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Abstract 

The substitution of  10 mol% nickel for chromium & 
calcium doped lanthanum chromite has been shown 
to promote rapid densification of  the compound 
at low temperatures in air by the formation of  a 
transient liquid phase. Liquids were generated via 
the decomposition of  CaCr04 second phase material 
present in calcined powders. During electrical conduc- 
tivity measurements at IO00°C, severe microstructural 
degradation occurred in atmospheres of  H 2 and 
COz. The processes leading to chemical degradation 
are attributed to the precipitation of  Ni from the 
(La, Ca)(Cr, Ni)03 solid solution and to the de- 
composition of  small amounts o f  residual CaCr04 
which remains at grain boundaries and triple points 
after sintering. DTA studies on CaCr04 in CO 2 
and 1-12 atmospheres suggested that the degradation 
due to CaCr04 decomposition was primarily a result 
of  the reaction of  CaO with CO 2 to form CaC03. 
The presence of  HE gas is thought to catalyse this 
reaction via the formation of  large amount of  CaO 
during the decomposition of  CaCr04. Degradation is 
more severe in atmospheres containing a mixture of  
C02 and H 2 gases than in either gas on its own. 

Die Substitution yon 10 mol% Nickel far Chrom 
in einem Kalzium-dotierten Lanthanchromit ergab 
durch die Bildung einer flfissigen Obergangsphase eine 
rasche Verdichtung des Preflk6rpers bei niedrigen 
Temperaturen an Luft. Die flfissige Phase entstand 
dutch den Zerfall der sekundgiren CaCr04 Phase 
im kalzinierten Pulver. Wgihrend der Messung der 
elektrischen Leitfgihigkeit bei IO00°C zeigte sich in 
einer 1-12 und C02 A tmosphgire eine deutliche De- 
gradierung des Geffiges. Der Prozefl, der zur chemi- 
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schen Degradierung ffihrt, ist auf die Ausscheidung 
von Ni aus dem (La, Ca)(Cr, Ni)O 3 Mischkristall 
und dem Zerfall kleiner Mengen restlichen CaCr04 
an den Korngrenzen und an den Tripelpunkten 
nach dem Sintern zurfickzuffihren. DTA Untersu- 
chungen an CaCr04, in einer C02 und H 2 Atmosphtire, 
legen nahe, daft die Degradierung aufgrund des 
Zerfalls yon CaCr04 hauptsgichlich aus der Reaktion 
yon CaO mit C02 zu CaC03 resultiert. Die Anwesen- 
heit yon H2-Gas dient dabei wahrscheinlich als 
Katalysator durch die Bildung grofler Mengen 
CaO wgihrend des Zerfalls yon CaCr04. Die 
Degradierung in einer Atmosphgire, bestehend aus 
einem Gemisch von COz und 112, ist weit starker als 
in einer Atmosphgire bestehend aus nur einem Gas. 
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Nous montrons qu'en substituant 10 % mol de nickel 
au chrome dans du chromite de lanthane dopk au 
calcium, la densification du composk sous air et 
basses tempkratures est accOlkrke grdce ?l la forma- 
tion d'une phase liquide transitoire. Ces composOs 
liquides proviennent de la dkcomposition de CaCr04 
prOsent dans les poudres calcinkes. A IO00°C, 
durant des expkriences de conductivitk, nous avons 
observk une dkgradation skvkre de la microstructure, 
sous H 2 et CO:. Cette dkgradation chimique est 
attribuOe ~ la prkcipitation de Ni de la solution 
solide (La, Ca)(Cr, Ni)O 3, et ?l la dOcomposition de 
petites quantitks de CaCr04 rOsiduel demeurk aux 
joints de grains et aux points triples aprks le 
frittage. L ~tude par A TD de CaCrO 4 dans CO 2 et 
H2 suggkre que la dkgradation due ~ la dkcomposi- 
tion de CaCr04 est le rOsultat, au dkpart, de la 
rkaction." CaO + C02 ---Y CaC03. Nous pensons que 
la prOsence de H 2 catalyse cette rOaction en formant 
CaO en grande quantitO durant la dOcomposition de 
C a C r O  4. La d~gradation est plus s~vkre dans un 
mOlange de C02 et 1-12 que dans l'un quelconque de 
ces gaz purs. 
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1 Introduction 

Solid oxide fuel cells (SOFC) are emerging as the 
most important type of fuel cell for the generation 
of electricity for the consumer market. The rela- 
tively simple mode of operation involving only 
solid components, gaseous fuel and air offer dis- 
tinct advantages over more conventional cells 
requiring management of liquid electrolytes. The 
high temperature of operation (900-1000°C) has 
presented some serious hurdles in the course of 
development, but recent advances in ceramic pro- 
cessing and technology has enabled some of the 
more intractable problems to be solved. Thus, the 
Westinghouse Electric Corporation in conjunction 
with the US Department of Energy now offer a 25 
kW unit with larger 100 KW units planned for 
field testing in 1994.1 Of the various design con- 
cepts available, Westinghouse have produced 
stacks built up from tubular single cells in series 
and parallel bundles, each cell requiring intercon- 
nection to its neighbour. This is achieved by coat- 
ing part of each tube with a layer of electronically 
conducting doped lanthanum chromite using the 
electrochemical vapour deposition process (EVD). 
The exposed portion is then used to make contact 
with the adjacent tubes via nickel felt pads. 

The European SOFC programme favours a pla- 
nar concept incorporating interconnection in the 
form of bipolar plates separating the individual 
cells in the stack. 2 The designs offer a choice be- 
tween metallic or lanthanum chromite bipolar 
plates and both approaches are receiving consider- 
able attention. In the case of lanthanum chromite, 
the processing route should produce a product that 
is close to theoretical density, i.e. fully sintered, 
and that will also withstand the aggressive environ- 
ment encountered in the operating cell, particularly 
tolerance to changes in oxygen partial pressure, 
tolerance to high current densities, low volatility 
of the constituents, inertness to surrounding 
material, long term stability and retention of 
mechanical strength and fracture toughness. Thermal 
expansion compatibility with the other cell com- 
ponents is also a key issue and the fabrication 
route should preferably involve sintering in air at 
moderate temperatures. The functional require- 
ments demand high electronic conductivity for 
current distribution, and negligible permeation of 
gas, since the plate also serves to channel the fuel 
or air to the active parts of the cell. In this context 
the ionic conductivity of the material should be 
minimal. 

In order to achieve the desired level of conduc- 
tion, doping on the A site of the perovskite is 
required thus compositions containing the alkali 
earths Sr, Mg, and Ca are normally used. The 

conduction mechanism involves an activated hole 
hopping mechanism. The conductivity of the Ca 
and Sr doped LaCrO 3 are higher than that of the 
Mg doped variant, 3-5 though the Westinghouse 
EVD process precludes the use of Ca and Sr due 
to the low vapour pressure of their precursor chlo- 
rides, thus restricting the choice in this case to Mg 
doped material. 6 The more conventional ceramic 
processing routes do not have this limitation. 

Normal A site doped LaCrO3 will not sinter to 
high density in air because of problems related to the 
high vapour pressure of chromium, 7 so in order to 
achieve acceptable densities, samples are often heated 
to temperatures in excess of 1700°C under reducing 
conditions with the pO2 < 10 -12 atm. 8 However, in 
the work reported here, we have been concerned 
with the development of low temperature air sin- 
terable systems that satisfy the aforementioned 
material requirements for cell interconnects. 

There are many references in the literature 
which cite the use of additives to improve the 
sintering characteristics. Fluoride mixtures, 9,1° 
addition of SrCO 3 or CaO stabilised ZrO2 to 
(La,Sr)CrO3,11A2 Cu, Zn and A1 substitutions, 13'14 
and TiO2 additions 15 have all been shown to en- 
hance the sinterability of doped LaCrO 3. 

More recently work has focused on the densifi- 
cation of Ca doped LaCrO3 by liquid phase 
sintering mechanisms. Cobalt substitutions for 
chromium have been shown to dramatically im- 
prove the sintered density at low temperatures. 16'17 
Sakai et al. reported that a 2% chromium defi- 
ciency in calcium doped compounds facilitates 
densification of the compound at temperatures as 
low as 1300°C in air) 8'19 Cr deficiencies in Mg or 
Sr doped LaCrO3 are accompanied by the precipi- 
tation of hygroscopic La203, similarly in Cr defi- 
cient Ca doped LaCrO3 the Ca content must be 
> 0.15 mol% to avoid the precipitation of La203. 

The stability of liquid phase sintered calcium 
doped lanthanum chromite has recently become 
questionable. Sakai and co-authors have reported 
on the chemical stability of a number of composi- 
tions in a simulated SOFC environment. 2°,21 The 
authors report that the calcium doped compounds 
and to a lesser extent strontium doped com- 
pounds, densified via cobalt substitutions were 
not stable under simulated SOFC operating 
conditions. The work concluded that the micro- 
structural degradation was a result of migration of 
second phase material that facilitated densification 
of the compounds. 

The work presented here reports on the sinter- 
ability and chemical stability of calcium and nickel 
doped compounds, includes electrical conductivity 
data and microstructural studies and offers an 
explanation for the instability of these compounds. 
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2 Experimental 

2.1 Sintering studies 
Powders of nominal composition Lao.8Cao.2Cro. 9- 
NioqO3, Lao.7Cao.3Cro.9NioqO 3 and Lao.6Cao.nCro. 9- 
Nio.lO 3 were prepared by the citrate route 22 and 
analysed by XRD for phase purity. Pellets were 
pressed at 300 MPa in a 13 mm diameter die for 
dilatometry and quench tests. All powder com- 
pacts were sintered at a furnace temperature of 
1500°C for 5 h. After sintering, pellets of each 
composition were polished and re-analysed by 
XRD, to check phase purity and in order to 
determine lattice parameters for calculation of 
theoretical densities. High temperature dilato- 
metry (Netzsth 402E 1600) was used to collect 
linear shrinkage versus temperature data during 
the sintering of green powder compacts. 

The mechanism by which the nickel substitu- 
tions lead to enhanced sinterability was investi- 
gated by quench studies combined with XRD, 
SEM/EDAX and DTA analysis. In the quench 
studies, samples were removed from the furnace 
during the sintering regime and allowed to cool in 
air to room temperature. The furnace tempera- 
tures from which samples were quenched were 
1170°C and 1385°C, but sample temperatures are 
likely to have been around 30-50°C lower. The com- 
positions chosen for the quench study were those 
containing a higher level of calcium doping, i.e 
samples of nominal composition Lao.7Cao.3Cr0.9Nio. 1- 
03 and La0.6Ca0.4Cr0.9Ni0.103. Fractured cross- 
sections and surfaces of the pellets were then 
examined by SEM and EDAX. DTA analysis 
was performed on powders of nominal composi- 
tion La0.sCa0.2Cr0.9Nio.lO 3 and Lao.7Cao.3Cr0.9Ni0.10 3. 
Powders were heated at 10°C/min in platinum 
crucibles over the temperature range 900-1500°C. 
Pure A1203 was used as the reference material. 

A sample of composition La0.TCa0.3Cr0.9Nio.lO3 
was examined by transmission electron micro- 
scopy (TEM) in order to establish whether or 
not second phase material remained at grain 
boundaries after sintering. 

2.2 Chemical stability in hydrogen 
A sample of sintered ceramic of composition 
La0.8Ca0.2Cr0.9Ni0.103 was annealed at 900°C in 
forming gas (10% hydrogen in 90% nitrogen) for 
200 h. The forming gas was bubbled through 
water at a flow rate of 25 ml/min and the pO a 
inside the sample enclosure, as measured by a 
zirconia oxygen probe, was 5 × 10 -16 atm. The 
reduced sample was analysed by XRD, fracture 
surfaces and polished and thermally etched sur- 
faces of the reduced ceramic were examined by 
SEM. 

2.3 Electrical conductivity 
Electrical conductivity measurements were made 
on 5 cm long bar samples by an established DC 
four probe technique using platinum contact wires 
and a constant current of 10 mA. The electrical 
conductivity measurements were made over a wide 
range in pO2 at a fixed temperature of 1000°C. 
The range of oxygen partial pressures covered was 
from 0.2 to 10 -19 atm. which was achieved by 
mixing CO2 and forming gas (90% N2, 10% H2). 
The change in conductivity was monitored con- 
tinuously with time and held at the selected pO 2 
until a steady value was observed. Measurements 
were made in air initially, then the p O  2 steadily 
reduced until the final measurement was made in 
hydrogen, after which the sample was allowed to 
cool down in the reducing atmosphere. Fracture 
surfaces of the bar samples were then examined in 
SEM. 

3 Results 

3.1 Sintering studies 
Linear shrinkage versus temperature data ob- 
tained during the sintering of green powder 
compacts of nominal compositions Lal.xCaxCr0.9- 
Ni0.103 where x = 0.2, 0.3 and 0.4 are compared 
with shrinkage data for a pellet of composition 
La0.sCa02CrO3 as shown in Fig 1. Virtually no 
shrinkage between room temperature and 1550°C 
is seen for La0.sCa0.2CrO 3. The compositions for 
which 10 mol% of the chromium had been substi- 
tuted by nickel all commence shrinking at just 
above 1000°C and it can be seen that as the 
calcium level is increased in the nickel doped 
compounds a given percentage of linear shrinkage 
is attained at progressively lower temperatures. By 
1550°C the total linear shrinkage for the sample of 
composition Lao.8Cao.aCro.9Nio.lO 3 was 8.6% and 
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Fig. 1. Linear shrinkage versus temperature for Lao.sCao.2CrO 3 
and Lal.xCa~Cro.9Nio iO 3. 
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Fig. 2. X R D  analysis of  La].xCaxCro9Nio 10 3 calcined powder. 

for samples of compositions La0.7Ca0.3Cr0.9Nio.lO3 
and La0.6Ca0.aCr0.9Ni0.10 3, 16.93% and 18.25%, re- 
spectively. One can therefore say that for the 
nickel substituted compositions, increasing the cal- 
cium level increases the sinterability of the system, 
without the nickel substitution no densification 
takes place. There is an inflection in the sintering 
curve of La0.8Ca0.2Cr0.9Ni0.10 3 at 1290°C and in 
the sintering curves of La0.TCa0.3Cr0.9Ni0.10 3 and 
La0.6Ca0.aCr0.9Ni0.103 at 1370°C. Inflections in sin- 
tering curves suggest a change in the sintering 
mechanism at that point. Mass transport is 
achieved much more readily in the liquid state 
than the solid state and pronounced curvature of 
the shrinkage data is usually an indication that the 
sintering proceeded by the generation of liquid 
phases. 

XRD analysis was carried out for all three com- 
positions on both powder and bulk ceramic speci- 

mens. Figures 2 and 3 show the diffraction traces 
obtained for powder and sintered ceramic respec- 
tively. Reflections from the perovskite are indexed 
to the orthorhombic La1_xCaxCrO3 system. The 
XRD results prove that the calcium and nickel 
doped powders under investigation did not consist 
entirely of the perovskite phase, but contained 
significant amounts of CaCrO4. The ratio of the 
relative intensity of the CaCrO 4 peaks to the 
perovskite peaks increased with the level of calcium 
substitution in the powders. The sintered ceramic 
however proved to be predominantly single phase 
perovskite. There were a few small extraneous 
reflections in the trace from the sintered ceramic 
just above the background level, which may corre- 
spond to residual CaCrO 4 or Cas(CrO4)3OH. The 
Cas(CrOa)3OH phase has been reported as some- 
times being present on the surface of chromium 
deficient calcium doped lanthanum chromite. 23 
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Table 1. Lattice parameters, unit cell volumes and calculated 
theoretical densities for (La, Ca)Cr0.9Ni0.10 3 

Mol % a (• b (A c (,~ Cell XRD 
calcium _+0.001) _+0.001) _+0.001) volume densit), 

(A 3) (g/cm') 

20 5.4405 5.4222 7.7062 227.33 6.421 
30 5.4240 5.4110 7.6877 225.63 6.179 
40 5.4094 5.3993 7.6494 223.41 5.946 
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The XRD results from the sintered ceramic 
were also used to calculate unit cell lattice para- 
meters hence theoretical densities for the com- 
pounds were obtained. The results are summarised 
in Table 1. After 5 h at a furnace temperature of 
1500°C the sample of composition La0.8Cao.2Cro. 9- 
Ni0.~O 3 had sintered to 96% of the theoretical 
density calculated by XRD and samples of com- 
position La0.7Ca0.3Cr0.9Ni0.10 3 and Lao.6Ca0.4Cr0. 9- 
Ni0.~O 3 both sintered to 98% theoretical density. 

Quench studies confirmed that liquids were 
being generated in the system during the sintering 
regime. Microstructures of the quenched samples 
are shown in Figs 4-7. Figures 4 and 5 are frac- 
ture surfaces of La0.7Ca0.3Cro.9Ni0.10 3 quenched 
from 1170°C and 1385°C, respectively. Large 
areas of a phase that would have been liquid at 
1170°C, appearing dark in backscattered electron 
mode are well contrasted by the lighter grey ma- 
trix of the perovskite in Fig. 4. Figure 5 reveals 
similar areas of quenched liquid which appear 
lighter in the secondary electron image, the micro- 
graphs were taken at the same magnification. Less 
liquid and increased grain growth of the matrix 
can be seen in the sample quenched from the 
higher temperature. 

Figures 6 and 7 are micrographs of the actual 
surfaces of a pellet of composition Lao.6Cao.4Cro. 9- 
Nio.lO3 quenched from 1170°C. Figure 6, taken in 
backscattered electron mode shows the dark liquid 

Fig. 5. Fracture surface of Lao.7Cao.3Cro.9Nio.lO 3 quenched 
from 1385°C during sintering. Secondary electron image. 

Magnification x750; bar, 100 p,m. 

oozing out of pores and then presumably as a 
result of the air cool, crystallising out across the 
surface of the pellet. Figure 7 is a lower magnifica- 
tion micrograph of the same sample. It is evident 
that the volume of liquid generated at this temper- 
ature, is very substantial in this composition 
which contains the highest level of calcium. The 
result of EDAX analysis of the large dark areas 
of quenched liquid in Figs 6 and 7 is shown in 
Fig. 8. It can be seen that the characteristic X-ray 
radiation was predominantly from calcium and 
chromium. 

SEM micrographs of polished thermally etched 
surfaces and fractured thermally etched surfaces 
of fully sintered ceramic are shown in Figs 9 and 
l0 respectively. It can be seen that the samples 
have sintered to high density with a fine regular 
grain structure and showing no evidence of resid- 
ual liquid phase. 

The results of the DTA analysis on powders of 
nominal composition La0.8Ca0.2Cr09Ni0~O 3 and 
La07Ca03Cr09Ni0103 are displayed in Fig. l l .  For 

Fig. 4. Fractured surface of Lao.7Cao3Cro.9Nio.lO 3 quenched 
from 1170°C during sintering. Backscattered electron image. 

Magnification x750; bar, 100 tzm. 

Fig. 6. Surface of La0.6Ca0.4Cr0.9Ni0.10 3 quenched from 1170°C 
during sintering. Backscattered electron image. Magnification 

x500; bar, 100/xm. 
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Fig. 7. Surface of Lao.6Cao.4Cr0.gNi0.103 quenched from 1170°C 
during sintering. Backscattered electron image. Magnification 

×75; bar, 1000 txm. 

both compositions large exothermic reactions 
peaking at 1065°C were noted. The exothermic re- 
action was stronger in the compound which con- 
tained a higher level of calcium substitution. 

(TEM) Transmission electron micrographs of the 
sample of composition La0.7Ca0.3-Cr0.9Nio.lO 3 are 
shown in Figs 12 and 13. Figure 12 shows residual 
second phase material remaining at a triple point 
after sintering. Likewise, Fig. 13 shows a similar 
second phase material remaining at the boundary 
between two of the perovskite grains. Further 
investigation of this phase was made by semi- 
quantitative EDAX analysis. For the second phase 
in Fig. 12 the EDAX analysis was done with the 
microscope in TEM mode, whereas for Fig. 13, 
EDAX analysis was done with the microscope in 
STEM mode with a very fine, (~100 A) intense 
beam. As a result of using such a beam, a con- 
tamination cone in Fig. 13 can be seen to have been 
built up at the point on the second phase where 
the analysis was performed. EDAX analyses of 
the matrix and the intergranular phase are shown 
in Figs 14 and 15, indicating that the main phase, 
appearing darker in the transmitted light, is the 
perovskite and the lighter coloured second phase 
consisted again almost entirely of calcium and 

Fig. 9. Polished and thermally etched surface of 
La0.sCa0.2Cr0.9Ni0.103, sintered 1500°C, 5h. Secondary electron 

image. Magnification × 1000; bar, 10 t~m. 

chromium. From semi-quantitative chemical anal- 
ysis, the calcium to chromium ratio in the second 
phase material was found to be approximately 
1:1. It was concluded that residual CaCrO4, not 
visible in SEM, remained at grain boundaries and 
triple points after sintering. 

3.2 Chemical stability in hydrogen 
Following a 200 h anneal at 900°C in wet forming 
gas, sintered ceramic of composition La08Ca02- 
Cr0.9Ni0.10 3 was analysed by XRD and SEM. No 
evidence for the dissolution of Ni from the solid 
solution was provided by XRD. Figure 16 shows 
a backscattered scanning electron micrograph of 
the fracture surface of the reduced ceramic, the 
microstructure appears to have remained intact 
and there is no visible Ni precipitation. However 
when the reduced ceramic was polished and ther- 
mally etched prior to examination in SEM, the 
instability of the compound became apparent, 
Fig. 17. During the thermal etch in air, the fine Ni 

Crl~ 

OiKa 

CrK~ 

eV 

Fig. 8. EDAX analysis of the quenched liquid in Figs 6 and 7. 

Fig. 10. Fractured and thermally etched surface of 
Lao.sCao.2Cr0.9Nio.lO3, sintered 1500°C, 5 h. Secondary electron 

image. Magnification x750; bar, 100/~m. 
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precipitates which would have been formed during 
the reduction have oxidised and grown and can 
now be clearly observed at grain boundaries and 
triple points. The results are consistent with the 
work of Koc and Anderson 16 and Milliken et al. 24 
who independently report that the precipitation 
of Co from reduced Lal_xCaxCrbyCOyO 3 ceramic 
could not be detected by XRD. 

3.3 Electrical conductivity 
Electrical conductivity data at 1000°C, is pre- 
sented as a function of oxygen partial pressure 
in Fig. 18. The sample of composition La08Ca02- 
Cr0.9Ni0103 had a conductivity of 45 S/cm in air 
and seemed to follow the classical model for p- 
type oxides. The data for this composition shows 
a region of relatively stable conductivity where 
compensation for the introduction Ca 2+ ions re- 
suits in the formation of small polarons as charge 
carriers and then transfers to a region of falling 
conductivity where the predominant compensation 
mechanism for the lower valence cations changes 
from electronic to ionic, resulting in the formation 
of oxygen vacancies. The sample of composition 
La0.7Ca0.3Cr0.9Ni0.10 3 had a conductivity of 61 S/cm 
in air, but deviations from the defect model were 
apparent in the pO2 range 10-3-10 -7 atm, where 

Fig. 13. TEM micrograph of La0.7Ca0.3Cr0.9Ni0qO3 sintered 
ceramic. Second phase at grain boundary. Magnification 

×50000. 

the conductivity was lower than expected. On 
cooling, the bar sample was found to be cracked 
and embrittled. The sample of composition 
La0.6Ca0.4Cr0.9Ni0qO3 had a conductivity of 92 
S/cm in air. During the course of experiment the 
sample became severely unstable, exhibiting large 
deviations from the model, particularly at a pO2 
o f  10 -7.5 atm where the conductivity rose to over 
200 S/cm. The test was aborted at a p O  2 o f  10 -115 

atm as the measured voltage signal became very 
noisy. As for the previous composition, on cooling 
the sample was found to be cracked and embrit- 
tled. 

On completion of the tests, all compositions 
were cooled in a reducing atmosphere and frac- 
tured surfaces of the bar samples were examined 
in SEM. Figures 19 and 20 show secondary elec- 
tron micrographs of the fracture surfaces of the 
samples of composition Lao.7Cao.3Cro.9Nio.lO 3 and 
Lao.6Cao.4fro.9NioqO3, respectively. It is quite clear 
that the conditions experienced during these ex- 
periments were aggressive enough to induce insta- 
bility and severe microstructural degradation of 
the samples. Similar degradation was observed in 
the sample of composition Lao.sCao.2Cro.9Nio.]O 3 
but the degradation became more extensive as the 

Fig. 12. TEM micrograph of Lao.7Ca0.3Cr0.9Ni0.103 sintered 
ceramic. Second phase at triple point. Magnification ×26000. 

CrK~ 
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eV 

Fig. 14. EDAX analysis of the perovskite phase in Figs 12 
and 13. 
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C I K ~  

I CrKa 

eV 

Fig. 15. EDAX analysis of the intergranular phase in Figs 12 
and 13. 

level of  calcium substitution within the system in- 
creased; this is consistent with the knowledge that 
deviations from model conductivity behaviour 
also became more pronounced as the calcium level 
was increased. The regular grain structure of  the 
'as-sintered' samples depicted in Figs 9 and 10 has 
been broken down and microstructures now con- 
tain a large amount  of  porosity. Fracture surfaces 
no longer show intergranular fracture but  it seems 

LoglO (S/cm) 
2,5 

1.5 

0.5 

i 

0 i i , 

-20 -15 -10 -5 0 

Logl0 (PO2/atm) 

Fig. 18. Electrical conductivity as a function of pOE for 
Lal.xCaxCr0.9Ni0.103. 

as though liquids have been regenerated and 
quenched into the microstructure on cooling, this 
has resulted in a change in the fracture mechanism 
and serious embrit t lement of  the samples. In the 
sample of  composition Lao.6Cao.4Cro.9Nio.lO 3 the 
degradation is very severe, large pores have devel- 

Fig. 16. Fracture surface of Lao.8Cao.2Cro.9Nio.lO3, reduced 
5 X 10 -16 atm, 900°C, 200h. Backscattered electron image. 

Magnification × 1500; bar, 10/zm. 

Fig. 19. Fracture surface of Lao.7Cao.3Cro.9Nio.mO3 bar sample 
on completion of the electrical conductivity experiment. 
Secondary electron image. Magnification x 1500; bar, 10/zm. 

Fig. 17. Fracture surface of Lao.TCao3CrogNio.lO 3, reduced 
5 × 10 -16 arm, 900°C, 200 h. Secondary electron image. 

Magnification × 1000; bar, 10 p,m. 

Fig. 20. Fracture surface of Lao.6Cao.4Cro.gNio.tO3 bar sample 
on completion of the electrical conductivity experiment. 
Secondary electron image. Magnification ×2000; bar, 10/~m. 
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oped and the nickel has also come out of solid 
solution. A sample of composition Lao6Cao.4Cro. 9- 
Ni0.10 3 w a s  simply placed in the chamber during 
one of experiments. The sample was exposed to 
the same range in oxygen partial pressure as the 
actual bar samples used in the conductivity experi- 
ment, but no current was passed through the 
specimen. The degradation was found to be just as 
extensive in this sample as it was in the actual test 
sample and therefore any possibility of the electric 
current exerting an influence on the degradation 
processes can be eliminated. 

4 Discussion 

4.1 Sintering studies 
The liquid phases that were frozen into the 
microstructures of the samples which had been 
quenched from moderate temperatures during the 
sintering regime are believed to facilitate densifica- 
tion of the compounds. In order to cause densifi- 
cation there should be an appreciable amount of 
liquid phase, coupled with solubility of the solid in 
the liquid and wetting of the solid by the liquid. If 
these conditions are satisfied the liquid increases 
the rate of mass transport during sintering by so- 
lution and reprecipitation of solids leading to par- 
ticle rearrangement and grain growth. Liquid 

phase sintering is usually a two stage process in- 
volving particle rearrangement followed by pore 
elimination via viscous flow of liquid at grain 
boundaries, and the driving force for densification 
is derived from the capillary pressure of the liquid 
phase located between the fine solid particles. 

A significant amount of CaCrO4 was present as 
a second phase in the Lal_xCaxCr0.9Ni0.103 pow- 
ders. The temperature of the endothermic reaction 
in the DTA results from La0.sCa0.2Cr0.9Ni0.103 and 
La0.7Ca0.3Cr0.9Ni0.103 powders coincides well with 
the onset of densification in the shrinkage curves 
and it is therefore reasonable to assume that the 
liquids were formed by the decomposition of the 
CaCrO4 second phase in the powders. 

The most recent phase relations in the CaO- 
Cr203 binary system were established by deVilliers 
et al. in 1987 and are reproduced in Fig. 21. 25 Ac- 
cording to their diagram, stoichiometric CaCrO4 
is stable from room temperature to 1073 + 3°C 
when it melts incongruently to form fl-CaCr204 
and liquid. With increasing temperature the 
composition of the liquid will change until 
approximately 1340°C when the system will 
become entirely liquid. In a recent paper a3 Sakai 
and co-workers discuss the phase relationships 
in the CaO-Cr203 system with reference to their 
calculated phase diagram which is in disagreement 
with the experimental one by deVilliers. There is a 
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Fig. 21. CaO-Cr203 binary phase diagram in air. F rom Ref. 25, reproduced by permission. 
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eutectic on the calcium rich side of CaCrO 4 at 
1061 + 2°C, therefore if the CaCrO4 phase in the 
powders is slightly calcium rich one would expect 
the formation of liquid at 1061°C, before entering 
the fl-CaCr204 and liquid phase field at 1073°C. 
The observation that an endothermic reaction in 
the DTA experiment peaked at 1065°C suggests 
that the CaCrO4 phase in the Lal.xCaxCr0.9Ni0.tO3 
powder is therefore slightly calcium rich. 

The inflections in the sintering curves of 
La0.7Ca0.3Cr0.9Ni0qO 3 and La0.6Ca0.aCr0.9Ni0.103 at 
1370°C correspond to a change in the sintering 
mechanism at this temperature. They also coincide 
well with the dissolution of the /3-CaCr204 phase 
into the liquid, predicted to occur at approxi- 
mately 1340°C by the CaO-Cr203 phase diagram. 
By contrast, the inflection in the sintering curve of 
La0.7Ca0.3Cr0.9Ni0.103 occurred at 1290°C and is 
not well explained by the phase diagram. Since 
less liquid will have been formed in this composi- 
tion and it is possible that all of the liquid will 
have dissolved into the solid solution with the per- 
ovskite before this temperature was reached. 

Less liquid was noted in samples quenched from 
1385°C than in those quenched from 1170°C and 
no evidence of residual liquid phase can be seen in 
SEM micrographs (Figs 9 and 10) of fully sintered 
ceramic. The liquid phase is therefore considered 
to be transient. The TEM results, however, 
proved that the liquid was not truly transient, 
since small amounts of residual CaCrO4, not 
visible in SEM, remained at grain boundaries and 
triple points after sintering. 

4.2 Electrical conductivity 
Substantial chemical and microstructural degrada- 
tion occurred in the Lax_xCaxCro.9Nio.103 system 
when exposed to an atmosphere containing a mix- 
ture of CO2 and H2 (forming gas) at a temperature 
of 1000°C. Microstructural analysis of reduced 
samples indicate that under these conditions liquids 
could have been regenerated. The substantial in- 
crease in electrical conductivity in the sample of 
composition La0.6Ca0.aCr0.9Nio.lO 3 at a pO2 of 10 -7.5 
atm is further evidence for microstructural changes. 

The simple explanation for degradation is to at- 
tribute it entirely to the precipitation of nickel 
from solid solution in the perovskite that was ob- 
served during hydrogen stability tests. The disso- 
lution of nickel will certainly account for a great 
deal of the degradation observed in COz and H2 
atmospheres during conductivity tests but the fol- 
lowing facts lead one to suspect that the degrada- 
tion process is more complex. The degradation 
observed in the H 2 stability experiment was mini- 
mal, the bulk microstructure appeared to have 
remained intact following the reduction and the 

nickel dissolution only became apparent when the 
reduced material was thermally etched. In con- 
trast, the degradation in CO2 and H2 containing 
atmospheres during electrical conductivity experi- 
ments was very pronounced and samples actually 
disintegrated. Also, the degradation in the con- 
ductivity experiment became more pronounced as 
the level of calcium substitution within the com- 
pounds was increased, all compounds contained 
the same level of nickel substitution therefore one 
would expect the same amount of degradation in 
all the compounds if the nickel had been purely 
responsible for the instability. It should be noted 
that the initial hydrogen stability tests were per- 
formed at 900°C whereas the conductivity mea- 
surements were carried out at 1000°C, however 
the fact that a mixture of gases was used during 
the conductivity experiment may have an influence 
on the severity of the degradation. 

4.3 Chemical stability of CaCrO 4 
A possible cause of the increased degradation ob- 
served in the electrical conductivity experiments is 
a chemical reaction involving both H2 and CO2 
with the residual CaCrO 4 observed at the grain 
boundaries and triple points in (La,Ca)Cr0.9Ni0.103. 
It was therefore necessary to establish whether or 
not CaCrO 4 reacts with the gas mixtures used, and 
if so to quantify the reactions. 

CaCrO4 powder was prepared by the citrate 
route and confirmed to be phase pure by XRD. 
DTA/TG analysis was then performed on the 
CaCrO4 powder in atmospheres of CO2 and form- 
ing gas, (90% N2, 10% H2). The gas flow rate 
through the chamber was restricted to 70 ml/min. 
The temperature range over which data was col- 
lected from 20°C to 1000°C and 1200°C. After 
each experiment reaction products were analysed 
by XRD. The heating rate used in the experiments 
was 10°C/min. 

In 1976 Pfinek and Kanclir published phase 
relations in the CaO-Cr203 system at a pO2 of 
10 -6 atm, which are reproduced in Fig. 22. 26 
Whereas the phase diagram in air shows CaCrO 4 to 
be stable up to its melting temperature of 1073°C, 
the diagram at reduced pO2 shows CaCrO4 de- 
composing at around 750°C to form Ca9Cr6024 , 
and Ca6Cr12027. Pfinek then proposed a phase 
field extending from around 820°C to 1000°C in 
which the Ca6Cr12027 and CaO phases are stable. 
Above 1000°C, at a pO2 of 10-6 atm, Pfinek pro- 
posed a phase field in which the /3-CaCr204 and 
CaO phases are stable. The phase Ca6Cr12027 can- 
not be found in the ASTM index but Pfinek listed 
interplanar distances and relative intensities for 
this phase in his published work. 

Figure 23 shows our DTA/TG results for 
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Fig. 22. CaO-Cr203 binary phase diagram in pO2 = 10 ~6 atm 
and pH20 = 10 -7 atm. From Ref. 26, reproduced by permission. 

CaCrO4 exposed to an atmosphere of forming gas. 
The DTA trace shows a large exothermic reaction 
peaking at 640°C, and the corresponding TG re- 
sults show a weight loss of 14.76% associated with 
this reaction. No other reactions were registered. 
XRD analysis showed that the reaction products 
consisted entirely of CaO and the complex oxy- 
chromite phases: Ca9Cr6024 and Ca6Cr12027. No 
reflections from residual CaCrO4 were detected. 

The DTA/TG results from the experiment in 
CO2 are presented in Fig. 24. A broad endotherm 
commences at around 850°C, peaks at 1020°C and 
reaches completion shortly afterwards. TG results 
showed an 8.8% weight loss associated with this 
reaction. Another smaller endothermic peak was 
observed at around 1130°C, and a further 2.6% 
weight loss associated with this reaction. It is ob- 
vious from the TG results that this reaction also 
occurred over a range in temperature. From XRD 
analysis of the reaction products at 1000°C, 
five phases were identified. As in the case of H2 
exposure, CaO, Ca9Cr6024 and Ca6Cr12027 phases 
could all be indexed, but significant amounts of 
CaCO3 and unreacted CaCrO4 were also detected. 
The intensity of the reflections from CaO were 
much weaker than they were in the reaction prod- 
ucts from the H2 experiment. From XRD analysis 
of the reaction products at 1200°C, CaO, 
Ca9Cr6024 , Ca6Cr12027 and f l -CaCr204 phases 
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Fig. 23. DTA/TG analysis of CaCrO 4 powder in (90/10) N 2 / H  2. 
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Fig. 24. DTA/TG analysis of CaCrO 4 powder in CO 2. 
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could all be indexed, the reflections from CaO 
being much stronger than they were in the reac- 
tion products at 1000°C. Owing to the large num- 
ber of phases there were many overlapping peaks 
in the reaction products from the high tempera- 
ture CO2 experiment which made the results diffi- 
cult to interpret. Residual CaCO 3 and CaCrO4 
peaks may also have been present just above 
background level in the XRD pattern. 

The results of the hydrogen experiment agree 
very well with P~inek's data. 26 The reaction prod- 
ucts consisted only of Ca9Cr6024 , Ca6Cr12027 and 
CaO phases. In the CO 2 experiment the broad en- 
dothermic reaction from 850 to 1020°C is thought 
to correspond to the decomposition of CaCrO4 
and the formation of Ca9Cr6024 , Ca6Cr12027 and 
CaO phases. Over this temperature range the CaO 
formed will react with CO 2 to form CaCO3. The 
smaller broad endothermic reaction at higher tem- 
perature is thought to correspond to the decom- 
position of CaCO 3 and the formation of the high 
temperature/3-CaCr204 phase. 

The results are similar to those published by 
Kashihara and co-workers 27 who used DTA/TG 
to study the decomposition of CaCrO4 in CO and 
H 2 atmospheres. A single large exothermic peak 
was reported for H2, with reaction products in- 
cluding CaO and a complex oxychromite phase 
the authors could not index and simply termed 
a-phase. By contrast under CO the intermediate 
reaction was exothermic, not endothermic, but the 
reaction products were still consistent with the 
ones reported here. Also in the CO case, the 
authors noted the formation of CaO and subse- 
quent formation and decomposition of CaCO 3. 

The CaCrO4 decomposed at progressively lower 
temperatures as the pO2 was reduced. In air 
CaCrO 4 decomposes at 1073°C to  f l -CaCr204 and 
liquid. In CO2 the CaCrO4 decomposed at around 
850°C and formed the intermediate phases 
Ca9Cr6024 Ca6Cr12027 CaO and CaCO3 before the 
formation of/3-CaCr204. In H2, CaCrO4 decom- 
posed at around 640°C again forming the inter- 
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mediate phases Ca9Cr6024 Ca6Cr12027 and large 
amounts of CaO. 

Degradation of (La,Ca)Cro9NiolO3 was much 
more severe in hydrogen, carbon dioxide gas mix- 
tures than it was in hydrogen forming gas alone. 
It is thought that in H2 + CO2 gas mixtures the 
hydrogen content catalyses a surface reaction to 
form CaO which subsequently reacts with CO2 to 
form CaCO 3. 

5 Summary and Conclusion 

The substitution of 10 mol% Ni for Cr in Ca 
doped LaCrO3 results in the precipitation of  
CaCrO 4 second phase material in calcined powders. 
The second phase melts at 1060-1070°C resulting 
in the generation of  Ca- and Cr-rich liquid which 
changes composi t ion with temperature.  The liquid 
promotes  mass transport  and densification o f  the 
compound,  but  becomes itself soluble within the 
perovskite LaCrO3 grains at high temperature.  
The liquid phase is therefore transient. Composi-  
tions in the system achieved 96-98% of  theoretical 
density after 5 h at 1500°C and it is thought  that 
dosed  porosity could be achieved at lower tempera- 
tures. The system however has been shown to 
become unstable in hydrogen atmospheres due to 
the dissolution of  nickel from the solid solution. 
Electrical conductivity at 1000°C in air was high, 
92 S/cm for a 40 mol% calcium substitution, 
but  during the electrical conductivity experiments 
serious microstructural degradation occurred in 
mixtures of  CO2 and hydrogen. It is shown that 
residual CaCrO4 remains at grain boundaries  and 
triple points after sintering and in addition to 
nickel dissolution, CaCrO4 is not  stable in CO2 
and H 2 atmospheres.  The CaCrO4 decomposes  to 
form complex calcium oxychromate  phases and 
CaO. CO2 then reacts with the CaO to form 
CaCO3, H2 acts as a catalyst for this reaction by 
increasing the amount  of  CaO formed. 

The (La,Ca)Cr0.9Ni010 3 system would not  be 
chemically and mechanically stable as an intercon- 
nect material in a solid oxide fuel cell. The work 
brings the stability of  all liquid phase sintered Ca 
doped lanthanum chromites into question and 
emphasises the need for thorough stability tests 
before liquid phase sintered Ca doped lanthanum 
chromites are incorporated into the fuel cell 
stacks. 
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