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Abstract

The effect of the bulk microstructure (grain size distribution, grain boundary composition) on the oxygen transport propegSsaHe0;

membranes was investigated. For this purpose, samples with different microstructures were prepared by modifying the sintering duration and/or
temperature. The average grain sizes, ranging from 0.20 tqub¥ 8vere determined from SEM analysis. The oxygen transport properties of

these samples were characterised by permeation measurement. The fluxes presented a change in the activation energy which was attributed |
a change in the rate limiting step, from bulk diffusion at lower temperature (X8b surface limitations at higher temperature (>900

Only the transport through the bulk was influenced by the microstructure, with the highest flux for the smallest grains. This would imply
that oxygen transport occurs more rapidly along the grain boundaries than through the bulk. Grain and grain boundary compositions were
analysed by TEM.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction significantly on the preparation method and the sintering pro-
cedure. As an example, Zhang ef&lhave obtained samples
Perovskite-type mixed conducting oxides have been of SrFeg 2Caoy gO3_s with grain sizes comprised between 2
intensively studied in view of their application as oxygen and 15.m by varying sintering temperature between 930 and
separation membranksr cathodes in solid oxide fuel cefls.  1200°C. Permeation measurements showed that the oxygen
In particular, the oxygen transport properties of a large flux could be increased by a factor 3 simply by decreasing the
variety of compositions have been investigated. However, agrain size. They suggested that the grain boundaries provided
review of this abundant literature data often reveals impor- high diffusivity paths due to higher defect concentrations.
tant discrepancies, especially for identical compositions. The opposite trend was observed by Kharton e} ai.
These discrepancies are believed to arise from differencesLap 3Srh 7C00;_5. For instance, the permeability through a
in the microstructure of the samples. The influence of 80um grained sample was five times higher than through
the microstructure on the oxygen transport properties a 20pm grained sample. This pointed to grain boundary re-
of mixed conducting oxides has often been ignored, but sistance to oxygen ion transport. Nevertheless, fast diffusion
recently, several studies have pointed out its importance. Thealong the grain boundary was also reported for a |34
microstructure, i.e. grain size distribution, inhomogeneous grained sample, which had undergone liquid phase sintering,
grain composition or grain boundary composition, depends giving grain boundaries of distinctly different composition
than that of the bulk. The influence of the powder synthesis
T+ Comesponding author, Tel.: +41 216935968; fax: +41 216933502 meth?od on the microstructure was further investigated by Qi
E-mail addressstefan.diethelm@epfl.ch (S. biethelm). etal! Although different microstructures were thus obtained

1 present address: Laboratory For High Performance Ceramics, EMPA, (Wi'Fh average grgin size varying from 1 tqun), |_itt|e flux .
Dubendorf, Ueberlandstrasse 129, CH-86@endorf, Switzerland. variation was noticed. Therefore, grain boundaries can either
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act as high diffusivity paths or barriers for oxygen transport ergy was reduced to 3.0 keV for 30 min followed by 20 min
depending on their structure and composition. at 0.5keV at the end of the thinning process.

In this study, we examine the effect of microstructure on  All TEM observations were done on a Philips
the oxygen transport properties ofd.g5r sFeQ;_s samples. CM300 FEG/UT microscope, with a field emission gun op-
In particular, the influence of the grain size and the grain erated at 300kV and a reduced illumination intensity (spot
boundary length (GBL) on the oxygen permeation flux is size 5 and above). The EDS standardless microanalysis was

investigated. performed with an INCA/Oxford spectrometer.
2. Experimental 3. Results and discussion
2.1. Sample preparation 3.1. Grain growth
The nanometric LgsSro sFeQ;—s powder €100 nm av- The microstructure of the samples, principally the grain

erage grain size) was provided by HTceramix SA (Switzer- size, was controlled by varying the sintering parameters, i.e.
land). Disc-shaped samples (30 mm diameter) were producedemperature and duration. The grain size distributions were
by uni-axial compaction of the powder at 50 MPa and sin- estimated from SEM micrographs of the surface of the sam-
tered in air. The temperature and duration of the sintering ples, using the following approach: the 2D surface area and
were varied between 1175 and 13@) respectively, 0.5and  periphery of the individual grains were first calculated with a
68 h, in order to control the microstructure. The density of the graphical integrator software (DigitalMicrograph 3.4). Then,
sintered samples was measured by the Archimedes methodfor the sake of simplicity, the grains were assimilated to cubes
so that their characteristic dimension was taken as the side of
2.2. Permeation measurements a surface-equivalent-square. The grain boundary length was
estimated from half of the perimeter of the grains per surface
The oxygen transport through the dense samples was char@rea and is thus expressedim/un’. Itis evident that esti-
acterised by permeation measurements-2¢ mm diameter mating the Size Of 3D grains from their p|anar SeCtion |eadS to
dense sample was clamped between two alumina tubes us@n underestimation. It is, sometimes, possible to recover the
ing gold rings and paste as sealfh@ir was flushed in the ~ real3D grain-size distribution whenever the shape of the grain
lower compartment and argon in the upper one. Oxygen Wa_sis knOWn? In this Work, however, we shall remain with the 2D
separated from air by solid-state diffusion through the mem- approximation. The resulting data is summarizedable 1
brane and released in the argon side due to the oxygen partiafor five different samples. In the remaining of this paper, the
pressure gradient. The extremities of the tubes were sealed irf@mples will be referred to by the following code: LSF-1200-
the cold. The outlet gas composition was analysed with a gas1/2 corresponds to the baSt.sFeQ;—s sample, sintered at
chromatograph from Varian Inc. equipped with a molecular 1200°C for half an hour, LSF-1250-15 corresponds to the
sieve 5A capillary column. The outlet flux was measured on- L20.5Slh.sFeQs—s sample, sintered at 125C for 15 h, etc.
line by a bubble-meter. Any leakage could be detected by the ~ Asthegrain growthresults from the free-energy difference

presence of Min the outlet gas. across a curved grain boundary, its rate is expected to be
inversely proportional to grain size and thermally activated
2.3 TEM observations in such a way that the grain sizé) can be expressedd@s
En
The sample was first mechanically polished down to ap- 4 — do = \/2ro €xp <_RT) NG ()

proximately 2Qum using the tripod method. It was then

thinned by ion milling under grazing incidence with full sam- wheredy is the initial grain sizero, pre-exponential factor of
ple rotation in a Fischione apparatus at low temperature (closethe rate of grain growthEa, activation energyT, absolute

to liguefied nitrogen). The process started with a 5mA beam temperature antl sintering duration. IrFig. 1, the average

of 6 keV Ar* ions. To reduce the milling artefacts, the ion en- grain size is plotted as a function of the sintering temper-

Table 1

Sintering parameters with the resulting grain size and grain boundary length

Sample Sintering temperaturéQ) Sintering duration (h) Average grain siZg.m) GB length (um/um?)
LSF-1200-1/2 1200 8 0.20 (0.10) 869

LSF-1200-2 1200 2 31 (0.15) 551

LSF-1200-20 1200 20 .63 (0.26) 292

LSF-1250-15 1250 15 .43 (0.64) 121

LSF-1275-15 1275 15 .24 (1.15) 106

2 Side of an area equivalent square. The standard deviation is given between parenthesis.
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Fig. 2. Arrhenius plot of the oxygen permeation flux between 800 and

. S . 1000°C through membranes with different microstructure.
Fig. 1. Influence of the sintering temperature and duration on the average 9

grain size, showing g/t dependence and a thermal activation in accordance
with Eq. (1). conductors:11

. RT
. . . . Jjo, = =K Aln po,
ature and duration, showing that it effectively follows Eq. 16F

(1), with dg=0.121 (7)um, ko=3.9 10 m?/s andEa =385 RT T1 1 L 1-1
(17) kJ/mol. The value of the initial grain sizéy, is consis- =~ Ter? [, + =+ _} Alnpo, 2)
tent with the average grain size of the starting powder. oK Tamb

In the sample that was sintered during 68 h at IX75as wherelL is the membrane thickneds;ideal gas constant and
well as in those sintered at higher temperatur&250°C), F, Faraday’s constarit is a combination of bulk and surface
exsolution of a Fe-enriched phase (possibly iron oxide) was parameters angympis the mean value of the ambipolar con-
observed at the intersection of grains. This probably origi- ductivity coefficient, which describes the simultaneous trans-
nates from a slight iron excess in the powder composition, asport of oxygen ions and electronic species in the membrane,
indicated by ICP. Finally, a sample that had been sintered forand«’, respectively, and”, represent the surface exchange
10 h at 1300C had started to melt. reaction rates at each surface. In predominantly electronic
conductors, such as &St sFeQ;_s,22 o amp= o, the ionic
conductivity. As the locapo, difference is not directly mea-
surable, it was replaced by a average logarithpgic differ-

o ence in a similar way as a logarithmic temperature difference
The characteristics of the three membranes used for theig yefined in heat exchangérs:

permeation measurements are giverfable 2 The result-
ing oxygen fluxes are shown in an Arrhenius plbig( 2) Po, . AINpo,in — AN po, out
as a function of the inverse temperature. A change of the Alnpo, =In PT)Z ~In(AIn PO.in/ AN po,.ou)
slope, which corresponds to a change in the activation energy
(Ea), is clearly apparent around 900 for the LSF-1200-20  where the subscript “in” refers to the fluxes entering the re-
sample. This change was reproducible upon thermal cycling, actor, and “out” to those exiting it. The advantage of this
which means that the permeation fluxes had reached theirexpression is that it depends only on known or measurable
steady-state value. quantities.

In order to account for an eventual influence of the The resulting overall oxygen transfer coefficients, calcu-
variation of the oxygen partial pressupg, gradient due  lated from Eq.(2) are shown irFig. 3. As the tested mem-
to the increase of the flux at high temperature, the over- branes had different thickness (€able 2, theK values were
all oxygen transfer coefficientK] were calculated using  also multiplied by the thickness to get normalised values.
Wagner's equation for the permeation flux through mixed These are shown iRig. 4. After this correction, the change

in activation energy is still apparent.
A possible explanation of this change of slope would be

3.2. Oxygen permeation

®3)

Table 2 that the material undergoes an order—disorder phase transfor-
Characteristics of the membranes used for permeation measurements mation around 906C. The transition between the high tem-
Membrane Pellet thickness  Density Relative density perature perovskite-type phase, where the oxygen vacancies

(mm) (g/cn?) (%) are randomly distributed, and the brownmillerite-type phase,
LSF-1200-1/2 (B2 (2) 609 991 where the oxygen vacancies are orderés,known to re-
LSF-1200-20 ®4 (1) 609 9al duce dramatically the oxygen transport in such matetfls.
LSF-1250-15 110 (2) 601 978

In order to check this assumption, TG-DTA measurements
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Table 3
1 R . Temperature dependence of the apparent ambipolar conduciiyify) @nd
“e o the surface rate constarf ©btained by linear regressions of the total trans-
A TG port coefficient K) data
- 9\ - . .
N.E A * ¢ © Grain size ogmbl’ = ag, €XP(—Ea/RT) «T = ag, exp—Ea/RT)
A m
S ol A W ° (um) In ay, Ea (ki/mol)  Inay, Ea (k3/mol)
vl A * (SK/cm) (SK/cnd)
o LSE10020 0.20 2042 243+ 16 178402 11242
A
A LSF-1250-15 A 0.63 26.6+ 04 221+ 4 16.3+ 0.4 96+ 4
1.43 219+ 0.6 188+ 6 - -
0~01 T T T T T T T T
76 78 80 82 84 86 88 90 92 94
10T (K™ tation above 900C but by bulk transport below. Finally, the
_ _ N _ LSF-1250-15 data would be representative of bulk transport
Fig. 3. Arrhenius plot of the global oxygen transport coefficirior dif- over the complete temperature range. The transition from

ferent samples. The line is a linear regression of the high temperature data, L . L .
of LSF-lZOF())-llz 9 9 P the bulk-limited regime to the surface-limited regime when

the temperature is increased results thus from the difference
in their respective activation energies.

Based on the interpretation presented in the previous sec-
tion, k ando ampVvalues were obtained by fitting the data plot-
ted inFigs. 3 and 4ising Eq(2), and are giveniiable 3 The
influence of the microstructure on the ambipolar conductivity
is shown inFig. 5 for two temperatures. The apparent con-
ductivity decreases with increasing grain size and increases
with increasing grain boundary length. This means that grain
boundaries play a significant role in oxygen transport and
offer a more rapid path. It is interesting to notice that the

activation energy, was attributed to bulk transport whereas activation energy of the apparent conductivity increases as
: the grain size decreases, i.e. as the contribution of the grain

the latter was attributed to surface limitation. For the present X )

data, a similar explanation seems plausible. The coincidencebound"jlrles becomes more |mpolrtar.1t.

of the K-values for LSE-1200-1/2 and LSF-1200-20 above To. alloyv further_cpmparlson W|th'I|terature data, values of
900°C shows that they are independent of the samples’ the_: diffusion coefflc!ent fpr oxygen lori3o were calculated
properties but rather representative of transport limitations using the Nernst-Einstein relation:
occurring at the membrane/Ar interface. On the contrary, oiRT

the lower temperatureK-data depend strongly on the o= 4CoF? (4)
microstructure of the samples and are thus expected to be ) _ )

related to bulk transport. According to this interpretation, ~ 1N€se are given ifiable 4 Thereby, it was assumed that
the LSF-1200-1/2 data would mainly be governed by surface amb=0i, and use was made of the oxygen nonstoichiom-
limitation except at the lowest temperatures@5°C). The etry data from Mizusaki et df The most relevant litera-

LSF-1200-20 data would also be governed by surface limi- turé data for us are tracer diffusion coefficients measured
by Ishigaki et alt” for La;_ySrFeQGs_s (x=0.1, 0.25 and

were carried out on the powder. As a sign of this transition,
one would expect an endothermic peak around°@@ur-
ing heating and an exothermic peak during coofif@his,
however, was not observed, neither in air nor in argon.

A similar change in activation energy was already ob-
served with La.¢Cap.aFen 75C0p.2503_5.8 The comparison
of the oxygen flux through membranes of different thickness
revealed that the lower temperature data was inversely pro-
portional to the thickness contrary to the higher temperature
data. Thus, the former, which was characterised by higher

3.5
0.14
3.0 4 -1 slope ® 800°C
\ o 900°C
2.54

g o 201 el
£ 0.014 £ “%\

2 e 9 e
& O LSF-1200-122 AL g 10 -
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Fig. 4. Arrhenius plot of the normalised global oxygen transport coefficient

(KL) corresponding to the contribution of bulk transport. The lines corre- Fig. 5. Influence of the grain size on the apparent ambipolar conductivity
spond to linear regressions of the data. (capp) at 800 and 900C. The lines correspond to a linear regression.
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Table 4

Diffusion (Do) and surface exchangkd) coefficients calculated from theymp andx data using Nerst—Einstein relation

T(°C) Do (cré/s) ko (cm/s)
LSF-1200-1/2 LSF-1200-20 LSF-1250-15

800 2.62x 1078 1.74x 1078 6.50x 10°° (5.47x 1077)

900 (2.67x 1077) 1.44x 1077 3.92x 1078 1.60x 1076

1000 (1.88< 1075) (8.54x 1077) 1.78x 1077 3.93x 107

Ea (kJ/mol) 243 221 188 112

The values between parenthesis are extrapolated.

0.4) single crystals. The sample with the closest compo- |
sition to ours x=0.4) was, however, only characterised at [fpd Lris
1000°C, yielding D}, = 5.88 x 10~7(cm?/s). Forx=0.25, f/; «'f/‘ Il
D = 2.45exp(-(177+ 17kImolt)/RT) (cn?/s). These 1/,
values agree reasonably well both in term of magnitude and }
activation energy with the values calculated for LSF-1250- /
15, which is the sample with the largest grains and thus the {

most susceptible to be representative of the grain properties f

Nevertheless, it should be noted that our conductivity values /J
are significantly smaller than those reported by other groups ?

—
e ———

for the same or similar compositioA$18-1%Unfortunately,
this discrepancy cannot be discussed further since no infor- /
mation about the microstructure of their samples is available.

3.3. TEM observations AN \\‘ \
W\

Grain boundaries were examined in the LSF-1250-15 sam- A\
ple by transmission electron microscopy (TEM) taking care .
tokeep a low illumination mtenSIty to ?‘VOId |rrad|at|pr) dam_ Fig. 7. High-resolution image of the interface between the two grains of
age or structural changes in boundaries. They exhibit typical rig. 6 (near Scherzer defocus). The interface is wavy and interfacial edge
contrasts of local strains attributed to interface dislocations dislocations are present where lattice planes join (A). On some areas the
at low magpnification. Bright field imaging with higher mag- lattice plane contrast vanishes close to the interface (B and C) and some
nification reveals that the thickness of the boundary is not amorphous or foreign phase may be presentin very thin layer (thickness less

. . . . than 1 nm).
uniform. Fig. 6is a 550 nm over-focused image of an edge-

oninterface. Some discontinuities are visible in the intergrain
Fresnel fringe (dark segments within the grain boundary, in-
dicated by the arrows), which suggests that some extrane-
ous material may be present locally. High-resolution imaging
(0.17 nm at Scherzer defocus) confirms this view. No clear
amorphous layer is obvious at the interfaeg( 7). On some
areas lattice planes from both grains join possibly by forming
an interfacial edge dislocation (A), but on some other (B and
C) their contrast vanishes close to the interface, indicating a
possible layer or inclusions about 0.5 nm thick that is most
probably amorphous. Energy-dispersive spectroscopy (EDS)
analysis with an elliptical probe about 3 nril0 nm along

the grain boundary, however, failed to reveal any significant
change in composition compared to the grain.

4. Conclusion

Fig. 6. Brightfieldimages of a grain boundary at: (a) 550 nm underfocus and Bv measuring the oxvaen permeation flux throuah
(b) 550 nm overfocus. The discontinuities observed along the dark intergrain y g Y9 P g

Fresnel fringe suggest that some extraneous material may locally be presenLaO.§Sr0.5FeQ%—6 membranes Wit_h different miC'_’OStrUCtU res,
(arrows). the influence of the average size of the grains and/or the



2196 S. Diethelm et al. / Journal of the European

length of the grain boundaries on the oxygen transport prop- 4.

erties was examined. In particular, it was shown that the
permeation flux was partially governed by surface limitation
(fine grain, high temperature) and partially by bulk transport
(coarse grain, low temperature). Only the bulk-limited fluxes
were influenced by the grain size, with the higher values for
the finer grains. This gives evidence of oxygen transport oc-
curring preferentially along grain boundaries, which act as
high diffusivity paths. Examination of the grain boundaries
by transmission electron microscopy revealed typical con-
trasts of interface dislocations. The presence of extraneous

material at the interface was suggested both by bright field 8-

and high resolution imaging, but no significant composition
change could be found. Further investigations are still re-
quired for a clear explanation of the origin of the enhanced
transport of oxygen along the grain boundaries.
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