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Oxygen permeability measurements of Bag 5Sro 5CoggFep203_s (BSCF) disk shaped membranes fabricated
by thermoplastic processing and sintered at different temperatures (1000-1100°C), showed no influ-
ence of the grain size on the oxygen permeation fluxes. To further investigations, Electron Backscattered
Diffraction (EBSD) and Conductive mode (CM) microscopy methods were used for texture analysis and
observation of the local electrical behavior in the BSCF membranes, respectively. EBSD results revealed
that the grain size of the membranes increased with increasing the sintering temperature from an aver-
age of 3.32 wm at 1000°C to 18.25 wm at 1100°C. Also, it was seen that there was no textural difference
between the different samples. CM analysis demonstrated that the electronic conductivity of the grains
and grain boundaries was similar in the membrane sintered at 1000 °C. Finally, the stability of the mem-
brane under the operation conditions was tested, and it was found that the permeation flux was nearly
constant at 900 °C after an operation time of more than 50 h, whereas oxygen permeation flux declined
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after a relative short time at 825°C.

1. Introduction

Perovskite-based, mixed ionic-electronic conductors (MIEC)
are of great interest because of their 100% oxygen permselectiv-
ity at elevated temperatures. These materials are widely under
development as ceramic membranes for oxygen separation and
in catalytic partial oxidation reactors, as electrodes for solid oxide
fuel cells and for high temperature electrolysis [1-4]. Oxygen
permeation in MIEC membranes is driven solely by a difference of
oxygen partial pressure (oxygen potential gradient) on either side
of the membranes.

Since Teraoka reported high oxygen permeation flux in
La;_,SrxCo;_yFe,05_s5 (LSCF) ceramic membranes in the late 1980s
[5,6], a large number of studies have been carried out to optimize
oxygen permeation in this system, with SrCoggFep,05_5 (SCF)
showing significant promise. However, later studies revealed
that the SCF phase was not stable below 800°C at oxygen partial
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pressures lower than about 0.1 atm due to oxygen vacancy ordering
[5,7-10].

It was later found that the structural and chemical stability of the
SCF membranes were greatly improved by partial substitution of Sr
with Ba, retaining a high oxygen permeation flux for compositions
around Bag 5Srg5Cog gFeg203_5 (BSCF). Recently, BSCF has received
increasing attention for use in ceramic oxygen membranes [11-15].

It has beenreported that the oxygen permeation flux of the MIEC
membranes is sensitive to microstructural features, such as grain
size and grain boundary structure [16-26]. The microstructure
depends both on processing history, and especially the sintering
procedure, even for similar components. The preparation of MIEC
membranes can be considered in terms of three steps: (1) powder
synthesis, (2) shaping, and (3) sintering. The influence of each of
these steps on the microstructure and oxygen permeation flux of
the MIEC membranes has been investigated over the last decade,
with several different behaviors reported [13,16,17,19-21,24].

In the case of BSCF, previous studies have resulted in conflict-
ing data, especially with regard to the influence of grain size on
permeation [13,14,18,22-26]. The effect of the microstructural on
the oxygen permeation flux cannot be generalized and the contra-
dictions could be attributed to microstructural variations caused
by differences in powder synthesis routes and sintering conditions
used by different groups.
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Fig. 1. Schematic diagram of the BSCF membrane fabrication.

In this study, we have examined the effect of grain size
on the oxygen permeation flux of BagsSrgs5CoggFep205_s mem-
branes, fabricated by warm pressing. Three samples with differing
grain sizes were prepared by sintering at different tempera-
tures. The associated microstructural changes were characterized
using scanning electron microscopy (SEM) combined with electron
backscatter diffraction (EBSD) for texture analysis and conductive
mode (CM) microscopy to observe the local electrical behavior in
the BSCF membrane. Oxygen permeation experiments were also
carried out on the membranes sintered at each temperature.

2. Experimental
2.1. Sample preparation

Commercially available Bag 5Srg 5Cog gFep203_s (BSCF) powder
(Treibacher, Austria), with a mean particle size of 3 um and a spe-
cific surface area of 1.55m2/g was used. Mean particle size (dggr)
also was calculated from the BET according to dggr =6/[ 0t SseT],
where py, is the theoretical density of the BSCF powder measured
by He-pycnometer and Sggr is the measured surface area by BET
and a value of 0.70 wm was determined.

Fig. 1 shows the thermoplastic processing route used for fab-
ricating the disk shaped membranes. Polystyrene (type 648, Dow
Company, Switzerland) and polyethylene glycol (PEG 20000) (Fluka
AG, Switzerland) were added as binders, with additions of stearic
acid as a surfactant (Fluka AG, Switzerland) in the preparation of the

feedstock, forming a ceramic-polymer composite with 48% volume
fraction of polymer. This is in agreement with literature reports that
the usual powder content attained is around 52 vol.% for ceramic
feedstock with binders based on thermoplastic polymers [27]. The
feedstock was prepared using a high shear mixer (HAAKE PolyLab
Mixer, Rheomix 600, Thermo Scientific, Germany). The mixing was
carried out using a two step sequence: in the first step, the mixing
was performed at 10 rpm and 170 °C for 30 min and subsequently
at 10rpm and 150°C for 150 min until the mixing torque reached
a constant value.

The feedstocks were loaded into a steel die with heating man-
tle and uniaxially pressed at 30 kN and 165 °C for 30 min to form
disk-shaped membranes, approximately 28 mm in diameter. The
elimination of the binder was achieved by thermal debinding,
employing a slow heating rate up to 600 °C in air. To provide sam-
ples with different grain size, sintering was carried out at 1000 °C,
1050°C and 1100°C for 2 h, using a heating rate of 1°C/min. The
densities of the sintered samples were measured by the Archimedes
method. The porosity of the sintered disks was determined using
image analysis (Digital Micrograph 3.10.0, Gatan Inc.). Additionally
the porosity was calculated by the quotient of the Archimedes den-
sity and the skeleton density (He-pycnometer) and subtracting the
results from one.

2.2. Basic characterization

2.2.1. Electron Backscattered Diffraction (EBSD)

EBSD is widely used in quantitative metallography; particularly
for subgrain imaging and texture determination [28-30]. Its use
in ceramics research is increasing but is limited by difficulties in
producing the necessary strain-free surface to allow channeling of
electrons to take place. A further benefit is that orientation contrast
allows grains to be differentiated easily without sample etching.

Kikuchi-type diffraction patterns, generated by backscattered
electrons [28-30], are recorded for each point of analysis. The
crystallographic orientation is determined after indexing of the
corresponding diffraction pattern. The structure factors of the
reflectors are calculated with Electron Microscopy Image Simula-
tion (EMS) software developed by Stadelmann [31]. For the EBSD
sample preparation, the sintered samples were ground and pol-
ished to achieve a smooth strain-free surface. All EBSD data were
collected at the University of Fribourg using a Philips® FEI XL30
SFEG Sirion SEM equipped with an EDAX® (TSL) OIM 3.5 software
package. The best results were obtained with an accelerating volt-
age of 15kV and a probe current of 20 nA. The sample tilt was 70°
and working distance of 15 mm. To reduce the measuring time, the
resolution, i.e. the step size and analyzed area were adjusted to
match the average grain size. For the fine grained material sintered
at1000°Canareaof 120 wm x 120 wm was mapped with a step size
of 0.25 pm/step, whereas for coarse grained membrane sintered at
1100°Can area of 570 wm x 264 wm was mapped at a resolution of
1.25 pm/step.

Orientation distribution functions were calculated for the
(100),(101)and (11 1)axes.To estimate the strength of the Lattice
Preferred Orientation (LPO), the texture index J, which is the mean
square value of the orientation distribution function, was deter-
mined [32]. A purely random LPO gives J=1.0, withJincreasing with
the degree of preferred orientation. For a single crystal, J tends to
infinity (in practice it is limited to about 270 due to the truncation
in the spherical harmonics calculations).

The grain misorientation distribution has been determined from
the ODF (Orientation Distribution Function) and compared to ran-
dom distributions [33]. The grain boundaries (GB’s) satisfying the
coincidence site lattice (CSL) model for the multiplicity index X' val-
ues up to 49 were automatically detected for cubic materials, using
the list integrated in the software [34]. The multiplicity index X is
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Fig. 2. Schematic picture of setup of the measurement device for oxygen permeation flux of membranes [35].

defined as the reciprocal ratio between the total number of sites
and the number of coincident sites of two interpenetrating lattices.
The latter form the coincident site lattice. The smaller the X' value
the higher the coincidence between both lattices. The boundaries
separating neighboring grains, for which the interpenetrating lat-
tices form a CSL with low X index, are often parallel to planes
of the latter. Special GB’s corresponding to given X' values were
counted and expressed as a fraction of the total GB’s. The number
and type of such special boundaries determined in the present sam-
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2.2.2. Permeation measurements

The set-up used for permeation experiments is shown in Fig. 2.
Measurements were carried out as has been described previously
[35]. The sintered disc membranes, approximately 23 mm in diam-
eter and 0.6 mm in thickness, were clamped between two alumina
tubes and sealed using gold rings and paste. The surface of the
samples was ground before permeation measurement. Synthetic
air (350 Nml/min) was pumped into the lower compartment, and
argon (99.999%) (100 Nml/min) was used as sweep gas in the upper
one. Oxygen was separated from air by solid state diffusion through
the dense membrane due to the oxygen partial pressure gradient
and released on the argon side. The outlet gas composition was ana-
lyzed with a gas chromatograph (GC) (Varian Inc.) equipped with
a molecular sieve, 5A capillary columns and a TCD detector. The
outlet flux was measured using a digital flow-meter (Varian Inc.).
Any leakage could be detected from the presence of N, in the outlet
gas. The sample was first heated up to 1000 °C to soften the gold
rings and ensure a good seal. The temperature was then decreased
step-wise, with permeation measurements made every 25 °C. The
flux was measured after equilibration of the sample. Flux measure-
ments were repeated up to 7 times for each condition to check the
reproducibility.

2.2.3. Conductive mode (CM) microscopy

The conductive mode (CM) of the SEM uses currents flowing
in the sample under beam irradiation as the image forming signal
[36] and is used in the characterization of semiconductors and some
electroceramics [37-41]. In use, two current collecting electrodes
are positioned on the sample surface to either side of the area of
interest, permitting currents that are generated within the sample
as a result of primary electron beam bombardment to be collected
and amplified to form the image (Fig. 3).

CM microscopy has been used to observe local resistivity vari-
ations in electroceramics using resistive contrast (RC) imaging
techniques [37,40,41]. In this mode of operation a pair of electrodes

is deposited on either side of the area of interest, making electrical
contact. One electrode is connected directly to earth and the other
connected to an amplifier so that the absorbed beam current flow-
ing through it can be used to control the brightness of the RC image
onthe screen. As the electron beam scans the area between the elec-
trodes, injecting current, the sample acts as a current divider and
varies the proportion of current flowing to each electrode (Fig. 3).
In a uniformly resistive specimen the current flowing to the ampli-
fier and hence the screen brightness varies smoothly. However, a
local change in specimen resistivity changes the rate of variation
of current reaching the amplifier, and is seen as a perturbation in
the brightness gradient in the RC image. The resolution of the tech-
nique is limited by the size of the electron excitation volume in the
specimen, and is therefore dependent on beam energy and spec-
imen density, and in the case of our material and experimental
conditions is approximately 1.1 wm. To observe RC in our sam-
ple, pairs of 100 pm square, gold electrodes, separated by 50 um
were applied to a polished face of the BSCF sample through a
photolithography-applied mask. The samples were mounted on
an electrically insulating sample holder in a JEOL 6300 SEM, and
connected to the amplifier via tungsten probes controlled by a
micromanipulator. The CM signal collected under primary beam
irradiation (10keV, 5nA) was amplified for imaging and linescan
analysis using a commercial EBIC amplifier (Gatan EbiQuant).

3. Results

Table 1 gives the sintered density, average grain size and poros-
ity of the BSCF membranes sintered at different temperatures. The
sintered densities and grain size both increase with increasing sin-
tering temperature.

Fig. 4 shows Secondary Electron (SE) images of the mem-
brane samples sintered at each temperature, with superimposed

to earth to amplifier
| electron |
beam
— probe contact
| BSCF specimen

| insulating substrate |

Fig. 3. CM configuration.
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Table 1
Effect of the sintering temperature on the densification of the membrane.

Sintering Sintered Sintered Porosity®?  Average grain
temperature density? density® (% (%) size® (m)
°Q) (g/cm?) theoretical)

1000 5.29 + 0.02 96.27 + 0.36 345+ 046 3.32

1050 5.32 + 0.02 96.63 + 0.15 3.25+0.28 6.86

1100 5.38 £ 0.01 97.91 + 0.25 1.82 £ 042 18.25

3 Porosity was determined from measured density (Archimedes method) and
skeleton density (pycnometer).

b The average and deviation values were reported for three samples at each sin-
tering temperature.

¢ Average grain size was determined from the EBSD analysis.

EBSD orientation maps, in which each grain’s crystallographic ori-
entation relative to the image normal is given by the color in
the unit triangle. (For interpretation of the references to color in
this sentence, the reader is referred to the web version of the
article.) Grain size distribution of samples was determined by
dio~2 pmand dgg ~ 7 pm after sinteringat 1000°C/2 h, d1p ~ 6 pum
and dgp ~ 17 pm after sintering at 1050°C/2 h, as well as djg~ 12
and dgg ~ 40 for the sample sintered at 1100 °C/2 h. The black areas
in the SE image, which are not indexed in the EBSD orientation
maps, correspond to pores, which are 1-10 wm in diameter and are
located both within the grains and at the grain boundaries. The pro-
portion of intra-granular pores increases with increasing sintering
temperature. The overall porosity (determined by image analy-
sis) was about 11.8%, 8.8% and 6.1% for the membranes sintered

2h @ 1050°C

2h @ 1100°C

001 101

Fig.4. SEimages with superimposed grain orientation maps of cross-sections of the
membranes sintered at: (a) 1000°C, (b) 1050°C, and (c) 1100°C.
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Fig. 5. Grain size distribution of the membranes sintered at different temperatures.

at 1000°C, 1050°C and 1100°C, respectively. The porosity deter-
mined by image analysis showed a higher value than the porosity
obtained by measured density (Table 1). The difference could be
due to the threshold values set during the image analysis. Fig. 5
shows the grain size distributions within each sample, determined
from the EBSD imaging.

In all three samples the grains are randomly oriented, with val-
ues of the texture index, J, 0of 1.17 (1000 °C), 1.85 (1050°C) and 1.21
(1100°C) for the (100) poles (Fig. 6). The grain boundary misorien-
tation angle distributions follow the expected curves for a random
texture in a cubic material (Fig. 7).

The fractions of special CSL boundaries (Fig. 8) are close to the
distribution calculated for a random texture [33], i.e. they con-
firm the lattice preferred orientations (LPO) results, but are slightly
higher than expected, although this may be due to parameters used
inapplying the Brandon criterion [42], which was originally derived
to accommodate the effects of tilting at grain boundaries due to dis-
location arrays. These microstructural data suggest that the effect
of changing the sintering temperature has merely been to adjust
the grain size. There is no evidence for changes in texture, or grain
boundary structure distribution that might affect permeation rate.
The lack of a discernable texture also means that a random distri-
bution of crystal surfaces will be presented at the surface of the
membrane.

Fig. 9 depicts the oxygen permeation flux of the BSCF mem-
branes sintered at 1000, 1050 and 1100°C for 2 h as a function of
the temperature. The error bars correspond to the standard error
calculated from the standard deviation of the experimental data.
The oxygen permeation fluxes through the membranes are iden-
tical within the error margins of the measurement. Our values for
the oxygen permeation fluxes at 950°C and 850°C are compared
with those of other Bag 5Sr( 5Cog gFeg203_5 (BSCF) disk membranes
reported in the literatures (Table 2). The apparent activation energy
for permeation in the temperature range 800-1000°C was found
to be ~40KkJ/mol for all of the membranes used in this study. This
value is consistent with other reported values for bulk diffusion in
BSCF membranes, which reported the apparent activation energy
between 25 and 45 kJ/mol in the temperature range of 800-950°C
[11,26,43,44].

Fig. 10a shows a secondary electron image of the polished face
of the BSCF membranes sintered at 1000 °C and prepared for CM
microscopy. The surface electrodes and electrical contact probes
are visible in the image. Fig. 10b is a CM image of the same area.
The image brightness is given by the proportion of absorbed beam
current flowing to the top electrode. The bright contrast under the
top electrode and the dark contrast under the lower electrode is
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Fig. 6. Pole figures for the (001),(101)and (11 1) axes of the 1000 °C sample (max. value is very low). The results for the other two samples are similar (RD: rolling direction

and TD: transverse direction).
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Fig. 7. Grain boundary misorientation angle distributions for (a) 1000°C, (b) 1050°C, and (c) 1100°C. The blue curve is the distribution calculated for a cubic symmetry
sample with random texture. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 8. Grain boundary map for 1050 °C sample. The colored boundaries correspond to CSL boundaries with X' =3 (dark blue), 5 (light blue), 7 (light green), >9 (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

caused by an electron beam induced current (EBIC) arising from
the partial Schottky nature of the gold contacts on the sample sur-
face. Between the electrodes, the image has a uniform grey gradient
with no microstructural detail. The graph in Fig. 10c shows that the
variation in CM current with beam position between the electrodes
is linear and since any sudden local change in resistivity would dis-
tort the uniform variation of CM current with beam position. This
indicates that the sample resistivity is uniform on the scale of the
beam excitation volume within this area. The injection of beam
electrons changed the resistance between the electrodes by less

than 1% and so the sample free-carrier concentration was not sig-
nificantly altered by the measurement. It is therefore concluded
that the electronic conductivity of the grains and grain boundaries
in this region are similar.

It is important for the membranes to remain stable under
the operating conditions and to show no degradation in oxygen
permeation. Fig. 11 shows the time dependence of the oxygen
permeation flux for the BSCF membrane sintered at 1000 °C/2 h. It
was found that the permeation flux was nearly constant at 900 °C
after an operation time of more than 50 h, whereas oxygen per-
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Fig. 9. Temperature dependence of oxygen permeation flux through the differ-
ent BSCF membranes sintered at 1000°C, 1050°C and 1100°C for 2h, air flow
rate =350 Nml/min and sweep flow rate 100 Nml/min. The data are average values
and the error bars correspond to standard error.

meation flux declined after a relatively short time (20 h) at 825°C.
This difference in behavior with temperature may be attributable
to a decrease in the concentration of mobile oxygen vacancy in
the lattice owing to changes in the oxidation state of B cations, in
which, the structure gives a Goldschmidt tolerance factor higher
than one [3,45]. Another reason is the hexagonal-cubic phase
transition that occurs in BSCF at moderate temperatures [11,13]

Table 2
Comparison of the oxygen permeation fluxes through the BagsSro5C0ggFep203_s
(BSCF) disk-type membranes.

Temperature Thickness 0, flux References
Q) (mm) (ml/cm? min)

950 1.50 1.60 [1]

950 1.80 1.40 [11]

850 1-2 2.01 [12]

950 0.60 243 Present work?
850 0.60 1.70 Present work?

3 Oxygen permeation fluxes were reported for samples sintered at 1000°C/2 h.

and this phase transformation would be ordered the oxygen
vacancies, whose are almost non-oxygen permeable [9].

4. Discussion

The EBSD data show that all three samples have close to ran-
dom textures with similar grain boundary structure distributions.
The only microstructural parameters that change are grain size and
porosity: porosity only slightly. Within the accuracy of our experi-
ment, changes in grain size in the range 3-18 wm did not affect the
oxygen flux at temperatures in the range 800-1000 °C.

Wang et al. [13] reported a positive, albeit weak, correlation
between fluxand grain size, in the range 30-140 .m, whichis larger
than used in this study. Similar observations were made by Gao
et al. [46]. However, these samples had very low densities, ranging
from 69 to 85% of the theoretical BSCF density. A much stronger
correlation was observed by Arnold et al. [24], but in this case the
grain size (14-17 pm) was controlled by the amount of BN (boron
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Fig. 10. (a) Secondary electron image of the polished face of the BSCF, (b) CM image, and (c) variation in CM current with beam position.
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nitride) that was added to the powder. Increasing the concentra-
tion of BN, which oxidized and melted during sintering, reduced
both the grain size and the oxygen permeability. The authors claim,
that there is no B,O3 or related phase along the grain boundaries,
but they give no indication about where the B,0j3 is located in the
microstructure. Tan et al. [18] also observed an increase in perme-
ability with increasing grain size (0.1 and 0.5 pwm on the surface).
However, powders with different synthesis methods were used for
preparing the membranes and therefore slight variations in com-
position might influence the flux performance of the membranes.
In contrast to all the above examples, Bouwmeester [23] reported a
decrease in flux with increasing grain size and Baumann et al. [26]
reported an inverse but very weak relationship between grain size
and the oxygen permeation flux for BSCF.

In other related perovskite systems a general explanation about
the effect of membrane grain size on the oxygen permeation
flux cannot be found. While in the LaCoO5_gs, Lag3Srg7C003_g
and LagpgSrg4CogrFegg03_5 systems oxygen permeation flux
increases with increasing grain size [47-49], the opposite is

Qobserved for the LagsSrgsFeOs_s, LaggSro4FepoGag105_s and

)

ht

Lag.1Srp9CoggFeq.103_s systems [20,50,51]. Slower ionic transport
at the grain boundary is well known as the grain boundary blocking
effect, which is mainly attributed to impurities, solute segregation,
or second phase at the grain boundary: even in high purity materi-
als [20,52-54]. Thus, the smaller grain size and consequent higher
area of grain boundary lead to lower total conductivities.

In the present work, we have established that for a random tex-
ture the oxygen permeation flux in BSCF is not dependent on grain
size and/or grain boundary volume, and have found no evidence
for a grain boundary blocking effect in BSCF. The independence of
the electronic conductivity from intervening grain boundary was
confirmed by CM measurements.

5. Conclusion

BSCF membranes, 0.6 mm in thickness, were fabricated by the
warm pressing method using thermoplastic processing. Different
grain sizes were obtained by sintering the samples at 1000°C,
1050°C and 1100°C for 2 h. A density of the 96% was achieved for
the membrane sintered at 1000 °C and 98% for 1100 °C. An average
grain size of 3.23 wm for fine grained membrane and 18.25 pum for
coarse grained membrane were determined. Permeation flux mea-
surements showed no difference in performance for membranes
sintered at different sintering temperatures. EBSD revealed that
there is no lattice preferred orientation as indicated by the values
of the texture index J, for all three membranes. CM method also

showed that the electronic conductivity of the grains and grain
boundaries in this region are similar. The stability of the mem-
branes associated with oxygen permeability was investigated and
results showed that at temperatures lower than 900 °C the oxygen
permeation flux declined with time.
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