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The authors report results of investigation of thermal conductivity of nanocrystalline
yttria-stabilized zirconia. The optically transparent pore-free bulk samples were prepared via the
spark plasma sintering process to ensure homogeneity. Thermal conductivity K was measured by
two different techniques. It was found that the pore-free nanostructured bulk zirconia is an excellent
thermal insulator with the room-temperature K�1.7–2.0 W /m K. It was also shown that the
“phonon-hopping” model can accurately describe specifics of K dependence on temperature and the
grain size. The obtained results are important for optimization of zirconia properties for specific
applications in advanced electronics and coatings. © 2009 American Institute of Physics.
�doi:10.1063/1.3264613�

I. INTRODUCTION

Yttria-stabilized zirconia �YSZ� has been widely used as
the high-temperature corrosion-resistive coating and thermal
barrier coating in spacecraft and jet turbine engines1 and as
material in solid oxide fuel cells.2 The high melting point
makes YSZ desirable for electromechanical applications.3 It
was also suggested that zirconia oxide �ZrO2� layers have
potential as gate dielectrics in Si complementary metal-
oxide-semiconductor technology, owing to their marked sta-
bility against silicate formation.4 The wide band gap of nano-
crystalline zirconia �EG�5.62 eV� provides transparency in
a broad spectral range �visible and UV�, allowing its appli-
cation in the optically addressed memory and solar cells.5

Most recently there was a notable increase in interest in
YSZ for possible new applications in future electronics. The
need for integrating conventional semiconductor electronics
with the low-noise high-speed superconducting electronics,6

which operate at cryogenic temperatures, stimulated the
search for optically transparent thermally insulating �OTTI�
materials. The devices, which are kept at distinctively differ-
ent temperatures, can be more efficiently linked optically
rather than electrically since electrical conductors would also
provide a thermal cross-talk following the Wiedemann–Franz
law. Continuing efforts in developing optical interconnects
and chip-to-chip links as well as the need, in some cases, to
limit heat spreading to certain regions of a chip increase the
interest to YSZ as an OTTI material. The needs for the ther-
mally insulating high-temperature materials for protecting
precision electronic devices are also growing. Such materials
should exhibit high insulating ability in a limited space and
withstand high temperatures. YSZ shows promises for this
type of applications as well.

In this paper we report the results of our investigation of
correlation between the thermal conductivity �K� and grain
size in nanostructured YSZ with bulk sizes, produced by a
new sintering process. For many novel applications of YSZ it
is important to find an optimum grain size, which would
provide an optical window in a right spectral range, while
simultaneously keeping K at minimum. It is known that the
absorption edge in YSZ increases with decreasing grain size7

and that dense fully stabilized zirconia made from nanostruc-
tured powder has improved light transmittance.8 Unlike pre-
viously measured nanocrystalline YSZ,9,10 our samples are
large pore-free ceramics �versus thin films or porous
samples�. The latter allows us to separate the effect of the
grain size from that of pores and microcracks on the thermal
conductivity. We also offer an accurate description of the
thermal conductivity of YSZ using the phonon-hopping
model �PHM�. PHM fits well YSZ as a granular material,
which is neither completely crystalline nor completely disor-
dered.

II. EXPERIMENTAL TECHNIQUES AND SAMPLE
PREPARATION

In order to reduce the systematic error we performed our
measurements using two distinctively different experimental
techniques. Specifically, we used the transient planar source
�TPS� technique, also referred to as the “hot-disk” method,
and the optical “laser flash” technique �LFT�. In the TPS
technique �hot disk�,11,12 a thin spiral heater sensor made of
Ni and covered with a thin electrically insulating kapton
layer was sandwiched between two pieces of YSZ samples.
The samples were heated by short electrical current pulses
with the power of 0.5 W for 10 s. The temperature rise in
response to the dissipated heat was determined from the
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change in the resistance of the sensor. The time dependence
of the temperature rise was used to extract the thermal con-
ductivity from the equation

�T��� = P��3/2rK�−1D��� , �1�

where � is the parameter related to the thermal diffusivity �
and the transient measurement time tm through the expres-
sion �= �tm� /r2�1/2, r is the radius of the sensor, P is the
input power for heating the sample, and D��� is the modified
Bessel function. The TPS instrument was coupled with the
“hot bath” �Haake� to change the sample temperature from
263 to 363 K. The sample in the metal holder was inserted to
the bath with 50% ethylene glycol used as the circulating
fluid.

In the LFT �Netzsch� measurement, a xenon flash lamp
produced shots with an energy of 10 J/pulse on the sample
surface while the temperature rise was measured at the other
end with the nitrogen-cooled InSb infrared detector.13 The
thermal-wave travel time allowed us to measure the thermal
diffusivity �. The thermal conductivity was determined as
K=��C, where � and C are the mass density and specific
heat of the material, respectively.

The YSZ samples were prepared using the spark plasma
sintering process. The nanocrystalline powder �Tosoh, Japan�
with a crystallite size of �50 nm was placed in graphitic
dies with the inner diameter of 19 mm and subjected to the
electrical current-assisted pressure-activated densification
process. The resulting samples were dense and pore-free.
The high dc flux used in this processing potentially enhances
mass transport in the samples and helped in achieving better
homogeneity.14,15 The YSZ samples with a mass of 1.5 g and
thickness H�1 mm were processed using two pressure
ramps and one temperature ramp. All powders were pre-
pressed at 70 MPa for 1 min in order to ensure a consistent
initial density. The pressure was then raised to 106 MPa at
room temperature �RT� followed by the temperature increase
to selected targets ranging from 1175 to 1250 °C. Upon
reaching the final temperature the pressure was raised to 141
MPa. This second load ramp is effective in removing re-
sidual porosity and increasing density. Details of the synthe-
sis were reported by some of us elsewhere.8 The sample
density was �99% of the theoretical in all cases. The lack of
porosity in the samples was further confirmed by their opti-
cal transparency. It is known that only extremely dense
samples can transmit light well due to the fact that pores are
efficient light scatterers. The outlined technique allowed us
to synthesize bulk sizes of the pore-free YSZ as opposed to
the thin films normally achievable with other techniques.

The samples selected for the thermal study had the grain
size variation from d=55 to 180 nm and were made from
powders of zirconia stabilized by 8 mol % of yttria �8-YSZ�.
Figure 1 shows a scanning electron microscopy �SEM� im-
age of a fracture surface of the YSZ sample. The grain size
was determined using x-ray diffraction and SEM image
analysis. The sample composition was verified with the
micro-Raman spectroscopy. Figure 2 shows typical spectra
of YSZ excited with 488 nm laser. The most pronounced
peak for all samples is seen at �600 cm−1. It originates from
F2g-symmetry Brillouin zone �BZ� center phonons.16,17 The

broadening of F2g peaks is explained by contributions from
non-BZ center phonons due to the disorder-induced relax-
ation of the selection rules. A1g and E2g peaks are also
present between �100 and 450 cm−1.

III. THERMAL CONDUCTIVITY DATA AND DISCUSSION

Most of the thermal conductivity measurements have
been carried out with TPS technique, which is better suited
for the large size YSZ samples. The noncontact optical LFT
approach works better for films and was used for cross-
checking the thermal data to make sure that the systematic
error is within acceptable limits. Figure 3 shows the thermal
conductivity measured by TPS technique as a function of
temperature for four YSZ samples with the grain sizes rang-
ing from 55 to 180 nm. The gradual increase in K value with
T is characteristic for the disordered materials. This depen-
dence is in sharp contrast with that for crystalline materials
where the thermal conductivity scales inversely proportional
to temperature, K�1 /T, due to the phonon umklapp scatter-
ing. For a variety of polycrystalline materials, an empirical
relationship can be written as K�1 /T� near RT.18 For the
YSZ samples � is �0.04. The RT value of K reduces from

FIG. 1. SEM micrograph of a fracture surface of the pore-free nanostruc-
tured YSZ sample processed at 1522 K.

FIG. 2. �Color online� Raman spectra of four nanostructured YSZ samples
with different grain sizes.

113507-2 Ghosh et al. J. Appl. Phys. 106, 113507 �2009�



2.47 to 2.03 W/m K with the decreasing grain size. As the
grains become smaller the number of grain boundaries in-
creases, causing stronger phonon scattering. The phonon
scattering on oxygen vacancies adds to the overall reduction
in the thermal conductivity.

To cross-check the experimental data we measured the
YSZ sample with 55 nm grain size using LFT. The obtained
RT value was K�1.56 W /m K ��=6.056 g /cm3 and C
=0.460 J /g−1 K−1�. The K increase with T was analogous to
the one shown in Fig. 3 and, over the examined T range, was
described approximately by the linear scaling law as K
=1.52069+0.00164T �W /m K�. The values and T depen-
dence obtained by TPS and LFT were consistent. Some dis-
crepancy, within the typical range for different thermal mea-
surement techniques, is explained by the thermal boundary
resistance effects, which vary in the noncontact optical, LFT,
and contact electrical, TPS, methods.

Traditionally the thermal conductivity in YSZ, like in
many other nanophase materials, is described within
Callaway–Klemens19 model. In this approach the scattering
on grain boundaries is treated as just one additional scatter-
ing mechanism added to scattering on point defects and other
imperfections. The problem with such an approach is that it
was initially developed for the low-disorder crystalline ma-
terials with the phonons described by the extended plane
waves.20 The considered YSZ samples hardly fall into such a
category. From the opposite side, the thermal conductivity of
completely disordered materials was calculated using so-
called minimum thermal conductivity model, which gives
the low bound for thermal conductivity of amorphous and
disordered materials.21 The 8-YSZ samples are crystalline
inside the grains and cannot be considered completely disor-
dered. For this reason, we propose to use an alternative
phonon-hopping model, recently developed for granular
materials,22 for description of the thermal conductivity of
YSZ. PHM works surprisingly well for YSZ and can present
a valuable alternative to treatment of heat transport in this
class of materials.

PHM assumes that inside a crystalline granular material
the phonon transport can be described by the conventional
Klemens formulas while phonon transfer, i.e., hopping, from
grain to grain is defined by some transparency parameter t.
This parameter can be calculated from the first principles in
the simplest cases while in others it is found via fitting to the
experimental data. The thermal conductivity is then found
as22

K = kBT�
0

TD/T

KiF�x�tA�/�	kB
−1Kia

2d + kBTDF�x�tA��dx ,

�2�

where kB is Boltzmann’s constant, Ki= �1 /3�CV
� is the
“bulk” thermal conductivity inside the grain, A is the mean
area of the grain-grain interface, 	 is Plank’s constant, � is
the grain size disorder factor, a=0.5084 nm is the lattice
constant, d is the diameter of the grain, F�x�= �9 /2�
��T /TD�4x4ex�x−TD /T�2�ex−1�−2, � is the phonon mean
free path �MFP�, 
 is the phonon velocity, and TD is the
effective Debye temperature. The phonon MFP inside the
grain can be obtained by calculating the scattering rates19,20

or, as it was done here, from the semiempirical relation �
= �20TMa� / �2T�, where TM =2973 K is the melting point
and =1.403 is the Grüneisen parameter for YSZ.23 The cal-
culated PHM curves for the thermal conductivity are shown
in Fig. 3 by solid lines, which match the experimental data
very closely. The transparency parameter for 8-YSZ samples
reduces with the decreasing grain size. The effective Debye
temperature extracted for our samples is TD=1300 K, which
is somewhat larger than values in the range 600–963 K re-
ported for YSZ.24 The latter is likely related to the pore-free
nature of our samples. The density of our samples was close
to the theoretical limit ��5.9 g /cm3�.

We now compare our results with previous studies re-
ported for YSZ, which were prepared by different techniques
and had some structural and morphological differences from
our samples. First, it is interesting to note that the absence of
pores in our samples does not lead to a noticeable increase in
the thermal conductivity. A variety of porous YSZ films were
reported to have K in the range of �1.5–3 W /m K.25 It is
likely that the smaller grain size and intergrain boundaries
can be responsible for comparable K in our samples. The
latter is good news for the proposed nanostructured pore-free
YSZ applications as thermal barrier materials in advanced
electronics. Bisson et al.26 showed that the thermal conduc-
tivity of single crystal zirconia strongly depends on yttria
content. They found that pure zirconia has a RT thermal con-
ductivity of 8.1 W/m K and in the fully cubic
�8 mol % Y2O3� modification it reduces to 2.3 W/m K. Our
samples of fully stabilized samples with 8 mol % Y2O3

have RT value range of �2.45–2 W /m K. Thus, our results
are consistent with the previous studies: the K values for the
single crystals are understandably higher. The thermal con-
ductivity of our YSZ samples with the largest grain size ap-
proaches that of the single crystals. Raghavan et al.9 mea-
sured the thermal conductivity of bulk YSZ nanocrystalline
ceramics with a wide range of porosity, grain sizes, and com-
position content. In contrast to our results, they observed no

FIG. 3. �Color online� Thermal conductivity of the high-density pore-free
nanostructured YSZ as a function of temperature shown for bulk-size YSZ
samples with the grain diameter ranging from d=55 nm to d=180 nm. The
experimental data points were obtained with the “hot-disk” technique. The
solid lines were calculated using the PHM.
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clear effect of grain size. It is likely that grain size depen-
dence in their samples was masked by the residual porosity.
Soyez et al.10 measured the thermal conductivity of cubic
YSZ thin films with nanocrystalline grains at RT. Their films
were porous �estimated �10% porosity� and had very small
grain sizes. The results reported in Ref. 10 show clear grain
size dependence and a steep drop in K at the grain sizes less
than 30 nm. However, they did not observe the dependence
of the thermal conductivity on the grain size for the grains
larger than 30 nm. As we discussed previously, thin films are
known to have porosity and microcracks. For this reason it is
difficult to decouple the effects of the porosity and defects on
the thermal conductivity from the effects produced by vary-
ing grain sizes. It is again likely that the porosity overshad-
owed the grain size dependence for the samples with the
grain size above 30 nm.

The proposed PHM description of thermal transport in
YSZ is expected to work even for much smaller grain sizes.
It was shown that PHM is valid for quantum dot superlattices
with the quantum dot sizes as small as few nanometers.27

IV. CONCLUSIONS

We measured the thermal conductivity of the optically
transparent pore-free nanostructured YSZ by two different
techniques. The large size of our bulk samples as well as the
absence of pores and cracks allowed us to distinguish the
effects of the grain boundaries on YSZ’s thermal conductiv-
ity. We have shown that the PHM, which can be better jus-
tified from the physics point of view, describes the heat con-
duction in YSZ very well. The obtained experimental results
and model description are important due to increasing inter-
est in YSZ for applications in advanced electronics. The
PHM with the extracted parameters can be used for YSZ
optimization for specific applications.
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