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Abstract
Yttria-stabilized zirconia is one of the most widely used solid electrolyte materials for solid oxide fuel cells (SOFCs) as well 
as solid oxide electrolysis cells (SOECs). The crystalline, defect structure, and heat conductivity of (ZrO2)1−x(Y2O3)x, crystals 
where x = 0.1, 0.2, 0.3 have been studied using Raman and optical spectroscopy and absolutely steady-state longitudinal heat 
flow method. The studies have shown that the main factors affecting the thermal conductivity of the crystals are the chemical 
composition, positions of oxygen vacancies relative to the trivalent cations of the stabilizing oxide, vacancy ordering, and 
the formation of defect complexes. The effect of changes in the local structure of the cubic solid solutions on the pattern of 
the temperature dependence of the thermal conductivity in the crystals has been discussed.
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Introduction

Zirconia-based materials possess good mechanical proper-
ties, low thermal conductivity, and high thermal resistance 
in combination with chemical inertia, favoring their use as 
construction and heat-protective materials, equipment for 
high-energy ball milling, and powder processing [1–3]. The 
technical parameters of the heat-protective components of 
various devices are largely determined by the thermal con-
ductivity of the material. Furthermore, of crucial importance 
for this application domain is to retain the functional proper-
ties of the material during high-temperature operation.

Yttria-stabilized zirconia is a quite common anion con-
ducting material SOFC and SOEC application. Thermal con-
ductivity of solid electrolyte is rather an important param-
eter as it ensures the uniformity of temperature distribution 
inside the SOFC or SOEC stack during start-up, operation, 
and transition processes.

There are multiple data on the dependence of the thermal 
conductivity on temperature and composition for ZrO2-Y2O3 
system materials [4–6]. For example, studies of crystals con-
taining YO1.5 in a range of 0–60 mol.% showed a tangible 
decrease in the thermal conductivity with an increase in the 
YO1.5 concentration up to 21 mol.%. Further increase in the 
YO1.5 concentration leads to a slight increase in the ther-
mal conductivity. The authors attributed this behavior to a 
change in the concentration of point defects and their pos-
sible ordering [7].

The temperature dependence of the thermal conductivity 
of disordered cubic Zr1-xYxO2-x/2 crystals (0.15 < x < 0.27) 
having a fluorite structure has a pattern that is typical of 
amorphous materials [8]. A study of the heat conductivity 
of Zr1-xYxO2-x/2 single crystals (x = 0.084 and 0.179) showed 
that their thermal conductivity does not depend on the con-
centration of point defects at 1000–1200 °C. The effect of 
point defects on the decrease in the thermal conductivity of 
the material shows itself at moderate temperatures [5].
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This work was centered on the analysis of the relationship 
between the thermal conductivity of Y2O3-stabilized ZrO2 
cubic single crystals and the local structure of the crystals. 
The tests were carried out for as-grown and as-annealed 
crystals for determining the stability of their parameters 
against long-term temperature exposure.

Experimental section

(ZrO2)1−x(Y2O3)x, crystals x = 0.1, 0.2, 0.3, were grown by 
directional melt crystallization in a cold crucible [9]. Fur-
ther in the manuscript text, crystals are designated as xYSZ, 
where x is Y2O3 concentration in mol.%.

In this work, high temperature annealing in air was used 
in order to model SOFC working conditions. Annealing in 
separated chambers with oxidizing and reducing conditions 
is closer to true working conditions, but we used much more 
simple experimental routine (annealing in air) as stability in 
fuel chamber conditions is rather high. Annealing was car-
ried out in a Nabertherm HT04/16 high-temperature furnace 
in air at a temperature of 1000 °C for 400 h.

The phase composition of crystal samples cut from sin-
gle crystals after annealing was monitored using Raman 
spectroscopy (633-nm laser wavelength). An in situ Raman 
spectroscopy technique was described in detail in previous 
works [10, 11].

Studies of the thermal conductivity of the as-grown and 
as-annealed crystals in a range of 50–300 K were carried out 
by the absolutely steady-state longitudinal heat flow method. 
Samples in the form of parallelepipeds with dimensions 
of ~ 7 × 7 × 15 mm were cut from crystals along the growth 
axis, the crystallographic orientation being arbitrary.

The local structure of the crystals was studied using opti-
cal spectroscopy of Eu3+ ions which were introduced into 
the crystals in an amount of 0.1 mol.% during synthesis. 
The T = 300 K luminescence spectra of the samples were 
recorded with a Horiba FHR 1000 spectrometer. A Hama-
matsu R928 photomultiplier was used as a photodetector. 
Luminescence was excited with the second harmonic radia-
tion of a YVO4:Nd laser, λexc. = 532 nm.

Results and discussion

The crystals containing 10, 20, and 30 mol.% Y2O3 (10YSZ, 
20YSZ, and 30YSZ, respectively) according to X-ray dif-
fraction data had a fluorite cubic structure. The lattice 
parameter of the crystals increased linearly with the Y2O3 
concentration. The phase composition and the lattice param-
eter of the crystals did not change after annealing.

Figure 1 shows the Raman spectra of the crystals before 
and after annealing.

The spectra of the as-grown 10YSZ, 20YSZ, and 30YSZ 
crystals exhibit a typical band in the 628 cm−1, which cor-
responds to the F2g vibration for a cubic structure [12]. With 
an increase in the Y2O3 concentration, this band broadens 
and shifts slightly towards lower frequencies. These changes 
are probably accounted for by an increase in the number of 
oxygen vacancies and their partial ordering [13]. Annealing 
of the crystals does not lead to any significant changes in 
their Raman spectra.

Figure 2 shows the luminescence spectra of Eu3+ ions for 
the YSZ crystals containing different Y2O3 concentrations 
before and after annealing.

The digits (Fig. 2) show the types of optical centers 
observed, in accordance with earlier classification [13]. 
Type I optical centers are Eu3+ ions having one oxygen 
vacancy the nearest neighborhood; i.e., the ion has an oxy-
gen coordination number of 7. Type II optical centers are 
Eu3+ ions having no oxygen vacancies in the first coordina-
tion sphere but have oxygen vacancies in the second coordi-
nation sphere. Type III optical centers are Eu3+ ions having 
two oxygen vacancies in the first coordination sphere, with 
these vacancies being located in the anion sublattice sites 
arranged on the diagonal of unit cell cube faces. Compari-
son between the luminescence spectra of specimens hav-
ing different Y2O3 concentrations suggests that the spectra 
exhibit a redistribution of the relative intensities of the bands 
corresponding to different types of optical centers. Further-
more, the luminescence spectra of the 20YSZ and 30YSZ 
specimens contain bands corresponding to type III optical 
centers. These data suggest that an increase in the Y2O3 con-
tent in the cubic ZrO2 crystals leads to an increase in the 
relative content of oxygen vacancies in the first coordination 
spheres of the trivalent stabilizing oxide cations. With a fur-
ther increase in the Y2O3 content to above 20 mol.%, these 
vacancies form anion complexes consisting of two vacan-
cies arranged on the diagonal of the anion sublattice unit 

Fig. 1   Raman spectra of YSZ crystals before and after annealing
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cell cube. The relative content of these vacancy complexes 
increases with the Y2O3 content up to 30 mol.%. Annealing 
of the crystals does not lead to any noticeable changes in 
their Eu3+ luminescence spectra.

Figure 3 shows the temperature dependence of the ther-
mal conductivity k(T) of the YSZ crystals in the 50–300 K 
temperature range before and after heat treatment.

It can be seen from Fig. 3 that the as-grown 10YSZ and 
20YSZ have close thermal conductivities which increase but 
slightly with an increase in temperature. With an increase 
in the yttria concentration to 30 mol.% (30YSZ), the 50 K 
thermal conductivity increases significantly. Furthermore, 
the pattern of the thermal conductivity temperature depend-
ence changes; i.e., the thermal conductivity decreases with 
an increase in temperature.

It should also be noted that an increase in the Y2O3 con-
tent leads to an increase in the thermal conductivity of the 
material in the entire experimental temperature range. The 

difference in the thermal conductivity of the crystals is quite 
clear at low temperatures.

The observed increase in the thermal conductivity with 
an increase in the Y2O3 concentration seems to originate 
from a specific arrangement of the vacancies in the anion 
sublattice, this assumption being confirmed by optical spec-
troscopy data. Studies of the local structure of the crystals 
show that the number of vacancies in the first coordination 
sphere increases with an increase in the Y2O3 concentration 
from 10 to 20 mol.%, but a significant ordering of the oxy-
gen vacancies in the diagonal positions of the unit cell cube 
and the formation of defect complexes are only observed 
as the Y2O3 concentration grows to above 20 mol.%. This 
is expressed in a dramatic increase in the low-temperature 
thermal conductivity of the 30YSZ crystals.

Annealing of the 10YSZ and 30YSZ crystals leads to 
slight changes in the thermal conductivity and the pattern of 
its temperature dependence. The effect of annealing on the 

Fig. 2   Luminescence spectra of Eu3+ ions for (a) 10YSZ, (b) 20YSZ, and (c) 30YSZ crystals before and after annealing at excitation with λexc. = 532 nm 
at 300 K

Fig. 3   Temperature dependence of the thermal conductivity of the crystals before and after heat treatment
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thermal conductivity is the greatest for the 20YSZ crystals. 
After annealing, the low-temperature thermal conductivity 
of the 20YSZ crystals increases by ~ 1.5 times. The increase 
in the thermal conductivity of the material for this composi-
tion is believed to be associated with the effect of annealing 
on the ordering of oxygen vacancies.

Conclusions

Data on the thermal conductivity of (ZrO2)1−x(Y2O3)x sin-
gle crystals having different defect structures in a range of 
50–300 K were reported. An increase in the Y2O3 concen-
tration in the cubic region was shown to increase the ther-
mal conductivity of the crystals in the entire experimental 
temperature range, with the increase being greater at low 
temperatures. Optical spectroscopy showed that an increase 
in the Y2O3 concentration in the crystals leads to an increase 
in the relative content of oxygen vacancies in the first coor-
dination spheres of the trivalent stabilizing oxide cations. 
The ordering of oxygen vacancies in the diagonal positions 
of the unit cells starts at a ≥ 20 mol.% Y2O3 concentration 
and leads to an abrupt increase in the low-temperature ther-
mal conductivity of the crystals. Annealing of the bound-
ary composition crystals (20YSZ) also increases the low- 
temperature thermal conductivity of the crystals and changes 
the pattern of the thermal conductivity temperature depend-
ence. Annealing of crystals of other compositions causes 
slight changes in the thermal conductivity and in the patterns  
of their temperature dependence.
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