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a  b  s  t  r  a  c  t

Doped  lanthanum  chromite  was  investigated  as  ceramic  interconnect  materials  to  be  used  in high-
temperature  solid  oxide  fuel  cells  (SOFCs).  In this  work,  a La0.80Sr0.20Cr0.92Co0.08O3 powder  produced  by
combustion  synthesis  was  used  to obtain  dense  specimens.  Powders  were  uniaxially  compacted  under
a  load  of 30  MPa and  sintered  at 1500 ◦C for  4 h in air.  The  sintered  specimens  were  characterized  in
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terms  of  crystalline  phases,  density  and  porosity,  strength  and  hardness  measurements,  deformation
behavior,  fracture  mode  and  microstructure  aspects.  The  results  have  shown  dense  samples  (6.09  g/cm3)
with  strength  and  hardness  values  of 62  MPa  and  5.98  GPa,  respectively.  Surface  micrograph  indicates  a
mixture  of  inter-  and  transgranular  fracture  modes,  a  brittle  deformation  behavior  and  grain  size  around
3 �m.
ardness

. Introduction

Solid oxide fuel cells (SOFCs) represent the most efficient way
o generate electricity by electrochemical reaction between fuel
nd oxygen [1–7]. An SOFC consists mainly of an anode, a cath-
de and an electrolyte. A SOFC requires an interconnect material to
orm a SOFC stack and to make the electrical connection between
he anode and the cathode [8–10]. The most important role of the
nterconnect materials is to provide a conductive path for elec-
rical current and they have some characteristics such as good
lectrical conductivity to minimize ohmic losses, stability in both
xidizing and reducing conditions, similar thermal expansion coef-
cient (close to the other cell components) to minimize thermal
tresses and to avoid the formation of cracks, chemical compat-
bility with the other cell components, mechanical properties at
oom and 900–1000 ◦C (operating cell temperature), low perme-
bility to oxygen and hydrogen and low cost. Lanthanum chromite
LaCrO3) is the most used interconnector material in solid oxide
uel cells (SOFCs) [11–17].  The main disadvantage of the lanthanum
hromite is the high melting point and its difficulty to obtain fully
ensified products. Several studies have been developed in order
o obtain dense optimize LaCrO3 products and to optimize the

hysical and mechanical properties of doped LaCrO3. Hydrother-
al  synthesis of doped lanthanum chromite [6,16],  autoignition

rocess [7],  ultrasonic spray pyrolysis and glycine nitrate [9],  slip
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casting [11], combustion process [11,17] and the incorporation of a
variety of elements such as Ca (improving the sintering process and
the conductivity values) [1,7,15], Ca Co (increasing the strength
values) [12], Sr (increasing densification) [14,16],  Sr Co Fe (show-
ing the presence of a ferrous-elastic behavior) [13] and the addition
of glass material (improving the sinterability) [15] were reported.
Further studies are still under way  to identify the best combination
of best elements to improve the density, conductivity and mechan-
ical properties of lanthanum chromite. In addition, it was  recently
found that Sr Co doped powders have good sinterability in air
atmosphere and relative densities over the range of 93–96% may be
achieved at temperature as low as 1600 ◦C [17]. Although the sin-
terability of the La0.8Sr0.20Cr0.92Co0.08O3 interconnect material has
been studied, the mechanical properties of the sintered material
have still not been investigated in detail.

The main purpose of this study is to provide data on the facture
strength and deformation behavior of La0.8Sr0.20Cr0.92Co0.08O3.

2. Experimental procedure

Powder with expected stoichiometry La0.80Sr0.20Cr0.92Co0.08O3
was prepared by combustion synthesis in laboratory. Combustion
synthesis has allowed obtaining La0.80Sr0.20Cr0.92Co0.08O3 per-
ovskite powder from the corresponding metal nitrates and urea as
fuel. Details about the powder process can be founded elsewhere

[17]. Powder compacts were uniaxially pressed under 30 MPa  and
sintered at 1500 ◦C for 4 h in air. Apparent density and poros-
ity of the sintered bodies were determined using the Archimedes
water displacement method. Crystalline phases present after the
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Table 1
Properties of sintered La0.80Sr0.20Cr0.92Co0.08O3.

� [g/cm3] P [%] HV [GPa] � [MPa]
Fig. 1. X-ray diffraction pattern of sintered La0.8Sr0.20Cr0.92Co0.08O3.

intering process were identified by X-ray diffraction (Shimadzu
RD-600) in a range of 20–90◦ with a 2� scanning rate of 2◦ min−1.
ickers’s microhardness (HV) was evaluated by a Vickers inden-

er applying a load of 90 N during 15 s. Mechanical strength of
he specimens (average of samples per value) was measured at
mbient temperature and 900 ◦C by a universal testing machine
Zwick, 2.5 kN), using three-point bending geometry at a con-
tant cross-head speed of 0.5 mm min−1. Fracture surfaces were
bserved through by scanning electron microscopy (Shimadzu
SX-550).

. Results and discussion

Fig. 1 depicts a typical X-ray diffraction pattern of the sin-
ered La0.8Sr0.20Cr0.92Co0.08O3 material. LaCrO3 and CoCr2O4 with
rthorhombic perovskite phase are shown to be the only crys-
alline phases present. No other secondary crystalline phases were
dentified. This corroborates findings reported in the literature
or LaCrO3 doped with strontium and cobalt [17,18]. There are
ther crystalline phases reported in the literature for LaCrO3
ased ceramic doped with Co (LaCoO3) [12], Ca (La0.8Ca0.2CrO3)
15], Sr (La0.9Sr0.1CrO3) [16], Ca–Co (La1 − xCaxCr1 − yO3 − ı) [3],

r–Co (La0.7Sr0.3Cr1 − yCoyO3) [14] and Ca–M (M = Al, Co, Cu, Fe)
La0.8Ca0.2Cr0.9M0.1)3 − ı [1].

Table 1 summarizes some properties of lanthanum chromite
nvestigated in this work. The density and porosity values obtained

Fig. 2. Strength and hardness values of so
La0.80Sr0.20Cr0.92Co0.08O3 6.09 0.7 5.98 62

are comparable to those described in the literature [1,10,12,14,16].
Density values of La1 − xSrxCr1 − yCoyO3 materials sintered at
1500 ◦C were founded to increase with increasing strontium con-
tent and reached an ideal value at x = 0.1 and y = 0.2 or x = 0.1 and
y = 0.3 [14]. Further increase in the dopant concentration, however,
did not show to enhance the density values of lanthanum chromite
materials [14]. Recent work published in the literature indicates the
use of glass to improve the sintering process of lanthanum chromite
[15]. The addition of glass increases the sintering ability, improving
the densities values and the electrical conductivity [15].

Fig. 2 compares the strength and hardness values founded in
this work with data reported in the literature for other lanthanum
chromite materials [1,12].  Some studies published in the litera-
ture indicated that strength and hardness values are dependent
on the porosity of the lanthanum chromite materials [10,12,14].
LaSrCoO3 with 10% of porosity and dense samples of LaCaCoO3
show hardness values between 7 and 9 GPa and 9 and 11 GPa,
respectively [12]. Dense La0.8Ca0.2CoO3 (99% TD) has a bending
strength of 150 MPa  whereas the more porous LaCoO3 (83% TD) and
La0.8Sr0.2CoO3 (90% TD) have lower values of 53, 76 and 150 MPa,
respectively [12]. Strength values of lanthanum chromite doped
with strontium shows values of 130 and 180 MPa  for sintering
temperature of 1500 and 1700 ◦C [10,14].  The values of hardness
and strength founded are compatible with the sintering tempera-
ture used in this work (1500 ◦C) and the observed porosity of 0.7%
(Table 1).

Typical load–displacement curves measured at room- and high
temperatures are shown in Fig. 3. Both curves show a linear behav-
ior. The strength and deformation behavior of the interconnect
material may  be well matched with the other elements of the solid
fuel cell. No similar deformation with the other cell elements and
low high temperature strength can cause a collapse of the cell.
LaCrO3 doped with Fe have showed a ferrous-elastic behavior and
a non-linear load–displacement behavior between room tempera-
ture and 700 ◦C [13]. This result is associated to the ferrous-elastic
of the rhombohedral phase that not exists in the high temperature

cubic symmetry [13].

An unusual deformation behavior was  observed for lanthanum
strontium manganese (LSM) [9].  Plastic deformation of LSM under
ambient conditions under a bending stress of 40 MPa  or less was

me lanthanum chromite materials.
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ig. 3. Load–displacement curve of La0.8Sr0.20Cr0.92Co0.08O3 at room temperature
nd 900 ◦C.

eported [9].  In this work no anomalous plastic deformation at
mbient temperature was  founded for LaCrO3 doped with stron-
ium and cobalt.

At 900 ◦C a decrease of the slope is observed and may  be
ttributed to the decrease of elastic moduli of lanthanum chromite
t high temperatures. A decrease of strength values of the sin-
ered La1 − xSrxCr1 − yCoyO3 material with increasing temperature
as also observed [14], which is in agreement with the results of

ig. 3.
Figs. 4–6 show the typical microstructure of the sintered LaCrO3

intered at 1500 ◦C. The LaCrO3 material doped with strontium
nd cobalt samples exhibited a dense microstructure formed by
quiaxed grains, but some residual porosity was also observed
Fig. 4). The microstructure consists of fine grains with an average
ize of approximately 3 �m (Figs. 4 and 5).

The fracture surface analysis reveals a mixture of transgranular
nd intergranular fracture modes (Fig. 5) what is in agreement with
he fracture analysis observed for porous LaCrO [12]. However,
3
ores in triple point junction of approximately 2–4 �m diameters
ere also present (Fig. 6), which are possibly the sources of failure

Fig. 4. SEM micrograph of the sintered material.

Fig. 5. SEM micrograph showing the crack propagation in LaCrO3 grains.

Fig. 6. Fracture surface of La0.8Sr0.20Cr0.92Co0.08O3.
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or these materials. These observations are in accordance with the
ensity of lanthanum chromite presented in Table 1.

. Conclusions

La0.80Sr0.20Cr0.92Co0.08O3 powder prepared by combustion syn-
hesis was used to sinter specimens at 1500 ◦C for 4 h. LaCrO3
nd CoCr2O4 with orthorhombic perovskite phase are the phases
dentified by X-ray diffraction. The lanthanum chromite material
hows a density and porosity values of 6.09 g/cm3 and 0.7%, respec-
ively. The LaCrO3 doped with strontium and cobalt shows strength
62 MPa) and hardness (5.98 GPa) comparable to other lanthanum
hromite materials. Microstructural analyses have shown a mix-
ure of inter- and intragranular fracture modes and a homogenous
rain size distribution. The load–displacement behavior is linear
or both temperatures and no unusual ferrous-elastic behavior was
dentified.
cknowledgements
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