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Abstract

Bay 5Sr5CoggFep,05_q (BSCF) is a candidate material for the application as oxygen separation membrane. However, the requisite mechanical
reliability needs to be warranted. Indentation tests on dense BSCF yielded data for hardness, stiffness and fracture toughness up to a temperature
of 340 °C. Complementary to this, the fracture toughness was also evaluated up to 800 °C based on an indentation-strength method.

Up to 200 °C, the values of all characteristic mechanical parameters decreased. At high temperatures they increased. The morphology of the
indentation cracks depended on the applied indentation load. This was taken into account while selecting suitable expressions for calculating
indentation toughness. The temperature dependence of the normalised fracture toughness as determined by indentation technique and indentation-
strength method matched quite well. They revealed a good agreement with the temperature dependence of previously reported normalised fracture
stresses. In addition to this, the effect of annealing on the mechanical properties of the material was also studied.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the Oxyfuel technology with the rapid advancement
in gas separation techniques has emerged as an important option
for fossil fuelled power plants to ultimately capture CO».! Per-
ovskite materials with ABOj3 structures (with rare earth metal
ions in A-site and transition metal ions in B-site) appear to
have a large potential for the application in such gas separa-
tion membranes.! The advantage of the perovskite membrane
materials is their high oxygen separation capability. The fun-
damental mechanism responsible for the selective separation
of oxygen from air is the diffusion of oxygen ions at ele-
vated temperatures in the lattice of the perovskite material.>—
Although initially SrCoj_,Fe,O3_q was suggested as mem-
brane material,>~ ordering of oxygen vacancies and associated
reduction of the oxygen flux led to studies in which the partial
replacement of Sr with Ba provided a higher level of oxygen
non-stoichiometry and increased the permeability.®*
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Among the investigated perovskites, Bags5Srgs5Cog.g
Fep203_q (BSCF) appears to be one of the most promising
oxygen permeable membrane materials.®%~!! Oxygen stoi-
chiometry, oxygen permeation properties and the aspects of
chemical stability of BSCF have been widely investigated.®7-1?
By now also several reports are available on the thermal
expansion behaviour and electrical conductivity of BSCF of
different compositional variation.!3-!> Some recent works'®!7
have reported in great detail the charge density profile, atomic
— isotropic displacement parameters and conductivity of BSCF
based on data from synchrotron X-ray diffraction measure-
ments, permitting an identification of the detailed temperature
dependent oxygen transport mechanisms. Recently, Liu et al.'8
have studied the variation of crystal structure and chemical state
of BSCF using XRD and X-ray photoelectron spectroscopy
(XPS). In another recent work, Maier et al.'’ reported a
significantly improved oxygen permeability in the case of
BSCEF thin layers.

Although the thermo-chemical aspects of BSCF have
received a lot of attention, the information on the thermo-
mechanical characteristics which are of crucial importance for
design and engineering, is still limited to few publications, e.g.
Huang et al.>%2! In the studies of Huang et al., mainly a ring-on-
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ring bending test configuration was used for measuring fracture
stress and elastic modulus of BSCF as a function of temperature.
In another paper Malzbender et al.”? compared the elastic prop-
erties of BSCF materials obtained using different techniques. To
the best of our knowledge, Huang et al.?® reported for the first
time the indentation fracture toughness of BSCF. However, the
observed substantial discrepancy in the temperature-dependence
of normalised fracture toughness and fracture stress remained
unexplained. In an extension of this previous investigation, the
aim of the present work was to explain this discrepancy and to
do a systematic study on the micro-mechanical features of bulk
BSCF material.

2. Experimental

The disc shaped BSCF samples were prepared at IEK-2,
Forschungszentrum Jillich GmbH from powders supplied by
Treibacher Industries AG, Austria. The powder was uniaxially
pressed using a pressure of 105 MPa and sintered at 1000 °C
for 12 h. Heating rate and cooling rate was 5 K/min. The den-
sity of the sample was measured with water emersion process
(Archimedean method). The density of the sintered samples was
5.37 g/lem? with a porosity of 4.5%. Assuming a spherical geom-
etry, the average dimension (diameter) of the equivalent grain
size was 10 &£ 4 wm. To study the effect of heat treatment, a batch
of sintered pellets was annealed up to a temperature of 900 °C
under partial pressure of oxygen, 107> mbar. It was assumed
that the oxygen partial pressure is 1/5 of the measured total
pressure. The absolute value of partial pressure was selected
as per machine constraints. The heating and cooling rates were
3 K/min and 1 K/min, respectively. Subsequently after anneal-
ing, the samples were subjected to indentation tests from room
temperature (RT) to 340 °C. The indentation characteristics of
these annealed samples were compared with that of samples
without annealing (mentioned as “as-received” samples). Dur-
ing indentation tests, the test temperature was too low (<350 °C)
to cause oxygen mobility in the material and hence only 10 min’
time was given for thermal equilibration of the oxygen content.
Moreover the time was to be kept as low as possible to eliminate
the scope of thermal drift. However, in case of mechanical mea-
surements at higher temperature (>450 °C), sufficient time was
provided at each temperature for equilibrating oxygen content.
This time duration was optimised through number of test runs
conducted at different temperatures.

The biaxial loadings in ring-on-ring bending tests were car-
ried out for the disc specimens following the ASTM standard
(C1499-05) using a universal testing machine (Instron 1362).
Further details of this test along with the equations used for
fracture stress and elastic modulus evaluation have been reported
elsewhere.?%22 Some discs were subjected to indentation on the
tensile surface prior to bi-axial (ring-on-ring) fracture test to
evaluate fracture toughness following the indentation-strength
method reported by Chantikul et al.>3

The discs, both with and without annealing, were ground
and subsequently polished to mirror finish for the indentation
tests with Vickers micro-indenter (H100, Fischer, Germany) and
Vickers macro-test setups (Hardness Tester, Wolpert, Germany)

at room temperature. The indentation load was varied from
10mN to 10N so as to see whether there was some indentation
size effect for these perovskite materials. Micro-indentations
with Vickers tip were also conducted at elevated temperatures
using customer build CSM machine (CSM, Switzerland). Due
to limitations of the CSM machine, tests could not be performed
at a temperature > 340 °C. Interference between the indenta-
tion cracks and stress field around subsequent indentations was
avoided by separating them to at least three times the inden-
tation size. Loading and unloading curves were recorded from
the micro-indentation studies using the in-built data acquisition
software and the plasticity parameter (ratio of final depth to max-
imum depth) was evaluated. In addition to analysing hardness
and elastic modulus on the basis of the standard procedure after
Oliver and Pharr,2* it has also been attempted to use the ratio
of elastic and total indentation work to determine the elastic
modulus. %7

The indentations were observed using an optical micro-
scope (CSM, Switzerland). In-built Image analysis software was
applied to measure the length of the cracks as well as the inden-
tation diagonals. These data were used subsequently to calculate
the indentation hardness and fracture toughness. The subsurface
damage zone under indentation and the profile of the indenta-
tion cracks were studied with a stereo-zoom and a scanning
electron microscope (SEM, LEO1530, Zeiss, Germany). The
relevant relationships for calculating the indentation fracture
toughness were selected depending on the ratio of the crack
length and indentation diagonal and also sub-surface crack pro-
file. For each load, at least ten indentations were made to measure
the diagonals and crack lengths.

3. Results and discussion

As shown in Fig. 1a the results of the hardness tests obtained
with micro- (up to 1N) and macro-indenter (>1N) overlap
well, however the hardness shows a strong load-dependence.
Such indentation size effects (ISE) where the measured hard-
ness depends on the deformed volume (load) have been widely
reported for ceramics materials.’® At low indentation loads
(<0.1N) the scatter in hardness values was ~25-30% and it
decreased at higher loads (>1 N) to less than 10%.

The average room temperature hardness was 5.4 GPa (with
indentation load of 1 N) and it decreased strongly with temper-
ature (Fig. 1b), up to ~40% at around 340 °C similar to the
percentage drop of elastic modulus of BSCF in bending tests.?’
Overall, the decrease of the hardness with temperature is compa-
rable to that of conventional engineering ceramics like alumina,
SiC, TiC.28%*

No signs of pile-up were observed around the indentation
marks that might question the use of the relationship to deter-
mine the hardness. In most of the cases, the plasticity parameter
was less than 0.7, the threshold above which pile-up around the
indenter is supposed to occur.

The non-dissipated indentation energy (Welagtic/Wiotal) has
been reported to be related to the elastic modulus,>>~27 which
permits a convenient method to determine the elastic modulus
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Fig. 1. Variation of hardness (a) with indentation load and (b) with temperature.

using:

W,
E=533H ( total ) (1

elastic

The advantage of this approach is that a drift effect at high
temperatures that might occur during the unloading of the inden-
ter does not have a strong impact on the energy ratio. It has
been reported that the elastic modulus of BSCF obtained using
bending test decreases due to a spin-transition of Co-ions and
associated expansion by ~30% up to 200°C.2° The values
obtained in the present study using Eq. (1) were consistently
lower (around 10-15%) than those measured in bending test,”
however a very similar decrease of ~25-30% was observed at
a temperature of 200 °C in both tests (Table 1).

Table 1
Stiffness value (in GPa) calculated from the ratio of the dissipated energy for
un-annealed (As received) BSCF.

Temperature/°C E/GPa
RT 55+4
200°C 40 £ 3

e

Fig. 2. A typical indentation imprint in BSCF at RT (load 0.6 N).

As typical for brittle ceramics, BSCF showed indentation
cracks only above a threshold load. At loads higher than ~0.5 N
cracks emerged clearly from the four corners of the impression
(Fig. 2). Such indentation cracks have widely been used to esti-
mate the fracture toughness of materials. In general the shape of
indentation-cracks depends on the material composition, surface
features, heat treatment and applied load. Different subsurface
geometries like half-penny, radial-median and Palmqvist have
been defined.>*-3> In the present work micrographs of the crack
profiles were taken to define fracture path and crack geometry.

A careful observation revealed that the fracture path was
transgranular independent of the crack length. The crack length
at a particular load increased with increasing temperature (RT to
340 °C). A careful examination of the hardness data showed that
although indentation cracks appeared at higher loads, they did
not have any pronounced effect on the hardness values. In fact,
from Fig. la, it was evident that substantial drop of hardness
occurred well below the crack formation threshold of 0.6 N and
there was only a small drop in hardness beyond that load.

For each indentation, the c/a ratio was calculated (with ¢
being half crack length and a half diagonal) (Fig. 3). The ratio
changed with indentation load. A simple statistical analysis
revealed that at an indentation load of 1 N, 91% of the inden-
tations (including all indentations at higher temperatures) had a
cla<3 and 77%, a ratio of <2.5. At an indentation load of 0.6 N
(the load typically used for indentations at elevated tempera-
tures) more than 85% had a ratio of <2.5 and 73% a ratio of <2.
So it can be summarized that in most of the cases the ratio was
well below 2.5 or 3.

It should be noted that the use of indentation cracks to deter-
mine the fracture toughness is still under discussion in the
literature, in particular regarding the existence of ideal radial-
median crack profile at low values of c/a. In fact, the analysis
method to be used for the indentation fracture toughness depends
on crack shape, requiring the use of different relationships for
the determination of the fracture toughness for different c/a
regimes.>0>* It has been suggested®' that for Vickers inden-
tation in the range of c/a < 3, the crack system is more likely of
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Fig. 3. Shematic drwing of (a) radial and (b) Palmqvist type crack profiles.

Palmqvist type and it changes to radial-median for larger c/a. In
the present study, most of the indentation cracks showed c/a >3
and it can be assumed to be Palmqvist in nature. Moreover, it
was not possible to describe the data by a typical relationship for
radial-median cracks (Fig. 4, P ~ ¢').33 Therefore the analysis

here was based on a relationship for Palmqvist type cracks for
lla~0.25-2.5":

EN*PT P

In this relationship Kjc is the indentation fracture toughness,
E'the elastic modulus and P the load. It was found that the average
value of indentation fracture toughness was 0.9 + 0.1 MPa m®-
at room temperature. The value decreased significantly from
RT to 200°C, followed by a comparatively smaller drop at
higher temperatures (Fig. 5). The uncertainty was ~10% at
each temperature. From the toughness a critical crack length

18 -
» ]
16
L]
£
S 14 4
=z -
£
L,,_ _
o
T 12 _—
10
T T T T T T T T T T
0 2000 4000 6000 8000 10000

Indentation load /mN

Fig. 4. Variation of the ratio P/c'5 with indentation load (P).

was determined using the geometry factor ¥'=1.25 for standard
semi-circular cracks?” yielding a critical crack size of ~40 um.

In a previous work, it had been reported that the normalised
fracture toughness (ratio of fracture toughness at any temper-
ature to that at RT) and fracture strength of BSCF? did not
display identical temperature-dependence. However, a compari-
son of the temperature-dependence of newly derived indentation
fracture toughness data with the previously reported strength
values” in Fig. 5 revealed very good agreement.

The better agreement can be attributed to the fact
that the indentation crack shape was better described by
Palmqvist cracks contrary to the previous work where an ideal
radial-median crack system was assumed. Furthermore the
temperature-dependent variation of the factor £/H was also taken
into account in the current work. It was based on the measured
hardness and in addition the elastic moduli from ring-on-ring
bending tests. It has been observed here that the ratio of E/H
varied substantially with temperature, an observation which had
not been considered in the previous investigation.?"
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Fig. 5. Normalised indentation toughness, fracture stress and toughness (eval-
uated using the indentation-strength method).
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Fig. 6. Investigation of the crack profile. (a) SEM image of transgranular radial
crack profile and damage below the indentation, (b) indications of damage
accumulation and micro-cracking under the indentation.

Apart from the indentation load of 0.6 N (generally used in
the present study at different temperatures including RT), the
indentation fracture toughness was also evaluated at higher loads
ranging from SN to S0N (c/a~ 3). But at indentation loads
>20 N, severe lateral chipping occurred in most cases. To inves-
tigate the subsurface crack profile, a series of indentations were
made with a load >5 N on polished samples along a pre-defined
straight line. Then the samples were broken carefully along
this line. The cross-sections were investigated with stereo-zoom
microscope. A typical sub-surface profile of an impression after
loading to 10N is shown in Fig. 6a. The microstructure of the
sub-surface indentation crack profile reveals that the crack path
was fully transgranular and there was severe damage associated
with micro-cracking (Fig. 6b). It may be noted in Fig. 6a that the
areajust beneath the indentation had a comparatively lower num-
ber of pores than the surrounding sub-surface region. It shows
that due to plastic deformation the pores collapsed in that area.
Based on the statistical data for c/a (consistently greater than
3) and the microscopic evidence, the indentation toughness was
determined for this high load indentations using the classical
relationship for median radial cracks®>:

EN'?T P
ke =0016( ) | 5] )

Table 2 summarises the room temperature indentation frac-
ture toughness values for the low and high load range as
obtained using the respective relationships for Palmqvist and

Table 2
Room temperature (RT) indentation fracture toughness of dense BSCF.

Load/kg Kic in MPam®3
0.06 0.9 +0.2

0.5 1.2 £0.1

1 1.3+ 0.1

2 14 £ 0.1

5 1.44 £+ 0.15

median-radial cracks. It can be seen that the toughness val-
ues were larger at higher loads. With higher indentation loads,
there was decrease in hardness due to indentation size effect
whereas the elastic modulus was almost independent of load.
So the ratio of hardness to elastic modulus increased. The
higher value of toughness at higher load can be attributed to this
behaviour. The overall average indentation fracture toughness is
1.2£0.3MPam®>.

Although it was proposed by Anstis et al.>> that the inden-
tation fracture toughness can be determined with an accuracy
of more than 30—40%, in the present study, the BSCF material
was also analysed in addition using the so-called indentation-
strength method.?? The indentation strength method is based on
the fracture of pre-indented specimens in a bi-axial, ring-on-
ring bending test configuration. Following the guidelines given
by Chantikul et al.>3, the method requires that indentation cracks
should be radial-median, large enough to act as fracture initia-
tion defects and the maximum crack depth should be <1/10 of
the specimen thickness. Pre-tests revealed that a load of 20N
leads to cracks which satisfied these boundary conditions.

The average pre-test indentation crack length ¢ was measured
to be 90-120 wm (specimen thickness 800—1000 wm). The pre-
indentation is supposed to induce flaws that are larger than the
native flaws of the material which can be checked conveniently
by the subsequent reduction in fracture stress. The variation of
the fracture stress in bending test with pre-indentation load in
Fig. 7 confirmed that with indentation loads of >20 N indenta-
tion cracks initiated the fracture. In fact, the product of fracture

100
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40 -
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Fig. 7. Variation of fracture stress with indentation load for pre-indented sam-
ples.
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stress o¢ and the indentation load P!/3 was constant which is the
basic verification of the indentation strength method,? since:

£\ /8
K,C:0.59<H> lof P31 )

Using this relationship, an average value of room temperature
fracture toughness of 1.24 MPa m?3 (uncertainty 5%) could be
determined for the pre-indented BSCF specimens. It has been
suggested that the critical crack length is larger than the initial
length of the radial crack formed during indentation. Although
it has been suggested that this should lead to an error of ~27%3
the value was in good agreement with the indentation fracture
toughness measured using the standard indentation technique.

Indentation-strength tests at elevated temperatures (200 °C,
400 °C, 600 °C and 800 °C respectively) were carried out using
the same principle. The thermal annealing followed the proce-
dure outlined in earlier reports”>->! where the equilibration times
at different temperatures were optimised through repeated tests.
The temperature-dependence of the obtained fracture toughness
was in good agreement with that of the indentation fracture
toughness and conventional bending fracture stress (Fig. 5).
The fracture toughness decreased by almost 50% up to 400 °C,
while at 800 °C it recovered to 70% of the RT value, similar to
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Fig. 10. Temperature dependence of (a) hardness and (b) fracture toughness.

temperature-dependent variation of the average fracture stress
reported in.20

For vacuum annealed (10~ mbar) specimens, the shear-
deformation bands (Fig. 8) were visible at a significantly lower
temperature, 86 °C compared to 260 °C in samples without
annealing (“As-received”). This suggests that vacuum annealing
of BSCF lead to an easier mode of shear deformation. However,
the ratio of maximum depth to final depth (i.e. plasticity param-
eter), did not support it. In fact, contrary to the expectation,
this ratio was generally larger for un-annealed (“As-received”)
samples than for the annealed ones (Fig. 9). This might have
been due to the fact that the annealed samples showed more
total deformation as well as more elastic recovery than samples
without annealing. Overall, the differences in the temperature
dependence of hardness and toughness (Fig. 10a and b) were
within the limits of uncertainty, although the hardness for the
annealed specimens appeared to decrease stronger.

From the results given above it appears that fracture tough-
ness, hardness and elastic modulus had similar temperature
dependence up to a temperature ~200 °C. Hardness is a com-
bined parameter depending on elastic, yield strength, indenter
angle but also crack formation and crack growth. No recovery
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Table 3
Stiffness value (in GPa) calculated from the ratio of the dissipated energy for
annealed BSCF.

Temperature/°C E/Gpa
RT 48 £ 3
250°C 32+4

effect was found for hardness at higher temperatures contrary
to the elastic modulus. Fracture toughness and elastic modu-
lus revealed similar decreases till ~200°C (Table 3). Above
~250 °C the elastic modulus increased which might lead to asso-
ciated changes in fracture toughness, since fracture toughness is
a parameter that depends on elastic modulus and fracture energy
of a material.

4. Conclusion

It may be concluded from the present work that both
indentation crack measurement and pre-indentation technique
(indentation-strength technique) resulted in a very similar
temperature-dependence of the fracture toughness. The tough-
ness values obtained from indentation strength method were
compared with the values calculated from indentation cracks
not only at room temperature but also at higher temperatures.
Apart from similar absolute values at room temperature, even
at elevated temperatures, approximately the same percentage
drop of toughness was noticed in both the methods. The pre-
indentation technique permitted results to be obtained over a
wider temperature range with a low uncertainty (~20%).

Indentation toughness evaluation at high temperature is often
considered to be difficult, due to limitations of available testing
devices. The indentation-strength method can be a useful alter-
native especially for membrane materials that will be used at
high temperatures in technical application. In this method, there
are no special requirements on the sample preparation which
eases the determination methodology. Particularly for porous
membrane materials where indentation crack-measurement is
difficult, this method is expected to be an effective tool for tough-
ness evaluation. A measurement of the fracture toughness using
the indentation-strength method of specimens that have been
exposed to the normal laboratory environment for 6 months did
not show any decrease in toughness, indicating that slow crack
growth is not of major relevance for this perovskite material at
room temperature.

The normalised values of fracture stress and fracture tough-
ness revealed good agreement. It appears that the strong decrease
in fracture toughness was coupled to the decrease in elastic mod-
ulus and both are related to the inherent bond strength. In two
recent studies'®!” it has been shown that within the tempera-
ture range 300-500 K substantial variation in the charge density
profile of different A—O and B—O bonds occurred for BSCF and
there was a decrease in bond-strength of certain covalent bonds.
Since there is no indication of phase change in this temperature
range, changes in bond strength due to a distortion of the BOg
octahedron can be the reason for such simultaneous decrease
in elastic modulus and fracture toughness. In fact, with ABO3

perovskite structures like BSCF having Jahn Teller ion like Co
at its B-site, a spin transition of Co-ion with temperature, a dis-
tortion of the crystal structure and a change in bond strength
can contribute in a complex manner to result in such anomalous
mechanical behaviour. However, still further in-depth studies are
needed for quantitative as well as qualitative estimation of the
structural distortion with temperature.
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