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a b s t r a c t

High temperature uniaxial compression is conducted on Ca3Co4O9 layered cobaltite, in order to achieve a
thermoelectric oxide with low resistivity by the development of (0 0 1) texture. It is found that flow stress
varies depending on deformation temperature and strain rate. Development of a sharp texture having
the maximum (0 0 1) pole density of about 33 times as high as the random level is achieved. It is found
that the high temperature compression process is quite effective for the simultaneous achievement of
densification and (0 0 1) texture development. It is experimentally confirmed that resistivity decreases
drastically by the construction of a sharp (0 0 1) texture.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cobalt oxides with layered structure (hereafter described as
layered cobaltites) have been extensively explored as new ther-
moelectric materials for high temperature since the discovery of
NaCo2O4 [1] as a promising oxide having low resistivity and high
Seebeck coefficient. Recently, Masset et al. [2] reported Ca3Co4O9
as a new high performance thermoelectric material of this kind of
oxide. As the low resistivity originates from the high in-plane elec-
trical conductivity on (0 0 1) of CoO2 layer, process developments
to achieve the textured state of polycrystalline layered cobaltites
have been challenged by many researchers. Various methods such
as reactive templated grain growth [3], hot pressing [4], magnetic
texturation [5], sinter-forging [6] and thermoforging [7] have been
proposed; most of them are designed on the basis of the rotation of
oxide powder platelets by the application of pressure before and/or
during the sintering.

One of the authors has developed a method for the simul-
taneous achievement of texture evolution and densification of
the sintered bulk oxide by the high temperature compression
deformation. In the method, the condition for the compression
deformation is carefully selected in order to activate not only
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slip systems but also diffusion assisted phenomena such as diffu-
sion creep, grain boundary sliding and dynamic recrystallization,
necessary for maintaining the deformation continuity among crys-
tal grains consisting the polycrystalline oxides. The process was
already applied to Bi1.5Pb0.5Sr1.7Y0.5Co2O9−ı with layered struc-
ture; the composition was chosen to increase the concentration
of structural vacancies [8]. It was found that the oxide could
be heavily deformed without fracture and a sharp (0 0 1) tex-
ture was constructed. Drastic reduction in the resistivity was
experimentally confirmed. In this study, the method found in
the previous work was applied to Ca3Co4O9 having the layered
structure different from Bi1.5Pb0.5Sr1.7Y0.5Co2O9−ı. In the case of
Bi1.5Pb0.5Sr1.7Y0.5Co2O9−ı, dielectric region consists of four layers,
while three layers of CaO and CoO built the dielectric region in
Ca3Co4O9 as will be shown in Fig. 1. It was found that the method
is valid for the development of (0 0 1) texture and the remarkable
reduction in resistivity of Ca3Co4O9, which seems to be close to the
practical level.

2. Experimental procedure

Ca3Co4O9 powders are synthesized by the citrate method in
Seimi Chemical Co., Ltd. The powders are in a platelet form with
the average size of 6.3 �m � × 1.5 �m. The powders were pressed
into pellets at room temperature (cold press) under 200 MPa, fol-
lowed by the final sintering in air at 1193 K for 24 h. The size of
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Fig. 1. Crystal structure of Ca3Co4O9.

the specimen after cold pressing is 14 mm � × 13 mm. Compression
deformation is conducted by an Instron type testing machine using
MgO plates with strain rates of 1.3 × 10−5 s−1 and 1.3 × 10−4 s−1

and temperatures of 1153 K and 1193 K up to a true strain of −1.5.
As for high temperature deformation, it is well known that defor-
mation becomes easier with increasing temperature. However, it
was reported that Ca3Co4O9 decomposes at about 1223 K [9]. Hence
differential thermal analysis was conducted to determine the tem-
perature for the target phase structure; 1153 K and 1193 K are thus
selected for the deformation temperature.

After the compression, mid-plane section was taken out by pol-
ishing for the texture measurements. Texture is measured by the
Schulz reflection method using nickel filtered Cu K˛ radiation. The
texture is evaluated by (0 0 1) pole figure constructed on the basis
of X-ray intensity of 0 0 1 0 reflection. Electric resistivity is mea-
sured by the usual four-probe method in the temperature range
from 573 K to 1073 K in air.

3. Basis for the texture control

It is known that textures appear after deformation and recrys-
tallization of metals and alloys. The essential part of texture
development, namely the generation of uneven distribution of crys-
tal orientations in polycrystals, is considered to be deformation,
because no texture appears after the recrystallization of materi-
als without textures in the deformed state. In the case of metals
and alloys, textured state can be easily produced by cold work-
ing because of the excellent workability. In the case of ceramics,
including oxide, texture development by cold working has never
been achieved because of their brittleness. Therefore, how to plas-
tically deform the polycrystalline is the basic issue to obtain the
textured state in oxides.

As mentioned in the introduction, preferential alignment of
(0 0 1) is important for the layered cobaltites. It is known that slip
deformation rotates the compression plane to the position parallel
to the slip plane; this means that the (0 0 1) texture can be achieved
if the slip deformation occurs preferentially on (0 0 1).

Fig. 1 shows the crystal structure of the present oxide. The crystal
structure consists of two parts. One is the electrically conductive
layer CoO2, appearing as blocks in the top and bottom of the figure

Fig. 2. Stress–strain curves at 1153 K and 1193 K.

and the other is the dielectric layers consisting of CaO and CoO. It is
seen that the same atoms neighbor in 〈1 1 0〉 direction. Namely, the
magnitude of Burgers vector is small in this direction of Ca3Co4O9
in comparison with usual oxides having long periodic structure. It is
expected that Peierls potential for the dislocations moving on (0 0 1)
with Burgers vector of 〈1 1 0〉 direction may not be large. Thus, the
deformation by the motion of this kind of dislocation might become
possible with the help of thermal energy when the deformation is
conducted at high temperatures.

Present method is basically planned on the basis of this con-
sideration. High temperature has another meaning for the plastic
deformation of this oxide. Fig. 1 shows that there are only two
independent slip systems in (0 0 1)〈1 1 0〉, namely, von Mises crite-
rion for deformation continuity in polycrystalline materials cannot
be satisfied only by (0 0 1)〈1 1 0〉 dislocations. However, various
kinds of deformation mechanism work at high temperatures; grain
boundary sliding, dynamic recrystallization, etc. In order to supple-
ment the lack of the numbers of independent slip systems described
above, these kinds of additional deformation mechanisms should
be activated. Hence the deformation is conducted under low strain
rates such as 10−5 s−1 in this method in order to use diffusion
assisted deformation mechanisms.

4. Results and discussion

4.1. Deformation behavior

Fig. 2 shows the stress–strain curves at two temperatures. Here
absolute values of true strain are used. It is seen that flow stress
monotonously increases with an increase in strain in all the defor-
mation conditions. Namely work hardening appears. The increase
in temperature as well as a decrease in strain rate results in the
decrease in stresses. That is, flow stress depends on strain rate and
temperature, which is the same tendency for the deformation of
metals and alloys at high temperatures. As shown in Fig. 2, flow
stress increases with an increase in strain up to −1.5. However,
the slope of the curve, i.e. apparent work hardening rate, markedly
increases around −0.9 to −1.0 in true strain. This suggests that the
densification almost completes around these strains.

4.2. Densification process

Fig. 3 shows the density change with an increase in strain. The
measurements were conducted on the middle part of the specimen.
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Fig. 3. Effect of high temperature deformation on the density.

Broken line shows the reported value of bulk Ca3Co4O9 [10]. It is
seen that the density becomes constant at about −1.2 in true strain.
In the case of Pb0.5Sr1.7Y0.5Co2O9−ı reported in the previous paper
[8], the densification monotonously proceeds and completes at a
true strain of about −0.9. This difference can be attributed to the
difference in sintering temperatures. Sintering was conducted at
1113 K for Pb0.5Sr1.7Y0.5Co2O9−ı which is about 94% of its melting
point, while in the case of the present material, the sintering was
conducted at 1193 K which is below 80% of its melting temperature.

4.3. Texture

Fig. 4 is a (0 0 1) pole figure showing a result of texture mea-
surement after the deformation at 1193 K with a strain rate of
1.3 × 10−5 s−1 up to a true strain of −1.5. Pole density is projected
onto the compression plane. Mean pole density is used as a unit.
It is seen that the pole densities are distributed in a concentric cir-
cular manner. This indicates a formation of fiber texture. The pole
density is highest at the center of the pole figure; the main compo-
nent of the texture is (0 0 1)(compression plane) which is expected
on the basis of the examination on crystal structure. The level of
the pole density at the center is 22 times of the mean pole den-
sity; it is experimentally confirmed that a sharp (0 0 1) texture is
constructed by the present method.

Fig. 5 shows the (0 0 1) pole figure after the deformation at
1193 K with a strain rate of 1.3 × 10−4 s−1 up to a true strain of

Fig. 4. (0 0 1) pole figure after the deformation at 1193 K with a strain rate of
1.3 × 10−5 s−1 up to a true strain of −1.5.

Fig. 5. (0 0 1) pole figure after the deformation at 1193 K with a strain rate of
1.3 × 10−4 s−1 up to a true strain of −1.5.

−1.5. Comparison of Fig. 4 with Fig. 5 indicates that the basic fea-
ture of pole density distribution is the same for these two cases.
The difference is the sharpness of the texture. While the maximum
pole density Imax in Fig. 4 is 22, that of Fig. 5 is 12. Namely, the tex-
ture sharpness varies depending on the deformation conditions. In
the present study, maximum value of Imax is 33 where deformation
was conducted at 1153 K with a strain rate of 1.3 × 10−5 s−1.

Fig. 6(a) and (b) show the microstructure observed at the cross
section after the deformation by scanning electron microscope.
Fig. 6(a) and (b) correspond to the textures given in Figs. 4 and 5,
respectively. The specimens are produced by the thermal etching at
1193 K for 16 h after polishing. It is seen that the microstructure of
the specimen produced by the strain rate of 1.3 × 10−5 s−1 consists
of large grains which seem to be slightly elongated towards the
side direction while that of the specimen produced by a strain rate
of 1.3 × 10−4 s−1 consists of the mixture of large and fine grains.
The aspect ratio (grain length perpendicular to the compression
direction/grain length along compression direction) of the grains
in Fig. 6(a) is about 1.4. This clearly suggests that the crystal grains
are plastically deformed. The aspect ratio, however seems to be
smaller than that expected from the amount of compression strain.

Crystal structure shown in Fig. 1 indicates that two indepen-
dent slip systems having (0 0 1) slip plane might be activated at
high temperatures. This promotes the rotation of (0 0 1) to the posi-
tion parallel to the compression plane. However, slip deformation
with a strain component along c-axis by the motion of dislocations
is not expected due to the long periodicity of the crystal structure.
Therefore, once the (0 0 1) becomes almost parallel to the compres-
sion plane by the slip on (0 0 1), no further increase in aspect ratio
is expected. As shown in Fig. 6(a) and (b), no obvious cracks are
seen after deformation. This means that compliment mechanisms
other than slip deformation works at high temperatures, other-
wise polycrystalline material cannot deform plastically. In the case
of Fig. 6(a), crystal grains are larger than that before deformation.
This suggests that diffusion might contribute to the plastic defor-
mation. On the other hand, Fig. 6(b) suggests two possibilities. One
is the occurrence of dynamic recrystallization and the other is the
smash of Ca3Co4O9 powders during deformation. As shown in Fig. 2,
all the stress–strain curves show work hardening and no distinct
softening is seen, occurrence of dynamic recrystallization is not
considered. It can be said that plastic deformation is suppressed
in Fig. 6(b) in comparison to Fig. 6(a), which results in the forma-
tion of texture weaker than that for the deformation corresponding
to Fig. 6(a).
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Fig. 6. (a and b) Microstructure observed at cross section of the specimen after the deformation at 1193 K up to a strain of −1.5, with strain rates of (a) 1.3 × 10−5 s−1 and (b)
1.3 × 10−4 s−1.

Fig. 7. Effect of texture development on resistivity measured at 573–1073 K. Imax is
the maximum pole density for (0 0 1).

4.4. Resistivity

Fig. 7 shows the results of resistivity measurements conducted
in the temperature range from 573 K to 1073 K. The measurement
was conducted in the direction parallel to the specimen surface;
namely in-plane resistivity is measured. Resistivity is measured
both by heating and cooling runs. No big differences are seen in the
values measured during heating and cooling. The measured value
of resistivity is about 10 m� cm at 573 K and decreases with an
increase in temperature until 5.4 m� cm at 1073 K. According to
the literature, resistivity in the as sintered state without texture is
about 30 m� cm at 400 K [7]. The present value 5.4 m� cm is about
twice of the reported value on a single crystal at the same temper-
ature. It is thus concluded that the method shown in this paper is
quite effective to improve the electric conductivity based on texture
control. It should be emphasized that the present process needs no
special equipments and hence has a high applicability to various
ceramics.

5. Conclusions

In order to produce the (0 0 1)(compression plane) textured
polycrystalline Ca3Co4O9 oxide, high temperature deformation was
conducted in the uniaxial mode. Major results are summarized as
follows.

(1) Ca3Co4O9 cobaltite can be heavily deformed at high tempera-
tures. The deformation up to a true strain of −1.5 is possible at
1153 K and 1193 K.

(2) The flow stress at high temperature deformation varies depend-
ing on strain rate and deformation temperature. This suggests
that the deformation can be attributed to the plastic defor-
mation and not the relative translation of the powders in the
platelet shape.

(3) (0 0 1) (compression plane) texture develops by the compres-
sion deformation. The maximum pole density is about 33 times
as high as the random level.

(4) The electric resistivity drastically decreases with the develop-
ment of (0 0 1) texture. The lowest value is about twice as high
as the reported value of a single crystal, which is close to the
level for practical application.
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