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Abstract

The chemical interactions between porous (La0.8Sr0.2)MnO3 (LSM) film and 3 mol% yttria tetragonal zirconia (TZ3Y) substrate
have been investigated over the temperature range of 1300–1500 �C in air. Two distinct reaction layers of fluorite-type cubic zir-
conia solid solution c-(Zr,Mn,La,Y)O2 and lanthanum zirconate pyrochlore (La,Sr)2(Zr,Y)2O7 were observed at the interface of

LSM/TZ3Y. It has been found that the diffusion/dissolution of Mn ions in TZ3Y leads to the formation of the fluorite-type cubic
zirconia solid solution, while the interaction of lanthanum with TZ3Y results in the formation of the lanthanum zirconate pyro-
chlore phase. Phase studies in the (ZrY)O2–La2O3–Mn3O4 system show that the fluorite-type cubic zirconia solid solution phase

c-(Zr,Mn,La,Y)O2, rather than the tetragonal 3 mol% Y2O3–ZrO2 phase, is in equilibrium with LSM perovskite at high tempera-
tures. A ternary phase diagram of the system at the (ZrY)O2-rich end at 1400

�C in air was proposed based on the experimental
results. It is suggested that the fundamental reason for the beneficial effect of A-site non-stoichiometry or Mn excess of LSM in the
inhibiting of the lanthanum zirconate formation is due to the fact that Mn3O4 does not equilibrate with lanthanum zirconate at

high temperatures.
# 2003 Elsevier Science Ltd. All rights reserved.
Keywords: Diffusion; Fuel cells; Interfaces; Perovskites; Phase diagram; ZrO2; (La,Sr)MnO3
1. Introduction

Strontium-doped lanthanum manganese oxide,
(LaSr)MnO3 (LSM), and yttria partially or fully stabi-
lised zirconia, Y2O3–ZrO2 or (Zr,Y)O2, are commonly
used as cathode and electrolyte materials respectively in
solid oxide fuel cells (SOFC). Chemical interactions
between LSM and yttria fully stabilised zirconia (e.g., 8
mol% Y2O3–ZrO2) have been extensively studied due to
the importance of the interfacial reaction and the for-
mation of interfacial products on the performance and
stability of SOFC under operation conditions.1 The
interfacial pyrochlore products of the chemical interac-
tion vary with the stoichiometry of LSM,2�4 the La/Sr
ratio at the A-site5,6 and the temperature and atmo-
sphere of heat treatment.7,8 The interfacial products
formed, lanthanum zirconate La2Zr2O7 and/or stron-
tium zirconate Sr2Zr2O7 are highly resistive and insu-
lating, leading to interface delamination and
deterioration in the fuel cell performance.2,7,9,10 How-
ever, information on the interaction between LSM and
partially stabilised zirconia such as 3 mol% Y2O3 tetra-
gonal zirconia (TZ3Y) is limited, despite the fact that
TZ3Y is of considerable interest to planar SOFC tech-
nology developers because of its high mechanical
strength.
Roosmalen and Cordfunke11 studied the interaction

between TZ3Y and LSM dense pellets, and found that
TZ3Y was more reactive than yttria fully stabilised zir-
conia (YSZ) in the formation of pyrochlore phase with
LSM. Mn ions were not detected in the zirconia phase.
Our previous study12 on the interaction between stron-
tium-doped praseodymium manganite (PSM) and 3
mol% yttria tetragonal zirconia (TZ3Y) shows that a
fluorite-type phase of zirconia solid solution is formed
between PSM and TZ3Y in addition to the formation of
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praseodymium zirconate. The formation of the fluorite-
type cubic zirconia solid solution is due to the diffusion/
dissolution of Mn ions into the tetragonal zirconia
phase. Mn can diffuse into the tetragonal TZ3Y phase
while Pr is most likely trapped by the formation of the
praseodymium zirconate pyrochlore phase. Therefore it
is important to investigate the chemical interactions
between LSM and TZ3Y and the interfacial product
formation in the LSM/TZ3Y system. In this paper,
interfacial reactions between various diffusion couples
of TZ3Y, LSM, lanthanum oxide and manganese oxide
over the temperature range of 1300–1500 �C in air have
been investigated, and the phase relations in the TZ3Y–
La2O3–Mn3O4 system at the TZ3Y-rich end at 1400 �C
in air are reported.
2. Experimental

LSM powder with composition (La0.8Sr0.2)MnO3 was
prepared by wet chemical method and calcined at
1000 �C for 4 h in air. X-ray diffraction (XRD) pattern
showed that the LSM powder was a single perovskite
phase. TZ3Y substrates, 20 mm in diameter and 150 mm
in thickness, were prepared from 3 mol% Y2O3–ZrO2
(TZ3Y, Tosoh Corporation, Japan) by tape casting fol-
lowed by sintering at 1500 �C. Powders of lanthanum
oxide La2O3 (BDH, Analar grade) were calcined at
1000 �C for 2 h before use, and manganese oxide MnO2
(BDH, chemical grade) without calcination treatment
were used for solid state reaction. Inks of LSM, La2O3
and MnO2 were prepared using Degussa water-based
ink medium.
The diffusion couples of LSM/TZ3Y, La2O3/TZ3Y

and MnO2/TZ3Y were prepared by screen printing
LSM, La2O3, and MnO2 coatings on the TZ3Y sub-
strate respectively, and then heat-treated at tempera-
tures in the range of 1300–1500 �C for different times.
The coating thickness was in the range of 40 to 50 mm
thick. After heat treatments, the diffusion couples were
carefully fractured and in some cases polished cross
sections were prepared. A thermally-etched cross section
of the specimen LSM/TZ3Y was also prepared by
heating the polished cross section at 1500 �C for 5 min
after the LSM coating was completely removed from
the substrate to ensure no further chemical reaction
between LSM and TZ3Y during the thermal etching
process. In order to examine the surface morphology of
TZ3Y substrates at the interface with coatings of LSM,
lanthanum oxide and manganese oxide, the coatings
were removed in various ways. LSM coating was
removed relatively easily from the substrate after heat
treatment at temperatures up to 1400 �C by a sharp
doctor blade. The La2O3 film became powdery two days
after heat treatment due to hydration of La2O3 in air
and was then wiped off carefully using soft tissue. In the
case of the MnO2/TZ3Y diffusion couple, Mn3O4 was
formed after the heat treatment at temperatures over
1000 �C.13 This was removed by dissolving it in con-
centrated hydrochloric acid.
The fractured face, polished cross section and ther-

mally etched cross section were examined with scanning
electron microscopy (SEM) and X-ray energy dispersive
spectroscopy (EDS). The surface of the TZ3Y substrate
after removal of the oxide coatings was examined by
XRD and SEM/EDS. A Siemens D500 X-ray dif-
fractometer (Siemens, Germany) with CuKa radiation
and a Leica 360 field emission SEM (Cambridge, U.K.)
equipped with Oxford Link EDS system were used for
specimen characterization.
Powder experiments were also carried out to investi-

gate the phase relations in the system TZ3Y–La2O3–
Mn3O4 at the TZ3Y-rich end at 1400

�C. Powders of
La2O3/TZ3Y, MnO2/TZ3Y and La2O3/MnO2/TZ3Y
with various nominated mole ratios were mixed and
milled in isopropyl alcohol for 2 h. The powder mix-
tures were pressed into pellets and then heated at
1400 �C for 24 h in air. Phase characterization of these
samples was carried out by XRD and SEM/EDS.
3. Results

3.1. Reaction products in diffusion couples

The LSM/TZ3Y diffusion couples were heated at
1300, 1400 and 1500 �C for 4 h in air respectively. The
LSM coatings were separated easily from the substrate
after the heat treatment at 1300 and 1400 �C but
adhered well on the substrate after the heat treatment at
1500 �C. Fig. 1 shows SEM pictures of (a) a fractured
cross section of a specimen heat-treated at 1500 �C, and
(b) a polished and thermally etched cross section of a
specimen heat-treated at 1400 �C. Comparing to the
typical tetragonal zirconia morphology in the TZ3Y
bulk (marked as TZ3Y in the figure), it can be seen that
two distinct reaction layers are formed between the
LSM and TZ3Y phases, marked as ‘‘L1’’ and ‘‘L2’’ in
Fig. 1. Reaction layer ‘‘L1’’ is the top surface layer in
direct contact with the LSM coating and ‘‘L2’’ is the
reaction layer between ‘‘L1’’ and the normal TZ3Y
phase. Clearly, the grain size in the reaction layers ‘‘L1’’
and ‘‘L2’’ is much larger than that of the original TZ3Y
phase.
Fig. 2 is the EDS spectra collected (a) from the first

reaction layer ‘‘L1’’, and (b) the upper and (c) the lower
parts of the second reaction layer ‘‘L2’’ of the specimen
shown in Fig. 1b. A portion of these spectra from 13 to 19
keV was expanded on the Y-axis to show the K peaks
associated with Sr and Y. It can be seen from Fig. 2 that
the first reaction layer ‘‘L1’’ contains primary Zr and La
and a small amount of Sr and Y. XRD analysis confirmed
1866 S.P. Jiang et al. / Journal of the European Ceramic Society 23 (2003) 1865–1873



the formation of a lanthanum/strontium zirconate pyr-
ochlore phase with a possible composition of
(La,Sr)2(Zr,Y)2O7. In the second reaction layer ‘‘L2’’
Mn and La were detected in addition to Zr and Y, but
no Sr was detected. This indicates that Mn and La ions
diffused into TZ3Y. As shown in the following section,
the results of powder experiments indicate that the La
and Mn ions can dissolve in the zirconia lattice forming
a fluorite-type cubic zirconia solid solution
(Zr,Mn,La,Y)O2. Further away from the LSM/TZ3Y
interface, primarily Mn was detected in the TZ3Y phase
with very little La [curve (c) in Fig. 2]. The La concen-
tration decreases significantly from the first reaction
layer ‘‘L1’’ to the second reaction layer ‘‘L2’’, while the
Mn concentration varied only slightly across the whole
reaction layer, as shown in Fig. 2. Mn was also detected
in the substrate below the second zirconia solid solution
layer, but not La and Sr. The two reaction layers,
(La,Sr)2(Zr,Y)2O7 pyrochlore layer and cubic zirconia
solid solution layer, were also observed in the LSM/
TZ3Y specimen after heat treatment at 1300C. The for-
mation of such two distinctive layers was also observed
at the PSM/TZ3Y interface studied at temperature ran-
ges of 1200–1400 �C.12

Fig. 3 shows SEM pictures of fractured and polished
cross sections of a MnO2/TZ3Y diffusion couple,
showing a distinct reaction layer in the substrate next to
the MnO2 (or Mn3O4) coating. The MnO2/TZ3Y diffu-
sion couple was heated at 1300 �C for 24 h. After the
heat treatment the TZ3Y substrate deformed slightly
and became brittle. Mn as well as Zr and Y were detec-
ted in the reaction layer. XRD analysis on the substrate
surface after removal of Mn3O4 by acid treatment
showed a fluorite-type cubic zirconia solid solution
phase, c-(Zr,Mn,Y)O2. From the backscattered electron
image of the polished cross section (Fig. 3b), it can be
Fig. 2. The EDS spectra collected from (a) the first reaction layer

‘‘L1’’, (b) the upper part of the second reaction layer ‘‘L200 and (c) the

lower part of the second reaction layer ‘‘L2’’ of specimen of Fig.1b. A

portion of these spectra from 13 to 19 keV was expanded in Y-axis to

show the K peaks of Sr and Y.
Fig. 3. SEM pictures of (a) fractured cross section and (b) polished

cross section of the MnO2/TZ3Y diffusion couple after heat treatment

at 1300 �C for 24 h, showing a distinct reaction layer in the substrate

next to Mn3O4 coating and a mixture of two types of materials in the

substrate underneath the reaction layer.
Fig. 1. SEM pictures taken from (a) a fractured cross section of the

LSM/TZ3Y specimen after heat treatment at 1500 �C and (b) the

polished and thermally etched cross section of the LSM/TZ3Y speci-

men after heat treatment at 1400 �C, showing the formation of two

distinct reaction layers ‘‘L1’’ and ‘‘L2’’.
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seen that the substrate underneath the cubic zirconia
solid solution layer is a mixture of two types of materi-
als, characterised by the difference in the contrast. Fig. 4
is the EDS patterns collected from dark-contrast and
bright-contrast areas of the reaction layers as shown in
Fig. 3. EDS analysis showed that the dark-contrast
material contained significant amount of Mn (see
Fig. 4a) whereas the level of Mn in the bright-contrast
material is much lower (Fig. 4b). Detailed XRD analy-
sis showed that the dark-contrast materials were cubic
zirconia phase with c-(Zr,Mn,Y)O2 composition and the
bright-contrast materials had the same structure as
TZ3Y with much lower level of Mn dissolved in it. Mn
was also detected by EDS from the other side of TZ3Y,
indicating that Mn diffused through the TZ3Y substrate
(the thickness of the TZ3Y substrate was about 150
mm). Mn concentration in the substrate decreased with
the increase of the distance from the manganese oxide
coating contact surface.
Fig. 5 shows SEM pictures of the surface of a zirconia

substrate after removal of manganese oxide by acid
washing treatment and the original TZ3Y surface before
the heat treatment at 1300 �C. The grain size of TZ3Y
before the chemical interaction with manganese oxide
was 0.4 mm in average. After heat treatment of the
MnO2/TZ3Y diffusion couple, the zirconia grain size
was in the range of 3–12 mm, significantly larger than
the original TZ3Y grains. Clearly Mn ions have dis-
solved in zirconia, leading to the significant grain
growth and the phase transformation from tetragonal
zirconia to cubic zirocnia, as identified by XRD. As
shown by Waller et al. the diffusion coefficient of man-
ganese in polycrystalline YSZ is much higher than that in
single crystal YSZ.14 This indicates that the diffusion/
dissolution of Mn ions in polycrystalline TZ3Y is domi-
nated by the grain boundary diffusion. Hence the for-
mation of the fluorite-type cubic zirconia solid solution
would start at the original TZ3Y grain boundary region.
The grain growth of the fluorite-type cubic zirconia
phase significantly reduced the number of original much
smaller tetragonal zirconia grains. Many small pores
were also observed on the grain surface of the zirconia
electrolyte surface. However, in the case of LSM/TZ3Y
specimen, there was no formation of small pores on the
grain surface of cubic zirconia solid solution formed
(Fig. 1). Similarly no small pore formation was found
on the grain surface of PSM/TZ3Y specimen.12 At this
stage it is not clear for the reason of the formation of
micropores on the zirconia surface in the case of MnO2/
TZ3Y specimen (see Fig. 5a). The results of the MnO2/
TZ3Y diffusion couple experiments demonstrate that
the diffusion/dissolution of significant amount of Mn in
TZ3Y is responsible for the formation of the fluorite-
type cubic zirconia solid solution and significantly
changes the surface morphology of the substrate.
The effect of diffusion/dissolution of La ions in TZ3Y

on interface product formation was examined on the
La2O3/TZ3Y diffusion couples. The La2O3/TZ3Y diffu-
sion couples were heated for 24 h at 1300 and 1400 �C in
air respectively. In both cases a continuous reaction
layer was formed between La2O3 and TZ3Y. For the
La2O3/TZ3Y diffusion couple after heat treatment at
1300 �C for 24 h, the thickness of the continuous reac-
tion layer was about 1 mm. XRD and EDS analysis
indicate that the reaction layer is essentially the lantha-
num zirconate pyrochlore phase (La2Zr2O7). No other
Fig. 4. EDS spectra collected from (a) the dark-contrast material and

(b) the bright-contrast material as shown in Fig. 3(b), showing the

difference in Mn concentration between these two materials.
Fig. 5. SEM pictures from (a) the surface of fluorite-type zirconia

solid solution after removal of manganese oxide by acid washing and

(b) the surface of the TZ3Y before the reaction. The MnO2/TZ3Y

diffusion couple was heated at 1300 �C for 24 h in air.
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reaction layer or phases except tetragonal TZ3Y phase
were detected. This is consistent with the interface
studies of the La2O3 on YSZ single crystals at 1500

�C.10

However, the formation of lanthanum zirconate con-
taining small amount of yttria cannot be ruled out as it
would be difficulty to distinguish these two phases by
using XRD and EDS only. La was not detected in the
TZ3Y phase underneath the pyrochlore reaction layer.
The results of the La2O3/TZ3Y diffusion couples have
shown that the interaction of La ions and TZ3Y alone
will result in the formation of lanthanum zirconate pyr-
ochlore, but not the fluorite-type cubic zirconia solid
solution. The clear La content boundary between the
lanthanum zirconate pyrochlore phase and TZ3Y phase
also suggests that unlike Mn, La hardly dissolves or
diffuses in the tetragonal zirconia phase and the solubi-
lity of La in TZ3Y is negligible.
An experiment was designed to study the diffusion/

dissolution of both Mn and La ions in TZ3Y. First, a
La2O3/TZ3Y diffusion couple was heated at 1300 �C for
24 h to form a pyrochlore layer on the TZ3Y surface.
Then excess La2O3 coating was removed and MnO2
coating was screen printed on top of the pyrochlore
layer. As shown above, for the La2O3/TZ3Y diffusion
couple treated at 1300 �C for 24 h, the thickness of the
lanthanum zirconate pyrochlore layer was �1 mm. The
prepared specimen with structure of MnO2/pyrochlore/
TZ3Y was heated again at 1300 �C for 24 h in air. SEM/
EDS analysis of this specimen after heat treatment
showed that the original lanthanum zirconate pyrochlore
layer (ca. 1 mm thick) completely disappeared from the
interface region and cubic zirconia solid solution was
formed instead. La ions originally in the pyrochlore phase
have dissolved in the cubic zirconia solid solution formed
due to the dissolution of Mn ions. Fig. 6 is the energy dis-
persive X-ray line scan traces recorded over a line across
the interface showing the distribution of the major ele-
ments Zr, La and Mn across the interface. The thickness
of the cubic zirconia solid solution (Zr,Mn,La,Y)O2
layer was �5 mm thick, significantly higher than that of
the original pyrochlore reaction layer (�1 mm). The
results of this test show that, when the amount of Mn
ions is much higher than that of La ions in the region of
interface with TZ3Y, the interfacial reaction would be
dominated by the Mn diffusion and subsequently the
formation of fluorite-type cubic zirconia solid solution.
This is followed by the diffusion/dissolution of La in the
fluorite-type cubic zirconia solid solution formed. In
conclusion, Mn3O4 cannot be in equilibrium with lan-
thanum zirconate pyrochlore phase at high tempera-
tures. This may be the fundamental reason for the
observations that A-site non-stoichiometry or A-site
deficient in LSM is beneficial for the inhibiting of the
formation of lanthanum zirconate at the LSM/YSZ
interface.2,4,5,9,15

3.2. Reaction products in powder mixtures

Powder experiments on La2O3/TZ3Y, MnO2/TZ3Y
and La2O3/MnO2/TZ3Y with various compositions
were carried out. The compositions of the powder mix-
tures and the phases of the products after 24 h at
1400 �C are listed in Table 1. Lanthanum zirconate
pyrochlore (La2Zr2O7) phase was formed between
TZ3Y and La2O3 in the composition range studied. No
other phases were identified in the La2O3/TZ3Y powder
mixtures except the un-reacted tetragonal TZ3Y phase.
This again confirms that lanthanum does not dissolve in
the tetragonal zirconia phase. On the other hand, man-
ganese oxide reacted with the tetragonal TZ3Y at
1400 �C, forming mixed phases of tetragonal zirconia
phase and fluorite-type cubic zirconia solid solution
Fig. 6. The energy dispersive X-ray line scan traces recorded over a

line across the interface of the triple layer specimen, MnO2/pyro-

chlore/TZ3Y, after heat treatment at 1300 �C for 24 h, showing the

distribution of the major elements Zr, La and Mn along the line.
Table 1

Compositions and phases of powder mixture of various diffusion

couples after heat treatment at 1400 �C for 24 h in air
Compositions
 Phases
(TZ3Y)0.95(1/2 La2O3)0.05
 t-(Zr,Y)O2, La2(Zr,Y)2O7

(TZ3Y)0.90( 1/2 La2O3)0.10
 t-(Zr,Y)O2, La2(Zr,Y)2O7

(TZ3Y)0.80(112 La203)0.20
 t-(Zr,Y)O2, La2(Zr,Y)2O7

(TZ3Y)0.97(MnO2)0.03
 c-(Zr,Mn,Y)O2, t-(Zr,Mn,Y)O2

(TZ3Y)0.94(MnO2)0.06
 c-(Zr,Mn,Y)O2, t-(Zr,Mn,Y)O2

(TZ3Y)0.91(MnO2)0.09
 c-(Zr,Mn,Y)O2, t-(Zr,Mn,Y)O2

(TZ3Y)0.85(Mn02)0.15
 c-(Zr,Mn,Y)O2

(TZ3Y)0.75(Mn02)0.25
 c-(Zr,Mn,Y)O2, Mn3O4

(TZ3Y)0.90(1/2 La2O3)0.04(MnO2)0.06
 c-(Zr,Mn,La,Y)O2, t-(Zr,Mn ,

La,Y)O2, La2(Zr,Y)2O7

(TZ3Y)0.80(1/2 La2O3)0.08(MnO2)0.12
 c-(Zr,Mn,La,Y)O2, La2(Zr,Y)2

O7

(TZ3Y)0.65(1/2 La2O3)0.14(Mn02)0.21
 c-(Zr,Mn,La,Y)O2, La2(Zr,Y)2

O7, LaMnO3

(TZ3Y)0.45(1/2 La2O3)0.22(MnO2)0.33
 c-(Zr,Mn,La,Y)O2, LaMnO3

(TZ3Y)0.76(1/2 La2O3)0.04(MnO2)0.20
 c-(Zr,Mn,La,Y)O2
‘‘t’’ Denotes the tetragonal zirconia phase. ‘‘c’’ Denotes the cubic

zirconia phase.
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with Mn and Y ions dissolved in it. SEM examination
showed mixed phases of dark- and bright-contrast pha-
ses, similar to that shown in Fig. 3b. When the MnO2
concentration was higher than 15 mol%, EDS analysis
only detected fluorite-type cubic zirconia phase. Fig. 7
shows the XRD patterns of the tetragonal TZ3Y and
the reaction product of (TZ3Y)0.85(MnO2)0.15 after the
heat treatment at 1400 �C for 24 h. It can be seen that
the peaks of the tetragonal zirconia phase have dis-
appeared from the XRD trace of the product. All
reflections of the XRD patterns of Fig. 7b belong to the
phase of fluorite-type cubic zirconia solid solution,
c-(Zr,Mn,Y)O2, indicating the complete reaction of
MnO2 with TZ3Y phase. When the mole ratio of
MnO2/TZ3Y increased to 0.25/0.75, a small amount of
Mn3O4 was detected in addition to the c-(Zr,Mn,Y)O2
phase. This indicates that the solubility limit of Mn ions
in the cubic zirconia solid solution phase lies between 15
and 25 mol%.
In the case of the powder mixture experiments of

La2O3/MnO2/TZ3Y, the phase formation is more com-
plicated, depending on both Mn/La and Mn/TZ3Y
ratios. The fluorite-type zirconia solid solution,
c-(Zr,Mn,La,Y)O2, identified by XRD and SEM/EDS,
was formed in all the compositions studied. As shown
early, the solubility of Mn ions in tetragonal phase of
zirconia is less than 3 mol%.12 Thus fluorite-type zirco-
nia solid solution would form when the Mn concen-
tration in tetragonal zirconia phase is higher than 3
mol%. However, the formation of other phases is
dependent on the MnO2 content and the (Mn/La)/
TZ3Y ratios in the mixture. In the first four La2O3/
MnO2/TZ3Y diffusion couples, the mole ratio of Mn/La
was kept the same as 1.5 (see Table 1). When the con-
centration of TZ3Y was high (e.g., 90 mol%), La2Zr2O7
and c-(Zr,Mn,La,Y)O2 phases were formed in addition
to the unreacted TZ3Y. When the concentration of
TZ3Y was decreased to 80 mol%, La2Zr2O7 was formed
in addition to the c-(Zr,Mn,La,Y)O2 with the complete
disappearance of original tetragonal zirconia phase.
With the further reduction in the concentration of
TZ3Y to 65 mol%, LaMnO3 was formed in addition to
La2Zr2O7 and c-(Zr,Mn,La,Y)O2 phases. As the content
of TZ3Y decreased to 45 mol%, LaMnO3 became the
major phase in the reaction products in addition to the
fluorite-type cubic zirconia solid solution
c-(Zr,Mn,La,Y)O2. Moreover, the pyrochlore phase
La2Zr2O7 was not detected at this composition. A few
Mn3O4 grains were observed by SEM/EDS in this case,
indicating the excess of manganese oxide. This indicates
that excess of manganese will inhibit the formation of
La2Zr2O7 phase. This is further supported by the fact
when the Ma/La ratio increased to 5 ((TZ3Y)0.76(1/2
La2O3)0.04(MnO2)0.20 diffusion couple), pyrochlore
phase La2Zr2O7 was not detected and the only product
was the fluorite-type cubic zirconia solid solution
c-(Zr,Mn,La,Y)O2.
Fig. 8 is the ternary phase diagram of (Zr,Y)O2–

La2O3–Mn3O4 system at 1400 �C in air based on the
powder mixture experiments. Symbols ‘‘+’’ are the
experimental data based on the powder experiments. In
the diagram, (Zr,Y)O2 represents the 3mol% Y2O3–
ZrO2 (TZ3Y) phase and LayMnO3 represents the per-
ovskite phase due to its non-stoichiometry on the
A-site.16 However, the detailed identification of the
LayMnO3 perovskite phase was not carried out in this
study. The existence of a narrow tetragonal zirconia
solid solution t-(Zr,Mn,La,Y)O2 region is based on the
observation of the mixed tetragonal zirocnia and cubic
zirconia phases in the low concentration of MnO2 (or
Fig. 8. Ternary phase diagram of (ZrY)O2–La2O3–Mn3O4 system at

1400 �C in air. (ZrY)O2 denotes 3 mol% Y2O3-ZrO2. Symbols ‘‘+’’

are the experimental data.
Fig. 7. XRD patterns of (a) the tetragonal TZ3Y powder and (b) the

reaction product of (TZ3Y)0.85(MnO2)0.15 after heat treatment at

1400 �C for 24 h, showing the disappearance of the tetragonal zirconia

phase and the formation of a fluorite-type cubic zirconia solid solution

phase.
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Mn3O4), indicated by the co-existence of dark- and
bright-contrast zirconia phases (Fig. 3b). According to
the phase diagram, some important phase relations can
be drawn out as follows:

1. TZ3Y phase and LayMnO3 perovskite phase can

not be in equilibrium with each other at 1400 �C
in air.

2. Mn3O4 and La2Zr2O7 pyrochlore phase can not

be in equilibrium with each other at 1400 �C in
air.

3. On the other hand, the fluorite-type cubic zirco-

nia solid solution c-(Zr,Mn,La,Y)O2 can be in
equilibrium with pyrochlore phase, perovskite
phase and manganese oxide, respectively.
4. Discussion

The interaction between tetragonal TZ3Y and LSM
perovskite at high temperatures resulted in the forma-
tion of two distinct reaction layers, the fluorite-type
cubic zirconia solid solution layer and the lanthanum
zirconate pyrochlore layer. This is very different from
the results of the chemical interaction between fully
stablised zirconia (YSZ) phase and LSM perovskite
where only one reaction layer of pyrochlore phase was
formed although the diffusion of Mn and La ions into
zirconia was observed.17�19 This is due to the fact that
YSZ is a fluorite-type cubic phase by itself. Thus the
diffusion/dissolution of Mn and La ions will not change
the fluorite-type cubic structure that is already existed.
From the present studies, it is clear that the diffusion/

dissolution of the Mn ions from LSM into TZ3Y is
responsible for the formation of the fluorite-type cubic
zirconia solid solution c-(Zr,Mn,La,Y)O2, while the
interaction of La with TZ3Y is responsible for the for-
mation of the pyrochlore phase La2Zr2O7. It is known
that Mn ions are soluble to some extent in 3 mol%
Y2O3-ZrO2 (e.g., up to 3 mol% Mn in TZ3Y), leading
to the formation of the tetragonal zirconia solid solu-
tion t-(Zr,Mn,Y)O2, as shown in Fig. 3b. Further
increase of Mn ion concentration will cause the phase
transformation from tetragonal to fluorite-type cubic
zirconia solid solution. However, when La ions alone
diffused into TZ3Y at temperature range of 1300–
1500 �C, lanthanum zirconate pyrochlore phase instead
of fluorite-type cubic zirconia phase was formed. This is
consistent with the phase diagram of La2O3–ZrO2
reported by Brown et al.20 La was not detected in the
TZ3Y phase, indicating that the solubility of La ions in
the tetragonal zirconia phase is small. In the presence of
Mn and La ions, the diffusion of Mn would be a domi-
nant process, forming preferentially the fluorite-type
cubic zirconia phase. This would be followed by the
diffusion/dissolution of La in the cubic zirconia phase
c-(Zr,Mn,Y)O2, forming the solid solution
c-(Zr,Mn,La,Y)O2 and pyrochlore phase La2Zr2O7 at
the LSM/TZ3Y interface if the La concentration is
higher than the solubility limit of La in the cubic zirco-
nia phase. The formation of the fluorite-type cubic zir-
conia phase c-(Zr,Mn,La,Y)O2 in the La2O3/MnO2/
TZ3Y system but not in the La2O3/TZ3Y system indi-
cates that La can diffuse into fluorite-type cubic zirconia
phase but not the tetragonal zirconia phase.
The powder experiments not only confirmed the

results obtained from the diffusion couple experiments,
but also revealed the phase relations among the com-
ponents involved in the chemical interaction at the
LSM/TZ3Y interface. With the help of the phase dia-
gram (see Fig. 8), the driving force for the formation of
the fluorite-type zirconia solid solution and the pyro-
chlore phase between LSM and TZ3Y can be explained.
The diffusion couple of LSM/TZ3Y is a non-equili-
brium system at 1400 �C in air and thus is not stable. In
order to reach the equilibrium state of the fluorite-type
cubic zirconia solid solution/pyrochlore/perovskite, Mn
and La ions have to diffuse through the interface and
react with TZ3Y to form the fluorite-type cubic zirconia
solid solution and the lanthanum zirconate pyrochlore
phase. However, once a continuous reaction layer is
formed, the LSM coating and TZ3Y substrate are
separated by this reaction layer, and the reaction rate
would decrease significantly. If the concentration of Mn
ions is much higher than that of La ions in the interface
region with TZ3Y, the formation of lanthanum zirco-
nate pyrochlore phase will be depressed and instead
there will be preferential formation of LaMnO3 per-
ovskite phase. This is confirmed by the results of the
MnO2/La2Zr2O7 pyrochlore/TZ3Y experiment. The
reasons are that the lanthanum zirconate pyrochlore
phase cannot be in equilibrium with Mn3O4 at high
temperatures according to the phase diagram of Fig. 8.
The phase diagram obtained in the present study

agrees in general with the theoretical phase diagram of
ZrO2–La2O3–Mn3O4 system at 1300 �C reported by
Yokokawa et al.8 The major difference between the
present experimental and theoretical phase diagrams is
in the size and position of the zirconia solid solution
region. The maximum Mn solubility in the zirconia
solid solution determined in the present study is almost
twice that determined from the theoretically calculated
phase diagram. Kuscer et al.21 reported a ternary phase
diagram for the ZrO2–La2O3–Mn3O4 system at 1450 �C
in which they drew a tie line between Mn2O3 (it should
be Mn3O4 at 1450C) and La2Zr2O7, suggesting that
manganese oxide could be formed together with the
pyrochlore phase when LaMnO3 reacts with ZrO2. The
present study has shown that Mn3O4 and pyrochlore
phase La2Zr2O7 cannot be in equilibrium with each
other at high temperatures (e.g., 1400 �C or higher) in
S.P. Jiang et al. / Journal of the European Ceramic Society 23 (2003) 1865–1873 1871



air. The equilibrium reaction products between
LaMnO3 and ZrO2 are the cubic zirconia phase and the
pyrochlore phase.
The formation of the pyrochlore phase at the LSM

electrode and zirconia electrolyte interface has sig-
nificant detrimental effect on the electrochemical per-
formance of SOFC.2,9,22 However, it is well known that
lanthanum zirconate pyrochlore phase formation can be
depressed by using an A-site non-stoichiometrical com-
position of LSM perovskite.2�4 This is confirmed by the
present studies on the phase formation in the TZ3Y/
La2O3/MnO2 powder mixtures and the MnO2/La2Zr2O7
pyrochlore/TZ3Y diffusion couple. Excess manganese
would depress the formation of lanthanum zirconate
pyrochlore in the LSM/zirconia system. As for fluorite-
type zirconia solid solution containing Mn and La ions,
the phase diagram has shown that the lanthanum zir-
conate pyrochlore phase would be formed eventually
regardless of the starting stoichiometry composition of
the LSM perovskite. In SOFC based on TZ3Y electro-
lyte system, the formation of a fluorite-type cubic zir-
conia solid solution layer would reduce the mechanical
strength and make the electrolyte relatively brittle, due
to the low mechanical strength of cubic zirconia com-
pared to tetragonal zirconia. On the other hand, cubic
zirconia phase has much larger grain size as compared
to that of tetragonal zirconia (Fig. 1) and the ionic
conductivity of cubic zirconia such as 8 mol% Y2O3–
ZrO2 is higher by a factor of about three compared with
tetragonal zirconia at 1000 �C.23 However, the effect of
the formation of the fluorite-type zirconia solid solution
layer at the LSM/TZ3Y interface on the electrochemical
performance is not clear at this stage. The chemical
interaction between LSM and TZ3Y at SOFC operating
temperature range (800–1000 �C) may not be significant
in a short term as the diffusion of La and Mn ions from
the LSM perovskite to the TZ3Y phase would be much
slower at 800–1000 �C than that at 1400 �C. Never-
theless, the formation of very thin reaction layers of
fluorite-type cubic zirconia solid solution and lantha-
num zirconate pyrochlore at the LSM/TZ3Y interface
could be detrimental to the long term performance and
stability of the fuel cells particularly for SOFC based on
thin-film electrolytes.
5. Conclusions

The interaction between (La0.8Sr0.2)MnO3 and TZ3Y
has been studied at temperature range 1300–1500 �C.
Two distinct reaction layers, fluorite-type cubic zirconia
solid solution and lanthanum zirconate pyrochlore
phase were formed at the interface of LSM/TZ3Y,
similar to that observed in the PSM/TZ3Y system.12

The experiments on various diffusion couples between
La2O3, MnO2 and TZ3Y indicate that the formation of
the fluorite-type zirconia phase is mainly due to the
dissolution of Mn ions into TZ3Y, while the interaction
of La ions with TZ3Y causes the formation of lantha-
num zirconate pyrochlore phase. However, excess Mn
would significantly depress the formation of La2Zr2O7
phase. The phase relations among the components
involved at the LSM/TZ3Y interface showed that the
tetragonal TZ3Y cannot be in equilibrium with LSM
perovskite at high temperatures (e.g., at 1400 �C). On
the other hand, fluorite-type cubic zirconia solid solu-
tion phase, c-(Zr,Mn,La,Y)O2, can be in equilibrium
with the LSM perovskite phase. Thus from the phase
stability point of view, 3 mol% Y2O3 tetragonal zirco-
nia may not be an optimum choice as electrolyte mate-
rials in SOFC.
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