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The reaction between Ca- and Sr-substituted LaCoO3; and CaSiO3/Ca,SiO, has been studied
by electron microscopy (SEM and TEM) and X-ray diffraction. The aim was to investigate
the chemical stability of these materials as a model system for, respectively, a membrane
and a sealing material in dense oxygen-permeable membrane systems. Sintered powder
mixtures of the two materials were analyzed to gain information about coexistent phases in
the CaO/SrO—La,03;-CoO—SiO, system. The estimated phase composition along the
CaSiO3-LaCoOs line has been worked out. The chemical aspects of glass—ceramic sealing
of dense perovskite membranes were studied by making diffusion couples. LaCoO3; was found
to be kinetically more stable to calcium silicate than Ca- and Sr-substituted LaCoOs. The
results also revealed that Ca,SiO, is a more suitable sealing material than CaSiOs, due to
lower reactivity. Thus, the stability of the membrane/sealant interface was observed to be
quite sensitive to the O:Si ratio of the calcium silicate: 3 < O:Si < 4 will give rise to good
sealing properties and moderate reactivity to the membrane material. A suitable material
is a two-phase material with O:Si close to four, e.g. an orthosilicate glass—ceramic material
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with small amounts of metasilicate or disilicate glass.

1. Introduction

Dense oxygen-permeable membranes require gastight
seals between the membrane and a support. During the
bonding process and operation, the sealing materials
tend to react with the ceramic membranes to form
secondary phases. Some degree of chemical reaction is
needed to make the interface between the membrane
material and the sealant gastight,! but the membrane
interface should be stable under operation. The reaction
of dense ceramic membranes with sealing materials has
not been examined thoroughly in the literature. But the
reactivity of La;xCaxCrOs with silica-based glass ma-
terials for solid oxide fuel cells (SOFC) applications has
been studied.2~* The formation of secondary phases,
such as ZrSiQy, Cry03, Cazlag(SiO4)s02, and Caglas-
(SiO4)s, at the interface as well as interdiffusion of
cations between the materials will have a negative
impact on the SOFC performance.

In this work we have studied a model system for the
membrane/sealant interface consisting of La;—xMxCo0O3
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(M =Ca, Sr;x=0,0.2,0.5) (LMC) and calcium silicate
(CaSiO3 and Ca,SiQ,). Potential industrial membranes
are supposed to contain LayO3, CaO, and SrO as the
more basic oxide constituents and Co as one among two
or more transition elements.>6

Silica-based glasses are potential sealants because
their softening temperatures are lower than the operat-
ing temperature of the membrane, normally 800—1000
°C.5 The glass transition temperature, Tq, for CaSiOs
is 770 °C;” hence, stress relaxation of the glass will occur
at the operating temperature, and CaSiOs is a promis-
ing sealant. We have chosen to focus on glass—ceramic
sealing materials in order to reduce the reactivity
expected for a completely amorphous sealant. A desired
property of a sealing material is the ability to seal by
viscous flow. The viscosity of CaSiO3 at 1000 °C is ~10°
P, extrapolated from data in Mazurin et al.® The
viscosity is also lowered by increasing the CaO content
in the calcium silicate. Thus, Ca;SiOy is also a promising
sealant if complete devitrification is hindered.

The aim of the present investigation is 2-fold. First,
important phase relations in the CaO/SrO—La,03-CoO—
SiO; system have been obtained. Second, formation of
secondary phases in diffusion couples was analyzed as
a function of substitution degree of LaCoOs;, type of
sealing material, and partial pressure of oxygen to gain
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knowledge about the sealing of dense ceramic mem-
branes with silica-based sealants. The most suitable
sealant system will be proposed.

2. Experimental Procedures

2.1. Sample Preparation. Submicron (0.1-0.5 um), sto-
ichiometric La;—xMxCoO3z (M = Ca and Sr) powders with x =
0, 0.2 and 0.5 were prepared by spray pyrolysis using EDTA
as complexing agent.® The composition of the powders was
measured by atom scan 16 ICP-AES spectrometry (Thermo
Jarrell Ash Corp.), revealing stoichiometric powders. The
deviation from nominal composition was less than 1%. The raw
powders were calcined in air for 10 h at 900 °C. The two
powders with x = 0.5 were additionally calcined for 24 h at
950 °C. After calcination, the powders were ball-milled in
ethanol for 24 h. According to the X-ray diffraction (XRD)
patterns, all powders were single phase. The crystal structure
was rhombohedral for all compositions except for 50 mol %
Ca or Sr on the La-site, where cubic symmetry was observed.

Calcium metasilicate, CaSiOs, was prepared from a sto-
ichiometric mixture of SiO, and CaCOj3 (99%, Merck AG). SiO;
was prepared by a two-step acid/base-catalyzed sol—gel route
using tetramethoxysilane (TMOS) as precursor. After prepara-
tion the dried gel was crushed before mixing with CaCOgs. The
powder mixture was uniaxially pressed at 90 MPa and fired
in air for 36 h at 1400 °C. The pellet was then crushed, once
again uniaxially pressed at 90 MPa and fired for 168 h at 1400
°C, obtaining a density of >92% of theoretical with a grain
size <20 um. According to XRD, the CaSiOs pellets consist of
two polymorphs, cyclowollastonite (main phase) and wol-
lastonite (traces), in addition to residual glass. By thermal
etching for 1 h at 1200 °C, the amorphous phase was observed
to be situated at grain boundaries.

Calcium orthosilicate, Ca,SiO,4 powder (>99%, <44 um), was
supplied from Alfa Aesar, a Johnson Matthey company. The
structure was monoclinic (8-structure, PDF card 33-302, ICDD
1999). After sedimentation in ethanol, the grain size of the
fine fraction was <5 um. Pellets were uniaxially pressed at
90 MPa and sintered in air at 1600 °C for 60 h, followed by
quenching in air. By quenching, dusting®® was prevented, and
the density of the sintered pellets was >90% of theoretical with
agrain size <15 um. XRD reveals that the orthosilicate phase
of the sintered pellets has the monoclinic structure (§ struc-
ture). Only traces of the a-phase, stable at 1600 °C, were
observed.

2.2. Reaction Experiment. 2.2.1. Powder Mixture Reac-
tion. LMC/CaSiO; samples were prepared in the form of
powder mixtures, giving a large contact area between the two
phases. Mass ratios of 1:1 LMC and CaSiO3; powders (<7.5
um) were mixed by dry ball-milling for 5 h using SisN4 balls.
In addition, powder mixtures of LaCoO3; and CaSiO; with 22
mol % LaCoO3; were prepared. The samples were uniaxially
pressed at 90 MPa and fired in air and in reducing atmosphere
(Po, ~ 1078 atm) at 1000—1100 °C for 48—72 h. Similarly LMC/
Ca,Si0, (<5 um) powder mixtures were prepared and fired in
air and in reducing atmosphere at 1200 °C for 72 h.

2.2.2. Diffusion Couple Reaction. For practical reasons
diffusion couples of LMC and CaSiO; or Ca,SiO, were prepared
by the following procedure: The calcium silicate pellets were
ground and polished to obtain good contact with the perovskite.
A slurry of the perovskite powders was prepared by adding
wax (Bronzebinder, TBK Siebdruck Hilfsmittel, Marabu) to
the calcined LMC powder in a mass ratio powder:wax = 1:1.25.
The LMC films of 1 cm? and ~20 um thickness were painted
on the CaSiO; or Ca,SiO, pellets and fired at respectively 1000
and 1200 °C for 24 h in air and in reducing atmosphere (po, ~
107% atm). The average heating and cooling rates of the
samples were 200 °C/h. In an actual membrane reactor, the
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Table 1. Phases Observed by EDS and/or XRD in
La; x(Cal/Sr)xCo03/CaSiO3 and La;x(Ca,Sr)xCo0O3/Ca;SiO4
Powder Mixtures Fired in Air and in Reducing
Atmosphere (Nz) at 1000—1200 °C?2

mol %
system X LMC

La;—xCaxCo03/CaSiO; 0 17

observed phases

Ca2C05i207

CazSip07 (ss) (traces)

CagLaa(SiO4)e

Ca3Lae(SiO4)5

Ca28i04

CoO

CaZSiO4

CaaLab(SiO4)5

CoO

La;—xCaxCoOgs(air)/
(La,Ca)2Co04(N2)

CaySiOy

CaO(air)/CoO(?) (N2)

Caglap(Si04)s0: (?)

La;xCaxCoOgs(air)/
(La,Ca)ZCOO4(N2)

Ca25i04

CoO

CazSiOs (?)

Sri—qLaqCoOs

(Ca,Sr)aLan(SiO4s)s

(Ca,Sr);Si04

CoO (traces)

La;—xSrxCoO3

(Ca,Sr)ZSiO4

CoO (traces)

2 The XRD spectra also revealed small unidentified diffraction
peaks. The solid solution is assumed to appear between the
CasSi,O7 and LaySi»O7 disilicates due to quite similar crystal
structures. It should be noted that the metasilicate is excess in
CaO relative to stoichiometric CaSiOs. Hence, there is an uncer-
tainty in the mol % LMC given in the table of ~10 mol %. It should
also be noted that some of the observed phases are nonequilibrium
phases. The ? indicates possible traces of a phase observed by XRD.

0 32

0.5 37

Lal_xCax0003/Ca28iO4 0 41

0.5 a7

La;—xSrkCo03/CaSiO3 0.5 35

La;—xSryCo0O3/CaySi0s 0.5 44

perovskite should be used as a dense material and the sealing
material will be painted on it.

The heat-treated powder mixtures and diffusion couples
were subjected to XRD (Siemens D5005) using Cu Ko radiation
and a scan rate of 0.05°/s. The development of the microstruc-
ture of the samples was studied by scanning electron micros-
copy (SEM) (Zeiss DSM 940) and transmission electron
microscopy (TEM) (Philips CM30, 300 kV) both equipped with
energy dispersive spectroscopy (EDS) systems for microanaly-
sis. Specimens for EDS linescans (SEM) were prepared from
diffusion couples by dimpling from the perovskite side a
sphere-cap with radius ~2 mm. The distance from the interface
was calculated from the known profile of the sphere cap.
Samples for TEM analysis were prepared by sectioning,
polishing, and Ar-ion beam thinning.

3. Results

3.1. Powder Mixtures. Powder mixtures of LMC and
CaSiO3 or Ca,SiO,4 were fired for 48—72 h at 1000—1200
°C to obtain information about coexistent phases in the
CaO—La;03-Co0O—SiO, system. The observed phases in
the different powder mixtures are summarized in
Tablel. It should be noted that, in all the analyzed
samples, the perovskite phase is deficient on a molar
basis relative to CaSiOs; or CaSiO,. It should also be
noted that the metasilicate is excess in CaO relative to
stoichiometric CaSiOs.

In the LaCoO3/CaSiOz powder mixtures with the
lowest content of LCC, the observed phases correspond
to a mixture of disilicates and orthosilicate (Table 1).
Both LaCoO3; and CaSiO3; have been consumed in the
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reaction between the two primary phases. With increas-
ing amounts of LCC, the amount of orthosilicate in-
creases at the expense of disilicates. The experimental
results show that Co is present as the disilicate Ca,-
Co0Si,07 and CoO (Table 1, 17 and 32 mol % LaCoO3).
CoO is observed to be stable when Ca,CoSi;O7 is not
present. The effect of Ca substitution in the perovskite
(x = 0.5) is an increasing amount of the orthosilicate
phase Ca,SiO, at the expense of the CaslLag(SiOs)s
orthosilicate (Table 1). Firing these powder mixtures in
reducing atmosphere (po, ~ 1076 atm) gives coexistent
phases that are indifferent from results obtained in air.
This result is expected as all phases are insensitive to
the partial pressure of oxygen in a wide po, range. CoO
decomposes to Co metal at po, ~ 10~*? atm at 1000 °C.11

In the La;—xCaxCoO3 (LCC)/Ca,SiO4 powder mixtures
the primary phases remained stable after firing at 1200
°C. The main secondary phases were CaO (x = 0) and
CoO (x = 0.5) (Table 1). In addition, XRD revealed
possible traces of the oxyorthosilicate phases Caalap-
(Si04)60¢ (2a + 3b = 24 + 2c) for LaCoO3 and CazSiOs
for LapsCapsCo00s3. Figure 1a shows a SEM backscatter
electron (BSE) image of the powder mixture of Lags-
Cap5C003/Ca,Si0, after firing for 72 h at 1200 °C in
air. Grains of CoO are clearly seen, but the perovskite
and Ca,SiO, are still the major phases after the firing.

Firing LCC/Ca,SiO, powder mixtures in reducing
atmosphere (Table 1) results in a complete transforma-
tion of the perovskite phase into La,CoO4, or more
specifically (La;—xCay)2C004. The decomposition of the
perovskite phase is accompanied by precipitation of
Co0. Formation of small amounts of Ca—La oxyortho-
silicates is also evident from XRD analysis. Figure 1b
shows the microstructure of a powder mixture of Lags-
Caps5C003/Ca,Si0, after firing for 72 h at 1200 °C in
reducing atmosphere, and the CoO is clearly seen.

In the Sr-substituted systems, Sr;—4LaqCoO3 was the
only phase differing from the secondary phases formed
in the LCC/CaSiO3/Ca,SiO4 systems (Table 1). When
Sri-¢LaqCo0Os is present, the amount of CoO is reduced
compared to the Ca-substituted powder mixtures.

3.2. Diffusion Couples. 3.2.1. La;—x(Ca,Sr)xCo0O3/
CaSiO3;. SEM backscatter images of selected diffusion
couples of metasilicate and perovskite fired in air for
24 h at 1000 °C are given in Figure 2. The porous
perovskite phase is seen on the left-hand side of the
samples and layers of secondary phases are formed
between the perovskite and the primary metasilicate.
Note that the Ca,SiO, inclusions shown in Figure 3b
were present in the CaSiO3 layer prior to the experi-
ments and are not due to any reactions. The numbers
of and the thickness of layers of secondary phases are
higher for Ca- or Sr-substituted LaCoOj3; than for pure
LaCoO3;. A summary of the formation of secondary
phases is given in Table 2. In the LaCoO3/CaSiO3;
diffusion couple only a thin layer (~1 um) and some
minor traces of secondary phases were detected (Figure
2a). The thin layer is rich in La, Ca, and Si (Table 2).
XRD and EDS reveals a Ca—La silicate phase, CazLag-
(SiO4)s, With an apatite type of structure.l?> The other
minor secondary phase was identified to be Ca,CoSi,0y.

(11) Seppénen, M.; Kyto, M.; Taskinen, P. Scand. J. of Metallurgy
1979, 8, 199.
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Figure 1. SEM backscatter images of (a) LagsCagsCo03s/Ca,-
SiO4 powder mixture (47 mol % LMC) fired in air for 72 h at
1200 °C and (b) LagsCansCo03s/Ca,Si0O, powder mixture (47
mol % LMC) fired in reducing atmosphere (po, ~ 1076 atm)
for 72 h at 1200 °C. (1) = Ca;SiO4, (2) = LMC, (3) = CoO/
Co0304, (4) = (La,Ca),Co0,.

The chemical composition of the CaSiOz; phase after
reaction with LaCoOgs; is close to the nominal composi-
tion. Due to the relatively low reaction temperature
(1000 °C), the LaCoOs3 layer has not densified, giving
rise to open porosity and a large surface area. The
LaCoOj3; phase is found to contain some Ca and Si (4—6
cation %) based on EDS analysis. The reason for the
Si/Ca content in the perovskite might be CaSiO3 par-
ticles entering the porous perovskite layer during
preparation of the SEM specimen.

In the LCC/CaSiO; diffusion couples, the formation
of secondary phases are dependent on the Ca content
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Figure 2. SEM backscatter images of (a) LaCoO3/CaSiOs, (b) LagsCag2C003/CaSiOs, (c) LagsCagsCo03/CaSiOs, (d) LagsSroz-
Co043/CaSiOs3, and (e) LagsSrosCo05/CaSiO; diffusion couples fired for 24 h at 1000 °C. An intrinsic effect has caused precipitation
of Ca,SiO,4 grains in the CaSiO; matrix during heat treatment of the CaSiO; pellet in (b). (1) = CazSiO4, (2) = LMC, (3) = CoO/
C0304, (4) = (La,Ca)2C004, (5) = Caalan(SiO4)s, (6) = CaCo0Si,07, (7) = CaSiOs, (8) = CasSi»07, (9) = (Ca,Sr),SiO,, (10) = (Ca,Sr)a-

Lab(SiO4)5.
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Figure 3. SEM backscatter images of (a) LaCo03/Ca;SiO4, (b) LagsCagsCo03/Ca,SiO,, and (c) LagsSrosCo0s/Ca,SiO, diffusion
couples fired for 24 h at 1200 °C in air. Part (d) shows a LagsCagsC003/Ca,SiO, diffusion couple fired for 24 h at 1200 °C in
reducing atmosphere (po, ~ 1078 atm). The presence of small LMC particles at the Ca,SiO, surface in (d) is due to specimen
preparation. (1) = Ca,SiOq, (2) = LMC, (3) = Co0O/C0304, (4) = (La,Ca),Co0,.

in the LCC (x) (Figure 2b,c and Table 2). The major
secondary phases are Ca,SiO4 and CazSi,O7, which both
were found to have approximately nominal composition
after reaction with LCC. For x = 0.5, only these two
secondary phases were detected. For x = 0.2, two
additional secondary phases were detected (Table 2): a
double orthosilicate with apatite structure and minor
amounts of cobalt oxide. The ratio between the La and
Ca content of the double orthosilicate was equal to 0.8,
giving rise to a Caglas(SiO4)s phase. The cobalt oxide
was by XRD found to be a mixture of CoO and minor
traces of Co3z04. The open porosity enabled partial
oxidation of CoO to Coz04 during cooling, explaining the
presence of Co304. It should be noted that the sequence
of the phases, LCC (with precipitates of CoO/Co304 (X
= O.2))—Ca6La4(SiO4)6 (X = O.2)—Ca28i04_Ca38i207_Ca—

SiOg, is equal for both x = 0.2 and 0.5. With increasing
Ca content, the thickness of the Ca,SiO4 layer was found
to increase at the expense of the CasSi,O layer (Figure
2b,c). Inside the Ca,SiO,4 layer for x = 0.5 (Figure 2c),
perpendicular to the interface, tunnel cracking has
occurred.r® The thermal expansion coefficient (TEC) of
Ca,Si0y is 39 x 1076 K~1,1415 the TEC of CaSiOg is 30
x 1078 K=1,16 and the TEC of LagsCagsCo0s3 is 22.9 x
1076 K=1.17 Thus, during cooling from the processing

(13) Hillman, C.; Suo, Z.; Lange, F. 3. Am. Ceram. Soc 1996, 79, 8,
21%:{4.1) Berman, R. G.; Brown, T. H. Contrib. Mineral. Petrol. 1985,
89’(1156)8.Berman, R. G.; Brown, T. H. Contrib. Mineral. Petrol. 1986,
94’(fg)Z.Wang, Y. B.; Weidener, D. J.; Guyot, F. J. Geophys. Res.-Solid
Earth 1996, 0101, B1, 661.
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Table 2. Survey of Secondary Phases Formed at La; x(Ca,Sr)xCoO3/CaSiO3; Interfaces in Diffusion Couples Fired for 24 h
at 1000 °C2a

rhombohedral angle,

o, of Lai—xMyCoO3 (deg) X in La;—xMyxCoO3

nominal x in
La;—xMxCoO3 M secondary phases thickness (um) CasSiO3 CaySiOy CaSiO3 CaySiOy
0.0 Caslag(SiOs)s 1 60.81 4+ 0.03 60.74 + 0.05 0.02 0.06
Ca,CoSi07 traces 60.79 + 0.02 60.71 + 0.02 0.03 0.08
0.2 Ca Co0O and Co304 traces
CasLa4(SiO4)6 1
CaZSiO4 2
CasSi 07 25
0.5 Ca CaySiOy 5 60.79 + 0.02 ~60 0.03 ~0.50
Ca35i207 2
0.2 Sr Sralap(SiOa)s traces 60.81 + 0.03 60.71 + 0.02 0.02 0.08
(Ca0.63Sr0.37)2Si04 3-4
0.5 Sr (Cag.44Sro.56)2Si04 5.5 60.71 + 0.03 ~60 0.08 ~0.50

a2 The phases have been observed by SEM and identified by EDS or XRD. Rhombohedral angle of La;-xMxCoO3 after reaction with
CaSiO3 and CaySiO4. The x in La;—xMyxCoOs3 after reaction has been calculated by inserting into the linear fit, o, = 60.8485 — 1.6724x, of

the rhombohedral angles of unreacted perovskite powders.

temperature, the Ca,SiO4 layer would shrink more due
to its higher TEC and, due to strong interfaces, the Ca,-
SiO4 layer is constrained from shrinking, producing a
biaxial, residual tensile stress in the embedded layer.

Backscattered electron images of the LSC/CaSiOs;
diffusion couples are shown in Figure 2d,e, and a
reaction layer of (Ca,Sr),SiO;, is observed. According to
the SrO—SiO; phase diagram by Eskola,'® strontium
disilicate does not exist. For x = 0.2, the (Ca,Sr),SiO4
layer is irregular, while for x = 0.5, the thickness is
homogeneous (~5.5 um). As expected, the Sr concentra-
tion of the (Ca,Sr),SiO4 layer is significantly higher for
x = 0.5 than for x = 0.2 (Table 2). For x = 0.2, traces of
a Sr—La silicate phase, SraLay(SiOy)s (2a + 3b = 24), is
formed. This phase is absent for LagsSrosCo03, as was
the case for the Ca—La silicate phase for LCM. Tunnel
cracking is also observed in the Lags5Srp5C003/CaSiO3
diffusion couple (Figure 2e). The CaSiO3 phase is found
to have approximately the nominal composition in
diffusion couples with LSC.

Included in Table 2 is also the rhombohedral angle,
ar, of La;—xMxCoO3 (M = Ca, Sr) after reaction with
calcium metasilicate. The o, angles of pure Ca- and Sr-
substituted LaCoO3; (before reaction) were found to
decrease almost linearly with x (o, = 60.862 — 1.6816x
for Ca and o, = 60.835 — 1.6632x for Sr) and become
60° at x = 0.5, demonstrating a phase transformation
from rhombohedral to cubic at x ~ 0.5, in agreement
with the data determined by Mineshige et al.1® After
reaction with the metasilicate, the rhombohedral angles
of the LMC phases are found to deviate from the o,-
values of the LMC powders before reaction, showing a
change in Ca or Sr content during reaction. An estimate
of the Ca(Sr) content in the perovskite after exposure
to the silicates is also included in Table 2, showing a
significant decrease in Ca(Sr) content for x = 0.2 and x
= 0.5 after reaction with CaSiOs.

3.2.2. La;—«(Ca,Sr)xCo03/Ca,Si0,. BSE images of
selected LMC/Ca,SiO, diffusion couples fired in air or
reducing atmosphere for 24 h at 1200 °C are shown in
Figure 3. Due to the expected lower reactivity of the
orthosilicate system compared to the metasilicate sys-

(17) Menon, M. Private communication.

(18) Eskola, P. Am. J. Sci. 5th Ser. 1922, 4, 336.

(19) Mineshige, A.; Inaba, M.; Yao, T.; Ogumi, Z.; Kikuchi, K
Kawase, M. J. Solid State Chem. 1996, 121, 423.

tem, the firing temperature was raised to 1200 °C.
Despite the higher firing temperature, only small frag-
ments of secondary phases evolved from the LMC phase
were observed (Figure 3). For the LaCo0O3/CaySiO4
diffusion couple, SEM revealed no indications of second-
ary phases at the LaCo0O3/Ca,SiO, interface (Figure 3a),
but small (~0.1 um) precipitates of CaO were detected
by TEM in LaCoOs.

Also, in the La;—4(Ca,Sr)xCo03/Ca,SiO, diffusion
couples there were no reaction layers at the interface,
only precipitates of cobalt oxide (Figure 3b,c). The cobalt
oxide was also here found to be a mixture of CoO and
Co0304. Although the LMC phase has sintered at 1200
°C, the remaining open porosity enables partial oxida-
tion of CoO during cooling.

Compared to the metasilicate system, the enhanced
rhombohedral distortion of LMC is less significant after
reaction with orthosilicate (Table 2). The composition
of the perovskite is, hence, not altered much due to the
interface reaction. For 50 mol % Ca or Sr in the
perovskite prior to reaction, only a slight distortion of
the cubic structure was observed by XRD after reaction
with Ca,SiOy.

The chemical composition of Ca,SiO4 after reaction
was close to the nominal composition for all composi-
tions studied. The measured diffusion profiles of La and
Co into the Ca;SiOs from LaCoOj are presented in
Figure 4. From these data the diffusion coefficients of
La and Co in Ca,SiO4 were estimated, assuming only
unidirectional diffusion to occur. The boundary, y = 0,
was maintained at constant concentration, co, i.e., the
solubility limit of La,O3 or cobalt oxide in Ca,SiOg. If
the diffusion constants, D ; and Dc,, are constant in the
diffusion zone, then the solution to the diffusion equa-
tion is given as

c(y,t) =c, erfc(zja) 1)

where c(y,t) is the concentration at distance y and
annealing time t.2° Thus, eq 1 enables the calculation
of an approximate value of the diffusion coefficient. The
fit of eq 1 to the La and Co data shown in Figure 4 gives

(20) Carslaw, H. S.; Jaeger, J. C. Conduction of Heat in Solid;
Oxford University Press: Oxford, 1959; p 60.
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Figure 4. Diffusion profiles of La and Co into Ca,SiO4 from
LaCoOs. The fit of eq 1 to the data is given by the curves. The
standard deviations in the measurements are +1 cation %.

diffusion coefficients on the order 107> m?/s and 1016
m?/s, respectively.

The effect of the partial pressure of oxygen was
studied by firing LCC/Ca,SiO, diffusion couples in
reducing atmosphere for 24 h at 1200 °C (Figure 3d).
Due to the low partial pressure of oxygen, the perovskite
phase has transformed completely into La,CoO,, or
more specifically, (La;-xCax)2C004, as was observed for
the powder mixtures. There was no indication of other
secondary phases in the diffusion couples fired in
reducing atmosphere, except for expected minor amounts
of CoO. Due to the Ca content of the tetragonal Las-
Co04 phase, the unit cell volume is smaller than for pure
La,CoO,4 (V = 191.57 A3).21 For 20 mol % Ca in the
reacting perovskite, V = 181.11 A3, and for 50 mol %
Ca in the reacting perovskite, V = 179.90 A3. The unit
cell contraction of the (La;—x(Ca,Sr)x).Co0O4 phase is
explained by the increase of the Co3" content (r = 0.61
A)22 at the expense of the Co?* content (r = 0.65 A)22
due to the presence of divalent ions, Ca?" and/or Sr?*,
at the La site.

4. Discussion

4.1.CoexistentPhasesinthe CaO/SrO—Lay03; CoO—
SiO, System. According to Gibbs phase rule, the
maximum number of coexistent condensed phases in the
CaO—La;03-Co0—Si0O;, system at given temperature
and pressure is four. In powder mixtures with ortho-
silicate, the number of observed phases is always four
(Table 1). For LaCoO3/CaSiO3; powder mixtures the
number of observed phases is three (Table 1). The free
variable is the composition of the solid solutions. In the
system including SrO, the maximum number of coexist-
ent condensed phases is five, but only orthosilicates are
observed, and the constant molar ratio between oxygen
and silicon removes one of the degrees of freedom. The
SrO-containing system has therefore a maximum of one
degree of freedom corresponding to the chemical com-
position of the solid solutions.

Formation of ternary oxides, AB,O, (A = acid, B =
base, O = oxygen), can be identified as reactions

(21) Russ, J. J. Inorg. Chem. 1979, 24, 652.
(22) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr. 1968, B25,
925.
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between acidic and basic binary oxides. In the quater-
nary CaO/SrO—La;03-Co0O—SiO; system, CoO and SiO;
are acidic oxides, while CaO, SrO, and La,O3 are basic
oxides according to Smith.22 In the following discussion
we will see that SiO; is the strongest acid leading to
the formation of CoO. (In LaCoO3/Ca,SiO, CaO is
formed.) In silicates, an increasing amount of basic
oxides will give rise to various types of structures,
ranging from infinite three-dimensional frameworks, as
in silica itself (SiOy), to isolated SiO4*~ tetrahedra in
orthosilicates such as Ca,SiO4. The important factor in
relating formula to structure type is the oxygen-to-
silicon ratio: for metasilicates, O/Si = 3; for disilicates,
O/Si = 3.5; for orthosilicates, O/Si = 4; and for oxy-
orthosilicates, O/Si > 4. Silicate phases with different
O:Si ratio may not be coexistent and will react into a
phase with an intermediate O:Si ratio. Thus, metasili-
cates can only be coexistent with disilicates if they are
stable. Disilicates may coexist with both meta- and
orthosilicates, and orthosilicates may coexist with both
di- and oxyorthosilicates.

The observed phases in the powder experiments can
be understood in terms of chemical reactions (Table 3).
The reaction at high metasilicate content (0 < mol %
LaCoO3; < 17) in the system CaSiO3-LaCoOgs; is given
by reaction 1. Thus, the equilibrium phase composition
corresponds to a mixture of disilicates and metasilicate.
The space groups of Ca3Si,O7 and La,Si,O7 are respec-
tively P21/a and P21/c, and a solid solution of these two
disilicates is anticipated. Ca,Co0Si,O7 and CazSi,O- are
coexisting phases according to Mukhopadhyay and
Jacob,?* in agreement with the present findings (Table
1, 17 mol % LaCoOsg).

On the basis of the CaO—Co00—SiO; phase diagram,?*
Ca»CoSi,07 should convert to CaCoSiO4 and CazSi>O7
with increasing amount of LaCoO3. The phases formed
in the composition region reaction 17 < mol % LaCoOs3
< 20 are given by reaction 2a. At 20 mol % LaCoOs3, the
proposed total reaction is given by reaction 2b. (By total
reaction we mean the reaction between the starting
phases CaSiO3 and LaCo0O3.) At a higher molar ratio
between LaCoO3; and CaSiO3 (=20 mol %), CaCoSiO,
is further converted to CazSi»,O; and CoO according to
reactions 3a and 3b.

At more than 25 mol % LaCoOs3, other orthosilicates
are formed. Pure Lag(SiO,)s is not stable below 1600 °C2°
and is therefore not stable at the temperatures in
guestion here. The composition CaslLag(SiO4)s is sug-
gested on the basis of the findings from the diffusion
couples and is also in agreement with the compositions
of orthosilicates reported by McCarthy.? Thus, ortho-
silicates are formed according to reactions 4a and 4b.
Solid solution of the orthosilicates is expected on the
basis of the Ca,SiO,4-Lag(SiO4)s phase diagram.2® The
phase composition along the CaSiO3-LaCoOs3 line for O
< mol % LaCoO3 < 40 based on the reactions in Table
3 is shown in Figure 5.

At a higher LaCoO3/CaSiO3 ratio (>40 mol % La-
Co00s), all disilicate has disappeared, and the perovskite,

(23) Smith, D. W. J. Chem. Educ. 1987, 64, 480.

(24) Mukhopadhyay, S.; Jacob, K. Am. Miner. 1996, 81, 963.

(25) Toropov, N. A.; Bondar, I. A.; Galakhov, F. Y. Izv. Akad. Nauk
SSSR, Otd. Khim. Nauk 1961, 5, 740.

(26) Toropov, N. A.; Fedorov, N. F. Izv. Akad. Nauk SSSR, Neorg.
Mater. 1965, 1, 1, 126.
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Table 3. Chemical Reactions in the Pseudobinary System CaSiO3;-LaCo0O3?

2LaCo0s3 + 10CaSiOsz = 2Ca3Si,07 + 2Ca»CoSi»07 + LaySi»07 + 1,0, (1)
2LaC003 + 8C62C05i207 = 1OCaCOSi04 + 2Ca38i207 + La28i207 + 1/202 (2a)
2LaCo0O3 + BCaSi03 = anCOSiO4 + 20a35i207 + LaZSi207 + 1/202 (2b)

2LaCo03; + 6CaCoSiO4 = 2CazSi07 + 8Co0 + +La,Si,07 + 1,0, (3a)

2LaCoO3 + GCaSi03 = 2C&38i207 + La28i207 + 2Co0 + 1/202 (3b)

4LaC003 + 50a35i207 + LazSi207 = Ca3La6(SiO4)6 + 6C&25i04 + 4Co0 + 02 (4a)
6LaCoO3 + 9CaSi03 = Ca3La6(SiO4)6 + 3CaZSiO4 + 6Co0 + 3/202 (4b)

aThe phases formed in the actual composition regions are given by reactions a; b denotes total reactions which are the reactions

between the starting phases CaSiO3; and LaCoOs.
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Figure 5. Estimated phase composition at 1000 °C along the
line CaSiO3;-LaCoO;3; based on the chemical reactions given in
Table 3. Note that the sharp edges on the curves are due to
the composition changing from belonging to one ternary system
to another. Solid solution is assumed to appear between the
CasSi>0; and LaSi,Oy disilicates and the Ca,SiO, and Cas-
Lag(SiO4)s orthosilicates due to quite similar crystal structures.

La;—xCaxCo03, appears in equilibrium with CoO and
orthosilicates. The formation of the two orthosilicates
and CoO are in agreement with the experimental
findings (Table 1, 32 mol % LCC). At an even higher
LaCoO3; content the equilibration of the Ca/La ratio in
the perovskite and orthosilicate will also cause the
formation of oxyorthosilicate (e.g. LagCax(SiO4)s02). This
oxyorthosilicate phase has an apatite structure, and
solid solubility with LazCas(SiO4)s is anticipated.

The effect of substituting Ca into LaCoOs3 is a dis-
placement of the phase separation lines in the phase
composition diagram to a higher perovskite:metasilicate
ratio. The phases are the same as in Figure 5, except
for a higher Ca:La ratio in the double orthosilicates and
oxyorthosilicates. The observation of two orthosilicates
and CoO in the Laps5Cap5C003/CaSiO3; powder mixture
is in agreement with the proposed coexistent phases for
>40 mol % LaCoOj3 in the CaSiO3;-LaCo0O3 system.

In the reaction between calcium orthosilicate and the
perovskite (Table 1), the perovskite phase remains
stable but changes composition on A site followed by
precipitation of CaO for x = 0 and CoO for x = 0.5. In
addition, small amounts of an oxyorthosilicate were
formed, but we were not able to identify the composition.

(27) Woermann, E.; Muan, A. J. Inorg. Nucl. Chem. 1970, 32, 5,
457

(28) Vashook, V. V.; Zinkevich, M. V.; Ullmann, H.; Paulsen, J.;
Trofimenko, N.; Teske, K. Solid State lonics 1997, 99, 23.

(29) Petrov, A. N.; Cherepanov, V. A.; Zuyev, A. Y.; Zhukovsky, V.
M. J. Solid State Chem. 1988, 77, 1.

According to the CaO—SiO,_La,03; phase diagram by
McCarthy,? several oxyorthosilicates exist. However,
LagCax(Si04)60;, is satisfactory documented (PDF card
29-337, ICDD 1999), giving rise to the reaction

8LaCo0O;; + 6xCa,Si0, + 2x0,(g) =
8La,_,Ca,Co0, + xLagCa,(Si0,)s0, + 2xCaO (2)

neglecting the concentration of La in CaySiO4. The
observed phases in the LaCoO3/Ca,SiO,4 system are in
accordance with this equation (Table 1).

The observed reaction between calcium orthosilicate
and LagsCagsCo0s3 is explained by the reaction

La, sCa, sCo0; + xCa,Sio, =
(1 = X)Lag 51-xC80 5-x)(1-9C00; + xCoO +
xCa,SiO;s + ,0,(g) (3)

neglecting the concentration of La in Ca,SiO4. This
reaction is reductive in nature as opposed to the reaction
between LaCoO3; and Ca,SiO4 (2), which is oxidative.

The chemical stability of a perovskite phase was
observed to increase when Ca in LCC was substituted
with Sr. This can be understood in relation to the phase
equilibria in the pseudobinary systems CaO—CoO and
SrO—Co0. According to the CaO—CoO phase diagram
by Woermann and Muan?’ CaCoO, does not exist, and
above 1026 °C only CoO with divalent cobalt is stable.
No phase diagram has been reported for the SrO—CoO
system, but the perovskite-like phase SrCoOs-s is
known to be stable above about 900°C.?8 In the LSC/
CaSiO3 powder mixture significant amounts of
Sr1—¢LaqCo0s-; is formed, revealing an increased ther-
modynamic stability of a perovskite phase with Sr
substitution. In addition to the perovskite-like phase,
orthosilicate and possible traces of CoO are formed.
Extensive solid solution is observed both for the single
and double orthosilicates, respectively (Ca,Sr),SiO4 and
(Ca,Sr)aLan(Si04)s, in accordance with the similarities
in the crystal structure of Ca- and Sr-orthosilicates. The
reaction between LSC and Ca,SiO, is explained by a
reaction like (3), including the solid solubility of Sr,-
SiO4 in CaZSiO4 and Sr35i05 in Ca3Si05.

According to the phase diagram at 1127 °C given by
Petrov et al.,?® the stable phases of the La—Co—O
system for 0 > log(po,) >10~° atm are La,CoO,4 and CoO.
After firing LCC/Ca,SiO,4 powder mixtures in reducing
atmosphere, the perovskite was observed to be com-
pletely converted into La,CoO4 or more specifically
(La;—xCax)2Co004 according to the following reaction

2La,_,Ca,Co0O4(s) —
(La,_,Ca,),Co0,(s) + CoO(s) + */,0,(9) (4)
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Here we have assumed stoichiometric oxygen contents
for all compounds and no change of the La/Ca ratio in
the two lanthanum cobalt oxide phases. The decomposi-
tion of the perovskite phase is accompanied by precipi-
tation of CoO. Thus, the coexistent phases at equilib-
rium in the LCC/Ca,SiO,4 system in reducing atmosphere
are (La;—xCay)>,C00,4, Ca,SiO4, Co0, and oxyorthosili-
cate.

4.2. Kinetics and Reaction Mechanisms in Dif-
fusion Couples. 4.2.1. La; «(Ca,Sr)xCo03/CaSiOs. The
estimated compositions of the perovskite layers (Table
2) imply that the reaction between LMC and CaSiO3
will continue as long as there is Ca or Sr left in the
perovskite, unless the reaction is limited by diffusion
due to the increasing thickness of the reaction layers.
Thus, compared to the La;—xCayMnO3/ZrO,(Ca0) sys-
tem, where a minimum in reactivity was observed for x
~ 0.3,39 the LMC/CaSiO3 has no such minimum. Ac-
cording to Smith,2® the acidity parameter of SiO; and
ZrO, are respectively 0.9 and 0.1. [An acidity scale has
been proposed in which the difference in the acidity
parameters (ag — aa), of a metal oxide and a non-metal
oxide is the square root of the enthalpy of reaction of
the acid and base.] Hence, the acidity of SiO; is high
enough to cause a total extraction of basic oxides from
the perovskite phase and, thus, decomposition of the
perovskite structure, giving rise to LaCoO3/CaSiO3; as
the kinetically most stable interface.

The experimentally observed sequence of the different
secondary phases in the LCC/CaSiOg; diffusion couples
was (1) CaszSi07, (2) CazSiO4, and (3)Caslan(SiO4)s,
starting from the CaSiOg3 side. This sequence shows as
expected a change from metasilicate to disilicate and
orthosilicate. The three secondary phases are expected
to be formed in the same order as given above, due to
to the relative diffusion rates. Basic oxides, such as CaO,
easily diffuse from the perovskite to CaSiOs, forming
CazSi;O7; and then CaySiOs4, because of their high
affinities for silicon oxide. The reaction mechanism
continues with simultaneous diffusion of Ca?*t and O?~
across the orthosilicate and disilicate phases.3! The
available data on diffusion of Si suggest low mobility
in orthosilicates,®2734 in accordance with the fact that
it is bonded to four oxygen ions. Thus, disilicate forms
at the CazSi»,07/CaSiOj; interface and orthosilicate forms
at the Ca,SiO4/CasSi,O7 interface. Subsequent forma-
tion of CasLap(SiOy)s is due to diffusion of La ions into
the Ca,SiO,4 phase. Caslay(SiO4)s was observed to be
present for x = 0.2 but absent for x = 0.5. The reason
for Caglap(SiO4)s formation for x = 0.2 is that the
extensive formation of orthosilicate and disilicate emp-
ties the perovskite phase for Ca (Table 2). This was also
the case for the LaCoO3/CaSiO3 interface.

Since the LSC (x = 0.5)/CaSiO3 system only revealed
(Ca,Sr),Si04 as a secondary phase, this system was used
to calculate the transport coefficient for the formation
of the secondary phase. If the rate of (Ca,Sr),SiO4

(30) Faaland, S.; Einarsrud, M.-A.; Wiik, K.; Hgier, R.; Grande, T.
J. Mater. Sci. 1999, 34, 957.

(31) Schmalzried, H. Chemical Kinetics of Solids; VCH: Weinheim,
1995; p 153.

(32) Jaoul, O. Earth Planet Sci. Lett. 1980, 47, 391.

(33) Jaoul, O. Anelasticity in the Earth; Am. Geophys. Union:
Washington, 1981; p 95.

(34) Houlier, B. Phys. Earth Planet. Inter. 1988, 50, 240.
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formation is limited by solid-state diffusion through the
(Ca,Sr),Si0y4 layer, the thickness, X, of the newly formed
phase might obey the parabolic rate law

x* = 2kt (5)

where t is time and k; is a transport coefficient related
to solid-state diffusion.3! The transport rate coefficient
thus calculated is on the order of 10716 m?/s at 1000 °C.
Horita et al.2® studied reaction of SOFC components
with sealing materials and found that for the reaction
between YSZ and Pyrex glass the transport rate coef-
ficient for formation of ZrSiO,4 at the interface was on
the order of 10716 m?/s at 1200 °C and 10~1" m?/s at 1000
°C. Hence, the Lag5SrosC003/CaSiOz system is slightly
more reactive than the YSZ/Pyrex glass system.

4.2.2. La;«(Ca,Sr)Co03/Ca,SiO,. In the La; 4(Ca,Sr)«-
Co03/Ca,Si0, diffusion couples there were no reaction
layers at the interface; only small fragments of second-
ary phases evolved from the LMC phase were observed.
Thus, the LMC/Ca;SiO4 system has a significantly
higher kinetic and thermodynamic stability compared
to the LMC/CaSiO3 system.

The chemical composition of Ca,SiO,4 after the reac-
tion with LMC was found to be close to the nominal
composition, and the diffusion coefficients of La and Co
were calculated to be on the order of 1071° and 10716
m?/s, respectively. Thus, La and Co have relatively low
mobilities in CaySiO,.

The experimental findings on the metasilicate and
orthosilicate systems demonstrate that the O:Si ratio
is an excellent indicator of the stability of calcium
silicates against LMC. The observed decomposition of
the perovskite structure in the metasilicate case dem-
onstrates that the activity of SiO; is too high to allow it
to coexist with LMC. Orthosilicate, on the other hand,
has a lower SiO; activity, allowing it to coexist with the
perovskite. Thus, the stability of the membrane/sealant
interface is quite sensitive to the O:Si ratio of the
calcium silicate: 3 < O/Si < 4 (closer to 4) gives rise to
good sealing properties and moderate reactivity to the
membrane material. A suitable sealing material is a
two-phase material, e.g. an orthosilicate glass—ceramic
material with small amounts of metasilicate or disilicate
glass.

5. Conclusions

The reaction between Ca- and Sr-substituted LaCoO3
and calcium silicate glass—ceramics (CaSiO3; and Ca,-
SiO4) has been investigated. The phase composition
along the composition line CaSiO3;-LaCoO3 has been
worked out, and reaction mechanisms for diffusion
couples have been discussed. Pure LaCoO3; was found
to be kinetically more stable to both CaSiO3; and Ca,-
SiO, than Ca- and Sr-substituted LaCoOs;. CaSiOs
turned out to have the best sealing properties due to a
significant amount of glass phase. However, the high
reactivity of the LMC/CaSiO3; system rules out CaSiO3
as a suitable sealant. Several layers of secondary phases
with different thermal expansion were formed, causing
tunnel cracking. Ca,SiO4 turned out to give the most
chemically stable interface to LMC. No layered reaction
products were observed either in air or in reducing
atmosphere. Hence, the O:Si ratio is an indicator of the
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stability of the membrane/sealant interface. However,
the sealing properties of Ca,SiO,4 are poor, because the
material crystallizes completely. Everything taken into
consideration, a suitable calcium silicate sealing mate-
rial is a two-phase material with 3 < O/Si < 4 (closer
to 4), having good sealing properties and moderate
reactivity to the dense membrane material.
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