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Abstract — Studies on phase formation in the system Gd,05-SrO-Al,05 in the range 900-1530°C showed
that the synthesis of Gd,SrAl,O; occur by a mechanism differing from the mechanism of Ln,SrAl,O; forma-
tion (Ln = La Nd, Sm), and the limiting stage is reaction between Gd,O5; and SrAl,O,.

Evidence for the mechanism and kinetics of forma-
tion of Ln,SrAl,O, perovskite-like layered com-
pounds (Ln = La, Nd, Sm) have first been obtained in
phase-formation studies on Ln,0;-SrO-Al,O; sys-
tems (Ln = La, Nd, Sm) [1, 2]. Complex aluminates
Ln,SrAILO, crystallizing in the SriTi, O, structural
type and belonging to Ruddlesden-Popper phases [3]
are formed on a block principle from intergrowing
perovskite (P) and rock salt (RS) layers alternating as
~PPRSP)(P)(RS)... . In the La-Nd-Sm-Gd
series, the stability of the P,/RS-type layered structure
increases owing to the transfer from a statistically
disordered distribution of Sr*? and Ln*3 cations over
two nonequivalent sites [(Ln,Sr)O;, oxygen cubic
octahedra and (LnSr)O4 polyhedra] to their ordered
distribution in the Ln,SrAl,O, oxide lattice [4].

Aluminates containing La, Nd, and Sm were found
to form, regardless of the starting materias, via
formation of LnAlO; and LnSrAlO, aluminates hav-
ing the perovskite P and layered P/RS-type structures,
respectively. With al the Ln,SrAl,O; oxides (Ln =
La, Nd, Sm), the limiting stage is reaction (1):

LnAIO; + LnSIAIO, —> Ln,SrALO,. (1)

Comparison of the kinetic parameters of Ln,Sr-
AlL,O; (Ln = La, Nd, Sm) formation from various
reagents and the respective critical temperatures
showed that solid-phase reactions in this system are
activated only at certain critical temperatures correlat-
ing with the temperatures of transition of intergranular
formations to a liquid-like state (melting points of
two-dimensional nonautonomous phases).

1 For communication 11, see [1].

This work presents the results of studies on phase
formation in the Gd,05;-SrO-Al, O, system at various
temperatures and compositions of the starting com-
ponents.

The kinetics of phase formation in the Gd,O5—
SrO-Al,O5 system were studied by the isothermal
annealing—quenching procedure for reactions (2)
and (3) in the range 900-1530°C.

Gd,0; + Al,O; + SICO; —> Gd,SALO,  (2)
SIAILO, + Gdy0; —> Gd,SIAlLO;. ©)

Analysis of the phase composition of the reaction
mixture in the Gd,05;-SrO-Al,O; system (Table 1)
showed that reaction (3) is an intermediate stage of
reaction (2). The mechanism of Gd,SrAl,O, forma-
tion differs from that of Ln,SrAl,O; oxide formation
(Ln = La, Nd, Sm), since GdAIO; is unstable at the
synthesis temperatures [5], and reaction (3) between
Gd,0O; and the intermediate compound SrAl,O, is the
limiting process. Changes in the phase composition
of the starting mixture during the synthesis of Gd,Sr -
Al,O; by reaction (2) as a function of heat treatment
time are illustrated by the X-ray diffraction patterns in
Fig. 1.

Gd,SrAl,O; forms much faster than La,SrAl,O,
[1] and amost as fast as Nd,SrAl,O; [2]. Thus, in the
case of the synthesis of La,SrAl,O,, reflexes of
LaAlO; and LaSrAIO, are predominantly observed
after 24-h calcination at 1300°C. The synthesis of
Gd,SrAl,0, under the same conditions occurs almost
completely, and the X-ray diffraction pattern shows
no other reflexes than those of Gd,SrAl,O;. The
conversions of Gd,SrAl,O; and Nd,SrAlLO; a
1200 and 1300°C are given for comparison in Table
2. The conversions of Gd,SrAl,O; as functions of the
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Table 1. Phase compositions of the samples resulting from heat treatment of a starting mixture with the chemical
composition corresponding to the stoichiometry of Gd,SrAl,O; formed by reactions (2) and (3)

Heat treatment regime

Phase composition of samples after heat treatment

(CTPETAWS | time, h | starting components Gd,O;, Al,05, SCO; | Starting components Gd,Og, SIAIO,
900 2448 Gd,04(cubic), Al,O; SO (SICOs) _
1000 24 Gd,04(cubic), Al,0,, SO (SrCOy) _
48 Gd,05(cubic), Al,Os, SO (SICOs), SIALLO,, Ga05(cubic), SIAIZ0,
Gd,SrAl,O; (traces)
1100 24 Gd,04(cubic), SrAlLO,, Gd,04(cubic), SrAlLO,
48 Gd,SrALO, Gd,04(cubic), SrA1L0,, Gd,SrAlLO; (traces)
1200 15 Gd,04(cubic), SrA1LO,, Gd,SrALO, _
2448 Gd,SALO;, Gd,O5(cubic), SrAILO, G 05(cubic), SIAIZ0,, GdpSAl 07
1300 1-24 Gd,SrA1L,0;, Gd,O,(cubic), SrAI,0, -y
48 Gd,SrAl,O, Gd,Oz(monoclinic), SrAl,O4, Gd,SrAlLO;
1400 1 Gd,SrALO,, Gd,O5, SrAILO, (traces) -
2. 48 Gd,SrAlO, Gd,SrAl,O4, SrAl,04, Gd,O5(monoclinic)
1500 13 Gd,SrALLO, Gd,SrAl,O,, SrAl,0,, Gd,O4(monoclinic)
1530 13 Gd,SrALLO, Gd,SrAl,0,, SrAl,0,, Gd,Oy(monoclinic)

temperature and time of reaction (2) are given in

Fig. 3.

The following two facts attract attention when we
compare phase formation in the La-Nd-Sm-Gd series.

begins at 1000°C but occurs so slowly that only after

48 h of synthesis only traces of the Gd,SrAl,O, phase
appear; at the same time, formation of La,SrAl,O; is

Sm,SrAlL0,

First, in the Ln,0;-SrO-Al,O4 systems (Ln = La, Nd,

Sm) at 1000°C, LnAlO; and LnSrAIO4 began to form,
whereas in the gadolinium-containing system, SrAl,-
O,. Second, formation of the Gd,SrAl,O, oxide
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activated only a 1300°C, and Nd,SrAl,O;, and

begin to form a 900°C.

The formation of Gd,SrAl,O; by reaction (3) with
preliminarily synthesized SrAl,O, oxide as a reagent
was detected only at 1100°C. We emphasize that
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Fig. 1. X-ray diffraction patterns of Gd,SrAl,O- calcined at 1200°C. Calcination time, h: (1) 1, (2) 3, (3) 5, (4) 24, and (5) 48.
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Fig. 2. X-ray diffraction patterns after 24-h calcination at 1300°C. (1) LaySrAl,O; and (2) Gd,SrAl,O;.

Table 2. Conversions of Gd,SrAl,O; and Nd,SrAl,O; at
various synthesis times at 1200 and 1300°C

. 1200°C 1300°C
Time,
h Gd,SrAl,O44{ Nd,SrAl,O4 Gd,SrAl,O4 Nd,SrAl,O,
1 0.62 0.66 0.81 0.80
3 0.71 0.72 0.93 0.90
5 0.75 0.75 0.97 0.97
24 0.85 0.85 1.0 1.0
04

5 10 15 20 25 30 35 40 45 50
Time, h

Fig. 3. Kinetics of phase formation in the Gd,O3 -
SrCO3 — Al,O5 mixture (« is the conversion of Gd,Sr-
Al,O;). Temperature, °C: (1) 1200, (2) 1300, and
(3) 1400.

Ln,SrAl,O; is much slower formed when intermediate
products, rather than simple oxides, are used as re-
agents, and this is valid for the entire La-Nd-Sm-Gd
series. In the case of Gd,SrAl,O,, the reaction is
further decelerated by the transition of the Gd,O,
oxide from the cubic into monoclinic modification at
1200°C [6]. As a result, the less reactive monoclinic
form of Gd,O; appears in the reaction mixture at
1300°C. Note that the synthesis of Gd,SrAl,O; from
simple oxides at 1400°C is complete already after 2-h
cacination (Table 1). Together the above findings
provide evidence to show that the perovskite-like
layered oxide Gd,SrAl,O;, like Ln,SrAl,O; phases
(Ln = La, Nd, Sm), are best synthesized directly from
the Gd,O5, Al,O5, and SrCO4 oxides, even though the
mechanism of Gd,SrAl,O; formation in this case is
different and involves no formation of the GdAIO,
perovskite phase.

Correlation of the kinetic parameters of Gd,Sr-
Al,O; formation and the critical temperatures in the
reaction system in study shows that solid-phase reac-
tions in the Gd,05-SrO-Al,O5 system are in some
sense liquid-phase. This conclusion follows from the
fact that chemical reactions in the solid-phase system
are activated when two-dimensional nonautonomous
phases (intergranular formations) pass into a liquid-
like state, thereby sharply increasing the rate of mass
transfer in the system.

Thus, in spite of the different mechanisms of for-
mation of Gd,SrAl,O; and Ln,SrAl,O; (Ln = La, Nd,
Sm), the reaction rate sharply increases at 1200°C,
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i.e. the temperature of the transition of two-dimensio-
nal nonautonomous (surface, intergranular) phases on
the basis of Al,O5 into a liquid-like state [7, 8]. The
activation of formation of intermediate products at
900-1000°C, irrespective of their nature and the reac-
tion mechanism, correlates with the temperature of the
transition of two-dimensional nonautonomous phases
on the basis of SrCO; into a liquid-like state (750
850°C [7]) and with the phase-transition temperature
in strontium carbonate (925°C [9]).

In the electron micrographs of the reaction mixture
after 48-h calcination at 1000°C (Fig. 4a) we can see
small particles of incipient new phases (intermediate
compound SrAl,O, and reaction product Gd,SrAl,O,)
on the background of large particles of unreacted sub-
stances. These new phases are located predominantly
on the interfaces between large Gd,0;, Al,O5, and
SrCO; reagent particles, which crestes prerequisites
for mass transfer, especially upon transition of two-
dimensional nonautonomous phases into a liquid-like
state. In the micrograph of a singlephase sample of
Gd,SrAl, 0, after 48-h calcination at 1300°C (Fig. 4b)
we can see particles of almost the same size and shape,
clearly isolated from each other.

Thus, the structural and chemical transformations
in the Gd,0; -SrO-Al,O5 system and the kinetics of
Gd,SrAl,O, formation reveal one more factor affect-
ing the mechanism of formation of Ln,SrAl,O,
perovskite-like layered oxides. This factor is the
stability of LnAlIO; oxides crystallizing in the pe-
rovskite structural type. As a result, Gd,SrAl,O,,
unlike La,SrAl,O; Nd,SrAl,O;, and Sm,SrAl,O,,
forms via reaction between SrAl,O, and Gd,O,.

EXPERIMENTAL

As starting materials we used gadolinium oxide
(SST brand, 99.99%), strontium carbonate (7-2 brand,
specia purity grade, Technical Specifications 6-09-01-
659-91), and finely dispersed auminum oxide
(Johnson Matthey 99.99%, 1-15 um) containing a
certain quantity of y-modification. Reagent mixtures
(5 g) with the stoichiometry of Ln,SrAl,O, were
prepared by mechanical stirring in a KM-1 agate ball
mill for 1.5 h. The samples were pressed into
cylinders 15 mm in diameter and 3-4 mm in thickness
under a pressure of 500 MPa. The samples were
sintered in a furnace with a platinum heater. The iso-
thermal regime of heat treatment was maintained with
an accuracy of £1 K using an RIF-101 precise prog-
rammed controller.

Phase composition was controlled by X-ray dif-
fracation. The X-ray diffracion patterns were recorded
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Fig. 4. Electron micrographs of sections of ceramic
samples of the reaction mixture corresponding to reac-
tion (2) after 48-h calcination at (a) 1000 and (b) 1300°C.

on a Philips Analytical X-ray PW-3020 diffractometer
(CuK,, radication) in the 20 range 5°-50°. Phase
identification was performed using the Diffrac-AT
program complex (Version 3.1). Quantitative X-ray
phase analysis was performed by the procedure
described in [10].

The surface electron micrographs were ob-
tained on a Hitachi-2000 scanning electron micro-
scope.
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