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The thermal conductivity of yttria-stabilized zirconias has been determined numerically, by applying a
nonequilibrium molecular dynamic calculation. Comparing random configurations and Monte Carlo configu-
rations in which chemical correlations are taken into account, we have established that the short range order
developing in yttria-stabilized zirconia gives rise to an increase in lattice thermal conductivity for high dopant
concentrations and temperatures below 800 K. At higher temperatures or for lower concentrations, the short
range order does not influence the thermal conductivity. This conclusion is consistent with experiment. The
results are discussed in relation with the various phonon scattering mechanisms.
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I. INTRODUCTION

Zirconia ceramics constitute a class of materials of tech-
nological and scientific importance, in particular for high
temperature applications, such as heat insulation in thermal
barrier coatings. Yttria-stabilized zirconias contain a large
proportion of point defects, due to the substitution of Zr4+

ions with Y3+ ions, and the correlated incorporation of oxy-
gen vacancies to preserve the lattice electroneutrality. As
shown in Ref. 1, the thermal conductivity of yttria-zirconia
systems, with yttria content ranging between 0 and 10 mol %
Y2O3, can be described within the classical phonon theory
provided a critical mean free path is introduced. However,
this simple approach cannot be extended to systems having
too many point defects and does not explain for example
why at room tempertaure the thermal conductivity of yttria-
stabilized zirconia, as determined by Bisson et al.2 on single
crystals, increases for yttria content above 12 mol % Y2O3
�up to 46 mol % Y2O3�.

The objective of this investigation is to compute the ther-
mal conductivity of these systems with a molecular dynam-
ics technique, and relate the variations in composition and
temperature with microstructural features, in particular the
short range order characterized both experimentally and with
numerical simulation in the companion paper.3 In Sec. II, the
nonequilibrium molecular dynamics method is used to com-
pute the thermal conductivity from atomic configurations.
The influence of local order on the thermal transport proper-
ties is then discussed in Sec. III.

II. THERMAL CONDUCTIVITY OF YTTRIA DOPED
ZIRCONIA

To evaluate the lattice thermal conductivity K, we em-
ployed a method based on molecular dynamics calcula-

tions. Atomic configurations extracted from Monte Carlo
or molecular dynamics simulations are used as a starting
point. To determine the conductivity we imple-
mented the nonequilibrium molecular dynamics �NEMD�
method into the MOLDY code available at
http://www.earth.ox.ac.uk/~keithr/moldy.html.4 This section
briefly presents the NEMD, highlights the influence of
atomic interaction potentials on the computed values and
compares the calculations to experimental measurements.

A. Technical details

The thermal conductivity tensor K�
�

is related to the energy

flux J�E and to the applied temperature gradient �� T by Fou-
rier’s law:

J�E = − K�
�

· �� T . �1�

The expression of the energy flux as a function of atomic
variables can be obtained using the energy conservation law,

Ḣ+�� ·J�E=0, H being the Hamiltonian of the system.5 In a
classical approach the energy flux takes the form

J�E�t� =
1

V��
i=1

N � p� i
2

2mi
+ �

j�i

�ij�v� i −
1

2 �
i,j=1

N

r�ij�f�ij · v� i�� ,

�2�

where f ij
a =−d�ij /drj

a is the force between particle i at posi-
tion r�i and particle j at position r� j , p� i is the momentum of
particle i and r�ij =r� j −r�i. V is the system volume and �ij the
potential energy between particle i and particle j.

Thermal conductivity can be obtained from molecular dy-
namics using either equilibrium simulations, based on
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Green-Kubo equations, or from steady-state nonequilibrium
�NEMD� simulations. The Green-Kubo equations used to
calculate the thermal conductivity tensor Kab can be written
as follows, in the linear response formalism:

Kab =
V

3kBT2�
0

�

d�	JE
a�0�JE

b���
eq, �3�

where 	¯
eq denotes the equilibrium average. Equation �3�
shows that the autocorrelation function must be evaluated
and integrated over long times, i.e., in a regime where it
becomes increasingly difficult to have a good statistics be-
cause the autocorrelation function decreases slowly and non-
monotically towards zero. The slow convergence of the inte-
gral may then be a problem.

In steady-state nonequilibrium methods, the thermal con-
ductivity is derived from Fourier’s law. This can be done by
subdividing the simulation box into slabs and imposing a
heat flux between cool and hot slabs, thus generating a tem-
perature gradient.6,7 This method requires large simulation
boxes in order to partition the system into a number of slabs
where equilibrium can take place, i.e., slabs that contain
enough particles for computing average thermodynamic
quantities. In addition, instabilities may appear in the neigh-
borhood of the hot and the cool slabs and as a result some
slabs cannot be used to compute the heat flux or the tempera-
ture gradient. However, this method has been employed for
large systems and we will compare the results obtained in
Sec. II.8

These drawbacks may be overcome with another nonequi-
librium molecular dynamics method, the homogeneous field

method.9–11 In this method an external field f�ext is introduced
in Newton’s equations so as to produce a desired heat flow:

p�̇ i = f�i + D�
�

i · f�ext�t� , �4�

where the tensor D�
�

i, defined as

Di
ab = � p� i

2

2mi
+ �i��ab −

1

2�
j=1

N

rij
a f ij

b +
1

2N
�
k=1

N

�
j=1

N

rkj
a fkj

b �5�

represents the coupling between the perturbation and the sys-
tem. Simulations with different values for the external field
are performed and the time averaged heat flux 	JE

b
t is calcu-
lated. The thermal conductivity is obtained from extrapola-
tion to zero field amplitude:

Kab = lim
fext→0

lim
t→�

	JE
b
t

VTfext
a �t�

. �6�

As this relationship is of the first order in the energy flux JE,
this NEMD method avoids the long computation times that
result from the Green-Kubo equation �Eq. �3�� which is of
the second order in JE. In other words, a good statistics is
more easily achieved in the NEMD method, because it does
not require the computation of fluctuations.

The initial configuration is obtained by a Monte Carlo
simulation at T=1500 K, as described in the companion
paper.3 This guarantees that the chemical correlations be-
tween ions are reproduced in the initial configuration and

that we start, from the chemical point of view, with the cor-
rect local order. This cannot be attained by a direct use of
molecular dynamics on a totally disordered configuration,
where yttrium ions are randomly placed on the cation sub-
lattice and oxygen vacancies on the anion sublattice. This
initial Monte Carlo configuration is then equilibrated with
the Moldy code, in order to reproduce the lattice vibrations,
during 20 ps with a time step of 1 fs. The temperature is then
decreased down to 300 K by 100 K steps. At each tempera-
ture, the configuration is equilibrated with the same proce-
dure as above �20 ps with 1 fs steps� and the thermal con-
ductivity is calculated with the NEMD method, the mean
energy flux being averaged over 20000 time steps. It is to
note that Monte Carlo simulations are used only to reach
equilibrium at 1500 K. In fact at lower temperature, we
know that the local �chemical� order associated with cations
does not evolve anymore. Therefore, Monte Carlo simula-
tions are not needed when we proceed below 1500 K. How-
ever, the lattice vibrations will still be equilibrated, because
they of course do not require diffusion, and molecular dy-
namics may be used for that purpose. Meanwhile, this pro-
cedure is closely related to what is really happening in the
samples. Indeed, in the companion paper of this article, we
showed that below 1400 K the cations in zirconia can be
considered as frozen, the cations diffusion coefficients being
very small, and as a consequence, the oxygen ions adapt
their movements to the cation positions. In the simulations,
the equilibrium state associated to cations corresponds to the
Monte Carlo configuration calculated for a temperature of
1500 K and below that temperature, only oxygen ions can
diffuse in the molecular dynamics simulations. For configu-
rations associated with Monte Carlo simulations, the equilib-
rium state related to cations corresponds to the Monte Carlo
configuration calculated for a temperature of 1500 K and
below that temperature, only oxygen ions can diffuse in the
molecular dynamics simulations. In what follows, we call
these configurations “Monte Carlo” configurations. For con-
figurations associated with molecular dynamics simulations
on disordered systems, yttrium ions are randomly distributed
on the cation sublattice and oxygen vacancies have been
equilibrated via thermal annealing. We call these configura-
tions “random” or “disordered” configurations in the follow-
ing.

B. Results: Temperature and concentration dependence of the
conductivity

Figure 1 shows the computed conductivity as a function
of temperature for two defect concentrations, 8 and 40
mol % Y2O3, and for two types of atomic configurations:
Monte Carlo configurations where chemical correlations be-
tween species are taken into account, and disordered con-
figurations where yttrium ions are randomly distributed. As
the classical approach is valid only for temperature well
above the Debye temperature, only variations above this
temperature �500 K for zirconia�, are reported in the graphs.
At low defect concentrations, both configurations give simi-
lar results, with a thermal conductivity steadily decreasing as
a function of temperature. However, at 40 mol % and below
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800 K the temperature dependence of the conductivity is
more important in the case of Monte Carlo configurations
than for random configurations. As discussed in the compan-
ion paper,3 two types of short-range order develop in the
Y2O3-ZrO2 system: one related to the tetragonal phase at low
defect concentrations and one associated to the � phase at
high doping levels. Fig. 1 indicates that, at low temperature,
the thermal conductivity is sensitive to the local order asso-
ciated with the delta phase, whereas the influence of the te-
tragonal short range order is negligible at all temperatures.
Above around 800 K, the thermal conductivities for both
Monte Carlo and disordered configurations are the same. An-
other important point concerns the accuracy of the calcula-
tions within the NEMD method. As shown in Fig. 1, the
estimated error bars range from ±0.03 to ±0.15 W m−1 K−1.
We also note that the statistical fluctuations of the computed
values are of the order of 0.1 W m−1 K−1 i.e. of the same
order as the error bars. Thus, the accuracy of the method for
the yttria-stabilized zirconia system is below
±0.2 W m−1 K−1.

In Fig. 2 thermal conductivity calculations are compared
with experimental data obtained on single crystals from ther-
mal diffusivity measurements by the laser-flash technique.2

For pure zirconia, the strong temperature variations of the
experimental thermal conductivity are not correctly repro-
duced by the calculations. It is to note however that the in-
teratomic potential parameters we used in the calculations
stabilize an orthorhombic phase below 1500 K �see compan-
ion paper� whereas the equilibrium phase is in fact mono-
clinic below 1300 K. Increasing the yttria concentration, and
as a consequence the point defect content results in less pro-
nounced temperature variations, with similar trends for cal-
culated and experimental data. At high temperature, the ex-
perimental conductivity seems to converge towards a value
of around 2 W m−1 K−1. For these high temperatures, the
order of magnitude of the calculated thermal conductivities
is close to the experimental values, in particular for highly
doped zirconia.

Figure 3 shows the variations of the thermal conductivity
as a function of the yttria content at 1500 K for the calcu-
lated values and at 1373 K for the experimental data �mea-
surements are described in the next section�. The difference
between the two sets of data progressively decreases as the
yttria content increases. It must be kept in mind that for low
yttria content, between 2 and 8 mol % Y2O3, the single crys-
tals are two-phase materials �cubic+tetragonal�, whereas the
simulations correspond to a single cubic phase.

Figure 4 compares the experimental and calculated ther-
mal conductivity as a function of yttria content for tempera-
tures close to the Debye temperature �around 500 K�. A ris-
ing trend can be seen at high doping concentrations both for
the experimental data and for the thermal conductivity cal-
culated from the Monte Carlo configurations. This trend is
absent for the variations of the thermal conductivity calcu-
lated with the random configurations. This result tends to
show that the increase in thermal conductivity observed ex-
perimentally at high yttria content might be related to the

FIG. 1. Temperature dependence of the thermal conductivity of
yttria doped zirconia �8 mol % and 40 mol % Y2O3�, computed
using the homogeneous NEMD method. Two atomic configurations
are considered: a disordered system �“random”� and a system pre-
liminarily equilibrated with Monte Carlo simulations.

FIG. 2. Temperature and compositions dependence of the ther-
mal conductivity of yttria doped zirconia; computed data with
NEMD method and experimental data determined from thermal dif-
fusivity measured by the laser flash method. Lines have been drawn
for clarity.

FIG. 3. Concentration dependence of the high temperature ther-
mal conductivity measured by the laser flash technique and com-
puted using the NEMD method.

LOCAL ORDER AND THERMAL.…II.… PHYSICAL REVIEW B 72, 104118 �2005�

104118-3



local ordering of point defects at low temperatures, evi-
denced with the Monte Carlo simulations �see companion
paper�. However, our calculations were performed within a
classical approach and at around 500 K, quantum effects
might not be negligible. Further comparison with experiment
needs a discussion which is presented in the next section.

C. Quantum effects at low temperatures

In fact, 500 K is indeed close to the zirconia Debye
temperature.12 Due to quantum effects, the actual value of
the heat capacity is less than its classical limit and this may
be one of the reasons why the computed thermal conductiv-
ity is higher than the experimental one �see Fig. 4�.

However, this difference could also be due to other ef-
fects. It can be argued that the experimental conductivity
might be limited by some scattering channels active in a real
system and not taken into account in the simulation, such as
scattering of phonons by extended defects �dislocations or
grain boundaries�. However, we first note that the measure-
ments have been done on single crystals and that dislocations
are not so numerous in these very ionic solids. Moreover, as
discussed below, the mean free path of phonons in our highly
disordered systems is actually very small �a few a at most,
where a is the lattice parameter�. This excludes the influence
of extended defects whose average separation is large. An-
other specific scattering channel has also been proposed to
explain the particular behavior of the thermal conductivity of
amorphous systems, namely an interaction between phonons
and other excitations with two energy levels.21,22 However,
this scattering channel operates only at low temperature, and
indeed offers an explanation for the T2 behavior of the ther-
mal conductivity at very low temperature.

In brief, given these remarks, the discrepancy between the
computed and the measured thermal conductivity is likely
due to the overestimation of the phonon statistics in our clas-
sical molecular dynamics.

Therefore, we now evaluate how the thermal conductivity
is overestimated due to the classical approximation. First we
can remark that for high dopant concentrations, the tempera-

ture dependence of the thermal conductivity is small as
shown in Fig. 2. We can thus assume that the dominant pro-
cesses limiting the thermal conductivity are not the phonon-
phonon interactions but the phonon-point defects interac-
tions, suggesting that the phonon mean free paths are
correctly described in the simulations whereas the heat ca-
pacity factor is not. The correction factor to apply to the
thermal conductivity and linked to an erroneous heat capac-
ity can be estimated by the following expression, derived
from the phonon gas analogy:

K 

1

3
cvvl , �7�

in which v is the sound velocity and l the phonon average
mean free path. In the case of cubic zirconia, the heat capac-
ity cv

quant can be evaluated by using an Einstein model for the
6 optical modes and a Debye model for the 3 acoustic ones.
The correction factor is given by

R =
cv

quant

cv
class ,

R =
1

3
� T

�L
*�3�

0

�L
*/T x4ex

�ex − 1�2dx +
2

3
� T

�T
*�3�

0

�T
*/T x4ex

�ex − 1�2dx

+
2

3

xE
2exE

�exE − 1�2 , �8�

where �L
* and �T

* are the Debye temperatures associated
with the longitudinal and transverse modes:

�L
* =

�

kB
vL�6�2nm�1/3, �T

* =
�

kB
vT�6�2nm�1/3, �9�

with vL and vT being the longitudinal and transverse sound
velocities and nm the number of modes per branch and per
volume unit. Using vL=7700 m s−1 and vT=4000 m s−1 from
Ref. 13, �L

* =635 K and �T
* =363 K. In Eq. �8�, xE=�E /T

with �E the Einstein temperature, which can be estimated
from the central frequency �E of the optical part of the pho-
non density of states. Using �E /2��20 THz from Refs.
14–16, it comes �E=960 K. The correction factor to be ap-
plied on the simulated thermal conductivity amounts to 0.81
at 500 K, 0.95 at 1000 K and 0.98 at 1500 K. It is to be noted
that the yttria dependence of the experimental specific heat is
small �less than 10% for yttria varying between 4 and 10
mol % Y2O3� and can be neglected in this approach.17,18 Fig-
ure 5 shows that for yttria concentrations larger than 15
mol %, the computed values thus corrected are very close to
experiment. Although no experimental data could be ob-
tained in the present study for 40 mol % �inadequate single
crystal material�, the results obtained by Bisson et al.2 indi-
cate a similar rising trend at 300 K up to 40 mol % as the one
observed here at 500 K.

In conclusion, given the uncertainties on the experimental
and computed data �both of the order of 0.2 W m−1 K−1�, the
simulated conductivity, corrected for quantum effects, shows
a remarkable agreement with the experimental conductivities
for yttria concentrations between 15 and 40 mol %. This

FIG. 4. Concentration dependence of the thermal conductivity
measured by the laser flash technique and computed using the
NEMD method close to Debye temperature �TD
500 K�.
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clearly demonstrates that the rising trend can be attributed to
the local ordering effect evidenced by experiments and simu-
lations in the companion paper. For concentrations below 15
mol %, the discrepancy between simulated and experimental
values is likely to arise from the fact that the microstructure
cannot be properly reproduced by simulations. In this range
of composition, the samples are either in the two-phase do-
main �tetragonal+cubic� or monoclinic �pure zirconia�
whereas the calculated configurations correspond respec-
tively to single cubic or orthorhombic phase.

D. Influence of the box size and interatomic potential

To conclude the presentation of the results obtained with
the NEMD homogeneous field method, we examine the sen-
sitivity of the computed conductivities to simulation box size
and to interatomic potential parameters that enter the Hamil-
tonian.

The thermal conductivity of ZrO2-8 mol % Y2O3 has
been computed for two systems, one comprising 216 cells �6
cells along each direction� and the other one comprising 504
cells �7	8	9�. It can be seen in Figure 6 that for tempera-
tures above 1000 K, the difference between these two simu-
lations is less than 0.2 W m−1 K−1, which is consistent with
the simulation accuracy. Figure 7 shows the thermal conduc-
tivity of the ZrO2-8 mol % Y2O3 system, computed with
two sets of interatomic potential parameters �Brinkman et
al.,19 Schelling et al.8�. Considering the values represented
by the squares �filled squares for Schelling’s parameter set
and open squares for Brinkman’s set�, it appears that similar
temperature variations are observed, with a systematic differ-
ence of the order of 0.5 W m−1 K−1. Calculations done for
higher doping concentrations �not reported in the graph of
Fig. 7� lead to the same conclusion.20 In Fig. 7 are also
reported the results obtained by Schelling et al.8 by employ-
ing the slab method �open circles�. The comparison with the
results obtained with the NEMD method adopted in the
present work indicate a good agreement, with apparently less

statistical fluctuations for this method, in spite of smaller
simulations size boxes �respectively 4	4	32 and 6	6
	6 cells�.

III. LOCAL ORDER AND THERMAL CONDUCTIVITY IN
Y2O3-ZrO2

The results found by NEMD, corrected for quantum ef-
fects, are summarized in Fig. 5. Our simulations reproduce
the puzzling experimental feature which initially motivated
our study: an upturn on the conductivity versus concentration
curve at low temperature. Above 20% yttria, this upturn is
clearly due to a conductivity which is larger for the Monte
Carlo configurations than for the fully disordered configura-
tions. This effect is absent for 8% yttria. These facts, estab-
lished by numerical simulations may be explained qualita-
tively and we will also discuss the temperature dependence
of the thermal conductivity.

The thermal conductivity of a zirconia system is related to
the scattering of phonons by other phonons �via Umklapp
processes� and by point defects. These scattering mecha-
nisms can be characterized by phonon mean free paths and
the correct physical picture will emerge from the interplay

FIG. 5. Concentration dependence of the thermal conductivity
measured by the laser flash technique and computed using the
NEMD method close to Debye temperature �TD
500 K tempera-
ture�. Quantum effects are taken into account using the corrective
factor R.

FIG. 6. Influence of simulation box size on computed thermal
conductivity of ZrO2-8 mol % Y2O3.

FIG. 7. Influence interatomic potential sets on computed thermal
conductivity. See text for details.
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between the characteristic lengths of the microstructure, i.e.,
the correlation length and the average distance between
neighboring point defects dP.

For the temperatures envisaged in the present work, the
phonon mean free path for Umklapp processes, lU, is a
strongly decreasing function of temperature. However, it
cannot be less than the shortest interatomic distance. On the
other hand, the phonon mean free path associated with scat-
tering of phonons by point defects is temperature indepen-
dent and is related to dP, the average distance between two
neighboring point defects.

For high yttria content �40 mol % Y2O3�, we have seen
�Fig. 1� that, at relatively low temperatures �below 800 K�,
the computed thermal conductivity for the Monte Carlo con-
figuration is larger than that for the random configuration,
indicating that the local order present in the Monte Carlo
configurations plays a role in this case. In the random con-
figuration, the average distance between two neighboring va-
cancies, which rules the phonon mean free path, can be cal-
culated by

d 

a

2
� x

2�1 + x��−1/3

, �10�

where x is the molar concentration in Y2O3. It is of the order
of 0.95a , a being the lattice parameter of the disordered cu-
bic phase. In the Monte Carlo configuration, which exhibits
local order, the correlation length can be estimated to 2a by
extrapolating the values of the correlation lengths found on
the diffuse scattering patterns of the companion paper for 9.7
mol % Y2O3 and 27 mol % Y2O3. This is larger than the
average distance between neighboring vacancies �0.95a�. In
this situation, phonons interact with groups of correlated de-
fects rather than individual defects, and the conductivity is
higher than in the fully disordered case. At high temperature,
the effect of the short range order is negligible, because the
phonon scattering is dominated by the Umklapp processes.
As expected, with a common value at high temperature and a
difference at low temperature, the temperature dependence of
the conductivity should be steeper in the short range ordered
state than in the fully disordered state.

Explaining why, at low doping concentrations, the ther-
mal conductivity is insensitive to short range order is more
difficult because, in this concentration range, the diffuse scat-
tering patterns exhibit two types of short range order, having
each their own correlation length. One of them, already men-
tioned for higher concentrations, is reminiscent of the �-type
order. The other one is associated to the tetragonal phase.
However, the nature of these two phases is different: the
�-type order is due to the arrangement of vacancies, whereas
the tetragonal phase can be described as displacements of
oxygen columns. The latter type of defects is expected to be
much less efficient for phonon scattering. This is corrobo-
rated by the thermal conductivity measurements we per-
formed on the 9.7 mol % Y2O3 sample in the as received
state and in an annealed state at 750 °C during 8 months �see
Fig. 6�b� of the companion paper�: the results were undistin-
guishable. So, we are authorized to ignore the tetragonal-like
short range order. The order of magnitude of the �-type cor-

relation length is the same as for the 9.7% case, i.e., 0.9a, but
the average distance between defects, evaluated by Eq. �10�,
is around 1.5a. Thus, defects are almost uncorrelated and we
can assume that they act individually on phonons �the corre-
lation length has no meaning if smaller than the interdefect
distance�. So, whatever the temperature, the short range or-
der does not change the thermal conductivity. The tempera-
ture dependence of the conductivity, shared by the two states
�with short range order and with a random distribution of
defects�, is naturally steeper than in the concentrated case, as
the temperature dependent Umklapp processes are more im-
portant than the defect scattering.

Calculations on Monte Carlo configurations showed that
the conductivity increases with defect concentration for
yttria-rich compositions and for temperatures below 800 K,
whereas at high temperature, the conductivity decreases for
all the doping concentrations. To our knowledge, no mea-
surements have been published on the yttria-rich composi-
tions, especially at high temperature. To check the predic-
tions of the calculations, we performed some measurements
on single crystals for various temperatures. The thermal con-
ductivity has been determined from the thermal diffusivity
obtained with a laser-flash method, the experimental specific
heat capacity reported in Ref. 1 and the density measured by
helium pycnometry. The uncertainty associated with these
measurements has been estimated to 8% in relative �see Ap-
pendix for experimental details�. Results are presented in
Fig. 8. Consistently with what we have outlined above, at
low temperature, the short range order induces a conductivity
increase at high doping, but not at moderate concentrations.
This effect no longer exists at high temperature as pointed
out by the calculations.

IV. CONCLUSION

We calculated the thermal conductivity of yttria stabilized
zirconias by molecular dynamics, as a function of composi-
tion �0% to 40 mol % Y2O3� and temperature up to 1500 K.

FIG. 8. Evolution of thermal conductivity of yttria-zirconia
single crystals as a function of yttria concentration and temperature.
Lines have been drawn for clarity. The inset is simply a zoom of the
main figure.
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The empirical potentials adopted in this study were sufficient
to account for both temperature and concentration behavior.
The main results are as follows:

Globally, the trends are consistent with experimental re-
sults obtained on single crystals. At moderate temperature
�between 300 K and 800 K�, the rising trend of the thermal
conductivity above 10 mol % Y2O3 is correctly described
provided a simple quantum correction is applied to the clas-
sical results obtained with MD. This rising trend is due to the
local ordering of defects and well rendered in the Monte
Carlo configurations �see companion paper� used as a start-
ing point in the calculations.

For low yttria concentrations and moderate temperatures,
the discrepancy between calculated and experimental results
is attributed in part to the fact that the small box size in the
computation cannot render the two-phase domain.To have a
better description would also imply using a more complex
interatomic potential, at the expense of simplicity.

At high temperature �T
800 K�, the thermal conductiv-
ity variations are dominated by Umklapp processes and the
short range order no longer has any detectable influence.
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APPENDIX: THERMAL DIFFUSIVITY MEASUREMENTS

For measuring the thermal diffusivity, a single pulse �du-
ration: 3 to 5 ms; energy: 5 J� from a CO2 laser �wavelength:
10.6 �m� was directed on one face of a disc �10 mm diam-
eter, 1 to 2 mm thick� placed inside a high temperature fur-
nace �atmosphere: argon�. The laser pulse is absorbed at the
surface of the zirconia-based materials, which have an ab-
sorption edge in the range 5–7 �m. An HgCdTe infrared
detector was used to measure the temperature from the rear
face of the specimens. An optical long-wave pass filter which
eliminates the wavelengths shorter than 8 �m was inter-
posed between the back face of the specimens and the detec-
tor to suppress radiation coming from within the zirconia
material. Thus the radiation recorded by the detector comes
only from the back surface of the specimen. With this ar-
rangement, no opaque coating is needed on either face of the
specimen, as employed in general for measuring the thermal
diffusivity of semitransparent materials. The variations of
back-surface temperature as a function of time are analyzed
by a method which takes into account radiation and convec-
tion losses. Each value of diffusivity represents the average
on 4 to 6 measurements.

The single crystals investigated, supplied by Zirmat Corp.
�North Billerica�, were produced by skull melting crystal
growth. More details on the experimental methodology can
be found in Ref. 1, which reports and discusses the thermal
conductivity measurements on the yttria-poor single crystals
�0, 4.4 and 9.8 mol % Y2O3�. To our knowledge, no mea-
surement has been published on the yttria-rich compositions
�20.6 and 27 mol % Y2O3�.
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