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Ferroelastic Behavior of LaCoO;-Based Ceramics
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LaCoO; and LaggCa,,CoO,; ceramics show a nonelastic
stress—strain behavior during four-point bending experiments
wher e hysteresis |oops ar e observed during loading—unloading
cycles. Permanent strain isstored in the material after unload-
ing, and a mechanism related to ferroelastic domain switching
in therhombohedral perovskiteisproposed. Domain switching
in the materials has been confirmed using X-ray diffractom-
etry. Fracture toughnesses of La, ;Ca, ,Co05; measured using
single-edge notched beam and single-edge V-notched beam
methods coincide and are equal to 2.2 MPam¥? at room
temperature and decrease to ~1 MPa-m¥? at temperatures
>300°C. A decrease in fracture toughness is consistent with
ferroelastic behavior, because the rhombohedral distortion
decreases with increasing temperature.

I. Introduction

ONOLITHIC ceramic materials are usually brittle and deform

elastically under stress. However, a particular type of ceram-
ics, which shows nonelastic behavior, has been termed ferroel astic
by analogy with the stress—strain relationship with the polarization
of ferroelectric materialsin electrical fields or the magnetization of
ferromagnetic materials in magnetic fields.* Such nonelastic be-
havior has been related to domain switching under loading.
Ferroelastic behavior has been observed for severa ceramic
materials, such as tetragonal zirconia (t-ZrO,), zirconates, titan-
ates, and vanadates.>™> Spontaneous ferroelastic strain in rhombo-
hedral perovskites, such as LaAlO,, has been previously reported
by Miller et al.° Rhombohedral perovskites should undergo a
paraglastic to ferroelastic transition when transforming from cubic
to rhombohedral structures during cooling.* Pure LaCoO, has a
rhombohedral structure at room temperature and also has a
significant distortion from cubic structure at 1000°C. When the
data for the rhombohedral angle are extrapolated, LaCoO; remains
rhombohedral up to temperatures close to the melting point.” At
50 mol% substitution of strontium for lanthanum, the crystal
structure becomes cubic.®** At moderate substitution levels of
calcium or strontium (X 0.2), however, the rhombohedral
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distortion remains significant at room temperature. The rhombo-
hedral to cubic phase transition is observed at ~900°C for these
substituted materials.*? LaCoO,-based materials are interesting
from an application point of view, because they are potential
materials for use as dense ceramic membranes for oxygen separa-
tion from air and for synthetic-gas production. Pure LaCoO; is a
semiconductor at room temperature, whereas substitution with
~20% calcium or strontium for lanthanum gives increased ionic
and electronic conductivity, and the materials become metallic.*®

To date, the mechanical properties of lanthanum transition
metal oxide perovskites have not received much attention, despite
the fact that the high-temperature applications of these types of
material demand certain mechanical properties, such as mechani-
cal strength and high creep resistance. Only a few characteristics,
such as bending strength and Y oung's modulus, can be found in
the literature for some selected perovskites.*>® The reported data
on bending strength are limited to La,4Srg1Ga, sMdp 205 s,
L8o.5750.12sMNO3,, 5, and La, S, 5Cr, ,Co/O3. " In our re-
cent work,® sclected mechanical properties of LaCoOs,,
La, gSry ,C00,, and La, sCay ,C00; materials containing some
amount of secondary phases were investigated. We aso observed
a nonlinear stress—strain relation for these materials at room
temperature. The motivation for the present work, therefore, wasto
further study the nonlinear stress—strain behavior observed and
possibly relate this behavior to ferroelasticity. Furthermore, we
wanted to determine the bending strength and fracture toughness
of phase-pure LaCoO;3 and La, sCa, ,C005.

Il. Experimental Procedure

Powders with the stoichiometry LaCoO, and La, gCa, ,C005
were prepared through a wet chemical route using metal nitrates
and ethylenediaminetetraacetic acid (EDTA) as a complexing
agent. Stoichiometric amounts of metal nitrates were dissolved in
deionized, distilled water and added to EDTA. The complexation
took place at 80°C with a pH between 8 and 10. The powders were
dried, the organic residue was removed, and the powders were ball
milled with Si;N, balls and calcined for 15 h at 950°C for LaCoO4
and 900°C for La, gCa, ,C00,. The cooling rate was 200 K/h. The
powders were further ball milled and pressed into bars (6 mm X 10
mm X 55 mm) at auniaxia pressure of 30 MPa, followed by cold
isostatic pressing at 300 MPa. LaCoO, powders were sintered at
1200°C for 24 h, and La, sCa, ,C005 powders were sintered at the
same temperature for 10 or 65 h. The cooling rate was 25 K/h to
600°C, followed by 100 K/h to room temperature.

The samples were characterized using powder X-ray diffrac-
tometry (XRD; Model D5005 diffractometer with CuKa-radiation
and secondary monochromator, Siemens, Karlsruhe, Germany)
and scanning electron microscopy (SEM; Model DSM 940, Zeiss,
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Oberkochen, Germany). Three types of ceramic surfaces were
investigated: polished surface (0.25 pwm diamond), machined
surface (Military Standard 1942B), and the machined surface after
annealing at 1100°C for 4 h. No secondary phases were observed
in the powders or sintered samples. The bulk density of the
ceramics was determined using the Archimedes method with
isopropyl alcohol. Some characteristics of the samples are givenin
Table |. The grain size of LaCoO; was somewhat larger than that
of Lay gCa,,C00,, and the porosity of LaCoO5 was significantly
higher than that of the calcium-substituted samples.

Stress—strain relationships and four-point bending strength
(“Standard Test Method for Flexura Strength of Advanced Ce-
ramics at Ambient Temperature,” ASTM Designation C1161.
American Society for Testing and Materials, West Conshohocken,
PA) were measured for both compositions at room temperature.
Testing at room temperature was performed in afour-point flexure
with 40 and 20 mm spans (Model 1126 and Model 880 control
panel, Instron Corp., Danvers, MA). The load cell was 5 kN.
Displacement was measured using a Tesa-type displacement gauge
(£0.5 mm, maximum error of 0.2 wm) placed in contact with the
samplein the center of the span. The displacement gauge was fixed
such that it measured the displacement relative to the load points.
Loading point and supports were free to roll; their diameters were
4.9 mm. Cycling was performed by consequently loading and
unloading the sample either up to the same maximum load or by
increasing the maximum load for each cycle. The cycling was
performed automatically, using the control panel to avoid holding
times at either zero or maximum load. All measurements were
performed in displacement control, with displacement of crosshead
controlled from the machine (no feedback from the displacement
gauge). The crosshead rate was normally 0.5 mm/min; however,
measurements were performed in the range 0.5-0.005 mm/min.
All samples were nominally 3 mm X 4 mm X 45 mm. About 10
samples of each composition were taken to fracture to record
bending strength at room temperature.

Fracture toughness was determined using the single-edge
V-notched beam (SEVNB) method.?*~%* Rectangular bars (nomi-
nally 3 mm X 4 mm X45 mm) were prenotched using a diamond
blade followed by forming the V-notch by filling the preliminary
notch with a diamond paste (2—7 pm grain size) and using a razor
blade (100—-300 wm in thickness). The notch length and radius
were measured using optical microscopy and SEM. The fracture
toughness measurements were performed using a four-point bend-
ing fixture (20 and 40 mm geometry) previously described by
Gogotsi.?* The crosshead speed was 0.5 mm/min. Normally, two
samples were recorded for each of the temperatures 200°, 300°,
600°, and 800°C.

I1l. Results and Discussion

(1) Nonelastic Behavior

The porous LaCoO; and the dense La, sCa, ,C00, ceramics
show a nonelastic stress-strain behavior during the four-point
bending experiments, as shown in Fig. 1. Loading—unloading
cycling to consequently higher loads during four-point bending of
La, sCa, ,C00; revedl s reproducible hysteresis [oops, as shown in
Fig. 2(8). The stress—strain hysteresis behavior does not depend on
the loading rate within the range 0.5—0.005 mm/min; however, the
width of the loop increases with increasing maximum load, as

Tablel. Sintering Time, Grain Size, Density, and Porosity
of Samples Used for Mechanical Testing

Sintering time at Crain size Der15it3y Porosity
)

Sample 1200°C (h) (m) (g/cm (%)
LaCoOg4 24 46 6.75 7.4
La, 5Ca,,C00;4 65" 35 6.62 16
Lag Ca,.,C00; 10 1-2 6.59 2.0

TUsed for high-temperature measurements, SEVNB method, and for XRD mea-
surements.
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Fig. 1. Stress—strain relationship during four-point bending of LaCoO4
and La, sCa,,C00; at room temperature.

shown in Fig. 2(a). Figure 2(a) shows that some residual strain is
stored in the material after loading. Compared with the finite-
element calculations performed by Steinkopff,?* the present results
point to aferroelastic behavior caused by domain switching of this
perovskite. The rigidity of the setup has been checked using a
dense sintered SIC sample, and this sample shows completely
elastic behavior during loading—unloading.

The characteristic for a ferroelastic material is an elastic
hysteresis in the stress—strain relation, and a permanent strain is
present in the materials after unloading.° Figure 2(a) shows only
a part of an elastic hysteresis loop for a ferroelastic material. To
study the complete hysteresis loop caused by ferroelasticity, the
material hasto be subjected to pure compressive stresses, followed
by tensile stresses (or a shear stress that allows easy reversion of
the direction of loading). For the present investigation, afour-point
bending setup was used; hence, the sample bar was in tension and
under compression on either side of the bar. The part of the
hysteresis curvesin Fig. 2(a) obtained during loading constitutes a
part of the total hysteresisloop for this material. However, because
of the low flexure strength of these samples caused by large
voids/pores, we have measured only the low-stress part of the
expected total hysteresis|oop before fracture. A saturation point is
expected at higher stresses. This, however, is observed during
loading—unloading at 600°C. At this temperature, a smaller devi-
ation from cubic structure is reported,*® and, hence, the energy of
domain switching is lower, and the hysteresis loops are narrower.

The loading—unloading behavior was further studied by turning
the sample bar upside down in the sample holder after one
stress-strain cycle (Fig. 2(b)). The surface previously under
compression was now in tension and vice-versa for the first
loading—unloading cycle. Figure 2(b) shows that the strains
generated on the compression side in the first cycle have to be
overcome in the first cycle after the turning and that a permanent
strain is observed after the end of the first cycle. Theresidual strain
islower than what has been measured during four-point bending of
lead zirconate titanate- (PZT-) based ceramics.®® Consecutive
cycles measured on the same side follow the same course as before
turning the sample bar. The slope of the stress-strain curve
representing Young's modulus is smaller for the first cycle after
turning compared with the following cycles, and the calculated
Young's moduli for the first and second loops are 105 and 115
GPa, respectively, using the stress—strain data for the low-stress
loads. It might be argued that the nonlinear stress-strain behavior
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Fig. 2. Cyclic four-point bending test below the fracture stress of La,sCa, ,CoO5 at room temperature. (a) Six cycles up to consecutively higher loads;
sample not taken to fracture. (b) Bar turned upside down after a previous test; hence, the tensile surface was in compression and vice versa during the first

cycle (four cycles are shown).

observed in Fig. 1 is due to microcracking in the sample, but a
higher slope of the stress—strain curve for the second cycle is not
consistent with such a mechanism. Therefore, we conclude that the
permanent strain observed is due to ferroelasticity. Fett et al.>”
have previously observed that there is a nonlinear and nonsym-
metric stress distribution around the neutral axis in PZT ceramics
during beam bending and that the tensile strains are larger than the
compressive strains for the same stress level. Such behavior also
has been modeled for ferroelastic materials using the finite-
element method.®* The data in Fig. 2(b) also infer that the
stress—strain relationship is different under compression and in
tension. A possible explanation for the permanent strain observed
is that domain reorientation in a certain direction is facilitated
under compression compared with tension. However, our obser-
vations call for further investigations to completely understand the
behavior.

XRD of the ceramic surfaces having various mechanical and
thermal histories has been conducted to gain additional evidence of
ferroelastic behavior and domain switching. The (110) and (104)
reflections of LaCoO; and La, gCa, ,C0oO, from calcined powders,
polished surface, machined surface, and machined surface after
annealing at 1100°C for 4 h are shown in Fig. 3. Theintensity ratio
l110/1104 @d full-width a haf-maximum (FWHM) for al the
diffractograms are summarized in Table I1. The lattice parameters
and the intensities observed for LaCoO, powders are in good
agreement with literature data*®* The X-ray patterns of the
powders correspond to a random orientation of domains and,
thereby, reflect the true structure factors of the two peaks for both
compositions. The intensity ratio 1,4/l for the polished surfaces
of the materials is amost equa to the corresponding value
obtained for the powders; only small texture due to preferred
orientation of domains appears on the polished surfaces. The
intensity ratio l,,0/1,0, Of the machined surfaces, however, is
significantly higher than that of the powders and polished surfaces
(Table I1). The diffraction patterns clearly demonstrate that the
(104) reflection decreases substantialy after the mechanical treat-
ment. The implication is that the stresses induced during machin-
ing must be in excess of the coercive stress necessary for the
reorientation of the ferroelastic domains. The maority of the
domains, therefore, have reoriented in such a way that their (001)
axes are amost parallel to the surface. As aresult, the intensity of
the (104) reflection decreases while the (110) intensity remains
unchanged within the uncertainty of the measurement. Similar
effects also have been observed for other reflections, resulting in
weskening of reflections with nonzero | indexes. Significant

broadening of peaks is observed for the surfaces after machining
compared with polishing. The broadening is probably partly due to
residual stresses and strains introduced by machining. More
careful studies are necessary to understand the nature of the
broadening of the XRD reflections.

The diffraction patterns of the machined surfaces after anneal-
ing at 1100°C are also shown in Fig. 3. Theintensity ratio | ,,¢/l104
of LaggCa,,Co0, after the thermal treatment results in a trans-
formation back to almost random orientation of the domains.
Therefore, we conclude that the ferroelastic to paraelastic transi-
tion of La, sCa, ,C005 occurs below 1100°C, which is consistent
with the reported change from rhombohedral to cubic structure at
~900°C.** Theintensity ratio | ,,4/1,, Of LaCoO, does not change
significantly because of the thermal treatment at 1100°C, as shown
in Fig. 3(a). From crystallographic data,®° the rhombohedral to
cubic transition of pure LaCoOs is expected to occur far above
1100°C, which corresponds well with the present observation.

The microstructure of LaCoOs-based materials has been re-
cently investigated using transmission electron microscopy (TEM)
by Walmsley et al.®® They have found that the most prominent
microstructural feature of Lay gCa, ,C00, materia is the presence
of twinning on {012} pseudo-cubic planes. On either side of the
twin boundaries, the crystal has rhombohedral <001> axes lying
in different directions. The three variants have rhombohedral axes
lying paralel to the <111> directions of the high-temperature
cubic cell. The twin lamellas reflect the increasing rhombohedral
distortion from cubic symmetry during cooling after densification.
Similar twin domains have been observed in other ferroelastic
materials.*

(2) Bending Strength and Fracture Toughness

Four-point bending strength of La, sCa, ,C00; has been mea-
sured to be 111 *= 18 MPa at room temperature. The strength of
these types of materials previously has been shown to decrease
with increasing temperature.>® The room-temperature strength of
LaCoO, is ~65 MPa. Thefracture originislarge voids or poresfor
al the samples; however, the size of the voids is larger and the
porosity is higher for LaCoO; than for La,gCay,Co0;. The
theoretical strength of LaCoO; and La, ;Ca, ,C00; is expected to
be relatively equal; however, La, gCa,,C00, to some extent is
stronger because of the higher valance of cobalt. The low strength
of LaCoO;, therefore, reflects the higher level of porosity and
larger fracture origin size. The fracture mode is mostly transgranu-
lar for both compositions at room temperature, whereas mostly an
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Fig. 3. XRD trace of (a) LaCoO5 and (b) Lag sCa, ,C00; polycrystalline
ceramics and powders. Two reflections shown correspond to the (left)
(110) and (right) (104) reflections, respectively.

intergranular mode is obtained for the La, gCa, ,CoO,; samples
tested at elevated temperatures. The change in fracture mode with
temperature indicates a weakening of the grain boundaries at
elevated temperatures.

Fracture toughness of LaygCa,,CoO, measured using the
SEVNB method as a function of temperature is shown in Fig. 4.
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Fig. 4. Fracture toughness of (m) LagygCay,Co0; measured using
SEVNB as afunction of temperature. Fracture toughnesses of (@) LaCoO5
(SEVNB) and () Lay gCay ,C00; (SENB) measured at room temperature
are shown.

For comparison, the fracture toughness of LaCoO5 (SEVNB) and
La, sCa,,C00; (SENB) measured at room temperature is in-
cluded in Fig. 4. The fracture toughness of La, sCa,,C00; (2.2
MPam¥?) is almost 2 times higher than the fracture toughness of
pure LaCoO; (1.3 MPam®?) at room temperature. This coincides
with the bending strength ratio. Because of the relatively high
fracture toughness of La, sCa,,Co0O5; at room temperature, we
propose that toughening caused by domain reorientation occurs, as
also has been reported for t'-Zr0,.?° The decrease in fracture
toughness with increasing temperature is consistent with a de-
crease in rhombohedral angle for this material; however, the
fracture toughness shows a faster decrease with temperature than
does the rhombohedral angle. The fast decrease might be due to
increased thermal energy and, hence, a lower energy for domain
reorientation. The fracture toughness of pure LaCoO; at room
temperature is significantly less than for La, sCa, ,C005. Further
work is in progress to understand that LaCoO, shows a lower
fracture toughness. However, at present, the following factors are
relevant: higher porosity, higher energy for domain reorientation
(higher deviation from cubic symmetry), lower number of domains
able to reorient, and paraelastic to ferroelastic phase transition
temperature is higher than the sintering temperature.®

IV. Conclusions

LaCoO,; and La,gCa,,Co0O, perovskites show a nonelastic
stress—strain behavior during four-point bending experiments, and
hysteresis loops are formed during cycling. Residual strain is
stored in the material after loading, and a mechanism related to
ferroelastic domain switching in the rhombohedral perovskite is
proposed. XRD shows that the intensity ratio between the (110)

Table Il. Ratio of the Intensity of the (110) and (104) Reflections and Full-Width at Half-Maximum of the (110) and (104)
Reflections of LaCoCO; and La, gCa,CoCO5 Measured Using XRD

LaCoO, L8y 5Cap2C005
FWHM FWHM
Sample I 10y/! (104 (110 (104) l10y/! 104y (110 (104)
Calcined powder 1.01 0.1288 0.1315 1.03 0.2242 0.2154
Polished surface 112 0.0843 0.0869 1.21 0.1048 0.0954
Machined surface 1.88 0.1135 0.1691 4.39 0.1389 0.1961
Machined surface 1.83 0.0923 0.1150 0.93 0.1222 0.1333

after annealing at 1100°C
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and (104) reflections changes when the ceramic surface is ma-
chined. The implication isthat the stresses induced during machin-
ing must be in excess of the coercive stress necessary for the
reorientation of ferroelastic domains. The intensity ratio 1,,¢/l104
of Lag gCay ,C00; after the thermal treatment at 1100°C resultsin
atransformation back to almost random orientation of the domains
because of crossing the ferroelastic to paraglastic transition. The
bending strength for 98%-dense La, gCa, ,C005 is 111 + 18 MPa
a room temperature. Large pores/defects are decisive for the
strength. Fracture toughnesses of La, gCa, ,C00,; measured by the
SENB and SEVNB methods at room temperature coincide and are
equal to 2.2 MPam¥2. The fracture toughness measured by the
SEVNB method decreases to ~1 MPamY? a temperatures
>300°C. The decrease in fracture toughness is consistent with the
proposed ferroelastic domain reorientation mechanism, where we
have ferroelastic toughening at room temperature.
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