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The equilibrium thermal expansivity{) and oxygen-vacancy chemical expansivijy)(of polycrys-
talline La,_xSKC00;s-5 (LSC; x = 0.2, 0.4, and 0.7) have been measured at®D6& T < 900°C and
104 atm < Pg, < 0.21 atm using controlled-atmosphere dilatometry. These measurements show only a
moderate dependence/®f on temperature, suggesting that increases often observed in the coefficient of
thermal expansion when measured at conseantre primarily thermally induced chemical expansion
associated with changes in oxygen stoichiometry. The dependenghksaod 5c on the temperature,
oxygen-vacancy concentration, and Sr contehtere characterized and found to follow a consistent
nonlinear trend, which may result from the relaxation of lattice strain with increasing defect concentration.
A slowly relaxing secondary expansion effect (and/or expansion hysteresis) was also discovered. Possible
causes of this behavior, including phase transition/segregation at high vacancy concentration, are discussed.

1. Introduction Po, because of the reduction of Co (or other B-site transition-
metal dopants, such as Fe, Ni, Cr, et€}2 Subsequent
studies of expansion in reduced oxides, including doped and
undoped ceri&!*' doped lanthanum chromifé? and
several browmillerite-perovskite intergrowth oxide’g,2°
have attempted to separate and quantify the chemical

Perovskite ceramic materials with high oxygen ionic
conductivity have shown promise as electrode materials in
solid oxide fuel cells (SOFCs) and as ion-transport mem-
branes for oxygen separation or syngas produdtibn.
Among these, La,SKCo00;-s (LSC) has been widely studied
because of its ability to become reduced reversibly at
moderatePo, producing high concentrations of oxygenion (0 e, Y, Nega, S Sae, i, froperies o ones [ Hon
vacancie$:” While these vacancies facilitate oxygen ion 9-10, 1001-1007.
transport and oxygen surface exchange, they also lead to11) Nagamoto, H.; Mochida, I.; Kagotani, K.; Inoue, H.; Negishi, A.
lattice volume expansion and mechanical stress, a critical Change of thermal expansion coefficient and electrical conductivity

} AP | ; >3, ¢ of LaCo—,M,03 (M = Fe, Ni).J. Mater. Res1993 8, 3158-3162.
factor in determining success or failure in fabricating and (12) Tai, L.-W.; Nasrallah, M. M.; Anderson, H. U.; Sparlin, D. M.; Sehlin,

i iafc9 S. R. Structure and electrical properties of L&rCo—yFe,0s. Part
using t_hese materials: . 2. The system LaSKCop JFe ¢03. Solid State lonic4995 76, 273~
Previous workers have shown that the LSC family of 283.

erovskites expands rapidly at high temperature and constan{!3) Tai, L.-W.; Nasrallah, M. M.; Anderson, H. U.; Sparlin, D. M.; Sehlin,
P P pidly 9 P S. R. Stucture and electrical properties of Li&rCoi-,Fg0s. Part

1. The systerm LgsSro 2Co1-yFg0s. Solid State lonic4995 76, 259—
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expansion (that part of the expansion due to changPs,n

1
from the thermal expansion. To date, however, a complete@ﬁc(xv) = (&

set of expansion measurements in the LSC family of
perovskites (over a wide range B, andT) have not been

conducted. The purpose of this study is to separate and

quantify thermal and chemical expansion in LSC.

2. Theory

Traditionally, thermal expansion of solid materials is

described in terms of a coefficient of thermal expansion aT)

(CTE). This description fails to adequately describe mixed
conducting oxides, in which the lattice volume is a function

Chen et al.
2
36) + 2 X, +
T=25Cx=0 \OX JT=25Cx=0
¥ e
T 8xv) (T —25) (4a,b)
T=25Cx,=0

Thus, to second ordefy andSc will depend linearly onT

and x,, respectively. They will also depend linearly apn

and T, respectively, through the cross ternd?d/(ox,
]v=25cx,=0, Which represents both the temperature depen-
dence of the chemical expansivity and the vacancy concen-
tration dependence of the thermal expansivity. As we will

of both the temperature and oxidation state (often describedSe€ below, if this term is small, it can be challenging to
in terms of the oxygen-vacancy concentration). As shown distinguish experimentally from the other second-order terms

by Adler2! these strain dependencies can be quantified in 9°€/dx” and d%/dT>.

terms of the traditionally defined volumetric thermal expan-
sivity (61) as well as a volumetric “oxygen-vacancy chemical
expansivity” 3c):

_[3InV _[3InV
ﬁT ( oT ))SI'P ﬁC ( axv -

whereV is the specific volume (assumed to be macrohomo-
geneously isotropic for a polycrystalline samplé), is
temperatureP is the total pressure, ang is the oxygen-
vacancy mole fraction, defined as = 6/3, whered is the
oxygen nonstoichiometry in AB§;. Using these definitions,
the total derivative of the uniaxial straim)(in the absence
of pressure or mechanical forces is givertby

(1a,b)

de(TX,) = gfr 0T + i o, 2

3. Experimental Section

La;—«SCo0s-s (LSC) powders of compositions= 0.2 (LSC-
82),x = 0.4 (LSC-64), anc = 0.7 (LSC-37) were obtained from
Superconductive Components Inc. (SCI; Columbus, OH). These
powders were made by the “Sandia Chemical Prep” process,
involving mixing and decomposition of inorganic nitrates. Induc-
tively coupled plasma composition analysis provided by SCI
indicated that the overall compositions of the materials were
accurate to better than 0.5 mol %.

Prior to fabrication of dilatometry samples, we characterized these
partially calcined powders using powder X-ray diffraction (XRD).
The samples varied in phase purity, with the LSC-82 and -64
powders considerably more phase pure than LSC-37, which showed
many peaks that did not index to a perovskite structure.

Samples of LSC-82, -64, and -37 were calcined in air at 1100,
1150, and 1200C and examined again with XRD to see if the
phase purity improved. Calcined samples of LSC-82 and -64
showed only perovskite peaks within the detection limits of XRD.

Thus, by measurement of the uniaxial strain as a function Following calcinations at 1200C, the LSC-37 sample also showed

of T andx,, it is possible to determingr and c.

In general,fr and ¢ can themselves be functions of
andx,. For example, consider a second-order multivariable
Taylor expansion o&(T,x,) aroundT = 25 °C andx, = 0:

_ o de
€(T,x,) = €(25°C,0)+ aT

1 (a_)
2\ot? T=25Cx,=0

1 (8_26) X2+ ( Pe
2\ox’ T=25Cx,=0 ox, T

Taking the total derivative and matching it to eq 2, one

( )
8' T 25“C,)g, 0

1 e

28.(T) = [ +

36 t (aT)T—zsc)ro
( ¥e ) X,
T 0X, ) r=25cx,~0

(T—25)+
T=25°C)x,=0

de.
ox,,
T=25Cx,=0

(T—25x (3)

T=25Cx,=0

(T—25¢ + X, +

(T - 25)+

(21) Adler, S. B. Chemical expansivity of electrochemical cerandicAm.
Ceram. Soc2001, 84, 2117+2119.

only perovskite peaks. However, repeat experiments approximately
1 year later with LSC-37 on the same powder showed the existence
of one small extra peak<(1% of the highest peak amplitude) that
could not be indexed to a perovskite. Regrinding and recalcination
did not entirely eliminate this peak. An intervening change of venue
from Case Western Reserve University to University of Washington
makes it difficult to trace this difference because the environment,
furnace, and storage history of the powder were not identical at
both institutions. It was also impossible to identify the peak because
of uncertainty in its location/shape (in the noise of the data) as
well as the very large number of possible compounds that could
potentially be formed (oxides, sulfides, carbonates, and hydroxides).

Scanning electron microscopy images of all three powders
revealed a uniform submicron morphology, and spot analyses with
energy-dispersive spectrometry suggested a uniform composition
free of other detectable elements. To determine if the slight phase
impurity found for more recent samples of LSC-37 has an impact
on the expansion, expansion measurements were also conducted
on a sample of LSC-37 made by Praxair Surface Technologies
(Seattle, WA). The XRD patterns of LSC-37 from Praxair showed
a pure perovskite structure.

Dense samples of LSC-82, -64, and -37 were prepared by
pressing LSC powders in a square prismatic die, to approximately
45 x 5 x 5 mm. The pressed samples were subsequently
isostatically pressed to 150 MPa and sintered to-98% of
theoretical density at 12661250 °C on alumina in air (density
measured by the Archimedes method).
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La _Sr_CoO modification of Lankhorst's Rigid Band Modét.2¢ This

08020 e model was used to interpolate previously measured oxygen
nonstoichiometry properties of LaSrLC00;-s, allowing us
to calculate the vacancy concentratigrunder the specific
T and Po, conditions prevailing during our dilatometry
measurements.

Lankhorst's original modét 25 assumes that electrons
created during oxygen-vacancy formation are donated to
electron states associated with a partially filled metallic band.
It is assumed that the density of states at the Fermi level,
o(eg), is a constant, i.e., a “square” rigid electron band. In
our modification of this mode® we hypothesize that changes
in the stoichiometry are significant enough that band
, . . , curvature may be important, such that the density of states
0 50 100 150 200 varies somewhat with electron occupation. We have modeled
Relative Time, Hour this effect to first order by allowingy(e) = go(eo) + Ga(€o)

Figure 1. Length variation of dense baSr 2Co0s-s with time, resulting _ wher is th nsi f lectron
from Po, changes between 0.21 and~t(tm at 891°C. The specimen (6 EO)’ € eQO(fO) s the dens ty of states at electro

length was 43.4 mm at room temperature in air before measurement. ~ €Nergyeo, di(eo) is the first derivative ofy(e), evaluated at

electron energy,, ande¢, is the Fermi energy when the
Equilibrium expansion measurements were made using the electron occupation numbek (as defined by Lankhor®)

vacuum-controlled dilatometer system described previddidlypi- is given byn, = 6x, — X = 0. This assumption results in the

cally the sample temperature was ramped slowlg {C/min) to a following implicit expression forx,(T,Po,):28

particular value, and the sample was allowed to equilibrate for

several days in air or in a blended mixture of @ N, at 1 atm. 0

Following this, the total pressure was changed in small steps (using”oz(T) +RTIn POz = Eox = Tox — 2RTIn

a vacuum system) to the desirBd,, where it was held constant. 5

The main purpose of using sm#lh, steps was to avoid the risk of Ne  Ne Oi(€0)

breaking the sample because of the stress generated across the Ool€o) 903(60)

specimen by the expansion. Such stresses occur upon any large,

rapid change iPo, because of the resulting gradient in the oxygen- where Eox and Sox are the energy and entropy terms that

vacancy mole fraction from inside to outside the samplafter are independent of the temperature and oxygen nonstoichi-

several hours or days of equilibration, the sample expansion wasometry anquoo is the standard chemical potential of oxygen
determined, andPo, was adjusted to the next point. The sample (a known funi:tion of the temperatd@e

was usually taken down iRo, to about 104 atm and then returned
in small steps to air (checking for hysteresis, as discussed further

in _the following section) before_movmg to the_ next temperature 0.7) as measured by Lankhorst ef&And Mizusaki et a¥’
point. The data presented in this paper constitute a minimum of

40—60 days of measurements per sample. In the case of LsC.373s @ function of the temperature and oxygen partial pressure.

(which exhibits significant hysteresis), it was necessary to record For each velue of S_r contert this model was fit S'mU|_ta'
25 days of data for a single temperature. neously (using nonlinear least squares) to data covering the

available range ofx,(T,Po,). This fit yields the model

10" atm 10 atm

' o0,

"%
[
(3]
T

e=ALL

| 0.21 atm
0.21 atm

Expansion,

1.50

(%)

We used the model in eq 5 to fit the experimental
nonstoichiometry data of La,SKC00;—s (x = 0.2, 0.4, and

As an example, Figure 1 shows a raw trace of the isothermal arameters shown in Table 1. Althouah we make no
expansion of LSC-82 at = 891°C asPo, is stepped (via the total P ) 9

pressure) from air to 1@ atm and back. Following each step in comments here about the physical significance of these

Po,, approximately an hour is required for the expansion to relax parameters, We. generally found this model to ﬁt_ the data
to its new equilibrium state. This time scale, which gets longer as Petter than previous models over the range of available data.

the temperature is reduced, represents the rate at which oxygerf-Or €xample, Figures 2 and 3 show data and accompanying
gas can exchange with the bulk of the sample via adsorption/ fits for oxygen nonstoichiometry in LSC-91 and LSC-37.

desorption at the surface and ambipolar diffusion of oxygen through
the material. As described below, the equilibrium changesva (22) Lankhorst, M. H. R.; Bouwmeester, H. J. M.; Verweij, H. Use of the

Rigid Band Formalism to Interpret the Relationship between O
Po, at each temperature are used to reconstruct the dependence of Chemical Potential and Electron Concentration in L&LCOOs. s,

the expansion on the temperature and vacancy concentration. Phys. Re. Lett. 1996 77, 2989-2992.
(23) Lankhorst, M. H. R.; Bouwmeester, H. J. M.; Verweij, H. High-
. temperature coulometric titration of LaSrCoOs-s: Evidence for
4. Data Analysis the effect of electronic band structure on nonstoichiometry behavior.
J. Solid State Chen1997, 133 555-567.
4.1. Modeling of Oxygen NonstoichiometryEquations (24) Lankhorst, M. H. R.; Bouwmeester, H. J. M.; Verweij, H. Thermo-

. a . h dynamics and transport of ionic and electronic defects in crystalline
1-4 describe the uniaxial strain as a function of the oiides_l Am. Cera,‘%_ S0d997 80, 2175-2198. Y

temperature and oxygen-vacancy mole fractiel,x,). (25) Lankhorst, M. H. R.; Bouwmeester, H. J. M.; Verweij, H. Importance

. . of electronic band structure to nonstoichiometric behaviour of
However, our measurements did not directly measure the |5 5" o0, ,. Solid State lonic4997 96, 21—27.

expansion as a function of but rathere(T,Po,). To recast  (26) Chen, X.; Adler, S., to be published. _ o
our constitutive data in terms of the vacancy concentration, (27) Mizusaki, J.; Mima, v.; Yamauchi, S.; Fueki, K, Nonstoichiometry

R of the Perovskite-Type Oxides LaSrCo00s-s. J. Solid State Chem.
we used a model for the oxygen stoichiometry based on a 1989 80, 102-111.
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Figure 2. Plot of the oxygen nonstoichiometdyin Lag ¢Sr.1Co0s-s as a
function of the temperature and oxygen partial pressure. Drawn lines
represent the best fits to the modified itinerant electron model. All of the
experimental data are taken from Mizusaki et’al.
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Figure 3. Plot of the oxygen nonstoichiometdyin Lag 3Sfh 70055 as a
function of the temperature and oxygen partial pressure. Drawn lines
represent the best fits to the modified itinerant electron model. The
experimental data represented by half-solid points are taken from Mizusaki
et al?” and the others from Lankhorst et?l.

Table 1. Parameters Obtained from Fitting Published?2” Oxygen
Nonstoichiometry Data of Lay—xSrxCoOs-s to the Modified Itinerant
Electron Model of Equation 5

x=0.1 x=0.2 x=0.4 x=0.7
Eox, kJ/mol —387.69 —335.19 —288.57 —246.61
Sox, J/ImotK 55.62 69.10 92.88 137.04
Joler), x1075 (I/mol)t  3.39 3.06 1.86 1.35
gi(ep), x10719(I/moly2  114.01 67.89 1.30 —1.83

4.2. Correcting for Expansion Hysteresis.During the

Chen et al.
Lao.asrwcoos-s
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Figure 4. Long-time expansion behavior of LSC-37 at 8®and various
Po,’s. The short-dashed line in the figure reflects a corrected trace compared
with the raw trace (solid line), according to the correction algorithm
described below.

As shown in Figure 4, this behavior was most apparent
with LSC-37. Following eactPo, transient, the expansion
continues to drift almost linearly with time, reaching no stable
state even after many days. At higty, (=102 bar), the
drift is negative relative to the initial transient. At loRs,
(<1072 bar), the drift is in the same direction as that of the
initial transient. No such phenomenon was observed in
“blank” expansion measurements of alumina over the same
T andPo, conditions, confirming that this observation is not
an instrumental artifact. These observations were highly
repeatable over several measurements and identical for
samples made from different starting powders (SCI and
Praxair).

Although not shown in Figure 4, the net expansion during
one cycle of reducing, and then increasiRg, does not trace
a reversible path. Even for LSC-82 (Figure 1), the expansion
at a givenPo, is different on the path downward P, than
on the return path upward Po,. For this reason, we report
this phenomenon as “hysteresis”, although it is possible that
these transients would eventually relax to an equilibrium
state. Notably, the isothermal expansion 0f N0z g4+
appears to demonstrate similar expansion drift upgystep
changeg?

An obvious concern is that expansion transients could be
related to the initial phase purity of LSC-37. If the material
were incompletely reacted to a single phase, continued
reaction in the dilatometer might produce an added contribu-
tion to the expansion. However, if this were the case, we
would not expect the direction of expansion drift to depend

chemical expansion experiments described in section 3, Westrongly onPo, or identical effects to be observed in LSC-
observed hysteresis in the uniaxial strain, which relaxes on37 made by different synthesis routes, having measurable

a different time scale from changes in the oxidation state.
As shown in the raw expansion trace of LSC-82 (Figure 1),
the expansion following each change Ra, undergoes a

relatively rapid transient associated with changes in the
oxygen content, followed by equilibrium at a relatively stable

value. However, small changes in expansion persist through-

out the relatively stable period, requiring many hours or days
to relax (in some cases in the reverse direction from the initial
transient).

differences in the phase purity. Although the effect may
involve phase separation of LSC-%7it appears to be a
feature of LSC-37 itself and not an artifact of minor
secondary phases unique to the fabrication procedure.

(28) Miyoshi, S.; Hong, J.; Yashiro, K.; Kaimai, A.; Nigara, Y.; Kawamura,
K.; Kawada, T.; Mizusaki, J. Lattice expansion upon reduction of
perovskite-type LaMn@with oxygen-deficit nonstoichiometrgolid
State lonic2003 161, 209-217.

(29) Chen, X. Y.; Adler, S. B. To be published.
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Another question is whether the observed drift in expan- Experi -

. A A N xperimental Expansion Line
sion is a secondary source of expansion or simply reflects ——— Corrected Expansion Line
multiple time scales over which oxygen stoichiometry
changes occur. For example, if changes in the oxygen
nonstoichiometry required corequisite changes in cation
order, part of the stoichiometry changes after a change in
Po, might be limited by cation (rather than anion) diffusion.
To test this hypothesis, we have conducted long-term
thermogravimetry measurements of LSC-37 following similar
step changes iRo, as in Figure 4° Our results show that
the long-term expansion transients arg correlated to any
change in the oxygen content. Thus, whatever causes this
slow drift in expansion does not appear to be related to
further changes in the oxidation state.

This leaves two remaining hypotheses that we are currently t,
investigating. The first is that, following each change in the Time
oxidation state, a much slower local rearrangement of cationsFigure 5. Schematic illustrating the algorithm used to isolate primary
occurs (notinvolving further changes in the oxidation state), chemical expansion associated directly with changes in the oxygen
to obtai table | | structural fi &1 Such stoichiometry from long-term secondary expansion effects. The solid curve
0.0 ain amoresa_ € local structural configura uc ) represents the actual total expansion following step changeBojn
microdomains, which may be too small to detect using (P1, P2, and P3). The dashed lines represent the linear extrapolation of the

powder XRD, are frequently observed in highly defective 'ong-time secondary expansion transients. The dash-dotted line represents
’ the “corrected” expansion for which the long-term transients have been

. 1 coas :
perovskite-type oxide¥:**A second (not mutually exclusive)  g;ptracted. In this schematic, the magnitude of the long-term transient has
hypothesis is that high oxygen nonstoichiometry in LSC is been exaggerated for clarity.

not stable and results in phase changes or phase segrega-

tion.3435We are currently conducting powder XRD studies for cations or a parameter describing phase segregation.
of LSC-37 powders following quenching from elevated Assuming linearity of thermal, chemical, and other expansion
temperatures and vario®,.2° To date, we have found that ~ effects over small transients, the integral of this equation at
LSC-37 undergoes a phase change or phase segregation &onstantT leads to

low Po, (100 ppm), in the same range@$, as we observed 1

the expansion hysteresis. However, we are not yet certain _ _ - _

whether these phase changes are present at elevated tem- €(Tox,) — e(Toxo) = 3ﬁc(xv X0) T ZAGa(t) (1)
perature or merely upon quenching.

To proceed with our analysis of the short-term expansion where the last term on the right-hand side represents slowly
associated directly with oxygen nonstoichiometry, we have decaying secondary expansion effects. Assuming that these
attempted to separate the observed expansion into a “pri-secondary expansions are slow compared to equilibration of
mary” chemical expansion associated with short-term tran- the oxidation state, (1/Bx(x, — %.0) can be determined by
sients in oxygen stoichiometry and a “secondary” expansion extrapolating the expansion following each step change back
(of uncertain origin) relaxing over longer time scales. If we towardt = 0. Once the equilibrium expansion difference
assume that the long-term transients are ultimately subjectfollowing each instantaneou, step is determined, these
to equilibrium and do not themselves involve a change in can be added segmentwise to reconstruct the net primary
the oxygen stoichiometry (as we have confirmed with equilibrium chemical expansion associated with changes in
thermogravimetric analysis), we might modify eq 2 to the oxygen content.
consider other state variables impacting the lattice volume: A schematic of our algorithm for this extrapolation is

shown in Figure 5. Following each step i, the sample
1 1 1 expansion (solid line) is assumed to reach oxygen diffusional
dine= éﬁT dT + gﬂc dx, + Zéﬁéi dg; (6) equilibrium relatively quickly compared to the last term in
' eq 7. Assuming that the secondary expansion is linear with
time for short times, the data can be extrapolated backward
(to point C) to determine the primary oxygen-vacancy
chemical expansion difference between the initial and final
states, denoted a&e;. Subtraction of the long-term trend

Expansion, €

—_-

N

where§; represents a relevant state variable (other than
influencing the lattice volume, e.g., an ordering parameter

(30) Patrakeev, M. V.; Mitberg, E. B.; Lakhtin, A. A.; Kozhevnikov, V.
I.; Kharton, V. V.; Avdeev, M. Y.; Marques, F. M. B. Oxygen

nonstoichiometry, conductivity and seebeck coefficient of 45 (33) Adler, S.; Russek, S.; Reimer, J.; Fendorf, M.; Stacy, A.; Huang, Q.;
Fe-xGaO,.6510 perovskitesJ. Solid State Chen2002 167, 203— Santoro, A.; Lynn, J.; Baltisberger, J.; Werner, U. Local Structure
213. and oxide-ion motion in defective perovskit&alid State lonic4994
(31) Kharton, V. V.; et al. Oxygen permeability and ionic conductivity of 68, 193-211.
perovskite-related LgaSr #7e(Ga)Q-s. J. Electrochem. So2002 (34) Fossdal, A.; Menon, M.; Waernhus, |.; Wiik, K.; Einarsrud, M.; Gradne,
149 E125-E135. T. Crystal Structure and Thermal Expansion of; L&rFeCa-
(32) Hagenmuller, P.; Pouchard, M.; Grenier, J. C. Nonstoichiometry in Materials.J. Am. Ceram. So2004 87, 1952-1958.
the perovskite-type oxides: an evolution from the classical Schettky  (35) Grunbaum, N.; Mogni, L.; Prado, F.; Caneiro, A. Phase equilibrium
Wagner model to the recent high Tc superconduc®ufid State lonics and electrical conductivity of SrG@Fey 203-5. J. Solid State Chem.

199Q 43, 7—18. 2004 177, 2350-2357.
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La_Sr CoO reversible once secondary e_xpansion effects have been
18000 | 08" 0.2 3-0 subtracted. Error bars are estimated to be smaller than the
. symbols shown.
T=891°C These data show that the contribution of the oxygen
) 16000 - nonstoichiometry to the lattice volume is significant. A 2%
change in the oxygen content results in an expansion
equivalent to a temperature change of about 100 The
14000 - M T=795°C thermal and chemical contributions to the expansion appear
to be remarkably similar for all of the materials, at all
temperatures and valuesB§,. Significant curvature in the
12000 ‘w . chemical expansion is apparent, but it does not appear to
=694 C o Exp. contain discontinuities, as might be expected if a first-order
+ Cal phase change were occurring at the lowsts.
10000 = 001 002 0.03 004 In principle, one can fit the data in Figures-8to eq 3 in
order to obtain best-fit values for the thermal and chemical
expansivities. In practice, however, the range of temperatures
studied is too narrow to fully resolve the third-order terms

£, ppm

Uniaxial Expansion

Oxygen Vacancy Mole Fraction, =,

Figure 6. Equilibrium expansion data of LSC-82 ceramics as a function
of temperatureT and oxygen-vacancy mole fraction. The “+" data

represent the best fitting of the experimental dai& to eq 8. 0%elox,?, 0%/dT?2, and d%/(dx, dT).
To more accurately determine the thermal expansion near
La, Sr,,CoO, 25 °C, we also measured the isobaric expansion at low
21000 |- temperatures (25300 °C) where the chemical expansion is
g_ T=892°C zero and/or “frozen” at a small value because of slow oxygen
‘:: diffusion/exchange. These measurements were fit to a
o 1o0or parabolic profile [fe/dT).5c and @%/0T?)25c], and these
-g =794 °C values were used in subsequent fits of the high-temperature
g 15000 F data'.. ' .
5 Initial results using this approach showed that the cross
w T=696 °C term, 8%/(dx, dT), is small (usually below 2% of the total
& 120001 M chemical expansion) and thus is difficult to resolve with
5 statistical significance. This observation suggests that the
MWW‘: ° Bxp. thermal and chemical expansions are nearly independent of
9000 | + Cal.
. L . . . . . . each other. In this case, the nonlinear expansion (eq 3) can

0.00 0.02 0.04 0.06 0.08 be reduced to
Oxygen Vacancy Mole Fraction, =,

Figure 7. Equilibrium expansion data of LSC-64 ceramics as a function _ o — % _
of temperatureT and oxygen-vacancy mole fraction. The “+” data E(T'X") 6(25 C’O) ( (T 25)+
represent the best fitting of the experimental da& by using eq 8. T=25Cx=0
2
from the data results in a “corrected” transient (dash-dotted %(3—62) (T— 250+ aa—e X, +
line). This same basic algorithm is repeated at dglstep T =25 x,=0 X T=25Cx,=0
to determineAe;, Aez, Aes, etc., and then these individual 1 5% )
changes in the expansion are added to determine the total 215y 2 X, (8)
9%, r=25Cx,~0

oxygen-vacancy chemical expansion independent of second-
ary effects. “Corrected” data for LSC-37 at 89d are shown

R Table 2 summarizes the results obtained by fitting the data
in Figure 4.

in Figures 6-8 to eq 8 using nonlinear least squares.

To see if our results are consistent with isobaric expansion
measurements, we took the values of the thermal and

Figures 6-8 show equilibrium expansion measurements chemical expansions in Table 2 and used them to calculate
of LSC-82, -64, and -37, respectively, as a function of the the isobaric expansion of LSC-37 in air from 30 to 9@
temperature and oxygen-vacancy mole fraction, determinedFigure 9 compares the result of this calculation to that of
using the analysis procedures described above. Again, thethe measured isobaric expansion. The calculations agree very
oxygen-vacancy mole fractions shown here are based onprecisely at high temperature, where the sample is expected
previous measurements of the oxygen nonstoichiontétry, to maintain equilibrium with the ambienT and Po,.
interpolated to the specifi@ and Po, conditions of our However, at lower temperatures, the expansions agree in
experiment using a modified itinerant electron model (section slope but are shifted by a constant amount from that predicted
4.1). The data include measurements made on downwardby equilibrium.
and upward steps iRo, (as shown in Figure 1). In most Estimates of oxygen exchange and diffusion rates (both
cases, the points determined from upward and downwardactivated) suggest that they become slower than the sample
transients sit on top of each other, indicating that the primary cooling rate at 3086400°C, where we see the “knee” in the
expansion associated with oxygen nonstoichiometry is data. Thus, it appears this discrepancy results from the

5. Results and Discussion
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30000 £ 14000
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+ Cal s 0 s Il " 1 s | . 1 L ! L 1 L
- 4 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
10m0 1 1 1 1
0.04 0.06 0.08 0.10 0.12 0.14 Oxygen Vacancy Mole Fraction, x
Oxygen Vacancy Mole Fraction, z, Figure 10. Chemical expansion of LSC ceramics as a function of the

oxygen-vacancy mole fraction, normalized as described in the text. The
Figure 8. Equilibrium expansion data of LSC-37 ceramics as a function da}é%-dotted Iing is given by eq 9.

of temperatureT and oxygen-vacancy mole fraction. The “+" data
represent the best fitting of the experimental daté by using eq 8. Table 3. Summaries of Thermal and Chemical Expansivities of LSC
(x = 0.2. 0.4, and 0.7) from Different Approaches

material (1/3p3", (ppmPC)2 (1382, (ppm/ppmby

1 LSC-37 17.9 0.139
. LSC-64 15.8 0.129
-12000 I 1 LSC-82 16.5 0.112

T T T T
o o Experimental Expansion
Expansion from Eqn. 8

------- “Thermal" Expansion

-6000

ppm

a Calculated from the expansion data in the low-temperature range (25
‘ . X 450 °C). P Calculated from the expansion data in high-temperature range
-24000 | . . A . . (600-900°C).

® 18000 |

1on,
-
2
(7]
=
o
o
o

(as calculated using eq 8 based on parameters in Table 2)
1 and normalizing to zero expansion at an extrapolated vacancy
] concentration ok, = 0. The result of this normalization is
T 1 shown in Figure 10.

il La Sr CoO Assuming that the apparent single curve shown in Figure
, , | 06 o4 33 10 is physically meaningful, a parabolic regression of the
0 200 400 600 800 1000 data yields a “universal” correlation for chemical expansion

0,
Temperature, °C in the LSC family of materials:
Figure 9. Uniaxial expansion of LgSIh 7C00;—s and L& eSr.4C00s-¢
in air upon cooling from equilibrium in air at 908C. The expansion in 1
this case has been normalized to that prevailing at*@i air. The dotted gﬂc(xv) = 0.061+ 0.584, 9)
line shows the calculated contribution of thermal expansien, based on

the values in Table 2. The solid line adds the contribution of chemical c b . . .
expansionAec, based on the values in Table 2, using eq 8. This comparison which is plotted with the data in Figure 10. Care should be

illustrates the persistence of nonstoichiometry in samples having a high taken not to interpret this parabolic correlation too univer-

-4000 -

-8000

Uniaxial Expans

-16000 |

dopant content upon cooling at a finite rate. sally, recognizing the restricted range of vacancy concentra-
Table 2. Summaries of Thermal and Chemical Expansivities of LSC tions actually measured for each material. Measurements over
(x = 0.2, 0.4, and 0.7) by Best Fitting of the Experimental Data in a wider range of vacancy concentrations in each individual
Figures 6-8 to Equation 8 material would be needed to fully validate the universality
material (1/3pr (ppmFC) (1/3)3¢ (ppm/ppm) (and binary dependence) apparent in the data. Nonetheless,
LSC-82 1592+ 3.06x 10T —25°C)  0.054+ 1.53%, the data from all materials at all temperatures are remarkably
LSC-64  14.20+4.84x 10T —25°C)  0.055+0.81k, contiguous, given the range of temperatures and Sr contents

LSC-37 155K 7.50x 10°%T—25°C)  0.062+ 0.561x,
represented.

oxygen nonstoichiometry “freezing in” as the sample is  To compare our results to those of other materials in the

cooled at a finite rate. Similar behavior has been observedliterature, average uniaxial thermal and chemical expansivi-

previously for LaeSr4Coo e d0s-s.121% Residual non-  ties were calculated for relevant temperature and stoichiom-

stoichiometry appears to be higher for materials with higher etry ranges as

Sr content, reflecting their higher_oxygen nonstoichiometry ol ol

in _T_rr\]e 306-400°C temperature window. 1. n (gﬂT(T)) dr 1. fxvl (gﬂc(x\,)) dx,
e results summarized in Table 2 show that the thermal gﬂT 9= —T -7 gﬁc I —=—— 1

and chemical expansion properties of LSC-82, -64, and -37 2 1 X2

are remarkably similar when extrapolated to low vacancy

concentration and temperature. To investigate this possibility with the results summarized in Table 3. Over the temperature

further, the chemical expansions(x,), of all of the LSC range 25-450°C, the average thermal expansivities of LSC-

samples were compared by subtracting the thermal expansior82, -64, and -37 were found to be similar, varying—18

. 10a,0)
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Table 4. Experimental and Estimated Chemical Expansivities, (1/3)
PRYY, of Various Perovskite Materials

material measuréd  calculated ref
LaMnOsz—s 0.072 0.078& 28
0.60
Lap gS10..CrOs-s 0.087 0.202 42,43
Lao.76510.24Cr0z—s 0.060 8,17
Lap 7S10.5CrOz—s 0.069 8,17
LagxSKCrOz—s 0.072 8,44
Lag o«Ca.1Cr0z—s 0.063 42
Lag6Cap.2CrOs-s 0.084 42
Lap 7C& 3CrOz—s 0.108 8,17
La;xCaCrOsz—s 0.075 8,44
Lag gSrp.2C00;s- 5 0.112 0.047 this study
0.248
Lap 6S10.4C00s3- 0.129
Lag 3Srh.7Co0s— 0.139
Lag 7Ca&.3Cro.0Al0.103-5 0.108 0.202 8,17
Lap.7Cay.3Cr.9Gay 103 0.075 8,17
Lao.7Ce.5Cro.9Ti0.105-6 0.096 8,17
Lao 7C&y.3Cro.oMnNo.103-5 0.048 8, 17
Lap.7Cay.3Cr0.9Cp.103- 0.036 8,17
Lap 7C& 3Cro.oF & 1035 0.060 8,17
Lag 7Ca.3Cro.oNi0.103-¢ 0.039 8,17
Lao 7Cep.3Cro.oCl0.105-5 0.059 8,17
Lap. 7Ca.3Cr0.9ZNo.103-s 0.066 8,17
Lag 8S10.2Cro.97V0.003-5 0.090 8, 44

aMany of the values in this column were estimated based on measure-

ments of Aec/Ad over a finite change in stoichiometid. (Y3)Ba is
comparable to Rec/Ad. P Reported value for the oxygen-deficient regime
only (low Po,). ¢ Estimated on the basis of low-spin radii if applicable.

d Estimated on the basis of high-spin ionic radii if applicalSI€alculated
values of B-site-substituted chromite are close to that of the nonsubstituted
chromite due to a large ratio of chromium, regardless of the substituted
ionic valence change.

ppmFC. These values compare favorably with the CTE of
other materials of perovskite structufd!20:30.3640jncluding
those without large chemical expansivities. The average
chemical expansivity, calculated in the temperature range
600—-900°C, was found to be between 0.11 and 0.14 ppm/
ppm. This increase in (1/83° with the Sr content simply

Chen et al.

suggest that all perovskites have similar values of chemical
expansion, with (/32" falling somewhere in the 0.066

0.15 range, depending on the dopant and dopant concentra-
tion. In the case of LSC, we saw that most of this variation
arises from the nonlinearity observed in FiguresQ6ather

than an explicit dependence on the dopant concentration. This
raises the possibility that the variations seen in the average
Bc among materials in Table 4 may also be due, in part, to
variations in the vacancy concentration. Further investigation
of this possibility via studies of the type presented in this
paper would be needed to address this question.

The reason that the chemical expansion appears to ac-
celerate with increasing vacancy concentration remains
somewhat unclear. Numerous workers have attempted to
correlate the isothermal chemical expansion with changes
in the average ionic radii of catiofgd?28344244 With this
view, charge disproportionation of the B-site cation (resulting
from the introduction of oxygen vacancies) is assumed to
occur, and the weighted average radius is calculated based
on the ionic radii corresponding to the individual dispro-
portionated oxidation stat@&Relating the predicted lattice
volume changes to the definitions in egs 1 and 2, we would
expect

1, _1foin _ In(Vy)
fc_s( X, )T,P= 3Ax,
In{[(a, + Aa)/a]’} __3Aa _ 6ATg (11)
AO T Adra; Ad-a

where & is the pseudocubic lattice parameter3(9 A at
zero oxygen nonstoichiometry) amnglis the average radius
of the B-site ion. The change in the average ionic radius
(ATg) is related to the change in the oxidation staté) by
considering the weighted average of the radii of the trivalent

reflects the fact that the chemical expansion is nonlinear (aszn tetravalent B ions:

illustrated in Figure 10) and that the average vacancy
concentration is higher for materials with higher Sr content.
Table 4 compares the results summarized in Table 3 to

the oxygen-vacancy chemical expansion of selected perov-

skites reported in the literatu?é?18.21.28.3034.424 These values

(36) Qiu, L.; Ichikawa, T.; Hirano, A.; Imanishi, N.; Takeda, Y.
Lni-,SrCo—yFeyGs-s (Ln Pr, Nd, Gd;x = 0.2, 0.3) for the
electrodes of solid oxide fuel cellSolid State lonic2003 158 55—

65.

(37) Ullmann, H.; Trofimenko, N.; Tietz, F.; Stover, D.; Khanlou, A. A.
Correlation between thermal expansion and oxide ion transport in
mixed conducting perovskite-type oxides for SOF cathoBeld State
lonics 200Q 138 79—-90.

(38) Kharton, V. V.; Yaremchenko, A. A.; Patrakeev, M. V.; Naumovich,
E. N.; Marques, F. M. B. Thermal and chemical induced expansion
of LaSr(Fe, Ga)@-s ceramics.J. Eur. Ceram. So2003 23, 1417~
1426.

(39) Stevenson, J. W.; Hasinska, K.; Canfield, N. L.; Armstrong, T. R.
Influence of cobalt and iron additions on the electrical and thermal
properties of (La, Sr)(Ga, Mg)Qs. J. Electrochem. SoQ00Q 147
(9), 3213-3218.

(40) Hayashi, H.; Suzuki, M.; Inaba, H. Thermal expansion of Sr- and Mg-
doped LaGa@ Solid State lonic2000 128 131-139.

(41) Shannon, R. D. Revised effective ionic radii and systematic studies
of interatomic distances in halides and chalcogeniflet Crystallogr.
1976 A32 751-767.

(42) Boroomand, F.; Wessel, E.; Bausinger, H.; Hilpert, K. Correlation
between defect chemistry and expansion during reduction of doped
LaCrG; interconnects for SOFCSolid State lonic00Q 129, 251—

258.

 [Bilrg,. T [Bjlrs,.
r =

8 (B]
where the concentrations of trivalent and tetravalent B-site

ions are derived from the site balance and charge neutrality
conditions:

(12)

[Srial = 2[Vc] + [Bgl

[Bg] + [Bg] =[B] (13a,b)
where [Sf,] = x and [V3] = 6. Combining eqgs 1113, the
relationship between the chemical expansivity of perovskite
oxides and the variation of the average radius of the B-site
ion is given by

12(rBBX - rBB_)

2 (14)

-

(43) Zuev, A.; Singheiser, L.; Hilpert, K. Defect structure and isothermal
expansion of A-site and B-site substituted lanthanum chronfelsd
State lonic2002 147, 1—11.
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Table 5. Shannon Effective lonic Radii, in A, for Selected lon&*!
Crt  CPB*  Fé*  FSHHS) CoH(HS) CHHHS) CAHHLS) V4 V3 Mn  Mn3*(HS) M (HS) M2 (LS)
0.55 0.615 0.585 0.645 0.53 0.61 0.545 0.58 0.64 0.53 0.645 0.83 0.67

a All of the radii were selected in 6-fold coordination. LS, HS: low-spin and high-spin configurations, respectively.

2000

Equation 14 predicts a linear dependence of the chemical
expansion on the vacancy concentration, with a constant
value of Bc. When the Shannon effective ionic rddiare
applied in octahedral coordination (Table 5), the linear
chemical expansivities of various perovskite oxides can be
estimated from eq 14. The estimated chemical expansivities
are compared with the experimental values in Table 4.

As can be seen in Table 4, the estimated chemical
expansivities based on this approach are generalfytitnes
higher than that measured experimentally, assuming that the
spin configuration of the B-site cation does not also change
upon a change in the oxidation state. ] . . . . .

In the case of LSC, the spin state of Co in LSC has been 05 04 03 02 04 00 01
a matter of considerable study and del&té! Low and Electron Occupancy Number, 6x -x
intermediate temperature magnetic measurements seem tgigure 11. Chemical expansion of LSC as a function of the Co oxidation
suggest that, with increasing temperature or Sr doping, theState: as described in the text.
spin configuration of Co changes gradually from low spin
to intermediate spin (or high spin). It is therefore possible 8a,
that some portion of the nonlinearity seen in Figure 10 is
associated with this spin-state transition. However, to explain
such small values of the chemical expansion in LSC based {
solely on this argument, one must assumé*Ge low spin, {
while Co** is high spin, which does not seem likely given ><>
our current understanding of the electronic structure in these
materials®®

These considerations suggest that the ionic radius and 2
oxidation state are insufficient to fully explain the chemical
expansion; other factors must be involved, such as local < — 9
lattice distortions and/or preferred coordination. To further gy e 12, Qualitative explanation of why expansion may be nonlinear
illustrate this point, Figure 11 shows a replotting of the with the vacancy concentration. M@ctahedra of initial dimensioay, (light
chemical expansion data for LSC (shown in Figure 10) as g gray) experience an average increase_ in the bond Iength_(dqu gray) near
function of the Co oxidation state, reported in terms of the ﬁ]n oxygen vacancy. At low concentration, the net expansion is muc_h less

an the average bond length because the other bonds surrounding the
electron occupation numbé&rn. = 6x, — x. When Figures enlarged octahedron must shorten for it to fit within the surrounding lattice.

10 and 11 are compared, it would appear that the chemicalAt higher concentrations, cooperative ordering processes may occur that
' lessen the lattice strain.

o LSC82 %
ok
A
LSC-37 g EOA

-2000 -

Normalized Chemical Expansion, ¢, ppm
2
&
%%,

g

(44) Larsen, P. H.; Hendriksen, P. V.; Mogensen, M. Dimensional stability : : : :
and defect chemistry of doped lanthanum chromidleIherm. Anal. expansion in LSC is more strongly tied to the vacancy

1997, 49, 1263-1275. concentration than to the oxidation state.

(45) Sémris-Rodfguez, M. A.; Goodenough, J. B. Magnetic and transport i i ;
properties of the system LaSKCoO;—s (0 < x < 0.50).J. Solid One possible explangtlon for this appare_nt dependence .On
State Chem1995 11, 323—336. the vacancy concentration is the lattice strain associated with

(46) Eama?fuc?i,_s.;OkimE_tto, tY.;|sthibaS_thi. K-:TtollwraaY- '\fsgn&togptical doping in a three-dimensional (3-D) lattice. Equation 14
err efects In perovskite-type transition-metal oxiaes: KVINO3 . . . . .
and La_,SKCoOs. Phys. Re. B 1998 58, 6862-6870. es;entlally assumes a on_e—dlmensmnal .Iattlce,l where substi-

(47) Caciuffo, R.; Rinaldi, D.; Barucca, G.; Mira, J.; Rivas, J.” & tution of an alioradiant cation translates directly into a change

Rodrguez, M. A.; Radaeli, P. G.; Fiorani, D.; Goodenough, J. B. ; ; ; ;
Structural details and magnetic order ofiL#5C00s.s (0 < X = in the average lattice p_arameter. Howe_ver, as illustrated in
0.30).Phys. Re. B 1999 59, 1068-1078. Figure 12, in a 3-D lattice any change in the average bond

(48) Ravindran, P.; Korzhavyi, P. A, Fiellvag, H. H.; Kjekshus, A. |ength in the vicinity of a vacancy cannot occur without

Electronic structure, phase stability, and magnetic properties of . . . . . .
La;-xSKC0O; from first-principles full-potential calculation®hys. dl§t0l‘tl_0n Qf th? surr_oundlng lattice. The strain associated
) Rev. B 1999 60, 1642}16434# y with this distortion will generally act to counterbalance the
49) Baio, G.; Barucca, G.; Caciuffo, R.; Rinaldi, D.; Mira, J.; Rivas, J.; ; TP
Seraris-Rodfguez, M. A.; Fiorani, D. Phase separation, thermal history longer bond lengths_ n _the vicinity of the vacancy. As the
and magnetic behaviour of Sr doped LaGoD Phys. Condens. Matter vacancy concentration increases, however, one expects that

200Q 12, 9761-9770. he alioradian ions  will in inter iall
(50) Ravindran, P.; Fjellvag, H. H.; Kjekshus, A.; Blaha, P.; Schwarz, K.; the a. 0 ad.a t C.at ons beg t'O . teract . spatially,
Luitz, J. Itinerant metamagnetism and possible spin transition in reducing this strain energy and allowing increasing volume

léggOQ by temperature/hole doping. Appl. Phys2002 91, 291~ expansion for a given number of substitutions.
(51) Wu,. J.; Leighton, C. Glassy ferromagnetism and magnetic phase On the basis of a me_an'f'_eld argl_lmen_t we mlght e)fpeCt
separation in La,SKCoQs. Phys. Re. B 2003 67, Art. No. 174408. such an effect to result in an increasing binary term at higher
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vacancy concentrations, as proposed, for example, bythe temperature range 2850 °C were found to fall in a
Lankhorst in the context of vacancy enthafgylhis would similar range for all materials, varying between 16 and 18
be consistent with the apparent parabolic dependence seeppmfC, with a moderate temperature dependence. The
in Figure 10. On the other hand, if the material experiences chemical expansivity of all three materials was also found
a phase instability at high vacancy concentration (as weto be similar, following a consistent nonlinear trend over
suspect it does from the expansion hysteresis), it is perhapgshe range of data studied, with (143)x,) = 0.061+ 0.58x,.
surprising that the interaction would appear only binary over One possible explanation for this nonlinear dependence is
such a wide range of vacancy concentrations. This interpreta-the relaxation of the lattice strain as more oxygen vacancies
tion would require that any phases formed by ordering or are introduced into the lattice.
segregation of vacancies would all have similar dependences Secondary expansion effects and/or expansion hysteresis
of the lattice volume on the vacancy concentration, such thatwere also observed in the dilatometric measurements. This
the volume-averaged expansion of the polycrystalline mate- hysteresis appears as a linear drift in the expansion over
rial would exhibit a uniform trend, even when local variations several days following Bo, transient. Experimental artifacts,
in the vacancy concentration prevailed. Such a situation or slow changes in the oxygen stoichiometry, have been
might be plausible, for example, if local vacancy interactions eliminated as explanations. We are currently investigating
generally mimicked ordering processes at higher concentra-the possibility that LSC experiences phase instability at a
tions, such as the formation of ordered microdom&ins high vacancy concentration, even when the temperature is
the formation of reduced-symmetry perovskite-like ph&3es. very high (900°C). Interestingly, this phase instability has
little effect on the oxygen-vacancy chemical expansigity
6. Conclusions possibly because the volume-average properties of the sample
remain similar even when vacancies cluster or segregate.
The equilibrium thermal expansivity3r, and oxygen-

vacancy chemical expansivitge, of La, xSKLC0Os5 (X = Acknovlélledgdme_nt. Th(ijs Stgizg"as suppozrtzezd b){thedNazti;;al )
0.2, 0.4, and 0.7) have been measured using controlled-Science Foundation under Grants 0222001 and 0222002.
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(52) Adler, S. B.; Reimer, J. A.; Baltisberger, J.; Werner, U. Chemical used in these measurements.
Structure and dynamics in BaxOs. J. Am. Chem. Sod.994 116
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