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Abstract A new approach for measuring coefficient of
thermal expansion (CTE) in materials that exhibit chemical
expansion as well is introduced. This allows separating the
expansion that is induced by temperature changes alone
from the total expansion, which is induced by temperature
and chemical changes in the material. Combining this with
measurements that are done at constant temperature and in
controlled oxygen environment can yield better understand-
ing of the subject of solid expansion in oxides. In order to
understand whether the oxygen partial pressure has an
influence on the CTE or not, measurements were carried
out on three different oxide materials at several oxygen
activities. A comparison between SrTiO3, SrZrO3 and
Al2O3 was done by a single push-rod dilatometer equipped
with a system that allows purging with different gas
mixtures and a pO2 monitoring device. In order to make
the experiment within a reasonable timeframe, very porous
samples have been used. The experiments were done at
three different temperatures: 722, 822 and 1022 °C. The
pO2 was controlled by CO–CO2–Ar gas mixture, and
monitored with an in house built zirconia sensor. The main
results reveal that the CTE of the perovskites is influenced
by the pO2 while that of alumina, as expected, is not. The
CTE of SrTiO3 is more sensitive to changes in the pO2 than
that of SrZrO3. In some of the measurements there exists a
clear change of the behavior of the CTE vs. log(pO2) at a
certain oxygen partial pressure.
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1 Introduction

When a device is composed of materials that have different
mechanical properties, a mismatch exists and the resultant
strain can be followed by an internal stress. This internal
stress can lead to mechanical failure [1, 2]. For example,
this phenomenon is well known in solid oxide fuel cells
(SOFC) and poses a major constraint to the realization of
SOFC in applications. Such a cell consists of at least four
different materials in constant contact with each other. The
match between the thermal expansion of the cathode, the
electrolyte, the anode and the interconnect is one of the
most important criteria for mechanical stability of such
multicomponent system [3, 4]. This problem is also related
to the thermal cycling; the SOFC undergoes many thermal
cycles between an operating temperature and room temper-
ature. The shrinkage behavior of the different parts cause
stress in the SOFC [5, 6].

It is known that there is a strong connection between the
oxygen partial pressure and the thermal expansion of the
unit cell of some mixed-valence oxides. Thermal expansion
of solid oxide materials is a function of temperature and
oxygen vacancy concentration. These parameters have been
quantified by Adler in terms of “volumetric thermal
expansivity” (βT) and “volumetric chemical expansivity”
(βC):
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Here, V is the volume, T is the temperature, P is the total
pressure and xV is the oxygen vacancy mole fraction. So,
the strain that a solid oxide is subjected to (without external
forces) is composed of two parts: volumetric chemical
expansivity (chemical expansion) and volumetric thermal
expansivity [7].

d" T ; xVð Þ ¼ 1

3
bTdT þ 1

3
bCdxV ð3Þ

Many researches have been done in order to realize the
influence of the oxygen partial pressure on the thermal
expansion. In addition there are a lot of works that checked
the direct influence of oxygen partial pressure on the
chemical expansion. Nevertheless, we are not aware of
references that checked the direct influence of the oxygen
partial pressure on the coefficient of thermal expansion
without connection to the chemical expansion. For instance,
the CTE of La0:3Sr0:7Fe1�xGaxO3�d, was examined as a
function of temperature at several oxygen partial pressures
in a dilatometer [8]. For each pO2 a curve of thermal
expansion as a function of temperature (900–1200 °C) was
built. The CTE was calculated from the slope of each curve.
This work demonstrates very clearly that this slope is also
pO2-dependant and not only temperature-dependant. Sim-
ilar experiments were also done on Sr0:3La0:7TiO3�d,
La1�x SrxCr1�yTiyO3�d and other perovskites [9, 10].
However, this kind of experiments reveals a total coeffi-
cient, which results from both thermal and chemical
expansions. Since the oxygen activity is determined both
by the oxygen partial pressure and by the temperature, it
does not allow to deduce separately the influences of these
two degrees of freedom on the CTE. For better understand-
ing of the thermal properties and behavior of oxide ceramic
materials as a function of temperature and composition,
especially as a function of oxygen nonstoichiometry, this
discrimination is important. Moreover, by measuring CTE
while eliminating the chemical expansion during the
measurement at different pO2s, one can check whether
CTE itself depends on the oxygen partial pressure or not.
Being a “thermodynamic constant” it could be, in principle,
a function of the degrees of freedom of the system,
including the pO2. Hence, an approach for measuring
CTE directly that is based on modulated temperature
dilatometry [11] has been applied.

2 Experimental

2.1 Measuring method

In order to eliminate the chemical expansion influence, and
by that to investigate the direct influence of pO2 on CTE,

samples were examined in a dilatometer (BÄHR DIL801)
as follows. The sample was heated to certain temperature in
certain pO2. When the sample approached equilibrium
(thermally and chemically), small changes of temperature
around that base-temperature were done. The dilatometer
temperature was programmed to decrease and increase by
10°C from the base-temperature toward both directions, in a
rate of 5

�C
min several times. After these temperature changes,

the dilatometer was programmed to return to the base-
temperature. As the sample returned to equilibrium, the pO2

was changed and the same process was repeated again:
getting new equilibrium, changes in temperature, back to
steady temperature. Figure 1 represents temperature profile
as a function of time in constant pO2. In this example the
temperature changes are around 1022 °C. If the sample’s
response to temperature changes is much faster as com-
pared to its response to changes in the chemical potential,
which require ionic diffusion over few microns distances,
this procedure should reveal the CTE solely. This has been
pointed out previously by Johansen in a more general
sense: “…the disturbance produced by irrelevant monotonic
effects can be eliminated” [12].

It can be seen from Fig. 1 that the recorded changes in
temperature are between 1016–1027 °C instead of the
nominal change of 1012–1032 °C. The reason for that is
the fact that there is a difference between the temperature of
the furnace (the programmed one), and the temperature at
the sample. This measuring was made for five different
oxygen partial pressures. Three pressures in the decreasing
direction and two on the way back (increasing the oxygen
partial pressure), and at three different temperatures: 722,
822 and 1022 °C. The pO2 was controlled by CO–CO2–Ar
gas mixture with total flow rate of 55 ml

min and monitored
with an in house built zirconia sensor. The sensor
temperature was lower, in some measurements, than the
dilatometer temperature for technical reasons. Hence the

Fig. 1 A typical temperature profile as a function of time
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pO2 in the dilatometer was calculated using the correction
developed by Riess and Porat [13]. In order to get
information on the CTE at higher oxygen partial pressures,
similar measurements were done in air and in Ar atmos-
pheres. The CTE was calculated from the slopes of the
linear changes in dimension (at the times of changing
temperature). Figure 2 is an example for one of the
measurements that were done to calculate the CTE. Each
slope of increasing and decreasing of dimension is due to
change in temperature, so the slope d ln lð Þ

dt multiplied by
dT
dt

� ��1
is the “true” CTE. The changes are too fast and the

temperature changes are too small for significant chemical
changes to occur. This can be verified by checking for
possible hysteresis between the increasing and decreasing
temperature parts. By doing a weighted averaging between
the slopes that belong to the same temperature and oxygen
partial pressure an average CTE and error assessments are
received. Another check that was done is to verify that the
slopes of the increasing and decreasing temperature parts
are the same, within the experimental errors. Since no
significant difference was observed in all temperatures and
pO2-s that were measured, we can conclude that chemical
changes are too slow to occur.

2.2 Sample preparation

Powders of SrTiO3 and SrZrO3 were prepared by conven-
tional solid state reaction. In order to get equilibrium during
the experiments as fast as possible, the samples need to be
porrosive to allow short distances for the migration of
oxygen ions. On the other hand, the samples must have
stiffness to be able to withstand the measurement in the
dilatometer (self-weight of about 2 g and force of 4 mN that
is activated on the sample by the push-rod). For that reason,
in-situ measurements of sintering were done in the
dilatometer to decide for the appropriate temperature and
duration of the sintering process, to get samples with
relative density between 60–70%.

The relative density is calculated by:

%rrelative ¼
rreal

rtheorethical
100 ð4Þ

Following these measurements, SrTiO3 samples were
sintered at 1227 °C for 24 h and SrZrO3 samples were
sintered at 1477 °C for 24 h. In both procedures, the heating
and the cooling rates were 3

�C
min. During the sintering

process air was flowed through the system for the initial
15 h, then the gas changed to wet N2+H2 in order to
decrease the oxygen partial pressure to 1.1×10−11 atm for
the next 5 h, and then the gas changed again to air for
additional 4 h. The reason we decrease the pO2 during the
sintering process is to ensure that changing the partial
pressure later during the dilatometry measurements at lower
temperature will not be accompanied with further sintering
[14].

3 Results and discussion

In order to investigate the influence of the oxygen partial
pressure on CTE, isotherms for SrTiO3, SrZrO3 and also
Al2O3 as a reference were made. Figure 3 shows the change
of CTE as a function of log(pO2) in three different
temperatures for SrTiO3. First of all it is possible to see
that the values of the CTE are higher as the temperature is
higher. In all three temperatures there is a minimum point at
log(pO2) ∼−4. The actual minimum may well be at lower
pO2, but there has been an experimental range of oxygen
partial pressure that we could not obtain, between the one
we got with Ar and the partial pressures we got with CO–
CO2 mixtures. In isotherm 1022 in the area of low oxygen
partial pressure there is a sharp increase of the CTE at

Fig. 2 Change of linear dimensions of SrZrO3 as a function of time in
pO2=1.4·10

−13 atm, at T=1022 °C

Fig. 3 Change of CTE of SrTiO3 as a function of pO2, at T=722, 822
and 1022 °C (the lines are added to assist the eye and to show the
order of measurements)
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log(pO2) ∼−11. In isotherm 822 there exists such sharp
increase at log(pO2) ∼−16. These sharp increases may
indicate the points were the concentration of oxygen
vacancies is high enough and their influence is significant.
It does make sense that as the temperature is higher, the low
oxygen partial pressure causes more oxygen loss. In
isotherm 722 after the minimum point, there is only a
small change between the different CTEs at different pO2.
Two reasons for that are possible. The first one is that in
such temperature, the oxygen partial pressure that is
associated with significant concentration of oxygen vacan-
cies is lower than the checked range. The second possible
reason is that in such temperature there is no influence of
low oxygen partial pressure on the CTE at all, or in other
words there is a low limit temperature to the phenomenon
by which oxygen partial pressure (or oxygen vacancies)
influence CTE.

Figure 4 shows the change of CTE as a function of log
(pO2) in three different temperatures for SrZrO3. In this
figure it is possible to see clearly that for SrZrO3 the values
of CTE at log(pO2) ∼−1 and log(pO2) ∼−2.5 are higher as
the temperature increases. The other CTE measurements,
for all three temperatures, are in between 0.7–1.1×
10−6 K−1, which is a narrow range in comparison to the
SrTiO3 CTE measurements. Isotherm 1022 has a minimum
point at log(pO2) ∼−11. Although the exact point of partial
pressure that have minimum CTE could not be determined
from these graphs, we can clearly say that this point is
placed at a much lower partial pressure as compared to the
situation that was observed for SrTiO3. In addition, the
increase of CTE in lower pO2 is not as sharp as in SrTiO3.

Isotherm 822 does not have an observed minimum point;
same holds for isotherm 722. Again, both explanations as
discussed for isotherm 722 in SrTiO3 are possible. We

believe that the reason for much less difference between
CTEs at different pO2 for each isotherm and between the
isotherms, is due to the fact that probably in SrZrO3 oxygen
vacancies creation is not as easy as in SrTiO3.

Figure 5 shows the change of CTE as a function of log
(pO2) in T=1022 °C for Al2O3. In this figure there are a
maximum in log(pO2) ∼2.5 and a minimum in log(pO2)
∼10.5 (with a gap between them where no experimental
point measured due to experimental limitations). It is very
difficult to characterize the CTE of Al2O3 behavior due to
the surprising maximum point. Without this point it is
possible to say as a first approximation that the change in
CTE is negligible in comparison to the changes of CTE of
both SrTiO3 and SrZrO3. We are almost sure that the
maximum point does not reflect the real behavior, but rather
is an experimental error. This assumption is based on Fig. 6
that shows an experiment that the problematic point is
calculated from. Figure 6 describes the relative change in
length of Al2O3 sample in three different temperatures vs.

Fig. 4 Change of CTE of SrZrO3 as a function of pO2 at T=722, 822
and 1022 °C (the lines are added to assist the eye and to show the
order of measurements)

Fig. 5 Change of CTE of Al2O3 as a function of pO2, at T=1022 °C

Fig. 6 Relative change in length of Al2O3 sample vs time under Ar
flow in three different temperatures: 722, 822 and 1022 °C
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time. The experiment was done under Ar gas flow, and
hence the problematic point at 1022 is calculated from here.
The sample heated to 722 °C, equilibrated and only then the
CTE measurement has started (small decreases and
increases in temperature). When the CTE measurement
was finished the sample was heated to the next temperature,
822 °C, and the same stages as in 722 °C were performed.
The same procedure was also repeated at 1022 °C. It can be
seen from this figure that each time the base-temperature
was changed, there was a sharp decrease in the measured
linear dimension and a sharp increase right after that.
Repeated experiments under Ar showed similar behavior as
in Fig. 6. This may have connection to the low heat
transport in Ar, but we do not have a sound explanation for
that behavior yet. However it is important to know that this
behavior was observed only with an alumina sample, when
the experiment was done under Ar gas flow and to less
extent under air flow. The alumina sample is a non-porous
standard that is provided with the dilatometer.

4 Conclusion

The coefficient of thermal expansion is influenced both by
temperature changes and by chemical expansion that is
driven by temperature changes. The influence of pO2 on the
CTE of SrTiO3 and SrZrO3 was investigated. A critical pO2

exists, beneath it this influence becomes apparent and a
sharp increase in the CTE occurs. The critical pO2 is a
function of temperature. When the temperature increases,
the critical pO2 increases as well. It is possible that the
sharp increase in the CTE at reduced conditions results
from oxygen loss. Oxygen loss increases the degree of
anharmonicity, which is known to increase the CTE. On the
other hand, it is associated also with cationic radius increase
that can reduce the anharmonicity. Oxygen loss also
reduces the Pauling bond strength (PBS), since on the
average we get for the B-site instead of +4 ion with 6
nearest neighbors (i.e., PBS=0.67), +3 ion with 5.5 nearest
neighbors (i.e., PBS=0.55). It is known that weaker PBS
for a specific system results in higher CTE. For instance, in
Fluorites the relevant relation is CTE proportional to
(PBS)−2 (see [1], Section 11.3).

Our measurements show that for both perovskites
examined, the CTE does not depend on the pO2 at 722°C.
Two possible explanations for this behavior might be
suggested. (1) The critical pO2 may be below our
experimental available range. (2) There may be a low limit
temperature to the phenomenon by which oxygen partial
pressure influences CTE.

Apparently in SrZrO3, oxygen vacancies creation is not
as easy as in SrTiO3. This assumption is based on the fact
that much more difference between the CTEs at different
pO2 was measured for SrTiO3 in comparison to SrZrO3 at
each isotherm, and larger differences between the isotherms
in those materials were also observed. The change in CTE
as a function of pO2 for Al2O3 is negligible in comparison
to the change of CTE of both SrTiO3 and SrZrO3.
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