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Abstract

The defect structure of LaCoO; based ferroic perovskites has been studied by TEM. The dynamics of the temperature-
induced ferroelastic to paraglastic phase transition was directly monitored by in-situ TEM during thermal cycles from
room temperature to 700 °C. Different types of structural features of LaCoO; based perovskites have been observed,
such as twins, antiphase domains, stacking faults, and dislocations. Domain motion and de-twinning during heating,
and the reappearance of twins during cooling have been demonstrated. This is important for the understanding of
ferroelastic hysteretic behavior of LaCoO; based perovskite ceramics.
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1. Introduction 1. A phase transition between the paraglastic high
temperature high symmetry phase and ferroel as-

The term “ferroelasticity” was introduced by tic low temperature low symmetry phase. This

Aizu [1] for crystals where the stress-strain ferroelastic phase transition crestes a lattice dis-

behavior exhibits a hysteresis that is characterized tortion.

by spontaneous strain and coercive stress [2,3], 2. This lattice distortion can be reoriented by an

while so called “paraglastic” crystals exhibit alin- external mechanical stress.

ear stress-strain behavior with no hysteresis loop.

There are two ingredients that make a crystal ferro- This type of phase transition, which is

eastic: accompanied by a change of the point-group sym-

metry, is caled a ferroic phase transition [4]. Fer-

roelectric and ferromagnetic materials are typical
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sition, the change of point-group symmetry is
accompanied by the onset or disappearance of
spontaneous strain; a polar, symmetric, second-
rank tensor property. Thus, ferroelasticity is asso-
ciated with the occurrence of spontaneous strain;
spontaneous because it has a nonzero magnitude
even when no external force is applied to the crys-
tal. The spontaneous strain is measured as the vol-
ume average of the structural deformation of the
unit cell. It is defined as to be [5]:

¢ independent of the choice of the coordinate sys-
tem;

¢ the samein al the orientation statesin the ferro-
elastic phase;

® zero over the whole temperature range in the
prototypic phase.

The spontaneous strain in ferroelastic materials
is strongly influenced by the domain structure of
the crystal. The domain/twin structure is a conse-
guence of a transformation from the paraglastic
phase to the ferroelastic phase and, thus,
domains/twins are the dominant microstructure of
this low symmetry phase. Domains/twins can
coexist in a ferroic crystal because they are ener-
getically equivaent, and because the crystal can
minimize its free energy by splitting into an opti-
mum number of domains. In some ferroelastic
phases resulting from discontinuous phase tran-
sitions, a dense network of domains can provide a
stress accommodating mechanism [6]. When stress
is applied to atwinned crystal, one direction of the
domains/twins remains stable and displays classi-
cal elastic behavior, whereas the second direction
of the domains/twins is unstable and collapses into
the first one when the critical stress is surpassed.
If the direction of stress is reversed, the second
structural state is stable and the first collapses into
the second. This process is caled a domain
switching/reorientation. The quantity that charac-
terizes the size of the ferroelastic hysteresis is the
stress that is necessary to reorient or destroy the
domain/twin pattern.

One class of materials where developing a fun-
damental understanding of ferroelasticity is crucial
isin perovskite type ABO; (where A = La, Sr, Ca;
B = Co) mixed ionic and electronic conducting

(MIEC) ceramics. In particular, lanthanum
cobaltite based perovskites are important agile and
multifunctional materials, which are very promis-
ing for high temperature oxygen separation mem-
branes and cathodes in solid oxide fuel cells
(SOFCs) [7,8]. When the B ions can take a mixed
valence state, such as in transition metals, the par-
tial substitution of A site cations by other metal
cations with lower valences usually causes the for-
mation of oxygen vacancies and a change in the
valence state of the B ions in order to maintain the
charge neutrality [9]. Substituting ions of similar
size but lower valence at the B site can also
increase the concentration of oxygen vacancies.
The so-called mixed conductors may show both a
high oxygen ionic conductivity due to high oxygen
vacancy concentration, and a high electronic con-
ductivity due to the mixed-valence state [10].

Despite a number of publications concerning the
spin-state [11-13], electrical and magnetic tran-
sitions [14-17], and the oxygen permeability of
MIEC perovskites [18-20], just a few papers have
been published on the ferroelasticity and elastic
hysteresis of these materials [21-23]. What is
known about these materials is that during fabri-
cation and operation, both the layered SOFC struc-
ture and oxygen separation membranes are subject
to various thermal cycles, when the large thermal
stresses can cause the cracking and failure of the
ceramics. The ferroelastic transition was not
accounted in the modeling and in the experimental
measuring of the residual stresses arising in SOFCs
during the fabrication or operation [24]. However,
the work on large strain electromechanical actu-
ators with perovskite related structure has shown
that the domain switching/phase transition can
result in cracking due to the inevitable strain
incompatibilities in polycrystalline materias.
When LaCoO; based ceramics are to be used as
solid electrolytes and membranes, cracking of this
nature, caused by thermal cycling through the
transformation could seriously compromise the
membranes.

The application of the physical concepts of fer-
roelasticity to MIEC perovskites is new and funda-
mental research on the underlying physical prin-
ciples, which generate elastic instabilities, is
required to understand fully the materials behavior.
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A basic understanding of the origin of ferroelastic
properties is not currently available for lanthanum
cobaltites and other mixed conductors. Here we
publish the results of our study of the ferroelastic-
ity in LaCoO; based ceramics. In the first part of
the publication the TEM study on the paraelastic
to ferroelastic phase transitions in lanthanum
cobaltite perovskites as a function of temperature
is presented. Specifically, the defect structure of
LaCoO; based rhombohedral perovskitesis charac-
terized, a ferroelastic to paraelastic phase transition
in LaysCa,4C0o0; is studied by in-situ high tem-
perature TEM, and the microstructural changes
occurring during thermal cycling are investigated.
In the second part of the publication the stress-
strain relationships and hysteresis in LaCoO, based
perovskites studied by compression will be
discussed.

2. Materials and experimental details

It was recently discovered that LaCoO; based
perovskites have a ferroic character [21,23]. A fer-
roelastic transition is necessarily connected to a
change in the crystal system and these ceramics
exhibit cubic (a space group Pm3m stable at high
temperature) to rhombohedral (a space group R3c
stable at low temperature) gradual displacive phase
transition (Fig. 1) [25]. The transformation
between the cubic and non-centrosymmetric
rhombohedral phases produces four distinct vari-
ants, which have unique deformation states with
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Fig. 1. Schematic presentation of the ferroelastic phase tran-
sition from cubic to rhombohedral phase in LaCoO; perovskite.

respect to the prototype. The rhombohedral spon-
taneous deformation involves a stretching aong
one of four [111] directions. The spontaneous fer-
roelastic strain in the rhombohedral LaCoO; per-
ovskite is due to the rotation of the corner sharing
Co0O;-octahedra, which causes the Co-O-Co bond
angle to be lower than 180°. The octahedra in the
LaCoO; perovskite are flattened along the [111]
pseudocubic direction, which is the axis of
rotation. It is convenient to use the rhombohedral
angle & between the pseudo-cube [101] direction
for the description of the rhombohedral distortion.
G is equa 60° in the case of cubic symmetry. For
pure LaCoO; perovskite & = 60.79° was reported
[25]. Pure LaCoO; remains in the rhombohedral
phase close to the melting point (1700 °C) tem-
perature [26,27]. The rhombohedral distortion of
LaCoO; perovskite and the temperature of c—r
transition can, however, be lowered by divalent
cation substitution on the A site [22,25]. The
rhombohedral distortion of pure LaCoO; perovsk-
iteis the highest possible from the crystallographic
point of view and will be lowered by doping with
A2* (where A% can be Sr?*, Ca2*, or Ba?*) cations
on A site, until at the level of substitution of
dlightly above x = 0.5, the rhombohedral angle
becomes equal 60° and the system becomes cubic.
Thus, the transition temperature can be expected
to be around 950 °C for La, sCa, ,C0o0; and around
700 °C for LayCay,Co0; perovskites [28,29].

Pure LaCoO; and Ca-doped L &, ¢Ca, ,C00; and
LaysCa,,Co0; perovskites were produced by
Praxair Surface Technologies, Speciaty Ceramics.
Single phase materials with no detectable second-
ary phases were determined by XRD. The average
grain size of 2-5 micron was measured for all three
compositions. A JEOL JEM-3010 TEM was used
for the microstructural studies. High temperature
in-situ experiments were performed on Ca-doped
materials. A Gatan Model 652 double tilt heating
stage, with a tantalum furnace, was used to heat
perovskite foils up to 700 °C at a controlled heat-
ing rate of 10 or 20 °C per min. The oxygen partial
pressure in the microscope column is about 5108
Pa, therefore the perovskite sample is in a highly
reducing atmosphere during the high temperature
experiments [30].
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3. Results
3.1. Twins in LaCoO; based perovskites

Twins are the dominant structural feature of
rhombohedral perovskites at room temperature.
Different types of twins can be found, such as short
parallel domains oriented at 180° to each other,
wedge shaped twins, long lamellas, and herring
bone structures were generally observed. We did
not see the tweed structure or any trace of spinodal
decomposition, which are other evidences of a
paraelastic to ferroelastic transition [2].

Short parallel domains oriented at 180° rela
tively to each other as well as long lamellas in
LaCoO; are shown in Fig. 2(A). The dominant
morphological feature of these short pardlel
domains is that they are relatively straight and pos-
sess a high degree of 180° orientation with respect
to each other. During the heating experiments these
short 180° domains have been in the highly mobile
state starting from 150 °C, and they had a tendency
to disappear at once at temperatures of 200-250
°C for Lay¢Cay,Co0; compositions. Their move-
ments during the heating have lead to bending and
buckling of the sample. The electron diffraction
pattern taken from the twin's area exhibits the
splitting of the spots (Fig. 2(B)). The magnitude of
the splitting increases with the distance from the
center of the pattern. The splitting of the spots in
the diffraction pattern reflects the lowering of the
symmetry from cubic to rhombohedral during the

phase transition. Another example of short 180°
twins along with wedge shaped domains that were
observed in LaygCa,,CoO5 perovskite at 800 °C
are shown at Fig. 3. T, of LaygCa,,Co0; is 950
°C [22] that is why atwin structure is significantly
less mobile and more stable in the region of tem-
peratures below 950 °C in comparison to the
LaycCay ,Co0; domains.

Needle shaped domains were also observed in
LaCoO; (Fig. 4, insert), which can easily be con-
sidered as twins. However there is no significant
orientation change between adjusted domains,
which exists in the twin structure. An HRTEM
image of a domain wall (Fig. 4) shows that the
boundaries are almost perfectly aligned with each
other. No splitting of the selective area diffraction
spots taken across the domain boundary has been
observed. From these results, the lattice parameters
of a=5.4445A; £=13. 0936A with an atomic spac-
ing of d = 3. %A in [112] direction and d = 3. 78A
in [012] direction were calculated. The tilt angle
of the domain wall was measured to be 177.89°.
It is possible that this deviation from 180° is due
to a shear deformation of twinning which occurs
during the ferroelastic phase transformation. To
answer the question about the nature of the domain
wall, Z-contrast imaging should be used [30,31].

3.2. Saking faults and dislocations in LaCoO;
based perovskites

Another planar defects, besides twins, that were
often observed were stacking faults (Fig. 5). They

Fig. 2. (A) Bright field TEM micrograph of a typical twin structure in the pure LaCoO; perovskite. (B) SAD pattern from the area
A. An arrow shows spot splitting due to the transformation from cubic to rhombohedral symmetry.
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Fig. 4. Domain wall in LaCoO;.

appeared only after the sample was exposed to the
reduced environment at high temperature in the
microscope column. In the as-received sample no
staking faults have been observed. Once the stak-
ing faults appeared upon cooling, they were able
to move/shrink and disappear very fast during the
further heating/cooling cycling. Such movement of
stacking faults at high temperatures in reducing
atmosphere (high vacuum of the TEM) can be con-
nected to the oxygen vacancies formation in the
LaCoO; lattice. The role of the staking faults in
domain switching/transformation mechanisms is
not clear and more work is required to understand
how and why they affect transition processes and

what is their input in the ferroelasticity phenom-
enon.

The dislocations could not be seen easily at
room temperature, since they were hidden by over-
lapping twins and other defects. However, during
the heating, when the other defects disappear, the
dislocations can be observed. A dislocation in
L&y eCa,4C00; perovskite at 400 °C is shown in
Fig. 5. These dislocations serve as strong pinning
points for de-twinning process, thus preventing and
delaying shrinkage and disappearance of the twins
during heating (Fig. 6).

3.3. Dynamics of the ferroelastic phase
transition in Lag¢Cag4Co04

For the first time, the maobility of domains was
recorded in-situ in the LaCoO; based perovskite
using a high temperature (up to 850 °C) heating
stage in the TEM. Heating allows one to directly
identify changes from the static to dynamic twin-
ning near the phase transition temperature, and to
observe the de-twinning process during heating
and reappearance of domains during cooling. The
L&y 6Cay.4C00; composition was chosen for the in-
situ high temperature TEM experiments because of
the maximum temperature restrictions (850 °C is
a maximum) during the heating experiments as the
T, of the La,¢Cay,C0o0; perovskite is around 700
°C [29]. Different steps of the de-twinning process
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Fig. 5. (A) Stacking faults in La,sCay,4C00; perovskite observed by TEM at room temperature after dwelling of the sample at 700
°C for 10 mins. (B) A higher magnification image of the upper part of micrograph (A).

Fig.6. Twinsin La,eCa ¢4C00; perovskite at 400 °C. A dis-
location (marked by arrow) is observed near the twins' tips.
Some of the twins have bifurcated tips.

are shown in Fig. 7. Two types of domains can be
generally observed on the as received TEM sample
—180° and ~90° domains [32]. Upon heating the
180° domains are found to be the most unstable
and mobile, disappearing at 200-250 °C. Other
long domains are stable up to 400 °C (Fig. 7(B)),
they are not mobile and simply shrink when the
temperature increases up to 700 °C. At this tem-
perature dislocations can be observed and the grain
is almost free from twins, i.e. it is a single domain
grain (Fig. 7(C)). On cooling, the long twins

reappear almost at the same place and in the same
position. After cooling, the long twin pattern corre-
sponds to the one seen before heating, while the
180° twins did not return, i.e. the structure after
cooling does not exactly correspond to the struc-
ture before heating (Fig. 8). The main difference
was an appearance of stacking faults. Their forma-
tion possibly can be explained by the formation
of oxygen vacancies during the reduction of the
La,¢Ca,4Co0; perovskite to the orthorhombic
brownmillerite phase during heating in the highly
reducing conditions of the microscope [33]. The
origin of the stacking faults and their relationship
with ordered oxygen deficient samples is one of
the problems to be further studied.

Electron diffraction patterns taken during heat-
ing and cooling are very complicated and will be
described elsewhere. Ordered structure, change of
the diffraction pattern during phase transition/de-
twinning in real time, and the superstructure were
recorded in-situ during the heating experiments.
More thorough and detailed work is required to
determine the crystal structure (d spacing, growth
direction, ordering, superstructure indexing, etc.)
during the heating cycles of LaCoO; based perov-
skites. This investigation of the twinning/de-twin-
ning process, domain wall motion and thickening
will lead us to a new level of understanding of the
effect of the microstructure on the stability of
LaCoO; based perovskites.
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Fig. 7. The seguence of micrographs showing dynamics of the de-twinning upon heating. (A) Multidomain state in as-prepared
structure at room temperature before heating; (B) Long domains are stable at 400 °C; (C) Singe domain grains exist at 700 °C.

Fig. 8. The sequence of micrographs showing the re-appearance of twins during cooling (A) Re-appearance of long twin lamellas
during the cooling at 400 °C. Long twins are growing at the same position, as they existed before heating; (B) At the end of cooling,
long twins reached the same size as before heating. The multidomain state, which existed on as-received fail, did not re-appear. (C)
The huge twin bands re-growth during the cooling. The formation of such twins leads to bending and cracking of the perovskite foil

upon cooling and appearance of considerable residua strains.

3.4. Annealing of perovskite samples at high
temperature

The same specimen of La,sCa,,C00; was re-
heated to 700 °C and then annealed at this tempera-
ture for a period of time. The bending and strain
generated during the previous thermal cycle had
reduced the number of areas that could be looked
at in this experiment. A micrograph of one of these
grains was taken at 700 °C, immediately after heat-
ing (Fig. 9(A)) and after 25 mins at 700 °C (Fig.
9(B)). As expected, upon reaching 700 °C, most
of twins and twin related defects disappeared and
the grain became a single domain grain. However,
when held at 700 °C for 25 mins, a further trans-

formation occurred including the appearance and
movement of new stacking faults.

It is known that LaCoO; perovskite is easily
reduced and can undergo topotactic, low tempera-
ture reduction to vacancy-ordered phase [34]

2L.aCo0; (s) — La,C0,0s (5 + 1/20, (g)

An orthorhombic brownmillerite-type structure
was reported for LaCoO, 5 [35], which consists of
aternate layers of Co in octahedral and tetrahedral
Stes. The structure was described as the perovskite-
type structure with every second row of oxygen
atoms being removed from aternate planes [34].
The phase transition and appearance and move-
ment of stacking faults observed during annealing
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Fig. 9. TEM micrographs of La,sCa,,C00; perovskite at 700 °C. (A) Micrograph taken immediately after heating. A single domain
grain can be clearly seen. (B) Micrograph taken after 25 min of annealing at 700 °C.

at 700 °C can be connected to the reduction and
oxygen vacancies formation in LaCoO, g structure.
We did not observe any formation of cobalt oxides
during the annealing at 700 °C of La,¢Ca,4C00;.

Heating and dwelling at 800 °C experiments on
La,sCa,,C00; perovskites (T, = 950 °C) did not
lead to the temperature induced ferroelastic phase
transition and twin structure remained stable at 800
°C for this composition. This can be explained by
low mobility of domains walls comparable to those
in Lag ¢Ca,4C00;. We found that Co;0, with a spi-
nel structure was formed on the surface of
L&y sCa,,C00; perovskite sample during annealing
experiments at 800 and 850 °C [36] (Fig. 10). We
did not detect any deficiency of cobalt in the per-
ovskite grains or grain boundary, even though such

deficiency should exist. The reduction process of
LaCoO; can be written as

2LaCo"'O; — La,Co"'0, + Co'0O + 0,
La,Co"'0, — La,0; + CoO

Co,"""'O, is an intermediate product of the
reduction process. Depending on temperature and
oxygen pressure this reduction may terminate in
the formation of metallic cobalt.

4, Conclusions

A TEM study of the ferroelastic domain con-
figuration and phase transition of rhombohedral

Fig. 10. Co30, surface precipitations during annealing of La,gCa,,Co0; for 1.5 hr at 800 °C. Precipitation is favored along the

grain boundaries of perovskites.
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LaCoO; based ceramics has been carried out.
Twins, stacking faults and dislocations were
observed in LaCoO; based perovskites. For the
first time, the mobility of domains was recorded
in-situ by high temperature TEM in the
LaysCa,4Co0; perovskite, which alows one to
directly identify change from the static to dynamic
twinning near the phase transition temperature, and
to observe the de-twinning process during the heat-
ing and reappearance of domains during cooling.
Thus, the origin of the ferroelastic behavior of
these materials has been demonstrated. Annealing
of the La;¢Ca,,C00; specimen above c—r trans-
formation temperature leads to progressive tran-
sition and formation of new stacking faults, which
can be connected to the formation of oxygen
deficient brownmillerite-type LaCoO, s structure.
Annealing of the La,gCa,,C00; specimen at 800
°C for 1.5 hrs leads to the surface formation of the
cobalt oxide precipitations.
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