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bstract

hermal expansion coefficients (TECs) of Sr- and Mg-doped LaGaO3 were measured continuously from room temperature up to 1000 ◦C. It was
bserved that TECs increased with the increase in dopant concentration. In the continuous TEC curve depression due to a structural change from
rthorhombic to rhombohedral of the material was also observed. It was found that at a given Sr content varying the amount of Mg content led to an

ncrease in the phase transformation temperature whereas the reverse was found to be true with the increase in Sr content. The thermal expansion
as found to increase with increasing oxygen vacancies irrespectively of the type of the dopant responsible for causing the vacancy. This increase
as attributed to the weakening of the binding energy as a result of the creation of additional oxygen vacancies.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Strontium and/or magnesium doped lanthanum gallate
LaGaO3) ceramics are promising electrolyte materials for
olid oxide fuel cells because of their superior oxygen ion
onducting properties over a wide range of oxygen partial pres-
ure. While the cell performance of La1−xSrxGa1−yMgyO3−δ

LSGM, where δ = (x + y)/2) and conductivity data and other
roperties of this group of materials are reported,1–5 the ther-
al expansion coefficient (TEC) data are surprisingly not well

ocumented.
Given the fact that a solid oxide fuel cell is composed of dif-

erent materials functioning as a cathode, anode, solid electrolyte
nd interconnect, respectively, it can be considered as a classical
xample of composite material. Since such composites are used

t high temperatures, it is necessary that all their components
ave matching TECs in the temperature range of interest. Oth-
rwise, there is a risk of fracturing the composite. Thus, TECs
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LaGaO3

f the materials are important for the practical design of their
se at high temperatures. As the thermal expansion of inorganic
aterials is often expressed with a polynomial series of temper-

ture having no physical meaning, it is not proper to extrapolate
he expansion value beyond the measured range.

The knowledge of actual TEC data is important because
aGaO3 is polymorphic having orthorhombic structure at room

emperature and it transforms to a rhombohedral symmetry
t around 148 ◦C.6–8 The average TEC of Sr- and Mg-doped
aGaO3 has been investigated by various researchers.9–11 Ishi-
ara et al.12 measured the TEC of La0.9Sr0.1Ga0.8Mg0.2O2.85
etween room temperature and 1000 ◦C and found that it is sim-
lar to that of yttria stabilized zirconia. However, they could
ot find any phase transition in doped LaGaO3 in this tem-
erature range. Recently Hayashi et al.13 reported about the
EC behaviour of doped LaGaO3 as a function of temperature,
ut they have not taken the crystal structures of the different
ompositions into account. However, Datta et al.14 have shown
rthorhombic, orthorhombic + rhombohedral and cubic crystal

tructures of doped LaGaO3 depending on the amount of dopant
oncentration.

It is noted that the symmetry of ABO3 type perovskite mate-
ials is very much dependent upon the extent of edge sharing

mailto:pdatta@rediffmail.com
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It is also observed that the thermal expansion is higher when
Mg substitutes Ga. In Figs. 2–4, the TEC curves of LG with
varying amounts of Mg and a fixed Sr content are shown. It
is observed in the above figures that TEC increases gradually
464 P. Datta et al. / Journal of the Europe

xygen octahedra. In the ideal structure, where the atoms are
ouching one another, the B–O distance is equal to a/2 (a
s the cubic atomic cell parameter) while the A–O distance
s a/

√
2 and the relationship between the ionic radii holds:

A + rO =
√

2(rB + rO). The cubic structure is normally retained
ven if there is a slight deviation from this relation. As a mea-
ure of the deviation from the ideal situation, Goldschmidt15

ntroduced a tolerance factor (t) defined by:

= rA + rB√
2(rB + rO)

hich is applicable at room temperature to the empirical ionic
adii of the constituents. Although for an ideal structure t is unity,
his structure is also found for lower t values (0.75 < t < 1.0).
eviations from the ideal structure with orthorhombic, rhom-
ohedral, tetragonal, monoclinic and triclinic symmetry are
nown, although the latter three are scarce and poorly charac-
erized. The distorted structure may exist at room temperature,
ut it transforms to the cubic structure at high temperatures.
his transition may occur in several steps through intermedi-
te distorted phases. These deviations from the cubic perovskite
tructure may proceed from a simple distortion of the cubic unit
ell or an enlargement of the unit cell or a combination of the
oth. This distortion and tilt is also dependent on the size of A
nd B site cations. Thus, it is necessary to consider the phase
ransition of LSGM, which belongs to perovskite group, while

easuring the TEC.
In the present study, the TEC of Sr- and Mg-doped LaGO3

ith systematically changed dopant contents are measured and
he doping effect is discussed in terms of the oxygen vacancy,
aking into account the individual crystal structures.

. Experimental procedure

The samples were prepared by solid state synthesis starting
rom powders of La2O3 (99.99%, Sigma–Aldrich, Steinheim,
ermany), SrCO3 (98%+, Sigma–Aldrich, Steinheim, Ger-
any), Ga2O3 (99.99%, Sigma–Aldrich, Steinheim, Germany)

nd MgO (98%+, Merck, Darmstadt, Germany). The powders
ere first dried at 130 ◦C for 3 h in air then weighed and mixed

n appropriate amounts to get the individual overall nominal
ompositions. The powder mixtures were thoroughly mixed by
illing in a zirconia ball mill for half an hour and then calcined

t 1200 ◦C for 24 h in air, subsequently milled for half an hour
nd then finally calcined at 1400 ◦C for 24 h in air. The calcined
owder was then milled for 2 h to obtain a homogeneous powder
ith a particle size of few microns. The powder mixtures were

hen isostatically cold pressed at 625 MPa for 60 s into rectan-
ular compacts with the dimension of 15 mm × 5 mm × 5 mm.
he pressed samples were then sintered at 1500 ◦C for 12 h at a
tatic air atmosphere. Heating rate for all cases were 5 ◦C/min

nd all samples were furnace cooled to room temperature. In this
ext the following nomenclature will be followed, for example,
a1−xSrxGa1−yMgyO3−δ will be referred as LSGM xy for the
ake of convenience.

F
p
L

ramic Society 29 (2009) 1463–1468

.1. Sample characterization

The TEC measurement was carried out in air using a push rod
ype differential dilatometer (Model 802, Bähr-Thermoanalyse
mbH, Hüllhorst, Germany) in the temperature range from

oom temperature to 1000 ◦C. A bar of sapphire of the dimension
f 10 mm × 4 mm × 4 mm was used as the reference sample.
easurements were performed at a heating and cooling rate of
◦C/min. TEC (α) is generally expressed by:

= dL/dT

L

Since data of length and temperature are both functions of
ime, the above expression can be written as

= (dL/dt)/(dT/dt)

L

here L is the length of a sample at room temperature and dt is
he time interval of the sampling. Data of differential length and
emperature was acquired every second and differential thermal
xpansion (dL/dt) was calculated after smoothening the data.

Differential scanning calorimetry (DSC) (Model STA 449C,
ETZSCH-Gerätebau GmbH, Selb, Germany) of some selec-

ive samples were carried out using around 50 mg of powder.
amples were heated in an alumina crucible up to 900 ◦C with a
eating rate of 3 ◦C/min. Chosen atmosphere was a mixture of
rgon with 20% O2.

. Results

Fig. 1 shows the thermal expansion of LaGaO3 (LG),
a0.9Sr0.1GaO3−δ (LSG 10), LaGa0.9 Mg0.1O3−δ (LGM 10) and
aGa0.8Mg0.2O3−δ (LGM 20). Abnormalities of the thermal
xpansion for LG and LSG10 can be seen at around 148 ◦C.
ig. 1. TEC of LaGaO3 with either A or B site dopants as a function of tem-
erature. (a) LaGaO3, (b) La0.9Sr0.1GaO3−δ, (c) LaGa0.9Mg0.1O3−δ, and (d)
aGa0.8Mg0.2O3−δ.
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Fig. 2. Variation of TEC of La0.9Sr0.1Ga1−yMgyO3−δ with temperature. (a)
y = 0.05, (b) y = 0.10, (c) y = 0.15, and (d) y = 0.20.

Fig. 3. Variation of TEC of La0.85Sr0.15Ga1−yMgyO3−δ with temperature. (a)
y = 0.10, (b) y = 0.15, and (c) y = 0.20.

Fig. 4. Variation of TEC of La0.80Sr0.20Ga1−yMgyO3−δ with temperature. (a)
y = 0.10, (b) y = 0.15, and (c) y = 0.20.
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ig. 5. Variation of TEC of La1−xSrxGa0.9Mg0.1O3−δ with temperature. (a)
= 0.05, (b) x = 0.10, (c) x = 0.15, and (d) x = 0.20.

ith increasing amount of Mg dopant. A significant point to
e noted here is the fact that an increase of the Mg content
auses the abnormalities in the TEC to shrink and to become
roader. Also, it is observed that the transition temperature of
he abnormality increases with the increase of Mg content. How-
ver, when the results of Figs. 2 and 3 are compared it is readily
isible that the transition temperature has become even broader.
owever, when the Sr content is increased further (Fig. 4) it is
oticed that the abnormality in the TEC curve reappears (Fig. 4,
ine a) when the Mg content is low. Only when the Mg content
s increased simultaneously, the transition point again moves
o the higher temperature and becomes broader. In Fig. 5, the
ffect of Sr doping on the TEC curve of LSGM at a fixed Mg
ontent is depicted. It is found that TEC increases with increas-
ng amount of Sr content. It is also noticed that there is little
r no difference in TEC when the increment of dopant is small.
n Figs. 6 and 7, the Sr content has been varied again, keep-

ng the Mg content at 15 and 20 at.%, respectively. In this case
he trend is similar, i.e. TEC increases with the increase of
opant content. Although it is difficult to pin point the exact

ig. 6. Variation of TEC of La1−xSrxGa0.85Mg0.15O3−δ with temperature. (a)
= 0.10, (b) x = 0.15, and (c) x = 0.20.
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after cooling.

Electrostatic attraction and repulsion forces within the lat-
tice of a material namely lattice energy, determine the thermal
expansion of the material. These forces are the function of the
ig. 7. Variation of TEC of La1−xSrxGa0.80Mg0.20O3−δ with temperature. (a)
= 0.10, (b) x = 0.15, and (c) x = 0.20.

ransition temperature from the TEC curves other than that of
G, the lowest data point has been taken as the transition tem-
erature and is given in Table 1. It is noted here that earlier
ndings14 indicate some compositions like LSGM 1020, LSGM
515 and LSGM 2010 to possess a mixed orthorhombic and
hombohedral structure. Thus, the given transition point should
e taken as transformation from the pseudo-orthorhombic to the
hombohedral structure for the above mentioned compositions.
t is noticed from Table 1 that the transformation temperature
ncreases with Mg doping but decreases with Sr doping. It is
nteresting to note that LSGM 2015, LSGM 1520 and LSGM
020 [Figs. 6 and 7, Fig. 6, line c and Fig. 7, lines b and c]
amples do not show any transition point in their TEC curves.

As the intended operation temperature of SOFC is between
00 and 800 ◦C, the absolute value of TEC between 600 and
00 ◦C is shown in Fig. 8 as a function of the oxygen vacancy
which arises irrespective of A or B site doping by Sr and Mg,

espectively. Factor δ was calculated using electro-neutrality
ondition. It is observed from Fig. 8 that the TEC linearly

ncreases with the increase of the oxygen vacancy. Also, as
xpected, at higher temperatures TEC has higher values than
t lower temperatures. The DSC curves of some selected sam-

able 1
rthorhombic to rhombohedral phase transformation temperature (TC) of dif-

erent La1−xSrxGa1−yMgyO3−δ compositions.

ample TC (◦C)

G 148
SG 10 134
GM 10 359
GM 20 655
SGM 510 403
SGM 1010 402
SGM 1510 316
SGM 2010 239
SGM 105 333
SGM 1015 407
SGM 1020 420
SGM 1515 356 F

L

Fig. 8. Variation of TEC as a function of O2 non-stoichiometry (δ).

les clearly indicate that LG exhibits a pronounced endothermic
eak at about 150 ◦C, whereas, LSGM 2020 does not (Fig. 9).

. Discussion

The samples were sintered at 1500 ◦C because of the assump-
ion that at this temperature the diffusivity of the constituents
as high enough so as to form the equilibrium phases. It is also

ssumed that furnace cooling was fast enough to avoid reaction
y long distance diffusion and only polymorphic transforma-
ions were expected to occur during cooling. Strictly speaking
ll investigated samples were metastable by nature. Rozumek et
l.16 found that at around 1100 ◦C, the solubility of Sr and Mg
as close to zero. This thermodynamic limitation forces to pre-
are samples at high temperatures and to cool sufficiently fast
n order to retain the phases which formed at high temperature
ig. 9. DSC curves of (a) LG, (b) LSG 10, (c) LGM 10, (d) LSGM 1010, (e)
SGM 1515, and (f) LSGM 2020.
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ig. 10. Variation of the calculated Goldschmidt’s tolerance factor (t) with (a)
a0.9Sr0.1GaO3−δ.

ositive and negative charges and their locations in the lattice.
he thermal expansion increases if the attraction forces decrease.
or a definite crystal structure and at a fixed oxygen/metal sto-

chiometric composition, the TEC is characterized only by the
attice vibrations.17 However, if there is loss of oxygen due to
n increase in temperature or due to a reducing atmosphere then
hermal expansion will be increased. Doping of Sr and Mg incor-
orates oxygen vacancies in the parent lattice of LaGaO3. So,
n increase in TEC is expected. Further, the substitution of the
arger Mg cation for the smaller Ga cation increases the weighted
verage radius of B site cation, which in turn decreases the
oldschmidt’s factor t, as can be seen from the Fig. 10(b). The

tomic radii of the elements, which are taken from literature18

re given in Table 2. The substitution of Ga by Mg enlarges the
O6 octahedra locally and the tilting of BO6 octahedra in the
oped LaGaO3 becomes larger than that of GaO6 octahedra. The
arger tilting of the BO6 octahedra may restrict the rearrange-

ent of the octahedra during the phase transition. This is the
eason why Mg doping increases the transition temperature. In
ontrast with Mg doping, Sr doping for the La site, decreases
he transition temperature. Fig. 10(a) shows calculated t values
ith the variation of the Sr content. It implies that increasing t
ecreases the tilting of the BO6 octahedra by doping. This may
e the reason for the decrease of transformation temperature
ith increasing Sr doping.
There is a definite change in the distortion of the perovskite

ith Sr and Mg doping as their atomic radii are different
rom that of La and Ga, respectively. Consequently, in case of

aGaO3, the angle between Ga–O–Ga, which is the measure
f angles between the neighbouring oxygen octahedra, has to
hange with increasing Sr and Mg dopant contents. Different
hase modification of LaGaO3 with the increase in Sr and Mg

able 2
onic radius of the elements18.

lement Radius (Å)

a3+(XII)a 1.36
r2+(XII) 1.44
2− (VI) 1.40
a3+ (VI) 0.62
g2+(VI) 0.72

a Co-ordination number.

L
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t
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asing Sr content in LaGa0.9Mg0.1O3−δ and (b) with increasing Mg content in

opant is a direct result of the change of the degree of tilt and
istortion of the oxygen octahedra.

LSGM 1520, LSGM 2020 and LSGM 2015 do not show any
ransition temperature because the structures of these compo-
itions are cubic at room temperature. This is consistent with
he findings from the XRD studies.14 However, this does not
gree with Hayashi et al.13 They found a transformation even
n the above mentioned compositions too. It is rather overesti-

ation to consider all compositions of LSGM as orthorhombic
t room temperature. Other than that, the present result matches
ell with them. Literature reports concerned with the TEC of Sr-

nd Mg-doped LaGaO3 oxides, as the temperature derivative of
hermal expansion, are limited to that of Hayashi et al.13 though
here are some reports on the average TEC values as mentioned
efore. Therefore, there are not enough reference data to be com-
ared with our results. TEC of LSGM 2020 at 600 ◦C is reported
o be 11.57 × 10−6 ◦C−1,13 whereas, the value obtained by the
resent study is 10.47 × 10−6 ◦C−1. This difference is attributed
o the presence of appreciable amount of the secondary phase
aSrGa3O7

19 which has lower TEC value than that of LSGM.20

s a consequence, in the present study, the average TEC value
f LSGM 2020 is found to be lower than that reported in the
iterature. However, the transformation temperature obtained
rom the TEC curves and that of DSC is in good agreement
nd fall within ±10 ◦C. As the DSC curves also do not show
ny sharp transition point, rather a gradual transition (Fig. 10),
comparison is done by a manual examination of the peaks.
ome authors21,22 reported the enthalpy of formation for doped
aGaO3. They found it to decrease with the content of oxygen
acancy. This means that the binding energy of doped LaGaO3
ecomes smaller and therefore the thermal expansion coefficient
ecomes larger with the increase of oxygen vacancies (Fig. 8).

. Conclusion

The TEC of Sr- and Mg-doped LaGaO3 was measured con-
inuously from room temperature up to 1000 ◦C. LaGaO3 retains
rthorhombic structure even after a total dopant concentration of

5 at.%.14 As LaGaO3 transforms to rhombohedral at 148 ◦C, in
he continuous TEC curve depression due to structural change
rom orthorhombic to rhombohedral of the material was also
bserved. It was found that there is a specific pattern in the trans-
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ormation temperature and the type and amount of dopant. At a
iven Sr content, varying the amount of Mg content increased
he phase transformation temperature, but the same decreased
ith the increase of Sr content. The effect of doping on TEC was

nterpreted in terms of the oxygen vacancy created by doping. It
as found that TEC increases with the increase of oxygen vacan-

ies irrespectively to the type of dopant which is responsible for
he vacancy. This increase was attributed to the weakening of
he binding energy as a result of creation of oxygen vacancy.
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