CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

There are many perovskite-type compounds with various properties. There
are isulators, dielectrics, magnetic materials, ionic conductors, mixed conductors,
and superconductors. Some are chemically quite active and good catalysts while
others are inactive. This study is foer J e of mixed conducting perovskites
as membranes in catalytic re ‘\k{ef the artial oxidation reaction. The
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background literature s of perovskite-type structure

and related ionic and electroni

formations of perovskites in

a reducing atmosphere, p thesi; mmém and the oxygen permeation
through a perovskite x
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2.1  Structure of Pero 'L\

7
The ideal perovsklte-typbﬂGxiﬁe sm;@is cubic with the generic formula
ABOs, where A is th? Arger cation in-a ""--"——'-'W-:-:-:,n on and B is the smaller
cation in a sixfold coordinati wi ygen ic 0 elge also can be regarded as

il |
from coner-sharing (BOg)

. :am Jok (1IN ik 110\ o
Alternatively, t it tio enter, as shown in
Flgure 2.1b. Eac oxygen ion is coordinated with twe B ions and four A ions. It was
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existence Of a stable BO; skeletal sublattice [19]. From geometric considerations, the

a framework structure

R eO3—type framework), construct

B cation radius must exceed 0.051 nm to achieve stable octahedral coordination in
oxide based perovskites. The BO; skeletal sublattice can be further stabilized by the
large A site cations in cubo-octahedral coordination at the center of eight BOg
octahedrons. The presence of the A-site cation generally distorts the BO; Skeletal
sublattice in order to attain optimal A-O bond lengths where the lower limits for



cationic radii are ro > 0.09 nm. When this distortion is too large, other crystal

geometries such as orthorhombic or rhombohedral become favorable.
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Figure 2.1 (a) Comer-sharin%_ﬁz@g) I and with A ions placed in twelve-

In the ideal stn’gcture, where the atoms are touc@ing one another, the B-O
distance is equ ‘ 'ri ic uni ﬁﬂ )owhile the A-O distance is
(a/2) and the f@jiﬂamatﬁn i mim: ra+r10 =2 (15 +
ro). However, it was found that thé cubic strucfiire was st}liﬁgeji the ABO;

compors|Sr) ek ks ohiobdnaed o exhedy it

deviation%rom the ideal structure, Goldschmidt [21] defined the tolerance limits of the

asure of the
size of ions through a tolerance factor, t as Equation (1)
when t=(ra +ro)/ [V2 (1 + 0)] (1)

where 1, 1, and ro are the radii of respective ions. t would be equal to one for the

ideal structure. In fact, the perovskite structure exists in oxides only between the



limits 0.75 < t < 1.0 with t between 0.8 and 0.9 in most cases. For tolerance factors
between limits 0.9 < t < 0.75, a cooperative buckling of the corner shared octahedron
takes place, leading to orthorhombic distortion. When there is octahedral buckling, a
small deformation from cubic to rhombohedral symmetry may take place. This occurs
for tolerance factors between 0.9 < t < 1.0 [20].

Besides the ionic radius requirements, the other requirement to be fulfilled is
electroneutrality, i.e., that the sum of charges of A and B ions equals the total charge
of O anions. It is attained in the cas o‘faw by means of charge distribution of the

form A"*B>*0;, A*B*0;, or Ai"Ba““ of the chemical elements that are

known to be stable in the f the perovskite structure was
reported by Goodenough dat&'é‘ﬂ"&s.s{,g;cture and properties of this
type of compound shoy j:stable eTM have been included in the
perovskite framework, oth the A and B positions.
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2.1.2 Nonsto Péro
-/ \
Nonstoichiometry i p ski €s ther cation deficiency (in the
AorB s1te) anion deficiency, or: en_i;qn €XC wever, the partial substitution of A

cation deficiency, A-S__x'te catlons can be nlnssmg WM apse of the perovskite
""" n the contrary, B-site
the lgge formal charge and the
small size of the B catlorbs in perovskites [1 Nevertheless, an oxygen vacancy in

i A S ) 1T

Many oxygen-deficient perovskltes can be described on the bas15 of complex
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numbers of A and B cations. Oxygen vacancies are accomplished by substituting ions

vacancies are not ener‘%jtically favored becau

of similar size but different valence. For example, some of the La>* ions in LaBQO; are
replaced by Sr** to form La; xS1xBOs5, and, therefore, oxygen vacancies are formed.
The former composition can be considered as an anion-deficient perovskite with
one-sixth of the oxyéen ions being vacant. Oxygen vacancies are ordered in alternate
[001] BO, planes of the cubic structure such that alternate [110] rows of oxide anions

are missing.



2.1.3 Physical Properties

In characterization of materials, it is more often to measure their electronic
and ionic conductivity than concentrations of electrons (holes) and mobile ions
(vacancy). The calculated ionic and electronic conductivity were separately measured
by using 4-probe ionic d.c. and ordinary 4-probe d.c. techniques, respectively.

For all materials that are in principle nonzero electronic and ionic
conductivity, the overall electrical colfd}lctivity O.r 1S the sum of electronic

conductivity o, and ionic conductivity o;, asF ’}’1'1 2),
— . - R

— 2 e

where oj is the panim 1§/ (in “em™) of the jth-type ionic charge carriers

presenting in the soli

: ge ‘ga‘?'iers can. be either atomic in nature or
normally defects of eit
normally via interstitial sifes or by hqppu& into a yacant site (vacancy motion) or a
L ony p‘ltersmx)al and vacant sites.

le) c;pnducttlm‘y occurs ‘via delocalized states in the
T v;a jocalized -svaés by a thermally assisted hopping

mechanism. The presence of: elecn'omc egbdgpuon in perovskltes proceeds via B

more complex combinatio
Electronic (elect

conduction-valence band

| ——
Bn+ _ 02- _ B%T — B(n+l)+ d OZ— . B(n+l)+ _E.\g(n+l)+ _ 02- _ Bn+ (3)
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lattice cations through overlapping B-O-B_bonds via a mechanism known as the
Zerner double exchange process as 'shown ifrEquation (3)![20]

This progess is facilitated by strong (‘)‘verlap of the B site cation and O orbital
which is maxnnmed for~B;O-B- angles caty I80°C, rie.,ncubic sstructure. In the
orthorhombic structure, the tilting'0f BOs octahedron gives-rise toa deerease in the B-
O-B overlap and thus would be expected to provide a larger barrier to electronic
conduction. In the above double exchange mechanism, electronic conduction requires
the presence of B site cations with multiple valences. Furthermore, the electronic
conduction can be n-type or p-type, depending on the material properties and
ambient oxygen partial pressure. The energy level shifts from the center of the energy
gap toward the empty zone for an n-type semiconductor or the filled band for a p-type

semiconductor [23]. An n-type conductor is an electron conductor while a p-type



conductor is an electron hole conductor. It was noticed that perovskites with high
p-type electronic conductivity tended to be active for deep methane oxidation
reactions while those with high n-type electronic conductivity, ionic conductors, and
insulators were all found to be more selective to C, compounds [24].

Electronic conductivity in perovskites can arise from thermal excitation of
electrons from the valence band, which is oxygen 2p orbital, to the conduction band,
which is ty, orbital of the B-site cation [20]. Also, at elevated temperatures, the
energy barrier is low enough that OW ions can diffuse through the structure from

vacancy to vacancy. Two types of ad , o- and B-species, were observed

in the temperature desorptlemes o&oxygdﬂ La; xS1xC0o0s5 [25]. Detailed

desorbed below-800°C was adsorbed on oxygen

pstitution of S?Ma“, whereas desorption of
tio 1p

mvestigation revealed t

vacancies that were crez

ion conductivity due to the 'gh,l@xygen @con‘centration, and a high electronic
conductivity due to the mmcd—valﬁnce SW] The concentration of oxygen

vacancies can also b;e%ncreased by a mﬂd_BmM

idation '5 the valence state of the

ion, such as Cu and Ni

B ions is fixed, neutra.u&y is maintained only by the forﬂbLtion of oxygen vacancies.

The oxides may be predominantly ionic conductors in this case.

The deﬂ%ﬂ@hﬁl&ﬁm § w S_Jym ﬁnctlon of doping is

reported by mg:lly researchers.  For example‘szh the electrical, conductivity of
LSRANEPR I ST W VA B Tobd: vt caun
quantitiesiof Sr and Mg (x = y) was studied by Gorelov et al [28]. When LaGaO; was
doped with equal amounts of Sr and Mg at the step x = y = 0.05, electrical
conductivity of LSGM increased with doping, up to its maximum value at
x =y =0.15. The next composition with x = y = 0.20 had much lower conductivity
and the sample was not monophasic. The LaSrGa;O, and LasGa,Oy phases were
present in large quantities. Thus, the maximum electrical conductivity of this system

corresponds to the region of saturation limits of Sr and Mg in LSGM.
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The p-type electronic conductivity of Lag ¢Sro ;GayMe,Os.5 (Me = Fe or Cr
and x = 0, 0.05, or 0.20) materials was confirmed to be strongly influenced by the
content of Fe because the formation of Fe**/Fe** was easier than that of Cr™*/Cr**
The conductivity increased and activation energy of conduction decreased with
increasing degree of substitution. The activation energy for p-type conductivity was
found to be in the range 0.9-1 eV, lower than usually observed for alternative
electrolytes based on zirconia or ceria. [12]

Partial substitution of Ga i.n‘ .93 a1.yMy)0sMgo203.505, LSGM, by the
transition metals M = Cr, Mn, . C ‘

electrical properties of LSG Ty 3 0 v
dopant content caused by.inctCasiig e r When doped with the
amount y < (.1 of Fe or.@9, electvica x ity arly independent of y and
' ' thiat of LSGM [29].

nic and electronic conductivity.

"\‘. (4):

gallates exhibit oxygen ig
Temperatures alsopla
This can be expressed by the' A

4)

including the vibrational ’ -'-' ons, and depend on the

structure of materials ‘I ype of charge carriers.

ﬂummmwmm
ammn‘m UAIANYA Y
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2.2 Dense Perovskite Membranes for Oxygen Separation

Dense perovskite membranes exhibiting high oxygen ionic and electronic
conductivity have become of great interest as a potentially economical, clean and
efficient means of producing oxygen by separation from air or their oxygen
containing gas mixtures. However, these processes required the sufficiently high
temperatures, typically above about 700°C.

In this section, a brief overvie

iven of major membrane concepts, and

oxygen permeation through a

_.'-sh,

2.2.1 Major Membrane

The separation of¢

membrane is schematical

Figure 2.2 Oxygen transport in a mixed ion conductor
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The driving force for overall the oxygen transport is the differential oxygen
partial pressure applied across the membrane. As the MICE membrane is dense and
gas-tight, the direct passage of oxygen molecules is blocked, yet oxygen ions migrate
selectively through the membranes. Dissociation and ionization of oxygen occurs at
the oxide surface at the high-pressure side (feed side, P’0,), where electrons are
picked up from accessible (near-) surface electronic states. The flux of oxygen ions is
charge compensated by a simultaneous flux of electronic charge carriers. Upon
arrival at the low pressure side (penmeate #1?5 P”0,), the individual oxygen ions with

)/ /’()Jﬁcules, which are released in the
permeate stream. = J -0

Normally all oxides™fran

conduction and selecti

above 500°C [30, 31].

their electrons recombine again t0 form ox;

to some. degree mixed ionic and electronic

has been reported even for dense sintered alumina
_?Qirﬁ;l?p to speak of mixed conduction when the
total conductivity is p ilg_ar E,_Liual fractions of the partial ionic and
electronic conductivity,
permeation it 1s more gplgﬂé mug;g g:onduction property to their absolute
values. The volume di eory’ for a.rﬁﬁ"mglar transport in oxides clearly indicate
that higher currents (fluxes) m@féhtamed@ either the electronic or the ionic
conductivity increases, or both- j_n,c_zf@ase si;ﬁltéjppusly. The flux at a given total
conductivity is at méxémum when the idnic and electrﬂiojt;ansference numbers are

|~ —
equal, ie. 0.5. In thi§ view, alumina is not a good mixeé conductor. Materials

showing predominant _jlectronic conduction may prove to be excellent mixed
conductors when their ionie,conductivity isysubstantial. The general objective for
optimum membfane, performance therefore is to maximize thel product of the mobility
and concentratioh of both ionic and electronic charge carriers in appropriate ranges of
temperdturé 4id oxygen partial préssute’

Owing to the ability to conduct both oxygen ions and electrons, the MIEC
membrane can operate without the need of attachment of electrodes to the oxide
surface and external circuitry.

Two routes have been used to enhance the oxygen permeation rate. The first
is to fabricate a very thin layer of oxygen ion conducting material on top of a porous
support [33, 34]. In the second approach, new materials have been developed with

high oxygen permeability, due to the presence of mixed conduction. Mixed
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conductors such as some perovskites (generic formula ABOs) have been reported to
have permeation rates one or two orders of magnitude greater than those of stabilized
zirconia [35]. The partial substitution of A-site cations by other metal cations with
lower valences usually causes the formation of oxygen vacancies and the appearance
of ionic conduction. Substitution of a transition metal with variable valence at the B
site can lead to high ionic conductivity. Recent reports suggest that there is
considerable commercial interest in the use of dense perovskite membrane reactors to

carry out the methane partial 0x1datﬁx\v /n as reaction if sufficiently high oxygen-
permeation rates can be acmeved\_l? /

Some perovskite mhs, hoyev very high oxygen permeation
abilities but poor stabM ' ucing a osphere at elevated temperatures. One
of the examples is S S C %vskﬁe has a h1gh reported
oxygen permeation rat : 5]
but has a sudden phase TN (-)ﬁ;%‘ifirg’

[37]. The Sr(Co, Fe)Os Aite (jf %eﬂaL [37] e(afked due to the high oxygen

partial pressure gradier ¢ hi aﬁer the syngas reaction was

turned on, indicating tha

als,'g:{ﬁduced O and elemental Co and Fe after a

couple of days, indicating that extl}érdlemimpf the perovsklte lattice parameters
or the decomposed p‘roducts caused consi '

fracture [37]. Takeda -
powder was apt to be dﬁxanged by te

synthetic conditions. ~ Therefore, a compromise between high permeability and

vty e Egm'@%% ST
R OP T BN

The mechanism of oxygen permeation through a mixed-conducting membrane
can be described as follows [39]:

pressure. The membrane wé

expansion leading to the

Cr sta] structure of SrCoO3
e ambient@ygen partial pressure, and

1. Oxygen transport from the gas phase with high oxygen partial pressure to
the membrane surface.

2. Physical adsorption on the surface.
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3. Dissociation and electron transfer, giving chemisorbed oxygen species.
4. Incorporation in membrane surface layer.
5. Diffusion of lattice defects to interior.
6. Removal from the opposite membrane surface layer.
7. Association and electron transfer, forming chemisorbed oxygen species.
8. Desorbtion from the surface
9. Transport from the membrane surface to the gas phase with low oxygen
partial pressure. \\ ' ,/
ﬁ% W
From a macroscopi¢ vi B rymb be divided into three regions: a
T — -
central bulk zone and adj e rtance of both solid-state

-3

diffusion and surface
2.3). The mechanis .
diffusion control, surfac A Mixe e of ;ﬂé,control [40].

oxygen permeation (Figure

e membrane can be bulk

characteristic value, L, the ygen is under conditions of mixed
control of the surface exc Ik diffusion [41]. Below L., the oxygen

Of ‘sutface control, can be improved by
optimization of tthms, eg by enhancmg‘
suitable catalytic oF J

Traditionally, g oﬁ&gen ux acrosija MIEC membrane can be
calculated using the Wagner. equation, which assumes the oxygen bulk diffusion along

e ticocs Lﬂ Rl focit b5 rwl gINTJ
ammnwﬂ‘ﬁ”ﬁmm&

area and/or addition of

where F is Faraday’s constant, R the gas constant, T the temperature and o, and o;
signify electronic and ionic conductivity, respectively. P ‘0, and P”o0, are the
equivalent oxygen partial pressures in the outer most layers of the membrane on the
feed side and the permeate side of the membrane, respectively. The limit of

integration is the oxygen partial pressures maintained at the gas phase boundaries.
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Figure 2.3 Illustratic Heitbrane at various zones

during steady state oxgn perieation. Ve showﬂ possible P o, profile over

the membrane. A smglq- indicates air side, double prime indicates permeate
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e AT g

further derivation, the defect chemistry of a specific material system has to be

considered.

The Equation (5) can be integrated in the simplest way upon the concept that
oxygen ions and electrons diffuse in a way shown in Figure 2.3 [7]. The total current

density, jior ( = je + joz.), which is the sum of the electronic and ionic partial current,
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can be regarded to be zero under steady state. Therefore, the actual oxygen flux

expressed in terms of volume unit, Jo, [cm® (STP)/cm’ min], can be given as follows,

JOz = j02- /1 4F
= RT o.0 In(P’o, (6)
16 (0, + o)L P%o,

When the electronic conductivity is larger than the ionic conductivity, Equation (6)

can be approximated by \& l//
22

.102 (7)

Following Equation ~governed by two factors,

thickness of membrane ff%the feed. Itoh et al. [43]

at 1,021 K. In agre e k di -controlled theory, oxygen
permeation rate monoto us@x ﬁxcrea ed with decreasing thickness of the
Lag 7S1ry3Gag gFey, 4034;, membral_a,éf_agd -t?é- yger —,ﬂeating rate at 900°C attained
to a value of 2.5 cma™( ©.mir 1 the thickness ‘of/ this membrane was 0.3
mm. Therefore, the .

doped LaGaO; pero

dte dqt_ermining step f meation through Sr- and Fe-
skite membrane seems to be Mk diffusion process and

consequently, it is . e ted. higher ox geIJ rmeation rate can be obtained by
decreasing the %Q@ EJ ’] ﬂ 5

The res&s reported by Xu Gand Thomsou44] and van Egssel et al. [45]
nca QAT S TN TH HAG roctons
the surfage of those perovskite membranes. Even if there is no surface oxidative
reaction, oxygen ion surface exchange kinetics may exert partial or dominant control
on oxygen permeation under certain conditions.

Among the surface exchange process, the exchange of oxygen between oxide
surfaces and the gas phase has been recognized to involve a series of reaction steps.
Each of the steps may be the rate-determining step. Possible steps for the reduction of

oxygen include adsorption, dissociation, charge transfer, surface diffusion of
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intermediate species (€.g., O (ads), Oads), and O(ads)), and finally corporation into a
boundary layer near the surface. Generally, it is assumed that the reoxidation of
oxygen anions follows the same series of steps in the reverse direction. The surface
reaction is thus associated with transport of charge.

At lower temperatures, a physical form of oxygen desorption predominates.
As the temperature increases, the chemisorption of the dissociation of oxygen

molecules and electron transfer become increased, resulting in the formation of
various chemisorbed species. Therw important to be able to modify and/or
expand the Wagner theory to &permeatlon with considerations of

both bulk diffusion and s
re is Mchange coefficient and D*,

The ratio h =
the tracer diffusion c a5 bee "\com convenient parameter in

exchange ¢ Is the oxygen permeation
kinetics. The smaller t 1% ' ,urface exchange contributes to the

total oxygen permeation r : f: ive to; lfﬁ@on Similarly, Bouwmesster
et al [41] proposed to risti ‘ wﬁch is equal to the reciprocal

of the ratio A, to descri
rate of oxygen permeation. harac @g h can be obtained as the form in
Equation (8)

®)

et AR B B i e 2.

is the tracer dlﬂllslon coefficient, ansd equal to the self diffusion coefﬁ01ent D;. The

lﬁ@ X]a 81 depends on
oxygen pre d'te: ecause of assumptlon made during its

derivation, L. valid only to cases of small oxygen pressure gradients across the
membrane. These parameters require special techniques such as *0-°0 isotopic
exchange or secondary in mass spectroscopy (SIMS) in order to determine the surface
exchange coefficients. Examples can be found in numerous literature [46,47].

Other efforts have been attempted to correlate the oxygen permeation rate to

directly measurable variables such as the oxygen partial pressures at the both sides of
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the membrane and the membrane thickness (L) [48]. However, the resulting
permeation equations are still too complex to be used for distinguishing between
surface exchanges and bulk diffusion. Thus there is high motivation to simplify the
oxygen permeation models over ion conducting membranes and to base the analysis

on the individual step of the permeation mechanism.

According to the recent study by Pederson et al. [50], the electronic
conductivity (o,) of La;,SrCo,¢FeyOs5 (LSCF) is dramatically higher than its ionic
conductivity (c;). The ratio of 0' om 194 for Lag,SrysCog,Feps0s5 to
1096 for LageSro4Cog,Feg, 8035‘_ Th\!
rather than that of electrthe]mnglm oXygen permeation over an
open circuit LSCF mex;?r %) ——

5

ation \al‘moddm\ion-conducting perovskite

t the transport of oxygen ions

An explicit

membranes, LaggSrq

by independently changing mpu-atmrc @n artial pressures at both sides of
the membrane. The results of ,ﬁins«:;iodel indicate that bulk diffusion has an activation
energy of 73.6 kJ(r:n\)I which is lower M{ﬁ n energies for surface

' factor of about
o |

exchange kinetics b

rmeation analysis, it has
y surface&kchange at the oxygen-rich
side is relatively small ahd.negligible under sall conditions, which agrees with the

experimental cﬁe% ﬁ % thﬂ %aﬁ %&}yqzﬂcﬁnges in P'o, do not

significantly infliénce the oxygen pegmeatlon. Therefore for most, cases, the oxygen

M ARG AR i e s

the bulk ion. Moreover, it can be concluded that at low temperatures (around
760°C), the oxygen permeation is rate-limited by the surface exchange at the oxygen-

been determined that the permeation

lean side, while it is dominantly controlled by bulk diffusion at high temperatures
(around 950°C). The effect of P”q, has also been predicted with the model and it is

demonstrated that as long as P”o, << P'o, changes in P, only influence the bulk
diffusion [44].
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Besides the bulk diffusion and surface exchange, the effect of sweep gas flow
rate and the effect of microstructure, including grain boundary diffusion, may also
influence the overall oxygen transport. Itoh et al (1994) showed the effect of the
sweep gas flow rate on the oxygen flux across the Lag ¢Sro4CoQ5.5disk. It was found
that the permeation rate is almost constant when the sweep gas flow rate is greater
than 50 cm’/min, where the so-called mass transfer resistance to oxygen between the

membrane surface and the bulk gas is regarded to be negligibly small compared to

permeation in SrCoggFey 043

—
disk samples fabricated uii¢ essing eonditions. The microstructure of
LSCF2828 remained unehnged swhen the sintering témperature was increased from

1,300 to 1,450°C, but the averas airi size of SC 52 increased considerably when

the sintering temperature was/ingreased fi im 930 t¢ "C. The change in the grain
size was found to have a rmeation flux in SCF1082,
which increased considerably as the Size was decreased. This indicated that the

contribution of the graim bound i/' S c steady state oxygen flux in
i a4

SCF1082 was substantial and ;grain bound: ‘ ided faster diffusion paths in
oxygen permeation through the sample. , i

i o]

¥ R i
i "f g el

AUEINENINYINS
ARIAN TN INAE
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2.3 Perovskite Containing Different Metals

The ideal features of ABOs-based perovskites for preparing the membranes for
the oxygen permeation are then concluded to be as follows; having a high oxygen
permeability, being stable under a harsh chemical environment, and having a stable
lattice structure under changes in oxygen partial pressure. It has been reported that all
compounds below have the above properties.

1}/
2.3.1 Cobalt-Conta%%‘V!%

—

in-the serigs L 1.xA%C0,Fe 035 (A = Sr, Ca) exhibited
ith_appre h mconductivity that increased

rmeation studies showed a

Powder composition

For comparison, the I&t‘ructure of SI'CWFC(),Q,O:;.& at 800°C changed from cubic

perovskite to ﬁ)%r{%t% Eﬁﬂ:‘eﬁ% Eje'qxﬁen artial pressure was

lower than 0.1 atin. The oxygen ﬂwéof the Bag 5S195C00sFeg205.5 I'I_rjilembrane was as
= \

= NIRRT
time. A °C, 90% conversion and 98% CO selectivity was obtained. The

oxygen permeation flux, under partial oxidation of methane reaction conditions,

increased to around 8 cm’/cr’.min, which was eight times higher than the permeation
under air/He oxygen partial pressure gradients. It was also two-fold that of SCF1082

and LBCF2828 membrane under oxidation reaction operation [51].
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2.3.3 Lanthanum Gallate Perovskites

Ishihara et al. (1999) compared the ionic conductivity of doped LnGaOs
(Ln=La, Pr, Nd) perovskite type oxide. They found that ionic conductivity increased
with increasing the ionic radius of A site cation. Therefore, the gallate ABO; with A
= La has the highest oxygen ionic conductivity and correspondingly the highest
Goldschmidt tolerance factor in relation to other A = rare earth occupations.
Investigations on lanthanum compow the three-valent cations Al, Ga, In, Sc,
Lu on B site show the maximum o tivity and oxygen transfer and the
minimum of activation enesgm_(}a é/ i PrOperties increase with the free volume

the decrém decreasing tolerance factors
the pero?@kﬁg structure.  Moreover the

of the unit cell, on the

demonstrating increasi
advantage of this fast oxi
Therefore, the almostrp

r 1s the stablhty to reduction and oxidation.
i soﬁﬁc "vtty is exhibited over a wide range of

ah

oxygen partial press <la

By doping metalwi er vz;{encﬁ) sﬁe (Ca, Sr, and Ba) on A-site
of LaGaOs, oxygen vac | f: gé%rat the dopants, Sr has the optimal
effect [53]. The indent ‘ ‘u - toughness of Sr-substituted gallates was

phases such as SrGa(%;Jand La;SrO; were detected by ﬁlD ana1y51s Therefore, it
can be said that the limit gf solid solution of é}emsts at about x = 0.1. The formation

of secondary ﬁ%ﬁﬁt ?W\'ﬂ '%ecnnens because the
of second p

electrical conduetivity ases such as SrGaOj; and LasSrO; was low [9].

e ST I A e Fee e

electncal conductivity was greatly improved by these doped metals. The Ni-doped
sample gave the highest oxygen permeation rate. A crack formed in the case of
LaCoOs-based oxide membrane while there was no crack and no significant change in
lattice parameter observed on the Sr- and Fe-doped LaGaO;. Even though doping Ni
seems to be the most effective for improving the oxide ion conductivity, with regard
to the combination of stability in a reducing atmosphere and OXygen permeation rate,

iron is the most suitable dopant for LaGaO;. The oxide ion conductivity was
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increased with increasing Fe content. For the study of partial oxidation of methane, it
was clear that CH4 conversion rate was always higher on LSGF8264 than on
LSCF6428 used as the oxygen-permeating membrane [10].

Permeation rate of oxygen through Fe doped LaGaOs; membran_e (0.5 mm
thickness) as a function of x value in La; xSrxGag¢Feo405.5 was studied. Oxygen
permeation rate increased with increasing amount of doped Sr and it attained a

maximum at x = 0.3. At this composition, the oxygen permeation rate of 1.8 cm’

oxygen permeation in La; xS -_ e ( was at x = 0.3. Since the highest

electrical conductivity wa: -~ exhibited 2 3 increasing amount of Sr
enhanced the amount vacancy resulting in the improved oxide ion
conductivity in LaGaO ie!/ Conse \ ., ighest oxygen permeating
rate was obtained at 0.3¢ . “Teported !‘;" the oxygen permeation rate of
LBCF6482 was 2.1 ¢ "y \ nder similar conditions [56].
Considering the oxygén pefingating: -of 148 em >TD cm’.min at 1,000°C, it can _
be said that LSGF7364 i - High 6 ygen permeation rate and this material is

RY |
2
ﬂﬂﬁl’)‘i’lﬂ‘ﬂiﬂﬂ?ﬂ‘i
ammmmwwwmaﬂ
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2.4  Perovskite Membrane Synthesis

In order to obtaine the high synthesis of membrane, it is determined to use the
combination of raw material powder and processing. This process begins with the
synthesis of material with correct compositions, particle sizing, compacting, and

sintering.

2.4.1 Wet Chemical Synth V}/e'nvskltes

It is well known& S}gthe ramic powders by using the

T ——
conventional method or solid &

-synthesis p crystal growth and resulting
in a hard agglomeration. _ e/ Jedoc \s&i al may be achieved when
O q " 9 o & ‘, \ m‘e

ion procedure is such that

weak agglomerates are fofined. etefore operties of the raw material powder
s%, fine particles (< 1 um),

narrow size range, no aggrégation, ¢ i pe, uniformity in chemical

Several techniques, ‘e . WE ’ i synthesis or liquid phase
lid- '3 e synthesis to produce the required

d"'.r".-f"

propertles of raw p?_]vders such as préc;pﬁahggh?zﬁ drying [59], spray-

L1qu1d mix pro@ss is a gen

homogeneous solution gontammg the des&‘ed cations, which use additives and

o 0 MR T s o, e

which utilize heat to convert the pol 6)'mer into a homogeneous o:ude powder. The

ftfﬁomﬁviﬁﬂ 10 im 0N (101

An aqueous solution is prepared with metal alkoxides, ox1des hydrated oxides, or

vmouﬁbrocesses that start with a

carbonates in an alpha-hydroxycarboxylic acid such as citric acid; the ratio of metal

ions can be precisely controlled. The acid complexes with the metal ions to form

polybasic acid chelates.

2. A polyhydroxy alcohol such as ethylene glycol is added and the liquid is heated to
150 to 250°C to allow the chelates to undergo polyesterification.
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3. Heating is continued to remove excess water, resulting in solid polymeric resin.
4. The temperature is increased to about 400°C to char or decompose the resin.
5. The temperature is further increased to 500 to 900°C to form crystallites of the
mixed oxide composition. The crystallites are typically 20 to 50 nm and clustered
into agglomerates.

Metal oxalates, tartrates, sulphates, nitrates, chlorides, and acetates were

avoided because of potentially low solubility of these compounds in either the liquid

acid and metal nitrate be ] de osition.. For production of Sr-substituted
LaMnOs perovskite po 1phe 1§ citrate process, the manganese citrate-

nitrate precursor may

CH,CO

AUt IS ens
QRN STRTINENAY

OOCH,C
| _~ ONO,

C \\coo

l N

H,COO —
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In the complex the lanthanum is triple charged and replaces in one case the
hydrogen of three -COOH groups (as in normal citrate formation) and in another case
replaces the hydrogen of one —OH group and two -COOH groups. Manganese in the
divalent state replaces the hydrogen in two —COOH groups while NO, replaces the
hydrogen of one —OH group.

In all cases the minimum amount of citric acid used was that necessary to

bond the metals if all the NO;™ ions were replaced. However, the amounts of metal

and citric acid should not be less than e

used, Mn,O3; was presented as the ¢ T

CH,COO = i (10)

ﬂumwwsm

49 RINIURMAIREA

The formation of the above structure would allow some citric acid, water, and
nitrate ions to be lost during the preparation of gel. Every three molecules of citric
originally present, one remains uncombired and may be removed from the mixture by
either evaporation or decomposition to yield acetone, carbon dioxide and water during
the precursor preparation in the vacuum oven. The formation of this complex would

also liberate NOs™ groups for each two molecules of Mn(NO;), originally present in
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the solution. The calcination temperature should be higher than 800°C because the
wide range of homogeneity at lower temperatures was a result of the segregation of
Sr(NOs), during precursor preparation and the production of SrCOs during precursor
decomposition. However it should not be higher than 1,100°C because it would
inevitably lead to a decrease in surface area. The best compromise would appear to
be the initial treatment of the precursor at 700°C to yield the high surface area

followed by an increase in temperature to 1,100°C for a period of up to 4 hours to

remove carbon. \)’
Another modifications  of the ss were called the citric acid

pyrolysis method [63]. Fo@s Qﬁ YB@ the mixed metal oxides were
dissolved by nitric acides THED the _

issolved nitrate solution was

adjusted by NH;OH _

Several synthe cen Qveloped“sgfar One involves the use
of metal nitrates. Itisc cess vzahlch uses glycine instead of
citric acid [64]. The glycine peufor: ) 0 ions. First, it forms complexes with

W s
seems to prevent selective

evaporated until a homogeneous \_usenus hqm&rmed The liquid is further heated
to about 180°C an(kralio-lgmtes Tempega__am 1,100°C to 1,450°C and
v r y !T !

lomerated crystallites of

the mixed oxide compblmon and structure. The glyciné"}]jtrate precursor liquid can

also be converted to homegeneous mixed toxide powders in a conventional spray

drymgapparatﬂugjqngﬂngjf]ﬂﬁ

Teraoka et al. [65] synthesized LaosSto;MOs (M = Mn, Cq) compounds by a
AR DR A Y N T e
of the mixed aqueous solution of metal nitrates and a hydroxy acid, followed by
calcination in air. When citric or malic acid was used, well-crystallized perovskite-
type oxides were formed at 550-600°C, which was 250-300°C lower than the
temperature for the conventional nitrate process. The malic acid-aided process gave
oxides with larger square surface areas than those obtained with the citric acid-aided
process, and the resulting large surface area oxides showed excellent catalytic

performance for the combustion of methane.
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The malic acid-aided (MAL) process with the adjustment of pH of starting
solutions to appropriate values (3.0-3.5 for LagsSrs,CoO; and 4.0 for Lag §S19,MnO3)
was quite effective to produce high surface-area oxides at lower calcination
temperatures. The effectiveness of the pH adjustment originated from the formation
of homogeneous precursors by the control of the dissociation of carboxylic acid group
and the formation of metal-acid complex.

Suresh et al. [66] synthesized La;,Sr,FeOs; where x = 0.0-1.0 by the solution
combustion method using corresp \\a nitrates, oxalyl dihydrazide (ODH) or
tetra formal tris azine (TFT X& % ion for the formation of ferrite

(LaSr)FeOs assuming co bus_’ton OoXx mixtures can be written as

Equation (11);

2(® (11)
Is of gases /mol of LaSrFeO3)

f ;_'f.. : '-«".I.."’ 7 "
The powder densities and sﬁf;\ce A derived ferrites were found to

be higher than thogg of ODH denved femtg‘ ﬁ erage agglomerate size
distribution is narroy er for ODH derived fes ‘the TFTA ferrites and the
average agglomerate sgs are 0.89 pm and 4.8 1; respe@ely.

The perovskite pewders made by wet,chemical methods are very fine, and

can be nonagﬂr%tﬂ 'glewf ﬁ %qs‘ra' Wﬁcﬂoﬂﬁcess The sintering

temperature cartibe several hundred egrees celcius lower for the owders made by

wet c grm Bﬂ?}ﬂ ﬁlﬂe synthesis
method et chemical methods, liquid mix

process 1s distinguished in the case of less energy consumption, simplest technology,

and potential to get fine particles and a single phase powder. Both adding several
acids such as citric, malic acid, or etc. and adjusting the pH of aqueous solution are

used to provide the fine homogeneous perovskite with the high surface area.
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2.4.2 Powder Sizing

Powder particles can influence on compacting and sintering. In most cases the
objective of the pressing step is to achieve maximum particle packing and uniformity,
so that minimum shrinkage and retained porosity will result during densification. A
single particle size does not produce good packing. Optimum packing for particles all
the same size results in over 30% void space. Adding particles of a size equivalent to

the largest voids reduces the void to 23%. Therefore, to achieve

maximum particle packing, a rang equired.

es jn ceramic powders usually result in large
mn particle size is important

he sintering process. The

Hard and dense
interagglomerate pores a

because it facilitates

primary driving force fg der at high temperature is
the change in surface fr: ve high surface areas. The
high surface free energy pic drive force decrease their
surface by bonding them toge ith approximate sizes of 1 um or
less can be compacted into a at a high temperature to near-
theoretical density [68]. T owder, the greater its surface area
and the lower the temperature an __ ne for densification. Long times at the
sintering temperature,}sult in increased grain . i causes lower strength.

Calcined powde
distribution. The ball

optimum particle size

mnal techniques to achieve the
desire particle size of powdez,

ﬂ‘lJEJ’WlEJ?’]‘iWEJ’Wﬂ‘i
ammnmumwmaa
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2.4.3 Powder Compacting by Uniaxial Pressing [68, 69]

Uniaxial pressing is accomplished by placing the powder into a rigid die and
applying pressure along a single axial direction through a rigid plunger, or piston to
achieve compacting. Pressing results in the direct contact of particles, reduces the
average distance between particles, and changes the shape of particles. The apparent
density of a compact is controlled by proper mixing of various particles size fractions.

To enhance the comp

disaggregated by mixing the
bath or added a couple dro

Organic materi

ressmg, the powder should be

h as isopropanol in the ultrasonic

surface tension.

tween the ceramic particles
are often required fi ide lubrication (free flowing)
and toughness that can be

handled even machined cation. | The ‘'amount of binder required is quite

Binder selection'is pe cssing that will be conducted.
Some binders such as w gmﬁq f 't and quite sensitive to temperature
variations. These gener ) ? quire or lubricant additions prior to
tC av01d changes in granule size that

might alter flow q]g‘actenstlcs mto t‘e _tesult in inhomogeneous

lyvinyl alcohol and cellulose
types, purchased, mjpowe form, must be dissolved in water before admixing.
Polyethylene glycol bu@e of a low mo ar weight are relatlvely heat-stable

e W@%ﬂﬁ% B 4 o e e i

lubricants.

ammﬂ‘m URIINYIAY
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2.4.4 Sintering [70, 71]

Sintering by definition is a process of permanent chemical and physical
change accompanied by reduced porosity by the mechanism of grain growth and grain
bonding. The driving force for sintering is the decrease in surface free energy that
occurs as the surface area of the polycrystaliine aggregate is reduced. This process

can be achieved by solid state reaction or alternatively in the presence of a liquid

phase.
When a powdered agg \mgfs ; form between the particles, and

the aggregate may mcrease"ﬁ!'!hastty (Fgur > growth of the neck is due to

w ies between the particles and
port oceurs by diffusion (bulk, surface, or
morphous materi

the transport of matter

the pores.

, occurs by viscous flow.

(12)

Where X and r are defined i Fxggra .4 .i‘~' the time, & is the temperature dependent

constant, n and m are constants.g;_, pdgn fthe mechanisms of growth, viscous or
."-__‘, .-':-:"'.. . s ] _

-

1. The early stage or‘@itial“-ét oe
contact and the partplg&center usually @pproach each other. At this stage the

o 183 4. 4408 £ 715

2. The intermediate stage during whwh the necks become large, resultmg in the

RIS T ANEAL. . oo

interconnectivity of pores eliminates surface and vapor transport.

the neqlﬁs form at points of particle

Closed pores isolated from grain boundaries shrink very slowly because grain
boundary diffusion is far away from the pores. The growth of grains, therefore,
hinders the attainment of theoretical density, since the pore’s growth is also enhanced.
It is essential, therefore, to retard grain growth so that densification of the compact

can continue to the theoretical limit. This is particularly important with the present
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trend of using ultrafine particles as starting materials for the fabrication of technical
ceramics.

Surface diffusion becomes important in the case of very fine particles. Grain
boundary diffusion and volume diffusion are the main mechanisms causing shrinkage
of the neck, whereas surface diffusion does not contribute to any shrinkage. The most
important diffusion paths during the sintering of two spheres with a grain boundary

are surface diffusion, grain boundary diffusion, volume diffusion from the grain

boundary to the neck surface : ion from the sphere surface to the

neck surface. The sintering "  also 7 the crystallization and growth
: A e é

rocesses, which occur cor rate is reduced when there is
P

intensive grain growt pores occurs toward the

boundaries of individual® diffusion occurs with a

reduction in pores is de

fl Uﬂ 3 ‘Viﬁ

améqmi"i ana)aﬂ

ws.w""

e Shrinkage =2

Figure 2.4 Mechanism of sintering; X is the internal radius of the neck, r is the
particle radius, L is the shrinkage [72]
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2.4.4.1 Sintering Temperature

It is convenient to define “sintering temperature”, the temperature at which a
given powder compact will densify to a certain desired density, about 90% of the
theoretical density during a certain heating period. For the particles of the order of
1 pm in diameter, which are commonly used in ceramic work, a reasonable sintering
temperature is approximately 0.75 of the absolute melting point.

One major difficulty lies i

ﬁ ct description of what is meant by
“better” sintering. Normally, 1 ginsity product. Most scientific
studies of sintering mvol@:t :

t of the rate of shrinkage of
ion (13), a shrinkage law of

specimens up to a s
the type
13)

is commonly observed d
magnitude of some lin
dimension, and ¢ is time. ! rar
proportional to the cube of the pg&-'i'efera dius.

If powder activity is m@éﬂs@b& the initi
observed that a fine p

Itoh et al. [#3] studied the si ring
when the temperature Bse -at a heating

re of La; S1yCoO; specimen
- K/min. R was obvious that a 2-mm
cube prepared by pressing, the powder precursor transformed with increasing

temperature, eﬂ; % '31 ‘ﬁ)ﬂ ﬁuﬁh?ﬂ:% qgldgined on the basis of

25°C readlng 1.0 along the wadth and hei ht of the cub1&lspec1men with

e WA Wﬁ-j?jﬂ? LTS IR A
shrmkagﬁt ace. Further, above 1,520°C, the specimen melted. Since it became

evident that the specimen was significantly sintered in the range 1,000-1,257°C, the
final sintering temperature was selected to be 1,250°C.
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Besidem: i ,‘;1 rgj ﬁ%wm ﬁeﬁlace. These reactions
can be grouped int mll ing'categories:
ql 2
. ¢ o o/
o W) 61 3442 s orkidhea Watdd £ ) 6 )
q
Most green ceramics contain 1 to 3 % physical water when they are placed in a

furnace. When the sintering process starts, this physical water comes off as water

vapor between 100 and 200°C, which in essence completes the drying process.
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2.4.4.2.2 Oxidation

Organic materials typically burn out between 300-400°C. Organic material is
often added to green ceramic bodies as a temporary binder. The purpose of the
temporary binder is to hold the green ceramic together so it can be handled and placed
in a furnace. Another source of organic material in a green body is material such as
saw dust, which is added to the body so it burns out to create porosity. Still another

source of organic is naturally occ v ic in ball clay.
The carbon in these org mﬁ

which is an exothermic rea casg w
'—"

cic-astarge amount of organic is present,

WHod with a relatively low
N process and prevents the

ide the piece by the CO,

it is sometimes necess

oxygen level in a furn

. - '..-'4
formation. In this cas a curs. with formation of carbon
monoxide (2C + O, —»2 f
dioxide formaiion. O ceramic it then completes

the oxidation to CO, in el which does not harm the

ceramic. iy

It is important to ox1d1ze gﬁﬁf}e [ ceramic body and volatilize it out
e e

of the ceramic through the open pores gefore dmgfs arts to close the pores.

When this situation pocurs, e carbon trapped inside

the piece. Another p@ibﬂify" y CQj)r CO, trapped inside the

.. piece by closed pores. To prevent black cqii‘pg and bloating it may be necessary to

o < PAARHABANAC) 1) S

The highl percentage of orgamc and the large size of the ceraImc piece will

R AT ST

volatilizes, and holding at this temperature until the binder is gone. The temperature

can then be safely increased to the sintering temperature. However, if the temperature
is increased before the binder has completely volatilized, the portion remaining will

char and leave a residue of carbon.
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2.4.4.2.3 Decomposition
The decomposition means “the loss of chemical molecule in the material”

occurs between 400-1,450°C, depending on the materials. For example, the

decomposition of Kaolin to Meta-Kaolin occurs by the reaction in Equation (14).

Ale 1204(OH)4 Alzs 1206 ¥ 20 ( 1 4)

The decomposition of carbonaf:é‘\&&! %)0-1 000°C giving off CO,.

mh{Wuon [68]

0 ‘Qan hanges, inter-atomic distance
‘ at the initial structure may not be the
V. atbqaﬁ having the same chemical
composition but the di al eé polymorphs and the change
from one structure to ano pigd ‘ a‘;pol norphic transformation.
' occur.  The first, displace

transformation mvolves dmtonlon"ﬁe structuse, such as a change bond angle. The
",‘ F

second type of transljﬂmatlon, the recorﬂétmcﬁve m:?tj’on, involves breaking of

bonds and formatlor;( ‘anew

&
o

Polymorphism 1rs common in ceramic als anél]in many cases has a strong

impact on the useful hl?lfrs:n. of the applicagl.(}n of the material. For instance, the

La; xS1,MnOs m;.\gl d‘?ﬁﬁ Hﬂ ﬁ%ﬂ?r.ﬂ) ithorhomblc phase at
the structure phase transition temperature with decreasing temperature When the

O-Mn bond
angll-eﬂﬁ ﬁmﬂﬁ iﬁﬂ)ﬁgﬁm EE through the

polymorphlc transformation  during sintering or later oxygen-permeation

measurements.

- Polymorphic transformations do not usually cause problems during sintering,
but can cause problems during cool-down after sintering if a sudden volume change is
involved. No problem occurs during heat-up because the individual particles are not
constrained. However, after sintering, the original particles are now grains, which are

solidly bonded to each other and thus restrained. When the component goeé through
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the transformation temperature, the grains are not free to move. Very high internal
stress results at the grain boundaries and many cracks are initiated, significantly
weakening the material. Therefore, the rate of heating or cooling reactors has to be

carefully controlled.

2.4.4.2 The Effect of Processing Conditions on Sintering

Procedure [74]
Generally it is not easy to obtin/z( disk from a ceramic powder as
the starting material. Soﬂkﬂs ha\g )sed to carry out the sintering

e tremelMeranue (2) to control the
e an add;m‘:h as polyvinyl alcohol; (4)

loy HIP (hot isotropic pressing), or

process successfully: ?}
distribution of particle /

to- utilize a chemical

e\pre-calcined materials from
their interaction with the unde.d*-mr ! z&e sinfering. After 10-20 hours of their

storage in air at room temp atire: cbnmdew crease in the volume of not sintered

samples was seen even v1sually ;_As me above, the other reactions during

sintering are composéﬂ of loss of phys1cal water OMJ{ 9ecompos1t10n and phase

transformation. Th 5@ i e forma es due to entrapment of

gases released form tlg sample. poros@ could not be significantly

decreased by means of only. higher temperatures or longer periods of sintering. But

the porosity wﬂ ul%j J}%@Jb%‘g ngaq%‘:é} H}ferem sections of the

whole reaction during sintering of membrane Therefore the heatmg ramp should be

YT YT M
materi; th ed to ‘sintering temperature.

The pre-calcination temperature also affects the sinterability. Gorelove et al.

-

[75] revealed that the density of the samples decreased with increasing pre-calcination
temperature of the initial mixture. LaggSro2GaggsMgo 15035, pre-calcined at 1,100
and 1,400°C and sintered at 1,300°C for 1 hour had the relative density of 81% and
70% of the theoretical value, respectively. Even when the sintering lasted at 1,420°C
for 15 hours, the samples still had considerably different density values 95% and

89%, respectively. The loss of sinterability when increasing the calcination

120498254



36

temperaiture of starting materials is well known among the ceramists. The effect of

the pre-calcination temperature on the ceramic density decreased progressively as the

sintering temperature was raised, and diminished almost completely at the sintering

temperature of 1,520°C. When the samples were sintered at 1,520°C for 10 hours,
their density values became 98% and 97%, respectively.

2.4.4.3 The Effect of Material Compositions on Sintering Property

Kleveland et al. [75] pfe;_)ared]\; A& M = Ca, Sr; x = 0.2) powders
by using the glycm—mtraf!h_xhe jDT%ds. They reported that the

EaCqO; decm sintering temperature in the
es'ides thbbnn'ol of the stoichjometry of
A

substitution of La with
order LaCoQO; > 20%
LaCoO; based cer

defined microstructure.

perovskite due to Co-ex
acts as grain growth i
secondary phases is parti

formation of La,O; and

inhibits sintering of tllcjmatenal
than that for LaCoO;, and e sintering te mperature will be higher for the two-phase

mtm*ﬁ““ﬁ%%ﬁ’%%ﬂi NE1NT

In non-st@ichiometric LaogC 2C00;, a hqmd phase cons1st1ng mamly of CaO

TR T

Lanthanum chromite perovskites, with stoichiometric composition, are known
to be chemically stable under oxidizing or reducing atmospheres at high temperatures,
as well as being poorly sinterable in air. The reason for the poor sintering is that the
chromium-vapor component starts to evaporate as gaseous CrO; from the LaCrO;
particles at temperatures over 1,000°C. This incongruent vaporization
heterogenization mechanism disturbs the densification of the LaCrO; particles by
evaporation, which reduces the ability to produce a dense sintered body [76].
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Mori et al. [76] studied the sintering behavior of La,CrO; with non-
stoichiometry of A site. The XRD patterns indicated that the La,CrO; with x > 1.0
showed two phases with orthorhombic and rhombohedral symmetry of LaCrO;
perovskite and La,0s;, and those with x < 1.0 showed two phases of LaCrO; and
CryOs. The relatively densities increased remarkably with excess La,O;. Since no
liquid phase appeared and no reaction occurred during the sintering process,
chromium vapor was suppressed by excess in the lanthanum chromites, and the
densification proceeded. Howeve O3 samples with x > 1.02 were not
stable in air, because La,O; i &Wéaited with moisture and formed

La(OH)3. Because the fom.of L%O a volume change, the samples

__-..-""" 1 ﬁﬁ\"""‘ha
i e sint vior of Ca- or Sr-doped

aqd S < x £ 0.3. The relative .

broke down.

Mori et al. [7

LaCrOs; perovskites,

for 20 hours, increased with

increasing AE content. _ ?rties of La; ,Ca,CrO; were

lower than LaySr,CrOs. ¢ ti@ f ' results ere observed at x = 0.3.
Stevenson et al. [78] ved the Gay m lanthanum gallate samples

could occur in the temperature ” e used I ing and might account for the

1,400 to 1,600°C led to loatmg of sa possibly due.ﬁj,& the volatilization of Ga,O
from the perovskite structure. When sinteredsat temperatures greater than 1,600°C,

bloating Imghtﬁi: ug '% 9{] %}wﬁ %’}[ﬂ %de to be reduced to

gallium(T) o:ude%]lowmg mn Equatloé; (15);

AR)AINIUYNINE A Y

(15)

Since a net loss of specimen mass and an increase in specimen volume due to
bloating, the decrease in sintered density was observed at the high temperature,
especially in Ga enriched compositions (x = 0.90-0.95). ,

Ahmad-Khanlou et al. [79] investigated the crystalline | phases, sintering
behavior, and microstructure of the compound Lag gS19,Gag 9,xMgo 1045
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(-0.02 < x < 0.04) as a function of the Ga content. Depending on thermal treatment
and Ga content, the compound LaSrGa;O;, SrLaGaO,, and La,O; were identified in
addition to the perovskite phase. With increasing sintering temperature, the XRD
examinations showed that SrLaGaO,4 was present at 1,300°C, whereas its content was
significantly decreased at 1,400°C. Since this compound had a melting point at
approximately 1,400°C , decomposition and Ga,O evaporation might be expected.
The expectation was confirmed by the observation of the increase of volume with
increasing of temperature, 1,400-1
LaSrGaO, decreased in favor ‘
increasing temperature.

e fractions of lanthanum gallate and

increasing Ga content and with
oration should therefore also
decrease with decreasing,

There are sev
LaGaO; such as the te;
dopant. Since the Ga
further studied.

aporization from the doped
1! e, and the composition of
| widely reported, it should be

]
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