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a b s t r a c t

Compressive creep tests have been performed on mixed ionic-electronic conducting perovskite-type
oxides SrTi1-xFexO3-� (STF, x = 0.3, 0.5 and 0.7). Observed activation energies and stress exponents, at
800–1000 ◦C and in the stress range 10 100 MPa, indicate that the steady-state creep rate of STF under
these conditions is predominantly limited by cation lattice diffusion (Nabarro-Herring creep). The effec-
tive stress exponents reflect a contribution of dislocation creep to the mechanism of creep in STF30
(x = 0.3). The observed creep rates are compared with those exhibited by related perovskite-type oxides,
and are discussed in view of the possible application of STF as oxygen transport membrane (OTM).

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Oxygen transport membranes (OTM’s) are extensively investi-
gated for their possible integration in oxy-fuel and pre-combustion
processes with CO2 capture [1–3]. In this technology mixed oxygen
ionic and electronic conducting membranes are utilized, at elevated
temperatures (800–900 ◦C), to supply oxygen from the pressurized
air side of the dense sintered membrane to a fuel, or indirectly
to a fuel, or coal via a suitable sweep gas at the opposite side of
the membrane. In the latter case, a portion of the CO2—containing
flue gas may be fed back as the sweep gas. Currently, the focus of
research activities in the field lies in identifying candidate mem-
brane materials, which combine a high oxygen flux with a high
thermochemical stability and durability under oxidizing and reduc-
ing conditions, humid and/or CO2—containing atmospheres.

Recently, we have identified the perovskite oxide SrTi1-xFexO3-�
(STF) as a promising membrane material [4]. Compositions in
this series, especially those with a high iron content, exhibit high
values for the ambipolar conductivity [5,6] and oxygen surface
exchange kinetics [5,7] that are comparable to those of well-
known La0.6Sr0.4Co0.2Fe0.8O3-� (LSCF) [8,9], Sm0.5Sr0.5CoO3-� (SSC)
[10,11], and La0.3Sr0.7CoO3-� (LSC) [12] cathode materials for the
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solid oxide fuel cell (SOFC). STF adopts an ideal cubic perovskite
structure (space group Pm–3m), and forms a continuous solid solu-
tion between the two end members SrFeO3-� and SrTiO3 [13,14].
The structural phase transition to orthorhombic brownmillerite in
SrFeO3-� below 850 ◦C [15] is prevented already at a low Ti sub-
stitution, x = 0.01 [16]. Functional properties, such as the chemical
and mechanical stability, thermal expansion and oxygen flux can be
tailored by varying the compositional parameter x in SrTi1-xFexO3-�.

Amongst others, creep is a key factor influencing the opera-
tional reliability of OTM membranes [17,18]. Creep is known to
be more severe in high-temperature environments, and in systems
that continuously endure stress gradients [19]. Stress gradients in
the OTM membrane operating at high temperatures are inherent to
its operation, and are created mainly by chemical potential gradi-
ents and the trans-membrane pressure differential. For long term
service the creep deformation should not exceed 1% strain per year
[20]. In the present work, the compressive creep behaviour of dif-
ferent STF compositions is investigated as a function of stress and
temperature.

2. Experimental

SrTi1-xFexO3-� powders with x = 0.3, 0.5 and 0.7 (referred to as
STF30, STF50 and STF70, respectively) were synthesized by spray
pyrolysis (NTNU, Norway) in a continuous air flow at 860 ◦C, using
precursor solutions containing stoichiometric amounts of cations.
The obtained raw powders were calcined at 950 ◦C for 12 h in stag-
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nant air and ball-milled in ethanol for 24 h. The phase purity was
checked using X-ray powder diffraction (D2 PHASER, Bruker AXS,
Germany) with Cu K�. A continuous scan mode was used to collect
2� data in the range 20–90◦ with a step size of 0.0202◦ and count-
ing time of 1 s/step. Powders were uniaxially pressed at 50 MPa
followed by isostatic pressing at 400 MPa to rectangular bars with
a relative green density of about 60%. These bars were subsequently
sintered in the range 1180–1300 ◦C for 20 h under stagnant air,
using heating and cooling rates of 0.5 ◦C min−1, to a relative density
in excess of 95%.

For creep tests, sintered bars were machined to average dimen-
sions ∼4 × 5 × 12 mm3. The ∼4 × 5 mm2 end faces of the samples
were parallelized by grinding and finally polished for 1 h using
1 �m diamond paste in order to minimize surface effects and
superimposed bending by misalignments. Creep-tested samples
showed no sign of barrelling, buckling or formation of cracks.
Compressive creep test were performed in ambient air under a con-
stant uniaxial load, corresponding to nominal stresses in the range
10–100 MPa, using an electromechanical testing machine (Instron
1362) equipped with a high temperature furnace. The samples were
mounted between two alumina push rods. A linear variable differ-
ential transformer (LVDT, Sangami) was used for measurement of
the vertical displacement in a range ±1 mm and with a precision of
1.25 �m. The load was controlled with a 10 kN load cell (Interface
1210 ACK), while the temperature was monitored with a K-type
thermocouple located near the sample surface. Creep measure-
ments were conducted, in air, from 800 to 1000 ◦C. The temperature
was incremented step wise with 50 ◦C intervals, using heating and
cooling rates of 0.5 ◦C min−1. For STF50, measurements were also
conducted after evacuating the sample chamber to an oxygen par-
tial pressure (pO2) of ∼4 × 10−5 bar. Additional details of the creep
testing procedure are described elsewhere [21,22].

Creep parameters were obtained by fitting the experimental
data of the steady-state creep rate, �̇, to the generalized power law
relationship [19],

�̇ = A
(

1
d

)p

�nexp(− Ea

RT
) (1)

where A is a proportionality parameter, d the grain size, p the
inverse grain size exponent, � the applied stress, n the stress expo-
nent, Ea the apparent activation energy, R the universal gas constant
and T the temperature. The value for n, at given temperature, was
calculated from the slope of the log–log plot of �̇ versus � (Norton
plot). The value for Ea, at constant stress, was calculated from the
slope of the Arrhenius plot of �̇.

X-ray diffraction patterns (XRD, D4 ENDEAVOR, Bruker AXS,
Germany) of the ceramics were recorded before and after creep
experiments using Cu-K� radiation. A continuous scan mode was
used to collect XRD data in the 2� range 10–130◦ with a step size of
0.01◦ and a counting time of 5 s/step. Microstructural characteriza-
tion of the samples before and after creep experiments was carried
using scanning electron microscopy (SEM) and electron backscat-
ter diffraction (EBSD). SEM and EBSD patterns were obtained on
a Carl Zeiss Merlin© fitted with the Oxford Instruments’ Nordlys
II EBSD detector with AZtec© 2.4 software. Longitudinal cross-
sections were cut from the central part of the samples. For the
creep-tested specimens these correspond to the direction parallel
to the loading direction. The sample cross-sections were mechan-
ically polished using 0.25 �m diamond paste, and slightly etched
with colloidal SiO2. Pt coatings were applied by sputtering. SEM
images and EBSD patterns were generated using an accelerating
voltage of 20 kV and a beam current of 2 nA. The grain orientation
was mapped with a spatial resolution of 0.1477 �m and an angular
resolution of ∼1◦. Data was acquired at 70◦ tilted samples. Grain
size and orientation maps were produced using the HKL Channel 5
Tango software. The AnalysisPro© software package was used for
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Fig. 1. Temperature dependence of the steady-state creep rate for (a) STF30, (b)
STF50, and (c) STF70 tested in air at different stresses.

estimation of the grain size. Since the linear intercept and equiva-
lent circular diameter (ECD) methods revealed good agreement in
initial tests, the more simple ECD method was used in subsequent
analyses.

3. Results and discussion

3.1. Creep measurements

Fig. 1 shows Arrhenius plots of the steady-state creep rate of
STF ceramics in air at different stress values. Apparent activation
energies, Ea, averaged over the values obtained from measurements
at different stresses are in the range 341–477 kJ mol−1. The stress
exponents n extracted from the Norton plots (Fig. 2) vary between
1.1 and 2.4. Values of Ea and n obtained for the different STF compo-
sitions are listed in Table 1. Hysteresis effects of the creep rate upon
thermal cycling were small and found to be within experimental
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Table 1
Stress exponents and average apparent activation energies from steady-state creep measurements under air in the stress range 30–63 MPa. The ± values denote standard
deviations.

x Ea n(850 ◦C) n(900 ◦C) n(950 ◦C)
(kJ/mol) (−) (−) (−)

0.3 477 ± 22 2.0 ± 0.1 2.0 ± 0.1 2.4 ± 0.2
0.5 341 ± 18 1.5 1.2 ± 0.1 –
0.7 387 ± 10 1.2 ± 0.2 1.5 ± 0.1 1.1 ± 0.2
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Fig. 2. Stress dependence of the steady-state creep rate for (a) STF30, (b) STF50, and
(c) STF70 tested in air at different temperatures.

error. Fig. 3 compares the steady-state creep rate of STF50 at two
different oxygen partial pressures. The slightly reduced creep rate
at the lower pO2 of ∼4 × 10−5 bar relative to the value measured
at 0.21 bar indicates a role of the oxygen nonstoichiometry of the
oxide. Possible mechanisms for creep of STF are discussed below.

3.2. Structure and microstructure analysis before and after creep
testing

With the aid of X-ray analysis, the crystalline structure of the
ceramic samples was investigated before and after the creep tests.
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Fig. 3. Temperature dependence of the steady-state creep rate of STF50 at different
oxygen partial pressures.

Table 2
Lattice parameters of STF. Data from Steinsvik et al. [13] are shown for comparison.
The ± values denote standard deviations.

x a (this study) a [13]
(Å) (Å)

0.2 – 3.906 ± 0.001
0.3 3.906 ± 0.001 –
0.4 – 3.900 ± 0.001
0.5 3.896 ± 0.001 3.896 ± 0.001
0.6 – 3.890 ± 0.001
0.7 3.888 ± 0.001 –
0.8 – 3.878 ± 0.001

Fig. 4 compares the room temperature XRD patterns of virgin and
tested STF compositions. All peaks can be indexed using a cubic
perovskite structure (space group Pm3m). For STF50, these are con-
sistent with PDF 01-084-1004. In none of the samples evidence is
found for second phase formation during the creep tests. Lattice
parameters obtained from X-ray analysis for each of the compo-
sitions before and after creep testing agreed within experimental
error. Though the exact oxygen non-stoichiometries of the sam-
ples which were cooled in air are not known, Table 2 demonstrates
excellent agreement of the lattice parameters with those reported
in literature [13].

SEM micrographs and 3D EBSD grain orientation mapping of
the samples before and after creep tests revealed a homogenous
microstructure. Typical results are shown in Fig. 5. No quantifiable
evidence of grain growth during the time span of the creep tests,
or a preferred crystallographic orientation of the grains neither
before nor after the creep tests was found. The crystal orientation
map in the normal (z) direction (Fig. 5c), coloured according to the
inverse pole figure scheme (Fig. 5d), indicates that there are no
dominant colours. Similar results were obtained in the rolling (y)
and transverse (z) directions, and are therefore not shown. Aver-
age grain sizes and porosities of the samples from EBSD analyses
are compiled in Table 3.
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Fig. 4. XRD patterns of STF samples (a) before and (b) after creep measurements.

Table 3
Porosity and grain size of STF samples evaluated 3D EBSD analyses. The ± values
denote standard deviations.

x Porosity grain size
(%) (�m)

0.3 8 ± 1 2 ± 1
0.5 2 ± 1 4 ± 1
0.7 2 ± 1 4 ± 2

3.3. Creep mechanism

Diffusion creep involves movement of vacancies via the lat-
tice or along grain boundaries, referred to as Nabarro-Herring and
Coble creep, respectively [19]. In diffusion creep, the strain rate is
directly proportional to the applied stress, i.e., the stress exponent
n equals 1. In the applied stress range 10–100 MPa, the stress expo-
nents for STF50 and STF70 range between 1.1 and 1.5, as can be
seen from Table 1. It is thus reasonable to assume that secondary
creep in these compositions under the applied experimental con-
ditions is predominantly governed by diffusion of ionic species.
Macroscopic strain in a diffusion creep mechanism is known to
be inherently accommodated by grain deformation [19]. The sig-
nificant spread in grain sizes (as reflected by the relatively large
standard error in the average grain size (Table 3)), however, did
not allow us to quantify grain deformation over the time span of the
creep measurements, which would provide an additional premise
for diffusion-controlled creep in STF.

For a dislocation creep mechanism, stress exponents n in the
range 3–5 are expected [19]. Compared to STF50 and STF70, the
derived stress exponents are slightly higher for STF30, varying
between 2.0 and 2.4 in the stress range 10–63 MPa covered by
the experiments. The latter suggests a partial role of disloca-
tion motion in the creep behaviour of STF30. A power law creep
behaviour with stress exponents 1.9–2.5 has also been reported for
the related perovskite composition La0.58Sr0.4Co0.2Fe0.8O3-� (LSCF),
at 750–900 ◦C, in the stress range 10–100 MPa [23]. Majkic et al.
reported a continuous transition from diffusion to power law creep
for SrCo0.8Fe0.2O3-�, at 850–975 ◦C in the stress range 40–80 MPa
[24], and for La0.2Sr0.8Fe0.8Cr0.2O3-�, at 1100–1200 ◦C, in the stress
range 20–65 MPa [25].

The observed high activation energies for steady-state creep
in the STF compositions resemble those measured for cation
migration in perovskite oxides as determined from data of dif-

fusion couple and isotope tracer diffusion experiments [26–32].
This observation gives additional support for a diffusion creep
mechanism in STF, and excludes oxygen vacancies as the rate-
controlling species, since the activation energy for oxygen transport
in STF ceramics from data of oxygen permeation measurements is
reported to be around 90 kJ mol−1 [4].

The slight decrease in the creep rate of STF50 at a pO2 of
∼4 × 10−5 bar relative to that measured under air (pO2 = 0.21 bar)
can be accounted for by the enhanced oxygen vacancy concentra-
tion at the lower oxygen partial pressure. It should be noted that
the concentrations of cation and oxygen vacancies in the ABO3 per-
ovskite lattice are linked to each other via the Schottky disorder
reaction. The latter may be formally written as

nil ⇔ VA” + VB””+3VO
· · (2)

with equilibrium constant

Ks = [VA”][VB””][VO
· · ]3 (3)

with the notion that the B-sites in STF have mixed occupancies.
There is significant evidence in literature that the cations in A- and
B-site sublattices of perovskite oxides have equal mobility, which
includes dopant cations, and which suggests a concerted mecha-
nism for their migration in the lattice [26,27,31,32]. The observation
that the apparent activation energies of the creep rate of STF solid
solutions are intermediate between those observed for end mem-
bers SrFeO3 (260 ± 24 kJ mol−1 [33]) and SrTiO3 (628 ± 24 kJ mol−1

[34]) suggests that the values reflect a weighted sum of contri-
butions from the Schottky formation enthalpy and the migration
enthalpies of cations and oxygen ions in STF.

3.4. Comparison with other mixed conducting oxides

Fig. 6 compares the steady-state creep rate of STF measured at
900 ◦C under air in a Norton plot with results from creep studies
on related perovskite-type oxides. In general, diffusional creep is
prevalent at low stresses and small grain sizes [19], but may give
rise to different inverse grain size exponents p in Eq. (1). For a dif-
fusional creep mechanism (n = 1) with a vacancy flow through the
grains p = 2, while p = 3 when diffusion of vacancies occurs along
grain boundaries [19]. In both mechanisms, the grain-boundaries
act as ideal sources or sinks for vacancies. If diffusion is controlled
by an interfacial reaction n = 2 and p = 1. For dislocation creep, the
creep rate becomes independent of grain size for dislocation creep;
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Fig. 5. Microstructure of STF50 (a) before and (b) after creep measurements: (1) SEM fore scatter image, (2) EBSD band contrast image, (3) crystal orientation map (surface
normal direction, z) with colour-coding according to the (4) inverse pole figure. In Fig. 5b (2) the grain boundary map is superimposed on the band contrast image.
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ture data for related perovskite-type OTM membrane materials: La0.5Sr0.5CoO3-�

(LSC, 1.2, 1.3, 1.7 �m) [12], La0.6Sr0.4Co0.2Fe0.8O3-� (LSCF, 2.2,-, 0.6 �m) [23],
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4 �m) [35], and Ba0.5Sr0.5 (Co0.8Fe0.2)0.97Zr0.03O3-� (BSCF-Z3, 1.5,−, 4 �m) [22], where
the numbers between brackets indicate the stress exponent, inverse grain-size
exponent, and grain size, respectively. Only creep rates lower than 3.2 × 10−10 s−1

(indicated by the broken line) are projected to give a creep deformation of less than
1% per year [20].

n = 3–5 and p = 0 [19]. As the grain size dependence was not mea-
sured in this study, the data for STF and other compositions in Fig. 6
are presented ‘as measured’.

As seen from Fig. 6, the creep rates of the different STF composi-
tions are intermediate between those of the high-oxygen-flux OTM
materials SrCo0.8Fe0.2O3-� (SCF) [24] and Ba0.5Sr0.5Co0.8Fe0.2O3-�
(BSCF) [35] on the one hand, and those of La0.5Sr0.5CoO3-� (LSC)
[12] and La0.58Sr0.4Co0.2Fe0.8O3-� (LSCF) [23] on the other hand.
From an engineering design point of view, one of the criteria used
in determination of allowable stresses is a 1% creep deformation
per year [20], the value of which is presented by the broken line
in Fig. 6. As seen from this figure, limiting stress values for the STF
compositions, at 900 ◦C, range between 1 and 7 MPa.

Two main sources contribute to internal stresses in a mixed-
conducting ceramic membrane operating under isothermal,
steady-state conditions. The first is due to the differential chem-
ical expansion or contraction caused by the gradient in oxygen
stoichiometry across its thickness. The chemically induced stresses
are reduced when the oxygen flux through the membrane is under
partial control by the surface exchange kinetics [36]. Recent stress
analysis of supported Zr-doped BSCF (BSCF-Z3) membranes further
demonstrate that the stresses induced by oxygen stoichiometry
gradients decay with time due to creep [37], leaving only the
static trans-membrane pressure differential as the major source
of stress in the long term. The mechanical stresses generated by
the trans-membrane pressure differential depend on membrane
design [37,38]. For a planar membrane, with a trans-membrane
pressure differential of 20 bar, the internal stresses may increase
to several hundreds of MPa if the membrane support action is con-
centrated at certain distant points [39]. Significantly lower internal
stresses are generated for tubular (or capillary) membrane designs.
An additional advantage of the use of tubular membranes over pla-
nar membranes is that, as along as tubes’ ovality is absent (i.e., for
geometrically perfect membranes), tensile stresses can be avoided
by operating with an overpressure at the shell side of the membrane
[37].

4. Conclusions

The observed activation energies (341–477 kJ mol−1) and stress
exponents in the temperature range 800–1000 ◦C and stress range
10–100 MPa indicate that the steady-state creep rate in STF ceram-
ics under these conditions is predominantly limited by cation

lattice diffusion (Nabarro-Herring creep). For STF50 and STF70, the
stress exponents are in the range 1.1–1.5. For STF30, however, they
are in the range 2.0–2.4, suggesting a contribution of dislocation
creep to the creep behaviour of this material. The creep rates of the
STF compositions are compared with those exhibited by related
mixed conducting perovskite-type oxides considered for use as
OTM membrane.
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