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Abstract

The elastic moduli of both oxidized and reduced
MgO, CaO, and SrO doped lanthanum chromites
were measured by the dynamic Young's Modulus
method. The elastic modulus was also measured as a
function of CaO content in both the oxidized and
reduced states. From Reitveld ®tting of the X-ray
di�raction data, corresponding cation to anion
atomic distances were calculated and compared.
Changes in the elastic modulus corresponded to
changes in the Cr+3 to Oÿ2 average interatomic
distance for the dopants used. # 1998 Published by
Elsevier Science Limited.

1 Introduction

Lanthanum chromite ceramics form an indispen-
sable part of solid oxide fuel cells (SOFCs) due to
both high electronic conductivity and their resis-
tance to both oxidizing and reducing conditions.1

Often the material is used to connect cells and to
separate the oxidizing air side from the hydrogen
fuel side. Research into lanthanum chromites has
primarily been concerned with their electrochemi-
cal behaviour versus oxygen partial pressures and
dopants.
Lanthanum chromite is a perovskite ABO3 cer-

amic with lanthanum on the A site and chromium
on the B site. The oxygen ions surround the chro-
mium ion to form octahedra connected at the cor-
ners by oxygen ions. The lanthanum ion is situated
in a 12 fold co-ordination site between the octahe-
dra. It had been stated that the behaviour of the
octahedra determines the behaviour of the perov-
skite material.2,3

Magnesium is used to dope the chromium B site
while calcium and strontium are used to dope
the lanthanum A site. Due to electroneutrality

requirements, the chromium ions change valence
from +3 to +4 to compensate for the +2 valence
of the alkali earths when they sit in the +3 A and B
sites under oxidizing conditions. This change in
valence accounts for the high electronic conduc-
tivity. The change in valence of the chromium ion
also results in a change in ionic radii, from
r(+3)=0.0615 nm to r(+4)=0.055 nm.4

Accurate values of the elastic modulus of lan-
thanum chromites would be invaluable for the
analysis and design of SOFC components but there
is little information noted in the literature. In the
analysis by Stolten et al.5 on possible thermal
stresses in SOFCs, a value of 200GPa was used as
the elastic modulus for the interconnector mate-
rial. No indication was given as to the method of
measurement for the elastic modulus nor for the
composition of the interconnector material.
The purpose of this paper is to present the

elastic modulus of both oxidized and reduced lan-
thanum chromites versus alkali earth dopant. The
e�ect of varying the calcia concentration on the
elastic modulus was also investigated. The crystal
structure was investigated to identify possible cor-
relations between atomic positions and elastic
modulus.

2 Experimental Procedure

Commercially available magnesium doped and
strontium doped lanthanum chromite powders*
were used, with the chemical compositions of
La(Cr1ÿxMgx)O3 where x=0.1, and (La1ÿxSrx)
CrO3 where x=0.15, according to the provided
chemical analysis. These powders were milled 24 h
in isopropanol with binder and dispersant, dried,
then uniaxially pressed at 70MPa into 50mm diam-
eter disks. The disks were then cold isostatically
pressed to 180MPa.
After binder burnout at 600�C in air, the

disks were sintered at 1700�C for 1 h under
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¯owing argon in a graphite element electric fur-
nace, then cooled at greater than 200�C hÿ1 to
room temperature to produce the as-®red samples.
The partial oxygen pressure around the samples
was estimated to be PO2=10ÿ17 based on Elling-
ham diagrams6 where the argon gas was deoxyge-
nated as it ¯owed into and through the graphite
insulation toward the samples. Other disks, after
sintering under similar conditions, were subse-
quently heated at 200�C hÿ1 to 1300�C in air, held
at that temperature for 100 h, then cooled to room
temperature to produce the oxidized samples.
All disks after sintering were ground ¯at and

parallel to remove the external layer that experi-
enced any chromium evaporation. The ground
disks were lapped, then cut into bars approxi-
mately 3mm� 3mm with lengths greater than
25mm. The bars were polished through 1000 mesh
SiC lengthwise. Flaw free bars were selected for the
elastic modulus measurements.
The three chromium de®cient compositions with

varying calcium contents, where x=0.15, 0.2 and
0.3 in La1ÿxCaxCr0�97O3, were prepared by the
ceramic method using reagent grade La203, Cr203,
and CaCO3 powders. These powders were milled in
isopropanol for 24 h, then calcined at 1000�C for
5 h. This was repeated for a second time. After the
®nal calcination, the powders were milled 24 h in
isopropanol with binder and dispersant, dried, then
made into disks as described above. After binder
burnout, disks were sintered at 1600�C for 5 h in
air, then cooled at 200�C hÿ1 to room temperature.
The disks were ground ¯at and parallel to remove
the external layer that experienced chromium evap-
oration, then made into bars as previously descri-
bed.
Selected bars of all three calcium doped compo-

sitions were placed in a tube furnace for reduction
by wet hydrogen with a partial oxygen pressure of
PO2=10ÿ17. After clearing the system of air, dry
hydrogen was bubbled through 10�C water to
humidify it, then through the tube furnace. The
temperature was slowly ramped up to 1000�C, held
at temperature for 100 h, then slowly ramped
down.
The Young's Modulus measurements were

performed at 25�C with a GrindoSonic system of
J. W. Lemmings, Inc. by impulse excitation of
vibration of the bars. The resonant frequencies
were measured twice for each specimen, across the
thickness and across the width. The dynamic
Young's Modulus was calculated assuming a
Poissons Ratio of �=0.3 with the equations in
ASTM C1259-94. One specimen per composition
and condition were used.
Oxidized and reduced specimens were ground

through 325mesh then analyzed byX-ray di�raction

from 20� to 110� 2� using Cu K�1 radiation with a
graphite monochrometer. The X-ray di�raction
data for the ground powder specimens were ana-
lyzed with the Reitveld Method of analysis7 using
the orthorhombic Pbnm space group as reported
by Khattak and Cox.8 From the atomic positions,
the bond lengths between the cations and anions
were calculated.
Microprobe analyses were conducted with a

15 kV accelerating voltage on the magnesium,
strontium, and calcium doped lanthanum chro-
mites to verify compositions. Metallographic anal-
yses of polished surfaces were also conducted to
verify the density and investigate the microstruc-
tural homogeneity of the sintered specimens.
After preparation of the bars, the densities were
measured and the elastic moduli were corrected for
porosity.9

3 Results

The typical microstructures for magnesium, cal-
cium, and strontium doped lanthanum chromites
are shown in Figs 1±5. The measured porosities are
presented in Table 1. The magnesium doped lan-
thanum chromite shows a ®nely dispersed porosity
while the calcium doped lanthanum chromite has a
coarse interconnected porosity. The calcium doped
material consolidates by liquid phase sintering,10

which can also cause grain coarsening, as can be
seen in the ®gures. Strontium doped lanthanum
chromite did not densify beyond the initial green
density during sintering. This poor sinterability has
been noted previously.
From the microprobe analysis, it was found that

the microstructures of all the sintered compositions
were chemically inhomogeneous. When seen
through the scanning electron microscope micro-
probe, the microstructures were typically a mix of a
light matrix, consisting primarily of lanthanum,
chromium, and dopant, interspersed with a dark
phase. For the calcium doped materials, the dark
phase was calcium rich with lower amounts of
lanthanum and chromium. This is in agreement
with the liquid phase sintering mechanism for cal-
cium doped, chromium de®cient lanthanum chro-
mite.10 In the two commercial ceramic powders,
the magnesium doped and strontium doped lan-
thanum chromites, the dark phase contained minor
contaminants such as Si or Fe. Additionally, the
strontium doped lanthanum chromite contained
less strontium, at approximately x=0.1, than the
x=0.15 listed in the manufacturers chemical
analysis. The result is the orthorhombic phase
identi®ed by X-ray di�raction instead of the
rhombohedral phase which is normally found for
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compositions of higher strontium content such as
x=0.15.
The elastic moduli were measured across the

width and the thickness for each specimen and the
average value was calculated. There was no sig-
ni®cant di�erence between the elastic modulus
measured across the width and the thickness. The
as-measured and corrected average elastic modulus
for each composition in both the oxidized and
reduced states are shown in Table 1 with their cor-
responding porosity. In Fig. 6, the elastic modulus,

in GPa, is plotted against dopant content for oxi-
dized and reduced conditions. The elastic moduli
of the oxidized specimens are shown with black
symbols while the elastic moduli of the reduced
specimens are shown with open symbols.
From the Reitveld analysis the atomic positions

were used to calculate the average La±O intera-
tomic distances and average Cr±O bond lengths.
These values are shown in Table 2 for both the
oxidized and reduced states with their correspond-
ing corrected elastic modulus.

Fig. 1. Typical microstructure of La(Cr1ÿxMgx)O3 with the
bar equal to 20�m.

Fig. 2. Typical microstructure of (La1ÿxCax)Cr0�97O3, x=0.15,
with the bar equal to 20�m.

Fig. 3. Typical microstructure of (La1ÿxCax)Cr0�97O3, x=0.2,
with the bar equal to 20�m.

Fig. 4. Typical microstructure of (La1ÿxCax)Cr0�97O3, x=0.3,
with the bar equal to 20�m.

Fig. 5. Typical microstructure of (La1ÿxSrx)CrO3 with the bar equal to 20�m.
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4 Discussion

For the B site dopant Mg, the elastic modulus
increases when going from the oxidized to the
reduced state. Concurrently, the average La±O
interatomic distance decreases while the Cr±O
bond length increases. For the A site dopant Sr,

the elastic modulus also increases when going from
the oxidized to the reduced state. The average La±O
interatomic distance remains constant while the
Cr±O bond length decreases when reduced.
For the A site dopant Ca, the elastic modulus

behaviour is the opposite as it decreases when
going from the oxidized to the reduced state. With
increasing calcium content, the change in elastic
modulus decreases for both the oxidized and
reduced conditions. This decrease corresponds with
the crystal structure becoming less orthorhombic
and more tetragonal with increasing calcium con-
tent.11,12 Additionally, the magnitude of the change
in elastic modulus is noticeably less than for the
other two dopants.
Concurrently, both the average La±O intera-

tomic distance and the Cr±O bond length increase
when going from oxidized to reduced states. The
elastic modulus primarily follows the behaviour of
Cr±O bond lengths versus composition for both
the oxidized and reduced states. As the Cr±O bond
length increases then decreases with increasing cal-
cium content, the elastic modulus behaves conver-
sely, ®rst decreasing then increasing.
A possible method of understanding the relation

of the crystal structure to the elastic modulus is by
considering the behaviour of the octahedral

Table 1. The corrected elastic modulus is presented, calculated from the measured elastic modulus, GPa, and measured porosity of
the samples

Dopant content Oxidized Reduced

As-measured E
(GPa)

Porosity Corrected E
(GPa)

As-measured E
(GPa)

Porosity Corrected E
(GPa)

LaCrO3 Ð Ð Ð Ð Ð Ð
La(Cr1ÿxMgx)O3

Mg=0.1 155.7 0.12 255 220.8 0.12 361
La1ÿxCax)Cr0�97O3

Ca=0.15 217.6 0.28 667 206.3 0.28 632
Ca=0.2 219.3 0.15 393 210.9 0.15 378
Ca=0.3 187.9 0.23 468 186.8 0.23 465

La1ÿxSrx)CrO3

Sr=0.15 93.3 0.47 611 120.7 0.47 791

Table 2. Mean bond lengths, nm, between cation and anions in lanthanum chromites with their respective elastic modulus, GPa.
Calculated for both oxidized and reduced conditions from Reitveld analysis of X-ray di�raction data

Dopant content Oxidized Reduced

La±O
(nm)

Cr±O
(nm)

E
(GPa)

La±O
(nm)

Cr±O
(nm)

E
(GPa)

LaCrO3 0.2757 0.1970 Ð Ð Ð Ð
La(Cr1ÿxMgx)O3

Mg=0.1 0.2756 0.1978 254 0.2744 0.2002 361
La1ÿxCax)Cr0�97O3

Ca=0.15 0.2744 0.1958 667 0.2759 0.1967 632
Ca=0.2 0.2744 0.1964 393 0.2761 0.1979 378
Ca=0.3 0.2736 0.1955 468 0.2749 0.1959 465

La1ÿxSrx)CrO3

Sr=0.15 0.2765 0.2003 611 0.2765 0.1980 791

Fig. 6. Elastic Modulus versus composition and concentration
for alkali earth doped lanthanum chromite. The black symbols
are measured values from oxidized specimens while the white
symbols are from reduced specimens. Diamonds are for mag-
nesia doped specimens, triangles for calcia doped specimens,

and circles for strontia doped specimens.
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units.2,3 The perovskite structure is typically
depicted with octahedra connected at the corners
surrounding the A site ions as shown in Fig. 7. The
individual octahedra can be considered to act as a
unit which when connected together form a lattice
network. The degree of ¯exure and rotation of the
octahedra with respect to each other will control
the elastic modulus.
The e�ect of the Cr±O bond length on the elastic

modulus depends upon the dopant. For A site
dopants, Ca and Sr, as the Cr±O bond length
decreases the elastic modulus increases. For the B
site dopant, Mg, the opposite is true whereas the
Cr±O bond length increases during reduction, the
elastic modulus increases.
This structural behaviour can be seen by looking

at the average interatomic distances and bond
lengths. From Shannon, the e�ective ionic radii for
La+3 is 0.136 nm and Oÿ2 is 0.140 nm. Consider-
ing these two ions as spheres, the interatomic dis-
tance would be 0.276 nm. This value is very close to
the average interatomic distances measured in this
work which range from 0.274 to 0.277 nm. The
variations in the lanthanum oxygen interatomic
distance can be considered inconsequential.
Under reducing conditions, the e�ective ionic

radii for Cr+3 in lanthanum chromite is
0.0615 nm. Assuming the chromium and oxygen
ions act as spheres, the expected Cr±O bond length
would be 0.215 nm. The measured bond lengths for
reduced calcium and strontium doped lanthanum
chromites are 0.198 to 0.196 nm which indicates a
degree of covalent bonding. This then indicates
that the octahedra will act as a unit during distor-
tions of the crystal lattice.
The Cr±O bond is a�ected by changes in valence

due to the electroneutrality requirements of the
crystal lattice. For example, in calcium doped lan-
thanum chromite, for each Ca+2 ion on the La+3
site, a chromium ion must change valence from +3

to +4 under oxidizing conditions. The radius of
the Cr+4 ion is 0.055 nm and by the rule of mix-
tures, the average bond length is calculated to be
0.2005 nm for a calcium content of x=0.15. The
average measured bond length is 0.1958 nm. When
the calcium content is x=0.3, the calculated bond
length is 0.1996 nm while the measured value is
0.1955 nm. This indicates that under oxidizing
conditions, the chromium to oxygen bonds also
have a degree of covalent bonding.
Under reducing conditions, the relationship

between elastic modulus and dopants used can be
considered due to the changes in the average
ionic size of the A and B site ions. In the A sites
the La+3 (r=0.136 nm) plus the bigger Sr+2
(r=0.144 nm) ion yield an average ion
(r=0.137 nm) slightly bigger, resulting in a higher
modulus. When Ca+2 is used at approximately
the same concentration, with a radius of
r=0.134 nm which is slightly smaller than the
La+3, the resulting average ionic size
(r=0.1357 nm) and elastic modulus is lower. With
increasing Ca+2 content, the average ionic size
decreases also resulting in a decrease in elastic
modulus. When the calcia content is x=0.3, the
average ionic size is calculated to be r=0.135 nm.
The increase in elastic modulus when the calcia
content is x=0.3 can be considered due to the
increasing tetragonality of the crystal structure.
On the B site, the relationship is also controlled

by the chromium to oxygen bond length. The
addition of the Mg+2 ion with r=0.072 nm
to the Cr+3 ion (r=0.0615 nm) results in an
average ionic size of r=0.0631 nm and calculated
bond length of 0.2031 nm. The measured value of
0.2002 nm is signi®cantly bigger than for the other
dopants. The result of the biggest bond length is
the lowest measured elastic modulus of 254 to
361MPa for oxidized and reduced conditions.

5 Conclusions

From the results presented, the following conclu-
sions can be made.

1. The elastic modulus varied with composition
and oxidation state. For magnesium and
strontium doped lanthanum chromite, the
elastic moduli of the oxidized specimens were
lower than for the reduced specimens. For
calcium doped lanthanum chromite, the elas-
tic moduli behaved conversely where the oxi-
dized specimens had a slightly higher elastic
modulus. With increasing calcium content,
the di�erence in elastic modulus decreased
between the oxidized and reduced specimens.

Fig. 7. Typical presentation of the perovskite structure showing
the B site based octahedra surrounding the A site ion.
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2. The changes in elastic modulus are related to
changes in the interatomic distance between
the chromium and oxygen ions. With decreas-
ing Cr±O interatomic distance, the elastic
modulus increases. The La±O interatomic
distance varied slightly with oxidation state
and dopant but is considered insigni®cant.

3. Looking at the polyhedra in the unit cell, the
chromium-oxygen octahedra connected by
their corners surround the lanthanum ion
forming a lattice network. As the Cr±O
interatomic distance decreases, the chromium
octahedra which surround the La ion move in
tighter, resulting in a higher elastic modulus.

4. The measured cation to anion distances sup-
port this explanation. The measured La±O
interatomic distances are equivalent to the
summed radii assuming the ions to be spheres.
The Cr±O bond length is less than the summed
e�ective ionic radii which indicates a degree of
covalent bonding and that the octahedra will
act as a unit forming the lattice network sur-
rounding the lanthanum ion.
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