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Hot-forged Ca3Co4O9 (Co349) ceramics were synthesized using large-grained powders
prepared by a flux-growth method, and their thermoelectric properties and degree of
grain alignment were evaluated. Neutron-diffraction experiments evidenced the effect
of grain size on the development of the c-axis grain alignment. The optimum grain
size was around 7 �m in our hot-forging method. The electrical resistivity (�) in the
direction parallel to the pressed-plane was more reduced at higher degrees of
orientation. Since � was reduced without lowering the Seebeck coefficient (S), the
power factor (PF � S2/�) of the Co349 sample was improved and reached
0.8 mW/mK2 at 1073 K using Co349 grains with average size of around 7 �m. The
thermal conductivity (�) in the direction parallel to the pressed-plane slightly increased
with the increase of the grain size, however the improvement of PF owing to use of
large-grained powder outweighed this negative impact on the � component of the
thermoelectric figure of merit (Z � S2/��).

I. INTRODUCTION

The recent discovery of high thermopower coexisting
with low electrical resistivity in layered cobaltites has
opened the route to the exploration of thermoelectric ma-
terials in oxides.1–5 Due to their high thermal stability,
high tolerance to oxidation, and low toxicity, these ox-
ides are promising candidates for practical use in ther-
moelectric power generation in air at high temperatures.
The conversion efficiency of a thermoelectric material is
evaluated by the dimensionless figure-of-merit ZT � (S2/
��)T, where S is the Seebeck coefficient, � is the elec-
trical resistivity, � is the thermal conductivity, and T is
the absolute temperature. ZT values of single crystals of
NaxCoO2 and Ca3Co4O9 (Co349) along the ab-plane ex-
ceed 1 at 1000 K,2,4,5 the estimated criterion for practical
application. Due to the layered structure of the Co349
phase, consisting of alternate stacking of a rock-salt-
type (Ca2CoO3) layer and a CdI2-type (CoO2) layer,6–8

� along the c axis is considerably higher than that in
the ab-plane.6 Given this anisotropy, texturizing the

polycrystalline bulk material is indispensable for the
achievement of ZT high enough for practical application,
as it is difficult to grow single crystals large enough for
the construction of a thermoelectric device. Some re-
search groups have already reported the fabrication of
textured Co349 ceramics by reactive templated grain
growth,9–11 magnetic alignment,12–14 or utilization of the
combined effect of large single crystals and powder.15

The resulting textured samples show reduced � compared
to non-aligned sintered-Co349 materials.

To reduce � in polycrystalline materials, reduction of
the negative influence of grain boundaries on current
flow is generally effective. Investigation of the relation-
ship between transport properties and grain size has been
reported in Co349 film16 but not in bulk material. It can,
however, be expected that large platelet-shaped grains
are easily aligned by uniaxial pressure. In the present
study, we prepared textured Co349 bulk materials using
large-grained powders. The Co349 grains were grown in
the same mixture of K2CO3 and KCl as was used as a
solvent in a study of crystal growth in the Co349 phase.17

The thermoelectric properties and the degree of orienta-
tion of hot-forged samples were measured to a high de-
gree of precision. The dependence of alignment and
thermoelectric properties on grain size in Co349 powder
is discussed.
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II. EXPERIMENTAL

Co349 powder was prepared by solid-state reaction. A
mixture of Co3O4 (99.9 %) and CaCO3 (99.5%) at a
molar ratio of Ca:Co � 3:4 was ground, calcined at 1073
K for 10 h in air, pulverized, and pressed into pellets,
which were sintered at 1153 K for 20 h in an oxygen gas
flow and ground into fine powder. To increase the grain
size, the prepared Co349 powder was heated at 1123 K
for 20 h in a solvent consisting of K2CO3 and KCl at a
molar ratio of 4:1.17 The grains were grown at three
different weight ratios of solvent to Co349 powder: 10,
20, and 40 wt%. The powder was collected from the
solidified materials by dissolving the solvent in distilled
water in an ultrasonic washing machine.

The powders were cold-pressed into 30 thin disks,
which were finally stacked under uniaxial pressure of
80 MPa into a pellet 6 mm thick and 26 mm in diameter.
The layered pellets were then hot-forged at 1153 K for
20 h in air under uniaxial pressure of 5 MPa. The ob-
tained samples, with a diameter of 30 mm and a thickness
of 4 mm, were cut into a bar shape with a typical size of
3 × 3 × 15 mm for measurement of thermoelectric prop-
erties. In the present paper, the hot-forged samples made
of unreacted Co349 powder and the heat-treated Co349
powders with 10, 20, and 40 wt% solvent are expressed
as LGCo-0, LGCo-10, LGCo-20, and LGCo-40, respec-
tively.

Crystallographic structure and constituent analyses
were performed with powder x-ray diffraction (XRD)
using Cu K� radiation and an energy dispersive x-ray
spectrometer (EDX), respectively. The microstructure
was observed with a scanning electron microscope
(SEM). The grain size of the Co349 powder was meas-
ured using a HORIBA particle-size analyzer model LA-
500. The degree of grain orientation was evaluated by
means of neutron diffraction (D1B line at ILL, Grenoble,
France). Neutron diffraction intensities were measured
by a curved detector composed of 400 cells spread over
80° (resolution 0.2°) in 2�. � scans using an Eulerian
cradle were operated from 0° to 90° (step 5°) at a fixed
incidence angle � of 20.6° (Bragg angle of 003 reflec-
tion). Since the samples have an axially symmetric (fi-
ber) texture (i.e., random in-plane distribution of crystal-
lite a and b axes), the complete texture determination can
be obtained only by a �-tilting rotation, the � being un-
necessary. The average volume of our samples was
around 500 mm3, corresponding to a measuring time of
around 20 min at each fixed � step. The orientation
distribution (OD) was calculated using the Materials
Analysis Using Diffraction (MAUD) package.18 In this
approach, named combined analysis, the Rietveld
method19 for structure determination is combined with
the Williams–Imhof–Matthies–Vinel (WIMV) formal-
ism20 for the calculation of the OD. The texture strength

is determined quantitatively in terms of OD density.
Using such an approach, a sample without any texture
has densities of 1 multiple of a random distribution (mrd)
regardless of the (�, �) orientation, and a textured sample
exhibits minima and maxima of the density values over �
angles.21 Accurate structural refinement of the Co349
misfit aperiodic phase requires a description in the su-
perspace group formalism for modulated structures. For
this reason, we introduced commensurate supercell ap-
proximation (P21/m space group No. 11) with b ∼ 8b1 ∼
13b2 and a resulting unit cell of a � 4.8309 Å, b �
36.4902 Å, c � 10.8353 Å, and � � 98.1317°.7,22 An
example of the combined analysis, which illustrates the
advantages of this quantitative texture analysis, has al-
ready been reported.23

The � was measured in air in the range of 300–1100 K
using a conventional four-probe direct current (dc) tech-
nique. S was calculated from a plot of thermoelectric
voltage against temperature difference using an instru-
ment designed by our laboratory. Two Pt–Pt/Rh (R-type)
thermocouples were attached to both ends of the sample
using silver paste and the Pt wires of the thermocouples
used as voltage terminals. Measured S values were cor-
rected by thermopower of the Pt wires to obtain the net
S values of the samples. � was evaluated using the Har-
man method,24 in which � was obtained from tempera-
ture gradient induced by applied current at room tem-
perature.

III. RESULTS AND DISCUSSION

The microstructure of the prepared powders is shown
in Fig. 1. The grain size of Co349 powder appeared to be
significantly enhanced by heating in the mixture of
K2CO3 and KCl. The measurement of average grain size,

FIG. 1. SEM images of (a) unreacted Co349 powder and powders
heat-treated in a solvent mixture of K2CO3 and KCl with (b) 10 wt%,
(c) 20 wt%, and (d) 40 wt%.
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represented in Fig. 2, confirmed this observation.
Whereas the untreated powder in the solvent exhibited an
average grain size of around 2.4 �m, the addition of 10,
20, and 40 wt% solvent increased grain sizes up to 6.4,
7.1, and 7.9 �m, respectively. This clearly proves the
efficiency of solvent addition in improving the grain
growth of the Co349 phase. In addition, as shown in
Figs. 1(b)–1(d), during the heat treatment in the solvent,
the grains grow in the thickness as well as in the length
with almost the same average aspect ratio of 5–7. It has
moreover been reported that Co349 single crystals mil-
limeters size can be grown in the same solvent by the
solution method.17 The growth of grains with a size of
tens or hundreds of micrometers could therefore be
achieved by adjusting the amount of solvent and the tem-
perature conditions. The grains have hexagonal shape
similar to the single crystal and appear to indicate the
high crystallinity. As shown in Fig. 3, XRD patterns of
four powders were in agreement with data from the lit-
erature on Ca3Co4O9 phase.6 There is no secondary
phase. The EDX analysis performed on the powders
heated in the solvent showed the grain growth treatment
causes no change of the Co349 composition and no in-
corporation of K+ or Cl− ions contained in the solvent.
These results indicate that the present grain-growth
method has no contamination effects on Co349 powder.

Figure 4 shows SEM images of a fracture transverse
section of the hot-forged samples. It can be seen in
Figs. 4(b) and 4(c) that LGCo-10 and LGCo-20 are con-
structed from well-oriented grains with a size of several
micrometers. The alignment of the grains is obviously
improved when compared to LGCo-0, where small mis-
alignment grains can be observed. On the other hand, the
orientation of the grains in LGCo-40 has deteriorated,

although the sample consists of larger grains than LGCo-
20. The bulk density is also improved by using larger-
grained powder, as shown in Table I. Compared to
LGCo-20, however, the density of LGCo-40 deteriorates.

FIG. 2. Relationship between average grain size and weight ratio of
solvent.

FIG. 3. Powder XRD patterns (Cu 	� radiation) of (a) unreacted
Co349 powder and powders heat-treated in a solvent mixture of
K2CO3 and KCl with (b) 10 wt%, (c) 20 wt%, and (d) 40 wt%.

FIG. 4. SEM images of fracture transverse section of (a) LGCo-0,
(b) LGCo-10, (c) LGCo-20, and (d) LGCo-40.

TABLE I. Bulk density of hot-forged samples.

LGCo− Density (g/cm3) Relative density (%)a

0 4.3 90
10 4.6 96
20 4.6 96
40 4.4 92

aThe density of Ca3Co4O9 single crystal measured by a pycnometer is
4.8 g/cm3.
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We conclude that technical refinements, such as the em-
ployment of tape casting using a doctor-blade method,
are required to align large grains.

Figure 5 presents the typical neutron-diffraction pat-
tern obtained from the sample LGCo-40 in a 0–
90° �-scan. The inset of Fig. 5 shows schematics of the
geometry used for the neutron diffraction (ND) experi-
ment. The 00l Bragg intensities from a textured sample
decrease with the increase of the � angle whereas the hk0
Bragg intensities grow up. Figure 5 thus highlights with-
out ambiguity the (00l) texture of the Co349 phase in the
hot-forged sample. In particular, we can clearly observe
the disappearance of the 00l intensities at � � 90° and
the enhancement of −201/200 intensities. The behavior
of the major peaks shows good compatibility with the
theoretical texture and structure; i.e., the � angle at the
maximum of hkl Bragg intensity corresponds to the angle
between the [001] and the [hkl] direction in the mono-
clinic supercell structure. As an example, 203/−1134
Bragg intensities present a maximum at around � � 60°,
the value corresponding to the angle between the [203]/
[−1134] and [001] directions in the structure.

The question remains of how to estimate from a quan-
titative point of view the difference in texture strength
among the four samples and how to determine any in-
fluence of the grain size on the texture development. Due
to the complex modulated structure of the Co349 phase,
with many peak overlaps in the diffraction pattern, the
solution is not easy. To overcome this problem, the com-
bined analysis developed in a previous study on Co349
magnetic alignment material was highly successful in
refining the OD and determining with accuracy the fiber
texture of the material.23 We consequently applied the
same strategy to our samples (composed of the same
crystallographic phase and with almost the same texture).
The inverse pole figures for the direction perpendicular
to the sample surface are calculated from the OD (Fig. 6).
These figures indicate the distribution of [001] direction

of crystallites with the monoclinic system. Two points
must be noted: first, we can retrieve here the previously
described (001) major component; second, the analysis
evidenced quantitatively the effect of grain size on the
development of the c-axis grain alignment. The samples
textured from solvent-grown grains present higher OD
maxima, reaching in the LGCo-20 sample a density al-
most three times higher than that of LGCo-0. This higher
distribution density is also correlated to a narrower dis-
persion of the [00l] orientation around the [001] direc-
tion. This result provides further evidence of the benefi-
cial effect of larger grain size on texture development.
We hypothesize that the decline in the number of grains
and the change to a platelike shape enhance the effect of
alignment by uniaxial pressure. The elimination of small
particles, which disturb the order of the platelets, could
be also a factor of promoting the c-axis alignment.

The T-dependence of � along the direction parallel to
the pressed plane is shown in Fig. 7. All samples exhibit
almost the same T-dependence of �. A broad maximum
around 450 K could correspond to the behavior of � in
the ab-plane of the single crystal Co349.5 On the other
hand, since a steep decrease around 570 K is observed
only in polycrystalline hot-forged samples, the rapid re-
duction could be related to � along the c-axis or to the
electrical properties of the grain boundaries. From the
difference in magnitude of �, large-grained powder of
Co349 can reduce � through the c-axis grain alignment as
mentioned below. One reason for the reduction of � is
that the increase in the grain size in the hot-forged poly-
crystalline material, as shown in Fig. 4, simply reduces
the number of grain boundaries, at which additional en-
ergy is required for carrier traveling. The second is that
the improvement of grain alignment reduces the carrier
conduction along the c-axis, along which � is consider-
ably higher than in the ab-plane.6 Moreover, the higher
degree of c-axis orientation of the grains may decrease
the number of boundaries between highly misaligned
grains, where the carrier suffers a larger energy loss than
at the boundary between well-aligned grains. In other
words, the conduction at grain boundaries can be modi-
fied by grain alignment. Finally, the increase in bulk
density, as listed in Table I, clearly contributes to the
reduction of �. We conclude that the optimum grain size
for the synthesis of highly conductive Co349 bulk ma-
terial using our procedure is around 7 �m.

As shown in Fig. 8, all samples exhibit almost the
same S, which was measured along the same direction as
�. Unlike with �, the differences in the microstructure of
the polycrystalline materials apparently have little influ-
ence on S value. The S value of the hot-forged samples
increases with increase in temperature and reaches
190 �V/K at 1073 K, as with the single-crystal Co349
along the ab-plane.5 Since � is reduced without deterio-
ration of S, the power factor (PF � S2/�) of hot-forged

FIG. 5. Neutron diffraction pattern of LGCo-40 sample for a 0° to
90° �-scan. The inset shows schematics of the geometry used for the
ND texture analysis.
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Co349 composed of large-grained powder is improved,
as shown in Fig. 9. The PF of all samples increased with
temperature and that of LGCo-20 reached 0.8 mW/mK2

at 1073 K. This value is 6–7 times greater than the PF

reported for non-aligned Co349 ceramics prepared using
a conventional solid-state reaction method.25

The � values of LGCo-0 and LGCo-20 in the direction
parallel to the pressed-plane were 2.9 and 3.2 W/mK,
respectively, at room temperature. The smaller number
of grain boundaries caused by the increase of the grain
size and the higher degree of grain alignment seem to
have little influence on � value. This result implies that
the phonon mean free path (lph) of Co349 is much
smaller than the grain size. The phonon scattering by the
modulated structure of Co3498 and oxygen defects in the
Ca2CoO3 layer26 could limit the lph to a small value. For
instance, the reported lph of the analogous structural lay-
ered-cobaltite of Bi2Sr2Co2Oy is 2.8 nm in the ab-plane
at 300 K,27 though it is inappropriate to extrapolate the
lph of Co349 from that of Bi2Sr2Co2Oy consisting of
heavier ions than Ca and Co in Co349. It has been re-
ported that the ratio of � in the ab-plane to that along the
c-axis is around 10 in the Bi2Sr2Co2Oy and is much
smaller than the anisotropy of � around 104.27 Since the
distance between CoO2 layers, which are considered to
mainly contribute to the transport of charge carriers, in
Co349 structure is shorter than that in Bi2Sr2Co2Oy, the

FIG. 6. Inverse pole figures calculated for direction perpendicular to pressed plane (a) LGCo-0, (b) LGCo-10, (c) LGCo-20, and (d) GGCo-40,
respectively. Major (001) component is represented in a linear density scale and an equal area projection.

FIG. 7. T dependence of � measured parallel to pressed-plane.

FIG. 8. S measured parallel to pressed-plane.

FIG. 9. T-dependence of PF for hot-forged samples parallel to
pressed-plane.
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anisotropy of � in Co349 is smaller than that in
Bi2Sr2Co2Oy and is estimated to be 102.5,6 The reported
� value of the Co349 in the ab-plane is about 3 W/mK at
room temperature.5,24 Thus, if the anisotropy of � in
Co349 is as large as that of �, � along the c-axis will be
0.03 W/mK, the value of which is less than the theoreti-
cal minimum thermal conductivity in solid28 and is not
realistic. Therefore, the anisotropy of � should be smaller
than that of � in Co349. In this case, the enhancement of
grain alignment can always contribute to the improve-
ment of Z because � and � have the same order of con-
tribution in the definition of Z � S2/��. Moreover, since
lph is usually decreased with the increase of temperature,
the effect of the grain size on � will weaken at high
temperatures. Thus, the improvement of PF of LGCo-20
at 1073 K would not be spoiled by the increase of �.

IV. CONCLUSIONS

We demonstrated the validity of using large-grained
Co349 powder as material for producing thermoelectric
Co349 ceramics. The grain size of Co349 powder was
successfully enhanced by heat-treatment in an appropri-
ate solvent. Precise texture analysis proved that using
large-grained powder could contribute to the enhance-
ment of the degree of orientation. We emphasize that the
grain-growth method could be applied to a wide range of
materials by using the appropriate solvent and heat-
treatment. Thus the beneficial effects on the texturization
and the modification of microstructure can be available
not only on the Co349 but on other materials which have
an anisotropic structure and properties. In the case of
Co349, � was reduced by improving grain alignment,
increasing grain size, and enhancing bulk density. Since
� was decreased without deterioration of S, the PF value
of the Co349 sample was improved and reached 0.8 mW/
mK2 at 1073 K. This PF is the highest value of the
Co349 bulk materials to our knowledge. It is expected
that the increase of � caused by the increase of the grain
size and the enhancement of the degree of grain align-
ment is much smaller than the improvement of PF. As
polycrystalline material generally has lower � than single
crystal, the ZT of LGCo-20 at 1073 K may be higher
than 0.3, the value of which was calculated using the �
value of the single-crystal Co349 along the ab-plane at
1073 K.5
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