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The chemistry and microstructure of the interface between calcium substituted lanthanum
manganite and cubic calcia stabilized zirconia have been studied. The aim was to
investigate the chemical stability of these materials as a model system for, respectively, the
cathode and the electrolyte in solid oxide fuel cells. The relative amounts and time
dependence of the formation of secondary phases (La2Zr2O7 and CaZrO3) and
inter-diffusion between the primary phases were observed to depend on temperature,
partial pressure of oxygen, and composition of the manganite. 30 mole % Ca on La-site and
A-site deficiency of the manganite were shown to stabilize the heterophase interface in air.
Reducing conditions were shown to destabilize the primary phases and increase the rate of
formation of secondary phases. Pore-coarsening with increasing amount of Ca in the
manganite was the most striking feature in the time dependence of the microstructure. The
present findings are discussed in relation to the thermodynamic and kinetic stability of the
cathode/electrolyte interface of conventional solid oxide fuel cells consisting of yttria
stabilized zirconia and strontium substituted lanthanum manganite. C© 1999 Kluwer
Academic Publishers

1. Introduction
The study of heterophase solid state interfaces becomes
increasingly important because of numerous applica-
tions requiring long-time stability of such interfaces.
Solid oxide fuel cells (SOFC) and ceramic oxygen-
permeating membranes are examples of systems pos-
sessing solid state interfaces between a perovskite-
type oxide (ABO3) and another ceramic material. In
solid oxide fuel cells, lanthanum manganite-based ox-
ides, e.g., La1−xCaxMnO3 (LCM) and La1−xSrxMnO3
(LSM), are promising materials as cathodes because of
their high electrical conductivity and relatively good
compatibility with cubic stabilized zirconia, which
is the most common electrolyte. The reactivity of
La1−xCaxMnO3 with yttria stabilized zirconia (YSZ)
has been studied by several researchers [1–7]. The for-
mation of secondary phases, such as La2Zr2O7 (LZ)
and CaZrO3 (CZ), at the interface as well as interdiffu-
sion of cations between the cell components will have a
negative impact on the SOFC performance. A reaction
mechanism has been proposed by Taimatsuet al. [6] for
the formation of LZ at the YSZ/La1−xCaxMnO3 (x= 0,
0.1, 0.2) boundary, but no mechanism has so far been
discussed for the calcia stabilized zirconia (CSZ)/LCM
system. Yokokawaet al. [8] proposed that a high oxy-
gen potential was needed for the formation of LZ at the
YSZ/lanthanum manganite (LM) interface. However,

the effect of the partial pressure of oxygen on the for-
mation of secondary phases in the CSZ/LCM system
has so far not been reported.

In this work we have studied a model system for the
electrode/electrolyte interface consisting of LCM and
CSZ. The thermodynamic driving force for the forma-
tion of secondary phases is reduced in this model by re-
placing yttria in zirconia with calcia. This substitution
was performed in order to obtain a better understand-
ing of the effect of different dopants on the stability of
the electrode/electrolyte materials conventionally be-
ing used in SOFC (LSM and YSZ) [9]. In the present
paper, which is the first in a series of two, reactions
between LCM and CSZ have been investigated in com-
pressed powder mixtures corresponding to a 1:1 mass
ratio of LCM and CSZ. Hence, the interface area be-
tween the reactants has been maximized, and equilib-
rium phase composition is expected to be established
fast relative to the phase composition at the conven-
tional interface in SOFC. In a second paper, the corre-
sponding reactions are studied by a different model us-
ing diffusion couples, a situation closer to the geometry
of real fuel cells [10]. The aim of the present investiga-
tion is twofold. Firstly, a semi-quantitative description
of the formation of secondary phases formed between
LCM and CSZ is presented. Phase distributions as well
as the chemical composition of the different phases are
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TABLE I Atomic ratio of cations in as synthesized La1−xCaxMnO3

powders and ratio between A- and B-site cations in LCM after reaction
with CSZ at 1350◦C for 120 h

Nominal x in Measured Ca+La
Mn+Zr

La1−xCaxMnO3 La:Ca:Mn after 120 h at 1350◦C

0.0 1.03:0.00:1 1.02
0.2 0.78:0.20:1 1.02
0.3 0.73:0.30:1 1.03
0.4 0.57:0.39:1 1.04
0.6 0.42:0.57:1 1.04

reported. Secondly, the development of the microstruc-
ture of the powder mixtures will be discussed and re-
lated to the reaction mechanism.

2. Experimental procedures
Sub-micron, stoichiometric LCM-powders containing
0, 20, 30, 40, and 60 mole% Ca on La-site were pre-
pared by means of the glycine/nitrate method [11]. In
addition, nonstoichiometric powder with composition
La0.75Ca0.2MnO3 was prepared. A molar ratio of 0.65
between glycine and nitrate was found appropriate for
producing single-phase perovskite compounds except
for the sample containing 60 mole % of Ca on La-site
where a molar ratio of 0.55 was used. The glycine
and nitrates (La(NO3)3 · 6H2O, Mn(NO3)2 · 4H2O,
Ca(NO3)2 · 4H2O, ZrO(NO3)2 · 2H2O) were supplied
by Merck AG and had a purity of 98.5%. The composi-
tion of the powders was measured by Atom Scan 16
ICP-AES Spectrometry (Thermo Jarrell Ash Corp.,
USA) (Table I). The La1−xCaxMnO3 samples with
x= 0 and 0.3 have a slight B-site (Mn) deficiency, while
the rest of the samples have a slight B-site excess rela-
tive to the ideal perovskite stoichiometry. The raw pow-
ders were calcined in air for 24 h at 1000◦C. The BET
specific surface area of the calcined powders was in the
range 2.1–5.5 m2/g, which is consistent with an aver-
age particle diameter of 0.2–0.4µm assuming that the
particles are spherical. CSZ-powder with 17 mole %
CaO was supplied from Seattle Specialty Ceramics,
USA, and had a purity of 99.9%. The BET specific
surface area was>3 m2/g and the average grain-size
was<1µm. The LCM/CSZ samples were prepared in
the form of powder mixtures giving a large contact area
between the two phases. A 1:1 mass ratio of the LCM
and CSZ-powders was mixed by dry ball-milling for
8 h using yttria stabilized zirconia as ball material. The
powder mixtures were uniaxially pressed at 90 MPa and
fired in air or in reducing atmosphere (pO2∼10−6 atm) at
temperatures between 1000 and 1350◦C for periods be-
tween 1 min and 120 h. The average heating and cooling
rate of the samples fired for 120 h was 200◦C/h. Thus,
the samples spent 3 h above 1000◦C during heating and
cooling from 1350◦C. The samples fired for 1 h were
subjected to a heating rate of approximately 4200◦C/h
and a cooling rate of approximately 2700◦C/h, giv-
ing an excess time above 1000◦C of 13 min. The sam-
ples fired for 15 min or less, were placed directly into
the furnace at 1350◦C and removed at the same tem-
perature giving nearly no excess time above 1000◦C.

Shrinkage/expansion of pellets prepared by cold iso-
static pressing (CIP) at 200 MPa were measured by
dilatometry (Netzsch 402E).

Samples with compositions La0.14Ca0.05Mn0.14
Zr0.26O and La0.11Ca0.10Mn0.15Zr0.24O, corresponding
to a 1:1 mass ratio of La1−xCaxMnO3 (x= 0 and
x= 0.3) and Ca0.17Zr0.83O1.83, were prepared by means
of the glycine/nitrate method with a glycine/nitrate ra-
tio of 0.65. Equilibrium phase composition was ex-
pected to be reached fast in these samples relative to
the phase composition of the LCM/CSZ powder mix-
tures described previously. These samples are labeled
“atomic mix” in the following. The samples were fired
in air for 120 h at 1350◦C with a heating and cooling
rate of 200◦C/h.

The heat treated powder samples were subjected to
powder X-ray diffraction (XRD), Philips PW 1050/25,
and Siemens D5005, using CuKα radiation and a scan
rate of respectively 0.005◦/sand 0.05◦/s. Prior to XRD,
the samples were crushed and mixed with 20 wt % Si-
powder, being an internal standard ford-value cali-
bration. The semi-quantitative amounts of secondary
phases present in the samples are expressed by the ratio
between the 100% intensity reflection for the secondary
phases LZ (222 reflection, Mhkl= 8), CZ (121 reflec-
tion, Mhkl= 8), and MnO (200 reflection, Mhkl= 6) and
the 100% reflection of the CSZ-phase (111 reflection,
Mhkl= 8), taking plane multiplicity factors, Mhkl [12],
into account.

The development of the microstructure of the sam-
ples was studied by scanning electron microscopy
(SEM, Zeiss DSM 940) and transmission electron mi-
croscopy (TEM, Philips CM30, 300 kV) both equipped
with energy dispersive spectroscopy (EDS) systems
for microanalysis. Samples for TEM analysis were
prepared by sectioning, polishing, and Ar-ion beam
thinning.

3. Results and discussion
3.1. Formation of secondary phases
Formation of secondary phases at the interface between
LCM and CSZ in air at 1350◦C may be represented by
the simplified reactions:

12ZrO2(s)+ 12LaMnO3(s)

= 6La2Zr2O7(s)+ 4Mn3O4(s)+O2(g) (1)

3ZrO2(s)+ 3CaMnO3(s)

= 3CaZrO3(s)+Mn3O4(s)+O2(g) (2)

where calcia in the zirconia has been neglected for sim-
plicity. XRD analysis revealed that the structure of LM
in the LaMnO3/CSZ powder mixture had changed from
rhombohedral to orthorhombic already after 10 min
at 1350◦C, indicating a reductive reaction as (1). For
LaMnO3+δ (La:Mn= 1:1) the room temperature struc-
ture has been found to change from rhombohedral
to orthorhombic below about 25% Mn4+ [13]. How-
ever, the dissolution of Zr on B-site in LaMnO3+δ
may also contribute to the destabilization of rhom-
bohedral LaMnO3+δ. The manganese oxide stable in
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(a) (b)

Figure 1 Bright field image of a Mn3O4 grain showing (a) extensive
twinning, and (b) [0 1 0] zone-axis pattern.

air at 1350◦C is Mn3O4 according to Fritschet al.
[14]. Grains of pure Mn3O4 were observed by TEM
in the La0.4Ca0.6MnO3/CSZ powder mixture fired for
1 h at 1350◦C. The Mn-oxide grains were extensively
twinned and, therefore, easily recognized (Fig. 1a). The
Mn3O4 grains were characterized by selected area elec-
tron diffraction (SAED) (Fig. 1b) and by EDS, giving
an O to Mn ratio of 1.329, which is almost identical to
the O to Mn ratio of 1.333 in Mn3O4. Formation of man-
ganese oxide was not observed in any other heat treated
powder mixture of LCM and CSZ in air. The absence
of manganese oxide is explained by the diffusion of Mn
into CSZ and the dissolved Mn in the secondary phases
LZ and CZ, as will be shown in the following sections.
Formation of secondary phases at the interface between
LCM and CSZ is, therefore, mainly governed by the
thermodynamic properties of the zirconate phases.

The semi-quantitative amounts of secondary phases
formed at 1350◦C after 120 h for all the LCM-
compositions are summarized in Fig. 2a. Only minor
amounts of secondary phases were observed in the
La1−xCaxMnO3/CSZ, x= 0.2 and 0.4, samples. For
x= 0.3, there was no indication of secondary phases.
Compared to the LSM/YSZ system studied by Wiik
et al. [9], the semi-quantitative amounts of secondary
phases in the present LCM/CSZ system are about
50% lower. The LCM/CSZ system is, therefore, more
stable against formation of secondary phases than
the LSM/YSZ system as expected from the reduced
thermodynamic driving force by replacing yttria in
zirconia with calcia.

Due to the relatively large amounts of secondary pha-
ses formed in the samples with x= 0 and x= 0.6,
these two samples were more carefully studied. The
relative amounts of LZ and CZ in these two samples
are presented in Fig. 2b as a function of heat treat-
ment time and temperature. The amounts of CZ in
La0.4Ca0.6MnO3/CSZ and LZ in LaMnO3/CSZ are al-
most constant after 1 h at 1350◦C, indicating that all
powder mixtures are in equilibrium after 1 h at 1350◦C.
Taimatsuet al. [6] and Kanekoet al. [7], however, ob-
served that an induction period was necessary for the
formation of LZ in LM(stoichiometric)/YSZ diffusion
couples. LZ-phases were rarely observed at reaction in-
terfaces at temperatures below 1400◦C for 100 h. How-
ever, in our model system the reaction is much faster due
to the small particle size of the two primary phases and
the large contact area between the two phases. However,

Figure 2 (a) Semi-quantitative analysis of the amounts of secondary
phases (LZ and CZ) formed in powder mixtures of LCM and CSZ
as a function of mole % Ca in LCM after 120 h at 1350◦C, and (b)
as a function of temperature and time for the La0.4Ca0.6MnO3/CSZ
and LaMnO3/CSZ samples. The open square describes no indication
of secondary phases. The nonstoichiometric sample corresponds to
La0.75Ca0.2MnO3/CSZ. The uncertainty in each point is∼±1%.

for powder mixtures in the LSM/YSZ system, Wiik
et al. [9] observed that the time necessary to achieve
equilibrium phase composition at 1350◦C was clearly
dependent on the Sr-content of LSM. For the samples
with x= 0.3, 0.4, and 0.6, equilibrium was established
after 1–3 h at 1350◦C, while for the LaMnO3/YSZ pow-
der, mixture equilibrium was established after 70 h at
1350◦C. Thus, equilibrium is established faster in the
LCM/CSZ system than in the LSM/YSZ system. This
might be due to the lower number of chemical compo-
nents in the present system.

All powder mixtures were found to be more reac-
tive in reducing atmosphere (pO2∼10−6 atm) than in
air. Both CZ and LZ were found in all powder mixtures
(x= 0, 0.3, 0.6) after 120 h at 1350◦C in reducing at-
mosphere. The amount of LZ decreases, and the amount
of CZ increases with increasing amount of Ca in LCM,
as expected (Fig. 3). However, note that there are sig-
nificant amounts of LZ in La0.4Ca0.6MnO3/CSZ and
CZ in LaMnO3/CSZ. EDS-results obtained for the CZ,
LZ, and CSZ phases are shown in Table II. Yokokawa
et al. [8] proposed that a high oxygen potential was
needed for the formation of LZ at the YSZ/LM inter-
face. CSZ is observed to persist in all three powder
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TABLE I I Chemical composition of CZ, CSZ, and LZ in powder
mixture samples fired for 120 h at 1350◦C in reducing atmosphere
(pO2∼10−6 atm)

Phase CZ

La1−xCaxMnO3 La Mn Zr Ca
x= 0.0 11.8± 1.0 11.6± 0.7 47.4± 0.7 29.3± 1.2
x= 0.3 12.4± 1.6 12.5± 1.2 46.6± 1.4 28.5± 1.2
x= 0.6 12.0± 1.3 12.5± 0.6 46.4± 0.9 29.2± 0.9

Phase CSZ
La1−xCaxMnO3 La Mn Zr Ca
x= 0.0 6.0± 0.5 7.5± 1.3 75.9± 1.0 10.8± 0.6
x= 0.3 6.1± 0.7 8.7± 0.7 74.2± 1.1 11.0± 0.4
x= 0.6 5.5± 0.4 8.6± 1.8 74.1± 1.6 11.8± 0.7

Phase LZ
La1−xCaxMnO3 La Mn Zr Ca
x= 0.0 36.1± 1.3 1.0± 0.9 59.0± 1.6 3.3± 1.4
x= 0.3 35.8± 0.9 1.9± 1.3 58.6± 0.4 3.7± 0.3
x= 0.6 36.1± 0.7 2.1± 0.7 58.4± 0.3 3.4± 0.4

Figure 3 Semi-quantitative analysis of the amounts of secondary phases
(LZ, CZ, and MnO) formed in powder mixtures of LCM and CSZ as
a function of mole % Ca in LCM after 120 h at 1350◦C in reducing
atmosphere (pO2∼0−6 atm).

mixtures during firing for 120 h at 1350◦C. The
LM/LCM phase, however, is partly found to be dis-
solved in the other phases and partly to be trans-
formed to MnO, which is the stable manganese oxide at
PO2∼10−6 atm and 1350◦C [14]. At 1350◦C, LM de-
composes at pO2 < 2.4·10−10 atm according to thermo-
dynamical data given by Nakamuraet al. [15]. Hence,
the reducing atmosphere used here (pO2∼10−6 atm)
is almost four decades higher than the decomposition
pressure. After 1 h at 1350◦C, LM/LCM is observed in
all three samples, however, after 120 h at 1350◦C some
perovskite is left only in the La0.7Ca0.3MnO3/CSZ pow-
der mixture, indicating that this composition is the most
stable also in reducing atmosphere. According to Gibbs
phase rule,p+ f = c+ 2, wherep is the number of
phases,f is the number of degrees of freedom,c is the
number of components (Ca, La, Mn, O, Zr⇒ c= 5), at
pO2 = 10−6 atm, and T= 1350◦C the maximum num-
ber of phases in equilibrium is 5 (4 solid phases+
O2(g)). Thus, due to the presence of five solid phases
(LCM, CSZ, CZ, LZ, MnO) in La0.7Ca0.3MnO3/CSZ,
this powder mixture is not in equilibrium after 120 h at
1350◦C in reducing atmosphere.

Figure 4 CSZ lattice parameter versus temperature for La1−x

CaxMnO3/CSZ (x= 0, 0.2, 0.3, 0.4, and 0.6) powder mixtures fired for
15 min. The lattice parameter for pure CSZ (a= 5.133(6)Å) was also
measured by XRD.

3.2. Characterization of phases
The lattice parameter for cubic CSZ was observed to
depend on the composition of LCM, and is given as a
function of temperature for all powder mixtures fired in
air for 15 min in Fig. 4. Already after 15 min at 1000◦C
the CSZ lattice parameter for some of the mixtures devi-
ates considerably from pure CSZ, which demonstrates
that considerable inter-diffusion between the primary
phases has already occurred. The correlation between
chemical composition and lattice parameter of CSZ and
LCM in powder mixtures fired at 1350◦C for 120 h is
illustrated in Fig. 5. It is known that all the cations in
the present system possess considerable solid solubil-
ity in the cubic form of ZrO2 [16–18]. The solubility of
MnO in ZrO2 is∼20 wt % at reducing conditions [18].
It is also known that Mn (rMn2+ = 0.89 Å [19]) causes
a contraction of the CSZ unit cell, while Ca (rCa2+ =
1.12Å [19]) and La (rLa3+ = 1.18 Å [19]) cause an ex-
pansion of the unit cell when all elements retain a cu-
bic coordination (CN= 8). The CSZ-lattice is seen to
expand to a maximum at x= 0.20 in La1−xCaxMnO3
when the amount of Ca increases and the Mn and La
contents are nearly constant (Fig. 5a). The lattice is then
seen to contract due to decreasing La-content suppress-
ing the expanding effect of Ca. 60 mole % Ca on La-site
gives the most contracted lattice with high Mn and low
La-content. The significant concentrations of Mn and
La (2–8 at %) in CSZ (Fig. 5a) and Zr (2–5 at %) in
LCM (Fig. 5b) indicate that in addition to surface dif-
fusion, volume diffusion is a significant mechanism for
mass transport.

The A/B-ratio of LCM has been estimated for all
LCM/CSZ powder mixtures fired at 1350◦C for 120 h
assuming Zr to occupy Mn-site. The results indicate
that the initial 1:1 ratio between A and B-site cations
is preserved during the reaction (Table I and Fig. 5b)
as opposed to the LSM/YSZ system where A-site defi-
ciency of LaMnO3 and La0.7Ca0.3MnO3 was observed
when exposed to cubic zirconia [9]. The A/B ratio is
preserved due to the simultaneously increasing con-
tents of Ca and Zr on, respectively, A- and B-site in the
perovskites having a low nominal Ca-content (Fig. 5b).
Thus, due to the stoichiometry, the perovskite in the
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Figure 5 Chemical composition (left ordinate) and lattice parameter
(right ordinate) of the CSZ-phase (a) and the LCM-phase (b) in terms
of mole % of Ca in LCM for samples fired at 1350◦C for 120 h. The
lattice parameter of pure CSZ (17 mole % CaO) is 5.133 (6)Å. Open
symbols describe powder mixtures and filled circles describe “atomic
mix” samples. The dotted lines indicate the nominal amounts of Ca and
La in pure LCM. Note that the initial content of Ca in CSZ is 17 mole %.

LCM/CSZ system has a lower Gibbs energy than the
perovskite in the LSM/YSZ system, which is consistent
with an increased stability of the LCM/CSZ interface.

For the intermediate mixture La0.7Ca0.3MnO3/CSZ,
the initial 0.7:0.3 ratio between La and Ca in LCM
is almost preserved (0.65:0.3) indicating negligible
net diffusion of La and Ca (Fig. 5b), confirming the
stability of this interface. There is, however, some
inter-diffusion of Mn and Zr giving rise to an expan-
sion of the pseudo-cubic lattice parameter of LCM
in La0.7Ca0.3MnO3/CSZ compared to the pseudo-
cubic lattice parameter, a= 7.732 Å [20], of pure
La0.7Ca0.3MnO3. It is therefore proposed that the ma-
jor reason for the expansion of the cell volume of all
LCM-phases exposed to CSZ is due to the presence of
Zr on Mn-sites (r Mn3+ = 0.65Å for CN= 6 andrZr4+ =
0.72Å for CN= 6 [19]). Concerning the stability of the
La0.7Ca0.3MnO3/CSZ interface, it should be noted from
Fig. 5a that the Mn concentration has a minimum for
x= 0.3, indicating the lowest activity of Mn-oxide and
the most stable LCM/CSZ interface for this composi-
tion of LCM. Compared to the nominal content of Ca
in pure LCM (Fig. 5b), Ca is seen to diffuse into LCM
for x< 0.3 and out off LCM for x> 0.3 due to the reac-
tion with CSZ, indicating that the chemical potential for

Ca is identical in LCM and CSZ for x≈ 0.3. The fact
that Ca diffuses into the CSZ-phase for x> 0.3 explains
why CZ is formed in these samples, while in the sam-
ples with x< 0.3, the CSZ-phase becomes Ca-deficient
relative to the initial composition, giving no CZ. How-
ever, to compensate for the A-site excess caused by the
diffusion of Ca into LCM for x< 0.3, LZ is formed re-
ducing the concentration of La in LCM below the value
in pure LCM (Fig. 5b). In this way the initial 1:1 ratio
between A- and B-site cations is preserved during the
reaction.

The unit cell parameters for the secondary phases LZ
and CZ were observed to deviate considerably from lit-
erature data [21, 22]. The estimated cubic lattice pa-
rameter of LZ after firing LM/CSZ for 1 and 120 h
at 1350◦C is shown in Fig. 6a. The lattice parame-
ter is considerably lower than reported for pure LZ
(a= 10.793Å [21]). The Zr/La ratio equals 1.7 both
after 1 and 120 h (Fig. 6a). This result is in accordance
with the spread in the Zr/La ratio from 1.3 to nearly 2,
which was observed in the pyrochlore grains formed at
LSM/YSZ boundaries by Clausenet al. [23]. The Zr/La
ratio is 1 in the ideal pyrochlore structure. Based on the
ionic radius of La3+ (rLa3+ = 1.18Å CN= 8 [19]) and
Zr4+ (rZr4+ = 0.72 Å CN= 6 [19]) in the pyrochlore
structure, the unit cell is expected to contract when the

Figure 6 Chemical composition (left ordinate) and lattice parame-
ter/unit cell volume (right ordinate) of the secondary phases LZ (a) and
CZ (b) fired at 1350◦C for 120 h. Open circles describe powder mixtures,
and filled circles describe “atomic mix” samples.
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Zr/La ratio is raised as observed here. It is seen that the
lattice parameter is virtually time independent, consis-
tent with a nearly time independent composition. EDS
analysis demonstrates the presence of 2–8 at % Ca and
Mn in LZ. Concerning the mass balance of Ca in the
LM/CSZ powder mixture, half of the amount of Ca-
ions diffusing out of CSZ is found to enter LM, while
the other half is dissolved in LZ.

The orthorhombic unit cell volume of CZ versus
heat treatment time of La0.7Ca0.3MnO3/CSZ fired at
1350◦C is shown in Fig. 6b. A considerable deviation
from the unit cell volume of pure CZ (V= 258.23 Å3

[22]) is evident. The contracted lattice is probably due
to the considerable content of La and Mn on A- and B-
sites, respectively. At 1350◦C the composition is seen
to be almost time independent after 1 h. The small vari-
ation in unit cell volume with respect to time, shown in
Fig. 6b, confirms the nearly time independent behav-
ior of the composition. The EDS analysis suggests that
CZ has a complex stoichiometry. Significant amounts
of all the possible cations are found in the CZ phase.
The perovskite structure of CZ can tolerate only a
few per cent of vacancies at the A- or B-site. In the
La0.7Ca0.3MnO3/CSZ mixture, the A/B ratio of CZ is
0.998 and 0.996 in the samples fired for 1 and 120 h,
respectively, assuming the La3+ ions to occupy A-sites
and Mn4+ ions to occupy B-sites in the perovskite struc-
ture.

The chemical compositions of the different phases
formed in the “atomic mix” samples after 120 h at
1350◦C are shown as filled circles in Figs 5 and 6a.
The atom % of the different elements in each phase
of the powder mixtures and “atomic mix” samples are
consistent within the standard deviation. The chemical
composition of the phases and analysis of the formation
of secondary phases as a function of temperature and
time (Fig. 2b) reveal that all the powder mixtures are in
equilibrium after 1 h at 1350◦C in air.

3.3. Microstructure and reaction
mechanism

To obtain information about nucleation and growth
of the LZ and CZ phases, the LM/CSZ and La0.4
Ca0.6MnO3/CSZ samples were studied by TEM after
a short firing period; respectively 10 min and 1 min at
1350◦C (Fig. 7). The formation of secondary phases
in lanthanum manganite (LXM, X=Ca, Sr)/YSZ sys-
tems has been studied by several researchers [1–7]. The
nucleation is found to occur at the LXM/YSZ inter-
face, but there is a disagreement on whether the grains
of the secondary phases grow into the YSZ-phase, the
LXM-phase or both. In our LCM/CSZ system, we ob-
served nucleation of LZ/CZ at the LCM/CSZ inter-
face and triple-points as well as further growth mainly
into the CSZ-phase. Rounded grains of LZ and CZ,
respectively, are seen in L(C)M/CSZ triple-points in
Fig. 7a and b. A reaction mechanism has been proposed
by Taimatsuet al. [6] for the formation of LZ at the
YSZ/La1−xCaxMnO3 (x= 0, 0.1, 0.2) boundary. Mn
ions are assumed to diffuse faster than La-ions into YSZ
and subsequently the residual La2O3 reacts with ZrO2
to form LZ. La and Mn ions diffuse unidirectionally

(a)

(b)

Figure 7 (a) TEM images of LaMnO3/CSZ fired for 10 min at 1350◦C
and (b) La0.4Ca0.6MnO3/CSZ fired for 1 min at 1350◦C.

through the LZ layer, which grows at the LZ/YSZ in-
terface. Mitterdorferet al. [24] found that the growth of
LZ in a LSM/YSZ diffusion couple was initially limited
by surface diffusion of La3+ and Zr4+, which is much
faster than bulk diffusion of these elements through LZ.
Accordingly, it is assumed that LZ and CZ grow by sur-
face diffusion of Ca2+ and La3+ in addition to Zr4+. The
observation that LZ grows mainly into the CSZ-phase is
in accordance with the reaction mechanism proposed by
Taimatsuet al. [6]. However, no La2O3 is formed in the
powder mixtures due to the fact that the CSZ-phase is
saturated by Mn before the solubility limit for La2O3 is
reached. However, the activity of La2O3 in stoichiomet-
ric LCM becomes sufficiently high during reaction with
CSZ to cause nucleation of LZ. Accordingly, A(La)-
site deficient perovskites, like La0.75Ca0.20MnO3,
cause a lower activity of La2O3 and thus a more
stable interface with CSZ. In the A-site deficient
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Figure 8 (a) SEM backscatter images of LaMnO3/CSZ, (b) La0.7Ca0.3MnO3/CSZ, and (c) La0.4Ca0.6MnO3/CSZ powder mixtures fired for 120 h at
1350◦C. (d) SEM backscatter image of LaMnO3/CSZ “atomic mix” sample fired for 120 h at 1350◦C. (e) SEM backscatter images of LaMnO3/CSZ,
(f) La0.7Ca0.3MnO3/CSZ, and (g) La0.4Ca0.6MnO3/CSZ powder mixtures fired for 120 h at 1350◦C in reducing atmosphere (pO2∼10−6 atm).
1= LCM, 2=CSZ, 3= LZ, 4=CZ. (Continued).

La0.75Ca0.2MnO3/CSZ powder mixture there were only
traces of LZ. The amount was significantly smaller
than in the stoichiometric La0.8Ca0.2MnO3/CSZ sam-
ple (Fig. 2a), consistent with the observation by Clausen
et al. [23].

The further development in microstructure was stud-
ied by SEM. Before chemical equilibrium is established
(i.e., during the first hour at 1350◦C), the develop-
ment of the microstructure in all samples is charac-
terized by formation of secondary phases (except for
x= 0.3), pore-coarsening and moderate grain-growth.
After 15 min at 1350◦C, the grains are still sub-micron,
and even after 1 h at 1350◦C all samples, except for
x= 0.6, have grain sizes of∼1–2µm. After chemical

equilibrium is established, the development of the mi-
crostructure in all samples is characterized by extensive
grain-growth and pore-coarsening. The microstructures
of the La1−xCaxMnO3/CSZ, x= 0, 0.3, and 0.6, sam-
ples fired at 1350◦C for 120 h are given in Fig. 8a–c.
The LM/CSZ sample demonstrates a sintered struc-
ture with low porosity after 120 h. Grain growth has
occurred to a great extent, giving about a tenfold in-
crease in grain size for both LM and CSZ. In addi-
tion, LZ grains with about the same size as the LM and
CSZ grains are observed. In the La0.7Ca0.3MnO3/CSZ
sample, no secondary phases were detected by SEM or
TEM, confirming the results from the XRD analysis.
The sample containing LCM with 60 mole % Ca on
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Figure 8 (Continued).

La site displays a highly porous structure after 120 h
(Fig. 8c) with a pore size up to about 40µm and a grain
size up to about 5µm. The distance between the pores is
only a few grain-diameters. The perovskite phase, CZ,
and CSZ demonstrate a modest grain growth compared
to the pore-coarsening.

The effect of the pore-coarsening on the density of
the powder mixture La0.4Ca0.6MnO3/CSZ is shown in
Fig. 9. Pore-coarsening can in general take place by
an Ostwald ripening process, if the entrapped gas in
the pores is soluble in the material, or by coalescence.
However, the reduction in density due to these mech-
anisms is normally in the order of a few percent [25],
giving much less reduction in density than observed
in Fig. 9. Thus, evolution of oxygen from LCM dur-
ing heating [26] and during formation of LZ and CZ
caused by the reduction of Mn4+/Mn3+ to Mn3+/Mn2+

((1) and (2)), must contribute to the pore-coarsening
in these samples. The increase in pore-diameter fol-
lows at

1
2.9 law (Fig. 9), indicating that pore-coarsening

takes place mainly via an Ostwald ripening process
[25]. The fact that the CZ-phase has a larger molar
volume than the two primary phases also contributes
to the volume expansion, but this effect is small com-
pared to the effect of pore-coarsening. Given that the
LCM/CSZ grain boundary is permeable (i.e., exhibiting
both anionic and electronic conductivity), oxygen will
be transported from the smaller pores to the larger pores
via the grain-boundaries in accordance with the pore-
coarsening mechanism proposed for LSM/YSZ powder
mixtures by Wiiket al. [9]. Assuming all LaMnO3.15
to be reduced to LaMnO3, the oxygen evolved from
the perovskite during heating is larger by a factor of
100 than needed to explain the expansion of the powder
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Figure 9 Density (left ordinate) and pore diameter (right ordinate) ver-
sus sintering time at 1350◦C for La0.4Ca0.6MnO3/CSZ. The pore-
diameter reported for each sample is the average of 50 pores. The green
density of the La0.4Ca0.6MnO3/CSZ sample was 2.65 g/cm3. The dotted
line through the relative density points is a guide to the eye.

mixtures. Similarly, the evolution of oxygen during for-
mation of LZ and CZ, assuming all the perovskite phase
transformed to MnO, is larger than the number of moles
needed for the expansion by a factor of 1000. Thus,
most of the oxygen is transported out of the material
during the heating period when there is open porosity.
However, when the pores close, the evolution of oxy-
gen will cause an expansion of the material. Dilatom-
etry showed the linear expansion to start immediately
after the temperature reached 1350◦C, indicating the
closure of the pores. The evolution of oxygen from
the perovskite is supposed to equilibrate shortly after
the temperature reaches 1350◦C. However, the evolu-
tion of oxygen due to reactions (1) and (2) will continue
for about 1 h after the temperature has reached 1350◦C
because of the formation of secondary phases (Fig. 2b).
Further expansion after 1 h must therefore be caused by
pore ripening. An illustration of the pore ripening pro-
cess is shown in Fig. 10. The observation of increasing
pore-coarsening with increasing amount of Ca in LCM
indicates increasing oxygen evolution with increasing
amount of Ca. This observation supports reactions (1)
and (2).

The microstructure of the “atomic mix” sample
LM/CSZ fired at 1350◦C for 120 h is given in Fig. 8d.
Comparing this micrograph with that in Fig. 8a, it is

Figure 10 Relative “rates” of pore ripening and O2 producing processes
during firing at 1350◦C. During the first hour, oxygen evolution con-
tributes to the pore-coarsening, later only pore-ripening.

evident that the phase-distribution and the grain size
are very much alike in the powder mixture and the
“atomic mix” sample. Also, the porosity is about the
same, except for a slightly larger average pore diame-
ter in the powder mixture. Similar results were found
for the other “atomic mix” samples.

Micrographs of the La1−xCaxMnO3/CSZ, x= 0, 0.3,
and 0.6, samples fired at 1350◦C for 120 h in reducing
atmosphere (pO2∼10−6 atm) are given in Fig. 8e–g. It
should be noted that the atmosphere strongly influences
the microstructure and the phase-distribution (compare
Fig. 8a–c and Fig. 8e–g). Grain growth has occurred to
a greater extent in reducing atmosphere, giving about
a fourfold grain size in the reduced samples compared
to the samples fired in air, which is consistent with a
higher reactivity in reducing atmosphere. The micro-
graphs of the samples fired in reducing atmosphere re-
veal a strong correlation between the microstructure
of the sintered powder mixtures and the Ca-content of
the perovskite phase. The most significant difference is
the shape and size of the LZ-grains, which are edged
in the La0.4Ca0.6MnO3/CSZ sample and fairly spheri-
cal in the LM/CSZ sample. LCM grains could be ob-
served by SEM after 1 h heat treatment at 1350◦C, and
the La0.7Ca0.3MnO3/CSZ powder mixture possessed
the highest amount of LCM. However, after 120 h at
1350◦C, no LCM could be detected by SEM.

Conclusively, it is probably impossible to stabilize
LCM/CSZ powder interfaces in reducing atmosphere.
However, in air, LCM/CSZ interfaces can be stabilized
either by substituting an appropriate amount of Ca on
A-site or by an appropriate amount of A-site deficiency
in LCM.

4. Conclusions
Solid state reactions between sub micron powders of
calcium doped lanthanum manganite and calcia stabi-
lized zirconia have been studied by means of X-ray
diffraction, electron microscopy, and energy dispersive
X-ray spectroscopy. The results revealed that all the
powder mixtures are in equilibrium after 1 h at 1350◦C.
Thus, equilibrium is established faster in the present
LCM/CSZ system than in the electrode/electrolyte sys-
tem conventionally being used in SOFC (LSM and
YSZ). In addition, the semi-quantitative amounts of
secondary phases in the LCM/CSZ system are about
50% lower, indicating that the LCM/CSZ system is
more stable against formation of secondary phases than
the LSM/YSZ system. The most chemically stable in-
terface was observed when the lanthanum manganite
contained 30 mole % calcium on La-site both in air and
in reducing atmosphere (pO2∼10−6 atm). Reducing at-
mosphere was, however, observed to destabilize the in-
terface both thermodynamically and kinetically. The
microstructure of the air-sintered powder mixtures re-
vealed an increasing degree of pore-coarsening with
increasing amount of Ca in LCM. The porous mi-
crostructure supports the reductive nature of the reac-
tion between LCM and CSZ.
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