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The chemical stability of diffusion couples and coarse grain powder mixtures of 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. With increasing
amount of Ca in lanthanum manganite, the major secondary phase was shifted from
La,Zr,0; to CaZrO3, and the thickness of the reaction layers of secondary phases was
increasing with increasing heat treatment time. Precipitation of La,O3 had taken place in
the perovskite containing low amounts of Ca (0 and 20 mol %). The transport mechanisms
of the cations were strongly dependent on the interface geometry. Lag 7Cag3sMnO3 was
observed to give the most stable interface to zirconia both in air and in reducing
atmosphere (po, ~ 10~ atm). A-site deficiency of LaMnO; was also observed to increase
the stability. However, we conclude that a thin film of an electrode material consisting of
lanthanum manganite on a zirconia substrate is unstable, regardless of A-site deficiency,
because the solubility limit of Mn in the zirconia is not reached. From the experimental
data, a reaction mechanism has been proposed, based on observations of relative diffusion
rates. © 1999 Kluwer Academic Publishers

1. Introduction CazrQ; (CZ) during heat treatment of homogeneous
The study of heterophase solid state interfaces besub micron powder mixtures of LCM and CSZ [10].
comes increasingly important due to numerous applicah this second paper, we report on an investigation on
tions requiring long-time stability of such interfaces. In the chemical stability of solid state interfaces between
solid oxide fuel cells lanthanum manganite-based oxLCM and CSZ in a model system consisting of dif-
ides, e.g. La xCaiMnO3 (LCM) and La_xSr,MnO3 fusion couples of the two phases. The model resem-
(LSM), are promising materials as cathodes becauskles the geometry of SOFC, neglecting the contribu-
of their high electrical conductivity and relatively tion from the gradient in electrical potential and the
good compatibility with cubic stabilized zirconiawhich partial pressure of oxygen during operation. The aim
is the most common electrolyte. The reactivity of of the present investigation is twofold. Firstly, forma-
La;_xCaMnO3 with yttria stabilized zirconia (YSZ) tion of secondary phases and elemental distributions
has been studied by several researchers [1-9]. In this the heat treated diffusion couples are discussed as a
work we have studied a model system for the elecfunction of partial pressure of oxygen. Secondly, the re-
trode/electrolyte interface consisting of LCM and calciaaction mechanism is discussed based on observations
stabilized zirconia (CSZ). The thermodynamic driving as a function of time, interface geometry and A-site
force for the formation of secondary phases is reducedeficiency.

in this system by replacing yttria in the zirconia with

calcia. This substitution was performed in order to ob-

tain a better understanding of the effect of different2. Experimental

dopants on the stability of the electrode/electrolyte maSub micron LCM powders containing 0, 20, 30, 40
terials conventionally used in SOFC (LSM and YSZ) and 60 mol % Ca on La site were prepared by means
[1,2]. We have in a first paper investigated the forma-of the glycine/nitrate method as previously described
tion of secondary phases such asZm0; (LZ) and [10]. In addition, a non-stoichiometric powder with
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composition LggoMnO3; was prepared by the same (Zeiss DSM 940) and transmission electron microscopy
method. CSZ-powder with 17 mol % CaO (99.9%) was(TEM)(Philips CM30, 300 kV) both equipped with en-
supplied from Seattle Specialty Ceramics, USA. Theergy dispersive spectroscopy (EDS) systems for micro-
BET specific surface area was3 n?/g and the aver- analysis. Cross sections of the diffusion couples and
age grain-size was1 um. ‘large grain samples’ were mounted in an electrically
Diffusion couples were prepared from sintered plateconductive resin (Condufast, Struers), ground and pol-
of CSZ and screen printed LCM films. Green plates ofished for SEM investigation. Diffusion couples were
CSZ (50x 10 x 4 mn?¥) were uniaxially pressed (38— prepared for TEM investigation by dividing, polishing
45 MPa) using poly vinyl alcohol (1.5 wt %) and poly and Ar-ion beam thinning. X-ray maps (128128)
ethylene glycol (1.5 wt %) as respectively binder andwere recorded of the elements Ca, La, Mn and Zr using
plasticizer. The green density obtained was 40-45% o&n acquisition time of 0.5 s per point.
theoretical. The plates were sintered in air at 1850 The diffusion couples were subjected to X-ray
for 1 h obtaining a density 90% of theoretical. Screen diffraction (XRD), Philips PW 1050/25 and Siemens
printing pastes were prepared by adding wax (Bronzeb5005, after heat treatment. Formation of secondary
binder, TBK Siebdruck Hilfsmittel, Marabu) to the cal- phases was identified using uradiation and scan
cined LCM powder in a mass ratio 1:1.25. The LCM rates of 0.0¥/s to 0.05/s.
films of 1x1 cn? and 25um thickness were screen
printed on the sintered CSZ plates and fired at T80
with dwelling times from 15 min to 120 h in air or
in reducing atmospheregp~ 10-° atm). The average 3. Results and discussion
heating- and cooling rate of the samples fired for 120 18.1. Formation of secondary phases
was 200C/h indicating that the samples have spent and elemental distrubutions
3 h above 1000C during heating and cooling from Chemical reactions at the interface between LCM and
1350°C. The samples fired fd h were subjected to a CSZ are expected based on the equilibrium phase com-
heating rate of approximately 420G/h and a cooling positions observed in heat treated powder mixtures of
rate of approximately 270@/h giving an excess time the corresponding primary phases [10]. The forma-
above 1000C of 13 min. The samples fired for 15 min tion of secondary phases in all the samples studied is
or less, were placed directly into the furnace at 1350 summarized in Table |. Backscattered electron (BSE)
and removed at the same temperature giving nearly ninages of Lg7Ca 3Mn0O3/CSZ and Lg4CasMnOs/
excess time above 100G. CSZ diffusion couples fired in air are shown in Fig. 1.
To study the reaction mechanism of the interface bein the L& 7Ca3MnOs/CSZ diffusion couple no sec-
tween LCM and CSZ more in detail a 1: 1 mass ratio ofondary phases were detected by SEM rafteh at
La;_xCaMnO3 (x = 0.2 and 0.6) and CSZ was pre- 1350°C, indicating that this composition is the most
pared by dry ball-milling of large (50-150m diam-  stable composition in air. In the baCaysMnO3/CSZ
eter) porous agglomerates of both phases. These mixliffusion couple, no secondary phases were detected
tures are labeled ‘large grain samples’ in the following.by SEM after 15 min at 1350C. However, after 1 h
The samples were fired in air for 120 h at 1380with  at 1350°C a~2.5 um thick layer of CZ was formed.
a heating- and cooling rate of 200/h. This sample was used for determining the transport rate
The cross sections of the diffusion couples werecoefficient for the formation of the CZ-phase. If the
investigated by scanning electron microscopy (SEMYyate of CZ formation is limited by solid state diffusion

TABLE | Survey of secondary phases formed at L&aMnO3/CSZ interfaces identified by SEM/EDS and XRD

Air Reducing atmosphere ¢p ~ 107 atm)

1h 120 h 1h 120 h
Nominalx in

La;_xCaMnOs Phases Thicknesg.tn) Phases Thicknesg ) Phases Thicknesg ) Phases Thicknesga i)

0.0 LO 1 LO 2 Lz 4 Lz *2

Lz 2 cz traces Ccz traces
0.2 LO traces LO 2

Lz 2 # #

cz 2
0.3 —< LZ Discrete LZ traces Lz 2

cz fragments cz 3 Ccz 3
0.4 —c Lz 1 #o #o

Ccz 1
0.6 cz 2.5 Lz 1 Ccz *2 cz *2

cz 7 Lz traces

(La, Ca)MnQ = LCM; ZrO,(Ca0)= CSZ; LaZr,07 =LZ; CaZrO; =CZ; LapO3=LO.
ano LCM left.

bnot analysed.

®no secondary phases observed.
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Figure 1 BSE images of (a) Lg;Ca 3MnO3/CSZ fired fa 1 h at1350°C, and Lg 4Ca sMnO3/CSZ fired for (b) 15 min and jcl h at1350°C.
Note that the closed porosity in the zirconia layer is present prior to the exposure to the mangah@M12 = CSZ, 4=CZ.

through the CZ-layer, the thickness, of the newly ers at the LCM/CSZ interface (Table ). BSE images
formed phase must obey the parabolic rate law of selected diffusion couples fired in air at 13%D
for 120 h are given in Fig. 2. The phase composition
and thickness of the reaction layers were dependent
on the Ca content in LCM. In the LaMn@CSZ diffu-
sion couple (Fig. 2a) there is a reaction layer of LZ in
wheret is time andk, is a transport coefficient re- agreement with the secondary phase observed in heat
lated to solid state diffusion [11]. The transport ratetreated powder mixtures of the corresponding primary
coefficient thus calculated is of the order#dm?/s.  phases [9, 10, 12]. With increasing amount of Ca in
Tagawaet al. [6] found that the rate of CZ forma- LCM, the major secondary phase is shifted from LZ
tion in a LagCa4C00s/YSZ diffusion couple cor- to CZ. The reaction layers were most pronounced for
responds to a transport rate coefficientkgi~ 1019  the Lay4CasMnOs/CSZ diffusion couple as shown in
m?/s at 1200C. Due to the higher temperature in the Fig. 2d, where a-1 um thick layer of LZ and a-7 um
present work, the formation of CZ in the LCM/CSZ thick layer of CZ were formed at the phase boundary
system is significantly slower, indicating a higher sta-after firing for 120 h at 1350C. The thickness of the CZ
bility of this system. Further investigations on the layer was significantly thinner{1 xm) in the diffusion
Lag 4Cay sMnOs/CSZ diffusion couple were performed couple La sCa 4MnO3/CSZ, while only discrete frag-
to gain knowledge about nucleation of the CZ-phase. ments of a thin {1 xm) CZ layer could be observed
After heat treatment at 135C for 120 h, all five by SEM in the La7Ca 3:MnO3/CSZ diffusion couple
diffusion couples show one or several reaction lay<Fig. 2c). Note also that exsolution of 4@z (LO) has

x? = 2kpt (1)
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Figure 2 BSE images of (a) LaMngICSZ, (b) LagCa2MnO3/CSZ, (¢) La7Ca3MnO3/CSZ and (d) La4CasMnO3z/CSZ diffusion couples
fired for 120 h at 1350C in air. Note that the closed porosity in the zirconia layer is present prior to the exposure to the mangah@d4,12 = CSZ,
3=LZ,4=CZ,5=L0.

taken place in the LCM layers containing a low amountof which phases are present. Based on the sequence of

of Ca. the phases and the presence of phases after short (1 h)
According to Gibbs phase rulgg + f = ¢+ 2, andlong (120 h) time at 135C (Fig. 2 and Table 1), it

where p is the number of phased, is the number can be concluded that for samples with a low amount of

of degrees of freedom andis the number of com- Ca in the perovskitex'= 0, 0.2) LO is formed before

ponents (Ca, La, Mn, O, 26 c=5), at a given tem- LZ and CZ & = 0.2). A high amount of Cax{ = 0.4,

perature T = 1350°C) and pressure )~ 106 atm)  0.6) causes formation of CZ prior to LZ. Itis known that

the maximum number of phases at equilibrium is 5all the cations in the present system possess consider-

(4 solid phasest+ O»(g)). Thus, due to the presence able solid solubility in the cubic form of Zr{J13-15].

of five solid phases (LCM, LO, LZ, CZ, CSZ) in The solubility of MnO in ZrQ is approximately 20

LaggCa2MnO3/CSZ, this diffusion couple is not in  wt% under reducing conditions [15]. Mn was found

chemical equilibrium after 120 h at 1350. Com- to be homogeneously distributed in the CSZ-phase, as

pared to the equilibrium phase compositions observedhown in Fig. 3 for the LaMngCSZ diffusion couple

in heat treated powder mixtures of the correspondindired for 120 h at 1350C.

primary phases [10], it can be concluded that the reac- Formation of LO was observed in the LaMgQSZ

tion kinetics is much slower in the diffusion couples. and La sCa 2MnO3/CSZ diffusion couples after 1 and

The phases present are dependent on the Ca contet20 h at 1350C (Fig. 2a and b). The presence of LO

in LCM (Fig. 2), however, the sequence of the phasesat the interface was confirmed by element analysis (X-

LCM-LO-LZ-CZ-CSZ, is always the same irrespective ray mapping) reported in Fig. 3a and X-ray diffraction.
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Figure 3 (a) X-ray maps of the diffusion couple LaMr@SZ fired for 120 h at 1350C. The lighter areas in the X-ray maps indicate areas of
high element-concentration. (b) Diffusion profile of La and Mn into the CSZ-phase. The standard deviations in the measurerteat®areit of
Equation 2 to the La-data is given by the model.

From the element analysis, it is evident that the amouninto YSZ was observed to cause Mn depletion of LSM,
of Ca in the LO-phase is high. According to the CaO—and in the case of stoichiometric LSM, LO was formed
LapO3 phase diagram [16] the solubility of CaO in at the interface. In the LCM/CSZ system LO is formed
LapO3 at 1350°C is ~8 mol %. Substitution of L%l" when the Ca content in LCM is30 mol %.
(reer = 1L 06A, CN = 6) with C&+ (reg- = 1. 00A, The effect of the partial pressure of oxygen was stud-
CN=6) [17] causes a contraction of the unit cell. Theied by firing La,_xCaMnO3/CSZ,x = 0, 0.3 and 0.6,
lattice parameters of the Ca-rich monocllnlc LO- phasedlffusmn couples in reducing atmospher@z(p« 1076
were calculated to be = 14. 53957, b = 3.677(4A,  atm) for 1 and 120 h at 135C. By comparing the
c=09. 178(6)A and 8 = 99.86(4y, consistent with a micro graphs in Fig. 2 and Fig. 4 it is evident that
unit cell volume of 483. 5(3)3 The unit cell volume the atmosphere strongly influences the phase distribu-
of pure LgOs is 496. 08A3 [18]. tion. As for powder mixtures of LCM and CSZ stud-
Formation of manganese oxide was not observeded by Faalancet al. [10], diffusion couples are ob-
in any of the heat treated diffusion couples. Thisserved to be more reactive in reducing atmosphere than
phenomenon is explained by the diffusion of Mninair. Inthe LaMnQ/CSZ sample all of the lanthanum
into CSZ (Fig. 3a) and the dissolved Mn in the sec-manganite is transformed into LZ. Similarly, in the
ondary phases LZ and CZ. Klevelaatlal.[2], onthe  Lag4CasMnOs/CSZ sample all the perovskite has re-
other hand, observed formation of manganese oxide iacted to CZ. Thus, after 120 h at 138D only the
Lag.4StosMnOs/YSZ diffusion couples aftel h heat Lag7Ca 3sMnO3/CSZ diffusion couple has some per-
treatment at 1350C. In the present LCM/CSZ sys- ovskite left, indicating that this composition is the most
tem the diffusion depth of Mn into CSZ is much larger stable also in reducing atmosphere.
than the diffusion depth of La (Fig. 3b). In fact, we
observe an almost constant Mn-concentration through-
out the CSZ-phase. Taimatsd al. [9], on the other 3.2. Reaction mechanism
hand, observed gradually decreasing concentrations &further investigations on the §.2Ca gMnO3/CSZ dif-
Mn and La in a LM/YSZ diffusion couple. Clausen fusion couple fired in air for 15 min at 135C were
et al. [19] also observed Mn diffusion into YSZ in a done by TEM to gain knowledge about nucleation of the
Lag 85S1.1sMn0Os/YSZ diffusion couple. Mn-diffusion  CZ-phase. A TEM-image of the kaCa sMnO3/CSZ
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Figure 4 BSE images of (a) LaMngCSZ, (b) La 7Ca3Mn0O3/CSZ and (c) La4CasMnO3/CSZ diffusion couples fired for 120 h at 1350 in
reducing atmospheredp ~ 10-% atm). Note that the closed porosity in the zirconia layer is present prior to the exposure to the mangan@#,1
2=CSZ,3=LZ,4=CZ.

interface is shown in Fig. 5. Formation of a thin (0.1—further confirmed by EDS-micro-analyses of the sec-
0.2 um) layer of a secondary phase is evident. Theondary phase in different areas of the interface which
secondary phase was characterized by selected argave a Zr to Ca ratio varying between 1.7 and 3.1.
electron diffraction (SAED) (Fig. 5 inset) and EDS, BSE images of LgCasMnO3/CSZ and Lag
both methods indicating the ordered phasgZt&044  Ca2MnO3/CSZ ‘large grain samples’ fired for 120 h
where the coordination of zirconium is 8-fold as in at 1350°C are shown in Fig. 6. It is evident that only
the fluorite structure of Zr@ This observation may one secondary phase is formed in each sample: CZ in
suggest that the GAr,9044-phase appears as a precur-Lag 4Ca ¢MnO3/CSZand LZ in La gCay2MnO3/CSZ.

sor to the formation of CaZrg Yin and Argent [20] It is also evident that both secondary phases grow into
studied the partial phase diagram of the system,ZrO the CSZ phase. The major mass transport mechanism is
CaO and found the ordered phasesZagO44 to be  obviously surface diffusion in both cases due to the pre-
present at 1300C but not at 1370C. This temperature ferred growth of the secondary phases along the CSz-
interval was close to Stubican’s observation [21, 22],surface (Fig. 6). In the corresponding diffusion couples
hence their measured value 13635°C was accepted several reaction layers are formed (Fig. 2b, d), indicat-
as the decomposition temperature s@agO44 is the  ing that the reaction mechanism is dependent on the in-
only stable phase between Zrénd CaZrQat 1350C  terface geometry. The ‘large grain samples’ have high
according to the ZrggCaO phase diagram by Yin and porosity. Thus, the free surface area is high, enhanc-
Argent [20]. Thus, we assume that a chemical reacing surface diffusion of Ca, La*t and Zf+ which

tion transforming CgZri9044 to CaZrQ takes place is much faster than bulk diffusion of these elements
during the first hour at 135@C. This assumption was through a reaction layer. Mitterdorfet al.[12] found
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Figure 5 TEM image of Lg4CasMnO3/CSZ diffusion couple fired for 15 min at 135C. Formation of a secondary phase (marked>Xjy
CasZr19044, at the interface is shown. (inset) [0 1 0] zone-axis pattern @ZQ@OM. The &- and C:—directions of the hexagonal cell are indicated.
The crystal structure indexing is based on the hexagonal cellapite: 27.366 A andcy = 11.713A given by Yin and Argent [20].

Figure 6 BSE images of (a) LguCa sMnO3/CSZ and (b) LasCa 2MnO3/CSZ ‘large grain samples’ fired for 120 h at 13%D Note the reduced
LZ-formation when a small CSZ-agglomerate (marked by an arrow) is surrounded by significantly larger LCM-agglomeraedl, 2 = CSZ,
3=LZ,4=CZ.

that the growth of LZ in an LSM/YSZ diffusion couple the present work and the electrode/electrolyte materi-
was limited at the early stage of sintering by surfaceals conventionally used in SOFC, i.e. LSM and YSZ.
diffusion of L&®* and zf+. In LSM/Y SZ diffusion couples Mn has been observed
Concerning the diffusion of Mn, there is a significant to diffuse into YSZ along grain boundaries [2, 23, 24]
difference between the LCM/CSZ diffusion couples in(Dyn, = 10712 m?/s [23]), while in the LCM/CSZ
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diffusion couples we observe Mn homogeneously dis-
tributed in the CSZ-phase, indicating volume diffusion
of Mn into CSZ. The Mn concentration is1 mol %
throughout the CSZ-phase as can be seen in Fig. 3b.
The diffusion coefficient of Mn in CSZ is thus rela-
tively high. The diffusion coefficient of La in CSZ can
be estimated from the data shown in Fig. 3b. Due to the
large grains of CSZX5 um), it seems reasonable to as-
sume that only unidirectional diffusion of La into CSZ
occurs. The boundary, = 0, is maintained at constant
concentrationgy, i.e. the solubility limit of L&Og in

the CSZ. If the diffusion constanb 4, is constant in
the diffusion zone and no expansion of this zone oc-
curs during diffusion, then the solution to the diffusion
equation is given as

ey, 1) = ¢ erfc( 2\}%) 2)

WheTeC(Yv t)is the Concentratlo_n at distangeand an- . Figure 7 BSE image of the A-site deficient ba,MnO3/CSZ diffusion
nealing timet [25]. Thus, Equation 2 enables the esti- couple fired for 120 h at 135 in air. The large pores marked by an

mation of an approximate value of the diffusion coeffi- arrow are due to the evolution of oxygen during formation of LZ [10].
cient. Fit of Equation 2 to the La-data shown in Fig. 3b1=LCM, 2=CSZ, 3=LZ.
givesco = 10.4 at% andD,, = 10~1" m?/s. Accord-
ing to Taimatsuet al. [9] the diffusion coefficient of
La in single-crystal Zr@ containing 8 mol% ¥Osz at  than Laions. ii) The lanthanum manganite (LM) phase
1400°Cis D 4 = 2 x 1078 m?/s. As can be seen from near the CSZ gradually becomes deficient in Mn and
Fig. 3b the fit of Equation 2 to the La-data is ratherenriched in La. iii) Excess LO from the Mn-deficient
accurate at distances less thamu®. Hence, due to LM is chemically active and reacts with CSZ to form
the large grains of CSZ and no segregation of La ab homogeneous layer of LZ. The process is facilitated
grain boundaries, the main mass transport mechanisin the ‘large grain samples’ which allow both surface
close to the interface is volume diffusion. However, for diffusion of the participating elements and oxygen ex-
y > 5 um the estimated concentration from the modelchange with the surrounding atmosphere. In the diffu-
is too low, indicating a higher diffusion coefficient due sion couples, further growth is limited by volume/grain
to the contribution of grain boundary diffusion. boundary diffusion of L& through LZ, which is much
Clausenet al. [19] observed that in the case of a slower than surface diffusion. Thus, precipitation of LO
low YSZ/LSM ratio in a powder mixture, Mn was dis- is observed in the diffusion couples and notin the ‘large
solved in the YSZ and excess Mn was still available ingrain samples’. The LZ-layer, however, grows at the
the LSM, preventing formation of LO at the interface LZ/CSZ interface in both cases. Thus, the diffusion of
and thus LZ formation. In the ‘large grain samples’ py- Zr** through LZ is less significant. In the La-deficient
rochlore formation is not prevented but considerablylLag 9o,MnO3/CSZ sample, no LO is observed after 120 h
reduced when a small CSZ-agglomerate is surroundedt 1350°C, indicating that all excess LO from the Mn-
by significantly larger LCM-agglomerates as can bedeficient LM has reacted with CSZ to form LZ.
seenin Fig. 6b. Hence, we assume that a thin film of an (2) Lay4CasMnO3/CSZ: The substitution of Ca for
electrode material consisting of lanthanum manganité.a in LaMnQ; suppresses the diffusion of Mn ions into
on a zirconia substrate is unstable, regardless of ACSZ probably due to the increase in the average oxida-
site deficiency, because the solubility limit of Mn in tion state of the Mn ion with the substitution of €a
the zirconia is not reached. To confirm this assumptiorfor La**. However, the reaction mechanism includes:
the Lay g,MnO3/CSZ diffusion couple was studied. The i) Unidirectional diffusion of Ca and Mn into the CSZ-
BSE-image (Fig. 7) reveals a 2+3n thick layer of LZ  phase. ii) Nucleation of the CZ precursor,¢Ze 9044,
comparable to the pyrochlore layer formed in the sto-at the interface. iii) Chemical reaction transforming
ichiometric LaMnQ/CSZ diffusion couple. However, CaZri19044 to CZ during the first hour at 135C. As
in the La-deficient Lgg,MnO3/CSZ sample, no LO is for the formation of LZ, the formation of CZ is facili-
observed after 120 h at 1350, indicating that all ex- tated in the ‘large grain samples’ which allows surface
cess LO from the Mn-deficient LM has reacted with diffusion of Ca ions and oxygen exchange with the sur-
CSZ to form a homogeneous layer of LZ. Note also therounding atmosphere. In the §8Ca sMnO3/CSZ dif-
large pores at the LM/LZ interface due to the evolutionfusion couple fired for 120 h at 135C also traces of

B2

of oxygen during formation of LZ [10]. LZ were observed due to the diffusion of*Zrthrough
The results obtained in the present work can be exthe CZ-layer, indicating that CZ is formed preliminary
plained by the following reaction mechanisms: to LZ.

(1) LaMnGs/CSZ: i) Mn ions are transported by vol-  Both reaction mechanisms are accelerated in reduc-
ume diffusion into the CSZ phase in larger quantitying atmosphere compared to air, due to the reductive
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nature of the reaction between LCM and CSZ [10]. 2.
The reaction mechanism for the 1L.aCaMnO3/CSZ
diffusion couples withx = 0.2, 0.3 and 0.4 is a combi-
nation of mechanisms (1) and (2).

Formation of secondary phases in lanthanum man-
ganite (LXM X =Ca, Sr)/yttria stabilized zirconia

3. H.

K. KLEVELAND,M.-A. EINARSRUD,C. R. SCHMIDT,

S. SHAMSILI,S. FAALAND,K. WIIK andT. GRANDE,
ibid. 82(3) (1999) 729.

KANEKO, H. TAIMATSU, K. WADA and E.
IWAMOTO, Proceedings of the Second International Symposium
on Solid Oxide Fuel Cells, Athens, 1991, edited by F. Gross, P.
Zegers, S. C. Singhal and O. Yamamoto, p. 673.

(YSZ) systems has been studied by several researcherk J. MIZUSAKI, H. TAGAWA, K. TSUNEYOSHI andA.

[1-9]. Nucleation is found to occur at the LXM/YSZ
interface, but there is a disagreement on whether grains’
of the secondary phases grow into the YSZ-phase, the
LXM-phase or both. In the present LCM/CSZ system 6.
we observed nucleation of LZ/CZ at the LCM/CSZ
interface, and further growth mainly into the CSZ-
phase. A reaction mechanism has been proposed by
Taimatsuet al. [9] for the formation of LZ at the -
La;_xCaMnO3/YSZ (x = 0, 0.1, 0.2) boundary. Mn
ions are assumed to diffuse faster than La-ions into8
YSZ, and subsequently the remaining LO reacts with
ZrO, to form LZ. La and Mn ions diffuse unidirec-
tionally through the LZ layer, and this layer grows at 1
the LZ/YSZ interface. Thus, the reaction mechanisms
presented here for the LCM/CSZ system have muchl.
in common with the reaction mechanism proposed by

. 12
Taimatsuet al.[9].

4. Conclusions 13.
The presentinvestigation has shown that LCM and CSZ4.
are not coexistent phases. The rate of formation of sec-
ondary phases, however, is strongly dependent on th%\g
Ca-content of the perovskite and the heterophase in-
terface geometry. The most chemically stable interfacez.
was observed when the lanthanum manganite contained
30 mol % Ca on La-site both in air and in reducing at-18-
mosphere (g, ~ 10~%atm). However, the stability was
decreasing with decreasing partial pressure of oxygen.
8 mol % A-site deficiency of LM only gave an insignif- 20.
icant stabilizing effect. Hence, we conclude that a thin

film of an electrode material consisting of lanthanum?21-
manganite on azirconia substrate is unstable, regardless
of A-site deficiency, because the solubility limit of Mn
in the zirconia is not reached. From the experimental

5.J. MIZUSAKI,

9. H.

. S.

LA,

SAWATA, J. Electrochem. Sod.3§7) (1991) 1867.

H. TAGAWA, K. TSUNEYOSHI, A.
SAWARA,M. KATOU andK. HIRANO, Denki Kagaklb8(6)
(1990) 520.

H. TAGAWA,J. MIZUSAKI,M. KATOU,K. HIRANO,A.
SAWATA andK. TSUNEYOSHI, Proceedings of the Second
International Symposium on Solid Oxide Fuel Cells, Athens, 1991,
edited by F. Gross, P. Zegers, S. C. Singhal and O. Yamamoto, p.
681.

Y. TAKEDA, Y. SAKAI,T. ICHIKAWA ,N. IMANISHI
andO. YAMAMOTO, Solid State lonic32(1994) 257.

K. TSUNEYOSHI, K. MORI,A. SAWATA,J. MIZUSAKI
andH. TAGAWA, ibid. 35(1989) 263.

TAIMATSU, K. WADA, H. KANEKO and H.
YAMAMURA , J. Amer. Ceram. So@5(2) (1992) 401.

FAALAND, M.-A. EINARSRUD, K. WIIK andT.
GRANDE, J. Mater. Sci34(1999) 957.

H. SCHMALZRIED, in “Chemical Kinetics of Solids” (VCH,
Weinheim, 1995) p. 153.

MITTERDORFER, M. CANTONI and L. J.
GAUCKLER, Proceedings of the Second European Solid
Oxide Fuel Cell Forum, Oslo, May 1996, edited by B. Thorstensen,
p. 373.

A. ROUANET, Rev. Int. Hautes Temp. Refra8t(1971) 161.

T. NOGUCHI andO. YONEMOCHI, J. Amer. Ceram. S0&2
(1969) 178.

.R. L. SHULTZ andA. MUAN, ibid. 54 (1971) 504.
.L. M. LOPATO, L. I.

LUGIN, G. I. GERASIMYUK and
A. V. SHEVCHENKO, Ukr. Khim. Zh.38(2) (1972) 143.

R. D. SHANNONandc. T. PREWITT,Acta CrystB25(1968)
925.

WILLER andDAIRE,Bull. Soc. Fr. Mineral. Cristallogr92(1969)
33.

19. C. CLAUSEN,C. BAGGER,J. B. BILDE-S@RENSENand

A. HORSEWELL, Solid State lonic§0/71(1994) 59.

Y. YIN andB. B. ARGENT, J. Phase Equilibrial4(4) (1993)
439.

J. R. HELLMANN andV. S. STUBICAN, J. Amer. Ceram.
Soc.66 (1983) 260.

V. S. STUBICAN,G. S. CORMAN,J. R. HELLMANN and

G. SENFT,in‘Advances in Ceramics’ 12 Science and Technology
of Zirconia Il, edited by N. Claussen, M. Ruhle and A. H. Heuer

data, a reaction mechanism has been proposed, based (Am. Ceram. Soc., 1984) p. 96.

on observations of relative diffusion rates. 23.

Acknowledgements
The authors wish to thank the Norwegian scientific
foundation VISTA for financial support.

24.

25.

References

1. K. WIIK,C. R. SCHMIDT,S. FAALAND,S. SHAMSILI,
M.-A. EINARSRUD andT. GRANDE, J. Amer. Ceram. Soc.
82(3) (1999) 721.

S. K. LAU andS. C. SINGHAL, in ‘Corrosion 85: The In-
ternational Corrosion Forum Devoted to the Protection and Perfor-
mance of Materials, Boston, March 1985’ (NACE, Houston, 1985)
p. 79.

J. D. CARTER,C. C. APPELandM. MOGENSEN, J. Solid
State Cheml22(1996) 407.

H. S. CARSLAW andJ. C. JAEGER, in “Conduction of Heat

in Solid,” 2nd ed. (Oxford University Press, Oxford, 1959) p. 60.

Received 22 September1998
and accepted 3 June 1999

5819



