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Inelastic deformation behavior of Lag¢Srg4FeO3 perovskite
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Inelastic deformation behavior of the rhombohedral LaygSry4FeO5 perovskite is reported. Such
behavior is very similar to the ferroelastic deformation of LaCoO; or lead zirconate titanate
perovskites, except that no twin structure was found to exist in LaggSrg4FeO5. The possible
mechanisms responsible for such nonlinear deformation behavior are discussed. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2218026]

Ceramics are brittle materials because they cannot de-
form plastically. During the deformation there is only a small
absorption of energy, and a linear stress-strain relationship is
observed up to the failure of the material. However, some
ceramic materials have a low fracture toughness of
1-3 MPamY?, but show a nonelastic deformation
behavior.>? Several mechanisms can be responsible for such
inelastic deformation: ferroelastic domain switching,3 phase
transformation,® dislocation/point defect motion,>* grain
rotation,>® or microcracking.”®

La;_,Sr,FeO5 (LSF) perovskite ceramics are important
materials for application in solid oxide fuel cells, oxygen
separation membranes, sensors, and catalysts. The crystal
structure of LSF ceramics at ambient temperature is a func-
tion of Sr content. While pure LaFeO; has an orthorhombic
structure (Pnma space group), it transforms to a rhombohe-

dral structure (R3c space group) as the amount of Sr content
increases from 0.4 to 0.7. The system becomes cubic when
the Sr content is in exess of 0.8.° While there are reports on
the mechanical behavior of pure LaFeO, perovskites,10 no
mechanical properties have been reported for Lag gSry 4FeO4
despite its superior mixed ionic electronic conductivity.
However, the reliability and mechanical performance of this
material is of great importance in the current development of
durable devices for energy systems.

Here we report the discovery of inelastic deformation
behavior for LaggSrysFeO, during compression testing.
Single loading/unloading along with incremental cycling
were performed to study the response of polycrystalline LSF
perovskite to compressive loading.
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The Lagy gSrq 4FeO5 perovskite powders were isostatically
pressed at 207 MPa followed by sintering at 1200 °C in air
for 24 h.** Parallelepipeds ~3x3x 6 mm? were cut and
machined from the sintered, 5% porous, samples. To remove
the deformed surface layer introduced during machining,
some samples were annealed at 1100 °C for 4 h.

Compression tests were performed in a servohydraulic
test machine (Instron 8500) with a 20 kN load cell. The com-
pression axis was along the longest dimension of the sample.
Samples were compressed in air at room temperature at a
constant  loading/unloading  crosshead  speed  of
0.01 mm/min. Both monotonic and cyclic loadings were
performed. The cyclic compression tests were performed in
the following way: loading-unloading (first cycle), loading-
unloading to the same load (second cycle), incremental load-
ing and two more cycles (first and second) at the new load,
and so on. The displacement/strain was measured using a
purpose built capacitance device with an annular active ring,
and, therefore, the measured displacement was effectively
the average of the displacements in all angular directions
around the specimen. The resolution of the device was about
0.1 pum.

X-ray diffraction analysis (XRD) (Siemens diffracto-
meter, Cu Ka radiation) was performed to characterize the
phase composition of the perovskites. A JEOL JEM-3010
transmission electron microscope (TEM) with energy disper-
sive spectroscopy (EDS) analysis was used to characterize
the microstructure and the chemical composition of the
grains.

The crystal structure of LSF has been studied in detai
It was found that the rhombohedral distortion that exists in
this perovskite was too small to be identified in XRD, pat-
terns. The same was found in the present study, where no
splitting of the peaks could be detected by XRD and, there-
fore, the structure could only be identified as cubic (space
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FIG. 1. TEM micrograph showing a grain structure of LSF. [(a) and (b)]
Grains are single domains with average grain sizes of 1-3 um. [(c) and (d)]
Grains with dislocations. [(e) and (f)] Grains with bend contours due to local
bending of the crystals.

group Pm?m). However, when neutron diffraction was em-
ployed, excellent refinement results were obtained for a

structure with a rhombohedral cell (space group R3c).1

The grain microstructure, with an average grain size of
1-3 um and some small amount of the porosity of LSF
perovskite, is shown in Figs. 1(a)-1(f). The average chemical
composition of the grains was found to be La-31.6 at. %,
Sr-20.8 at. %, and Fe-47.6 at. %. No domains, twins, an-
tiphase boundaries, stacking faults, or other planar defects
were observed. This is perfectly in line with XRD diffraction
data where no splitting of the diffraction peaks due to the
formation of a twin structure was found. Some grains contain
significant numbers of dislocations [Fig. 1(d)] and bend con-
tours [Figs. 1(e) and 1(f)].

A typical loading/unloading curve for LSF is presented
in Fig. 2(a), in which certain characteristic stages of defor-
mation can be distinguished. After an initial elastic deforma-
tion (region 1), the behavior becomes highly nonlinear (re-
gion Il) due to “easy” deformation. An inflection point
occurs at ~138 MPa due to a transition from easy deforma-
tion to hardening or exhaustion. Upon unloading the perov-
skite first undergoes an elastic recovery (region I11) followed
by a nonlinear behavior. The elastic strain, recoverable in-
elastic (unloading and relaxation) strain, remanent strain, and
hysteresis area could be determined from the stress-strain
curves (Table ). At zero stress there is some relaxation re-
covery of the strain. The total recoverable inelastic strain is
defined as the sum of the recoverable inelastic strain and the
relaxation strain. A remanent strain is induced in the de-
formed samples. If the ceramics are heat treated the strain
can be fully recovered, and a shape memory effect is ob-
served.

A number of researchers explained similar hysteresis and
gradual transition from softening to hardening behavior with
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FIG. 2. Compression test of Lag¢Srq4FeO; perovskite. (a) I-area of elastic
deformation; Il-area of inelastic deformation; Ill-area of elastic deformation
at high stress level. Stress-strain diagram of LagSr, sFeO5 perovskite with
cyclic loading. (b) Insert 1-cumulative stress-strain diagram built from the
maximum stress points for all cycles showing schematically separate hys-
teresis loops in different cycles; insert 2-cumulative remanent strain mea-
sured from first and second cycles.

increase in applied stress by a domain switching/twinning
process. However, both XRD and TEM analyses confirmed
that no twins/domains existed in LSF perovskite before load-
ing. Since grains with numerous dislocations have been dem-
onstrated there is a possible contribution from dislocation
movement to the observed inelastic behavior. A contribution
from microcracking can be ruled out of consideration be-
cause the elastic stiffness of the material actually increases
with increase of applied load.

Figure 2(b) shows the hysteresis loops generated in LSF
with cyclic compression with incremental load. The shape of
the hysteresis during cycling closely resembles the shape of
the hysteresis produced in the single loading experiment [see
Fig. 2(a)]. Insert 1 shows the total hysteresis loop recon-
structed using the maximum stress in each single cycle, with
three individual loops shown for illustration. Insert 2 of Fig.

TABLE |. Hysteresis parameters of the LagygSr, ,FeO5; compression defor-
mation curve during single loading/unloading.

Parameters Annealed
Maximum stress (MPa) 898
Maximum strain 0.011 8
Elastic modulus under unloading (GPa) 131
Inflection point (MPa) 138
Hysteresis loop area (MPa) 0.571
Elastic strain 0.006 7
Reversible inelastic strain 0.002 4
Relaxation strain 0.000 16
Irreversible strain 0.002 6
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FIG. 3. (a) Effective elastic stiffness, (b) hysteresis loop area, and (c) in-
flection point vs maximum stress in a cycle. I-zone of elastic deformation;
11-zone of inelastic deformation before inflection point; 111-zone of inelastic
deformation after inflection point.

2(b) shows the evolution of the cumulative remanent strain
in the first and second cycles of the incremental loading. As
one can see, there are three stages of strain accumulation
during cycling: first stage up to 100 MPa of maximum stress
in the cycle, second stage between 100 and 200 MPa where
the cyclic loading initially produces a significant increment
in the cumulative strain, and third stage where the strain
eventually saturates and remains almost constant. No more
cumulative strain increase occurs for the 500-700 MPa
maximum stress cycles. Although the behavior is similar for
both the first and the second cycles, the increment of the
remanent strain is significantly higher for the first cycle.

The variation of the effective elastic stiffness as a func-
tion of applied stress is shown in Fig. 3(a). The effective
elastic stiffness was determined as the slope of the tangent of
stress-strain curve at the beginning of each unloading. For
the first three cycles at low maximum stress level (20, 40,
and 60 MPa), no hysteresis was observed and the effective
elastic stiffness remained constant (zone ). At higher
stresses the effective elastic stiffness increased. This behav-
ior of effective elastic stiffness for inelastically deformed
Lagy gSrp4FeO5 perovskite has not been reported before. It
does, however, have important implications in, for instance,
the calculation of fracture toughness, since the stiffness is not
constant for a given material but changes as a function of
applied stress.
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The hysteresis loop area as a function of maximum
stress in a cycle is shown in Fig. 3(b). No hysteresis is ob-
served in the elastic deformation region (zone I). The hyster-
sis loop area is a quadratic function of the maximum stress in
zone |1, with a significant increase up to a maximum applied
load of 138 MPa. It shows that the inelastic behavior of the
material can possibly be explained by some kind of disloca-
tion motion like kinking nonlinear elastic solids.> Above
138 MPa the hysteresis continues to increase but more
slowly. The eventual saturation of the hysteresis loop area
could be expected at high stresses (>700 MPa).

Figure 3(c) shows the inflection point stress measured in
each cycle versus maximum stress. For the cycles with a
maximum stress smaller than 138 MPa no inflection point
was observed. For the cycles with a maximum stress above
138 MPa, the inflection point was constant at 138+20 MPa.
A similar behavior for the inflection point with incremental
loading in LaCoO; based perovskites has been reported.*

In conclusion, we have found that Lag ¢Sry 4FeO5 perov-
skite deforms inelastically in compression. This behavior is
very similar to the ferroelastic deformation of lead zirconate
titanate or LaCoO; perovskite ceramics, except that no
domain/twin structure is found in Lay gSrq 4FeO5. Therefore,
domain switching or twinning does not appear to be respon-
sible for the inelastic deformation of this Sr-doped lantha-
num ferrite. Since an increase of effective elastic stiffness
was found during the compression tests, a phase transforma-
tion cannot be excluded as a mechanism responsible for the
nonelastic deformation. Another possible mechanism is dis-
location motion like kinking nonlinear elastic solids, since a
lot of dislocations were found to exist in the grains. Further
research is required to determine the details of mechanism
responsible for the inelasticity of Lag¢Sry4FeO5 perovskite.
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