermal conductivity
onsidering the effect of photon in the transport of heat must be
ecessary [34,35].

. Conclusions

The thermophysical properties of EB-PVD porous coatings and
intered dense ceramics of 4 mol% Y2O3-stabilized ZrO2 were inves-
igated in a temperature range of 25–1000 ◦C. EB-PVD coatings had

porous columnar microstructure with gaps between columnar
rains. The thermal conductivities of the EB-PVD coatings were

emarkably lower than those of the sintered samples. Their val-
es showed a decreasing tendency with increasing temperature.

n addition, the thermal diffusivity and thermal conductivity of
ouble-layer coatings were found to be lower than those of single-

ayer coatings. This result was attributed to the enhancement of

[

[
[
[
[
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phonon scattering due to the formation of many pores at the inter-
face and the non-uniform interface in double-layer coatings. In
addition, the thermal resistivities of the present specimens showed
an increasing tendency with increasing temperature.
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