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a b s t r a c t

Ca3Co4O9 thermoelectric (TE) ceramics have been processed using conventional sintering (CS), hot-
pressing (HP) and spark plasma sintering (SPS). Microstructure investigations have revealed that HP
processing is effective for obtaining highly textured 349 ceramics, with a degree of crystallite orientation
showing a texture index of 6 mrd2, and that SPS affords strong densified 349 ceramics, typically 98% of
the theoretical X-ray density. Investigations of mechanical and thermal properties were undertaken for
a reliable integration of these materials in practical devices. In detail, these properties were assessed by
eywords:
a3Co4O9 ceramics
ot-pressing
park plasma sintering
exture
echanical proprieties

microindentation, nanoindentation and three point bending tests. Hardness, elastic modulus, strength
and fracture toughness of the HP and SPS samples were drastically improved, compared with the CS
specimen. The thermal expansions were measured and shown, for the samples processed by HP and SPS,
different between the directions parallel and perpendicular to the stress axis. Thermoelectric properties
were investigated from 5 to 850 K and a remarkable power factor value of 550 �W m−1 K−2 was obtained

TE pr
hermoelectric proprieties at 850 K. Mechanical and

. Introduction

Since NaCo2O4 has been reported [1] to exhibit thermoelec-
ric (TE) performance almost comparable to that of conventional
emiconducting materials, increasing attention has been attached
o other layered cobalt oxides having natural merits of low thermal
onductivity and high oxidation resistance in air at high temper-
ture. Some compounds like Bi–Ca/Sr–Co–O and Bi–Pb–Sr–Co–O
2–6] with enhancement of the figure-of-merit ZT = S2 × T/� × �
S is the Seebeck coefficient, T the absolute temperature, � the
lectrical resistivity and � the thermal conductivity) have been
eported as promising TE materials. Owing to the volatility of Bi,
b and Na at high temperature and their relatively high toxic-
ty, the practical applications of the compounds indicated above
re limited. In 1999, Ca3Co4O9 (349), with high chemical and
hermal stabilities, has been found [7] to exhibit a large ther-

opower. This compound is a misfit-layered oxide [8] consisting
f two monoclinic subsystems, which are Ca2CoO3 and CoO2 lay-
rs. Single crystals with a 349 structure have along the ab-planes,
figure-of-merit of 0.87 at 973 K in air [9]. However, the size of
349 single crystal is too small for a practical use as in devices.

n alternative way is to use polycrystalline materials by opti-
ising their elaboration process. Hot-pressing (HP) and spark

lasma sintering (SPS) processings have been reported [10,11]
o allow elaboration of 349 ceramics with high textures and/or

∗ Corresponding author. Tel.: +33 231 45 13 15; fax: +33 231 45 13 09.
E-mail address: driss.kenfaui@ensicaen.fr (D. Kenfaui).
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operties were correlated to the microstructure and texture features.
© 2009 Elsevier B.V. All rights reserved.

strong bulk density, both improving significantly their TE perfor-
mances.

Basically, the 349 ceramics are reported as a potential hole-
doped material for TE generators [7]. A typical application is the
conversion of exhaust heat from automobiles and plants into elec-
trical current.

But until now, the investigations of the mechanical properties of
bulk 349 ceramics have been neglected and attention was mainly
focused on the search for material synthesis, processing, resolu-
tion of the crystallographic structure and/or for thermoelectric
properties. Knowledge of the thermal and mechanical properties
is essential for the reliability of 349 ceramics in devices with small
dimensions (few centimetres).

In this work, we synthesized a Ca3Co4O9 powder using a solid-
state reaction. The Ca3Co4O9 bulk thermoelectric oxides were
prepared using three different ways as: (i) conventional sinter-
ing (CS), (ii) hot-pressing (HP) and (iii) spark plasma sintering
(SPS) method. The microstructures of the CS, HP and SPS samples
are investigated and correlated to the elaboration parameters. The
mechanical and TE properties are measured and correlated to the
microstructure and texture features.

2. Experimental procedure
2.1. Sample preparation

Ca3Co4O9 (349) powder was synthesized by a conventional solid-state reaction
method. The starting precursors CaCO3 and Co3O4 were thoroughly mixed in stoi-
chiometric ratios for 30 min. The mixture was calcinated at 900 ◦C during 24 h in air,
then ground and cold-pressed uniaxially (92 MPa) into pellets (25 mm in diameter).

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:driss.kenfaui@ensicaen.fr
dx.doi.org/10.1016/j.jallcom.2009.10.048


D. Kenfaui et al. / Journal of Alloys and C

F
d

t
p
H
n
i
p
T
t

6
t
w
w
“
t
t
u
i
c

2

5
s
a
(
a
[
t
o
t
t
5
T
c
f
p
r
t
fi
a
e
t
m
g
e
c
a
fi
D

2

d
p
s
w
t
w

ig. 1. Temperature and stress profiles as a function of time applied on the pellets
uring the HP processing.

The 349 ceramics were processed using three techniques: (i) conventional sin-
ering, (ii) hot-pressing and (iii) spark plasma sintering. For the CS processing, the
ellet was sintered at 920 ◦C for 24 h without any applied stress. In the case of the
P technique, the samples were processed using a home made hot-pressing fur-
ace described elsewhere [12], by applying a thermo-mechanical cycle illustrated

n Fig. 1. A uniaxial pressure of 28 MPa was applied for the dwell time at high tem-
erature and removed before cooling in order to avoid microcracking of the sample.
he maximum temperature during the heat treatment is 920 ◦C, which is 6 ◦C lower
han the decomposition temperature [13] of the Ca3Co4O9 phase.

Before SPS processing, the 349 powder was firstly uniaxial cold-pressed at
0 MPa into cylindrical pellets (13 mm in diameter) and then conventionally sin-
ered at 920 ◦C for 24 h. The pre-sintered pellets were then placed in a graphite die
ith a diameter of 20 mm allowing a free lateral deformation of the samples. They
ere finally consolidated in the SPS device (Dr. Sinter 2080 Syntex machine) at the

Plate-forme Nationale de Frittage Flash, CNRS, Toulouse, France”. The pulsed elec-
ric current (2000 A, 4 V) was passed through the sample to heat it up to the dwell
emperature (750 ◦C) while a uniaxial pressure of 50 MPa was applied for 2 min
nder vacuum (10−3 bar). The as-prepared sample was moderately heated and pol-

shed to remove the graphite foil used during processing before undergoing further
haracterizations.

.2. Microstructure and texture

The microstructures of 349 ceramics were examined by using a Carl Zeiss (Supra
5, Oberkochen, Germany) scanning electron microscope (SEM). The phase compo-
ition and the texture of the samples were investigated by using X-ray diffraction on
4-circle diffractometer set-up equipped with a curved position sensitive detector

CPS120 from INEL SA), and operating with a monochromatised K�-Cu radiation,
s described in details elsewhere [14], and within the combined analysis formalism
15] implemented in MAUD [16]. Briefly, this methodology allows the quantitative
exture determination of the samples, using a cyclic Rietveld refinement of a series
f X-ray diagrams recorded at different sample orientations. Due to the expected
exture strength in such materials and the axially symmetric texture (induced by
he deformation under uniaxial pressing stress), we measured 13 diagrams every
◦ in tilt angle �, for an incident angle of the X-ray beam on the sample of ω = 20◦ .
he instrument contributions (� and ω broadenings, peak shapes, zero-shifts) were
alibrated using the LaB6 powder standard from the NIST. A counting time of 10 min
or each sample orientation was used, and our optical set-up provides with a 0.1◦

eak widths in 2�. Pole figures obtained here are normalised into multiples of a
andom distribution (mrd), a unit that does not depend on other factors than orien-
ation. In such units, a sample without preferred orientations exhibits uniform pole
gures with 1 mrd levels, while a textured sample shows pole figures with maxima
nd minima of orientation densities ranging from 0 mrd (absence of crystals ori-
nted in this direction) to infinity (for a single crystal on few directions). The overall
exture strength is evaluated through the texture index [17] which is expressed in

rd2 units and varies from 1 (random powder) to infinity (perfect texture or sin-
le crystal). This index is used to compare the texture strength of different samples
xhibiting similar orientation distributions (OD). Such normalised pole figures are
alculated from the OD of crystallites, refined using the E-WIMV formalism [18]
fter extraction of the peak intensities during the Rietveld cycles. The OD and pro-
le refinement reliabilities are estimated using conventional reliability factors [19].
uring these refinements we used the supercell definition of 349 as previously [20].

.3. Mechanical tests

To determine the microhardness, �H, of the 349 ceramics, a course of microin-
entation tests at room temperature was carried out via Vickers indentation on

olished surfaces of the samples using a Zwick mechanical testing machine. For the
amples elaborated by HP and SPS, the direction of load application by the indenter
as parallel to the pressing axis during the sintering process. All the microindenta-

ion tests were performed with a loading time of 15 s and the microhardness, �H,
as calculated from the applied load, P, and the diagonal lengths, d1 and d2, of the
ompounds 490 (2010) 472–479 473

indentation impression such that [21]:

�H = 1.8544 × P

(d1 × d2)
(1)

Nanoindentation tests were performed on the samples by using a Nano
Indenter® XP (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a
Berkovich tip. The maximum penetration depth was chosen to be 5000 nm for the CS
samples and 2000 nm for the HP and SPS samples. For each test, nine impressions,
arranged in a 3 × 3 array, were introduced on the polished sections with 50 �m
spacing to minimize the possible interaction between the deformed areas. After the
indentation load was removed, the load-displacement data were used to calculate
nanohardness, nH, and elastic modulus, E.

The nanohardness, nH, of a sample can be calculated from the following equa-
tion:

nH = P

A
(2)

where P refers to the load measured at the penetration depth, h, while A refers to
the projected contact area between the indenter and the sample.

The elastic modulus of the tested sample, E, is determined from the reduced
modulus, Er, given by:

Er =
√

� × S

2 × ˇ ×
√

A
(3)

where S = dP/dh is the elastic stiffness of the contact. ˇ is a factor that depends only
on the geometry of the indenter, ˇ = 1.034 for Berkovich tip. The modulus, E, can
then be calculated as follows:

E = (1 − �2)

1/Er − (1 − �2
i
)/Ei

(4)

where � and �i are the Poisson’s ratios of the specimen and indenter, respectively,
while Ei is the elastic modulus of the indenter. All these formula are established for
the isotropic case, corresponding to the CS sample, but with deviations particularly
for HP, and to a much lesser extent for SPS, which are neglected in this work.

In our experiments, the nanohardness and Young’s modulus were not derived
from the initial unloading curve as advocated by Oliver and Pharr [22]. We made use
of the continuous stiffness measurements (CSM) option of the Nano Indenter® XP,
which allowed the evaluation of the elastic contact stiffness S all along the loading
path of the load-penetration curve.

The strength (fracture stress), �R, was determined for our 349 ceramics at room
temperature by three point bending tests. The HP sample was too thin to be tested
by using this technique. To get a thick HP sample, we have welded together a stack
of five thin samples by hot-pressing at 920 ◦C under 10 MPa for 5 h. SEM observa-
tions revealed that the thin HP samples were well welded between each others and
no noticeable deterioration of the structure or the texture had occurred after the
hot-stacking treatment. Bars for mechanical tests were cut from the samples, with
w∼2 mm thickness, B ∼ 3 mm width and L = 12 mm span. The load was applied in
the direction parallel to the pressing axis for the HP and SPS samples.

Fracture toughness measurements were performed on SENB specimens with
relative notch length of ao/w∼0.33 introduced by using a 50 �m thick saw.

2.4. Thermal measurements

Thermal expansion was assessed in the temperature range 50–900 ◦C. For the HP
and SPS samples, these measurements were carried out in two directions: parallel
and perpendicular to the pressing stress axis (out-of-plane and in-plane, respec-
tively).

2.5. Thermoelectrical measurements

Bar-shaped samples 12 mm long, 2 mm width and 0.4–2 mm thick for elec-
trical characterization were cut into the processed pellets by using a low speed
diamond saw (Struers, Champigny sur Marne, France). The temperature depen-
dence of electrical resistivity, �, was measured by the standard DC four-probe
method by mean of a Quantum Design Physical Property Measurement System
(PPMS, Oxford, Inc., UK) from 5 K to room temperature. The high temperature (from
room temperature to 850 K) electrical resistivity and Seebeck coefficient measure-
ments were simultaneously performed by using ZEM-3 (ULVAC-RIKO, Inc., Japan)
apparatus.

3. Results and discussion

3.1. Microstructure and texture
SEM micrographs of the surfaces of rupture of CS, HP, and SPS
samples (Fig. 2) were performed on the planes containing the press-
ing axis as indicated by the arrow in Fig. 2b and c. As shown from
Fig. 2a, the microstructure of the CS sample exhibits small grains
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ith typical sizes less than 5 �m, which appear to be randomly
riented. One also observes a large number of pores which greatly
educes the bulk density and may impair the mechanical and ther-
oelectrical properties. In the HP sample (Fig. 2b), we observe

learly a strong alignment of large platelets homogenously dis-
ributed and compactly stacked up along the pressing axis. Indeed,
or a pressure level of 28 MPa, the grains turn into platelets and
heir lateral size increases from about 5 to about 17 �m, while
heir thickness does not exceed 0.15 �m. Thus, much of the porosity
s removed, which improves significantly the bulk density. In the
ase of the SPS processed sample (Fig. 2c), a fairly high bulk den-
ity is obtained for a pressure level of 50 MPa and no preferential
rain orientation is observed after a quick processing of 2 min. The
latelets in-plane dimensions were slightly increased (≤8 �m). As

easured from sample mass and volume determinations, the bulk

ensity of the CS, HP and SPS samples are 2.82, 4.45 and 4.59 g/cm3,
hich corresponds to 60%, 95% and 98% of the theoretical density

8], respectively.

ig. 2. SEM micrographs of fractured surfaces of the Ca3Co4O9 samples processed
y: (a) conventional sintering (CS), (b) hot-pressing (HP) and (c) spark plasma sin-
ering (SPS) processings.
Fig. 3. HP sample X-ray diagrams (a) �-evolution of the diffracted diagrams. � goes
from 0 (bottom diagram) to 60◦ (top diagram) by steps of 5◦ , and (b) experimental
(bottom) and refined (top) series of diagrams.

While the CS sample exhibits no crystallographic texture, results
from the combined analysis of the HP sample (Fig. 3a) reveal a
strong decrease of the 0 0 	 lines of the 349 structure with the tilt
angle, as an indication of a strong texture. After refinement, the
calculated diagrams compare well with the experiments (Fig. 3b),
within reliability factors as low as Rw = 3.26%, RBragg = 2.27%,
Rexpected = 0.85%, giving a goodness of fit of GoF = 3.81. The resulting
cell parameters after refinement are a = 4.8573(3) Å, b = 36.526(3) Å,
c = 10.8547(3) Å, ˇ = 97.913(3)◦, coherent with the usual bulk values
for this phase, and a mean isotropic crystallite size of 654(45) nm,
in accordance with the mean dimension of the grains as revealed
by SEM. This latter point testifies for the HP processing to afford
strongly oriented grains.

The combined OD refinement allows the reconstruction of the
{0 2 0}, {0 0 1} and {1 0 0} pole figures (Fig. 4a). This refinement
was obtained with reliability factors of the OD of Rw = 1.29% and
RBragg = 2.67%, which are very low values for such a high texture
strength having F2 = 6 mrd2. The pole figures clearly show that
the 〈0 0 1〉 directions (normal to the {0 0 1} planes) are strongly
aligned parallel to the stress axis (centre of the pole figures), with
a maximum of the {0 0 1} poles of around 22 mrd, the largest value
obtained to date on 349 ceramics. The maximum value of the OD is
118 mrd, and its minimum is 0, indicating that all the crystallites are
oriented within the fibre orientation components. The inverse pole

figure calculated for the pressure axis indicates that no other sig-
nificant orientation component than the fibre 〈0 0 1〉 exists (Fig. 4b)
and corresponds to levels of orientation along the pressure axis up
to 57 mrd.
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Table 1
Average microhardness obtained via Vickers indentation for CS, HP and SPS samples.
ig. 4. (a) {0 2 0}, {0 0 1} and {1 0 0}pole figures for the HP sample obtained after OD
efinement (linear density scale, equal area projection) and (b) inverse pole figure
alculated for the direction of the pressure (logarithmic density scale and equal area
rojection).

The SPS sample quantitative texture analysis indicates a lower
rystallographic texture strength. The {0 2 0}, {0 0 1} and {1 0 0}
ole figures (Fig. 5a) of this sample culminate at 3.8 mrd at the
entre of {0 0 1}, quite 6 times lower than for HP. Also, small
100〉 orientation components exist in this sample, as visible in the
nverse pole figure (Fig. 5b).

Although the Rietveld refinement was obtained with less relia-
ility (Rw = 8.55%, RBragg = 4.19%, Rexpected = 1.30%, GoF = 6.59)
nd poorer cell parameters (a = 4.741(2) Å, b = 36.44(2) Å,
= 10.854(1) Å, ˇ = 98.21(3)◦, the OD refinement is still good
Rw = 4.26% and RBragg = 3.42%). These relatively poorer reliabili-
ies are mainly due to the presence of still unidentified peaks. The

ean isotropic coherent domain size is much lower than for HP
00(15) nm, which corroborates the lower mean dimension of the
rains evidenced by SEM.

With a texture strength of F2 = 5 mrd2, a maximum value of the
D of 26 mrd (still a minimum of 0), and an inverse pole figure
aximum of 7 mrd, one clearly notes a strong texture decrease

ompared to the HP sample.

.2. Mechanical properties
.2.1. Microindentation
The average values of Vickers microhardness obtained for the

S, HP and SPS samples are summarized in Table 1. The CS sam-
le was tested under P = 2 N load, while the HP and SPS samples
nder 5 and 15 N, respectively. The load was applied parallel to

ig. 5. (a) {0 2 0}, {0 0 1}and {1 0 0}pole figures for the SPS sample obtained after OD
efinement (linear density scale, equal area projection) and (b) inverse pole figure
alculated for the direction of the pressure (logarithmic density scale and equal area
rojection).
Processing CS HP SPS

Microhardness, �H (GPa) 0.12 ± 0.01 1.31 ± 0.12 1.55 ± 0.09

HP and SPS pressing axis and results then in a partially anisotropic
loading scheme. The microhardness, �H, rises from 0.12 ± 0.01 GPa
for the CS sample to 1.31 ± 0.12 GPa for the HP sample. �H is then
about 11 times larger when the bulk density increases from 60
to 95% as a consequence of the hot-pressing effect. The micro-
hardness of the SPS sample is even more improved (13 times):
it increases to 1.55 ± 0.09 GPa although the grain size and the
texture strength were not significantly increased. The microhard-
ness difference between HP and SPS is then due essentially to the
stronger densification for the SPS sample (98%), since the texture
has decreased between HP and SPS. Thus, the increase in Vickers
microhardness values can be correlated to both the strong den-
sification and texture increase from CS to HP, and mainly due
to further densification of 349 from HP to SPS processing. Also,
the signature of the good alignment between the platelets (mor-
phological texture) on the microhardness increase between CS
and HP seems to be influent, while negligible between CS and
SPS.

It should be noticed that the microhardness obtained here for
the 349 ceramics processed using HP and SPS is 2.1 and 2.5 times,
respectively, larger than that reported for the conventional mate-
rials Bi2Te3 [23], frequently integrated in TE modules for energy
conversion applications.

In contrast of the majority of brittle materials, e.g. superconduc-
tors [24], Vickers indentation of the CS, HP and SPS materials did
not lead to cracking around the indent impression. Then, we could
not determine their fracture toughness by measuring crack lengths.

3.2.2. Nanoindentation
Nanoindentation tests were carried out for all the samples

with the aim to determine the Young’s modulus and to compare
nanohardness versus microhardness values. First of all, the HP pel-
let was cut to eliminate the weakest densified zones. Then, five
areas of the CS, HP (Fig. 6a) and SPS samples were chosen for the
nanoindentation test. For each area, a batch of nine impressions
was selected. As an example, the pattern of residual impressions,
left after the Berkovich indenter was withdrawn, is shown on the
micrograph of Fig. 6b.

In the nanoindentation test, the applied load P is con-
tinuously measured versus the indenter displacement, h. The
load-displacement curve is obtained from a complete loading-
unloading cycle (Fig. 6c as an example for area number 2). The
derived nanohardness-displacement and the Young’s modulus-
displacement curves are illustrated in Fig. 6d. The average
nanohardness and Young’s modulus values calculated for each
areas of the HP sample are given in Table 2. The average nanohard-
ness, nH, value of the HP sample is 2.08 ± 0.15 GPa.

Fig. 7a shows the nanohardness, nH, and Young’s modulus,
E, values obtained for CS, HP and SPS samples. The nanohard-
ness value (2.59 ± 0.10 GPa) of the SPS sample (most densified and
weakly textured) is larger than that of the HP sample. Both SPS and
HP samples exhibit nH considerably improved in comparison with
CS sample (0.11 ± 0.03 GPa). However, nH and �H values seem to
record a different increase for HP and SPS specimens. While the CS
sample exhibits �H and nH of around 0.11 GPa, the increase factor

in hardness from HP to SPS is 1.18 for �H and 1.25 for nH measure-
ments. Taking into account the error values, these ratios are quite
the same.

Young’s modulus, E, was derived by assuming an isotropic
model even in the case of HP samples. For this sample (strongly
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Fig. 6. (a) Five areas of HP sample tested by nanoindentation, (b) A 3 × 3 matrix pattern of residual impressions introduced on area number 2 of HP sample, (c)
load–displacement curve obtained for the nanoindentation of area number 2 and (d) hardness and Young’s modulus vs displacement for area number 2.

Table 2
Average nanohardness and Young’s modulus values obtained via nanoindentation technique for each area of the HP sample.

Area 1 2

Nanohardness, nH (GPa) 2.08 ± 0.31 2.05 ± 0.26
Young’s modulus, E (GPa) 45.31 ± 2.00 56.92 ± 3.46

Fig. 7. (a) Nanohardness, Young’s modulus and (b) fracture stress and toughness
values obtained for samples elaborated by CS, HP and SPS processing.
3 4 5

2.04 ± 0.41 2.09 ± 0.32 2.13 ± 0.50
60.97 ± 4.50 52.95 ± 3.51 62.84 ± 4.85

anisotropic), the derivation of the Young modulus is biased since
the load is applied parallel to the mean c-axes direction which, due
to the indenter shape, transfers in an inclined manner to the sample
hereby probing preferentially specific cij stiffness constants. This
is not the case of the two other lowly textured samples probed
in the same way. One observes the processing influence on E is
similar to that on Hardness: the SPS sample exhibits the largest
E value (84 ± 3 GPa), which is 8 fold the E value of the CS sample
(10.5 ± 2.5 GPa). The elastic modulus of the HP sample (strongly
textured) is 56 ± 7 GPa, i.e. 5 times the CS value.

Furthermore, the 349 materials consolidated by HP and SPS
exhibited elastic modulus values that are 1.7 and 2.6 times, respec-
tively, higher than that reported for Bi2Te3 ones [23].

3.2.3. Fracture stress and toughness
Like the Young’s modulus and hardness, the fracture stress,


R, values depend on the processing method [31] (Fig. 7b). The
results point out the effectiveness of HP and SPS to ameliorate
the strength of 349 TE ceramics. An improvement in �R by a fac-
tor of about 14 is recorded for HP sample compared to the CS
one, while the factor for SPS specimen is close to 18. That is an
illustration of the higher bulk density provided by the SPS process-
ing.

Regarding the fracture toughness, KIC (Fig. 7b), it appears that
SPS is more effective for increasing the reliability of 349 ceramics
by enhancing their resistance to the spreading of major flaw. KIC
value as high as 2.8 ± 0.47 MPa m1/2 is obtained for the SPS speci-
men, corresponding to an improvement factor of more than 7, in

comparison with the CS sample (0.4 ± 0.02 MPa m1/2). The improve-
ment factor of 349 ceramics processed by HP (2.2 ± 0.43 MPa m1/2)
exceeds 5, but it is still lower than that of the SPS. SEM observations
revealed that fracture proceeds by crack deflection by the platelets
and breaking of the grain boundaries.
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We can finally conclude the increase in the mechanical proper-
ies is more related to the densification of the 349 ceramics than to
heir texture strength.

Poor mechanical properties have been reported for Bi2Te3 sin-
le crystals and even polycrystals [25]. In the case of our HP 349
eramics, one could expect similar behaviours but suffer any exper-
mental data because no large enough crystals could be grown to
arry out the corresponding mechanical measurements. But, in our
49 polycrystalline textured materials (HP samples), Vickers hard-
ess values, Young’s modulus, fracture stress and toughness are
.1, 1.7, 2 and 2 times, respectively, larger than the ones of Bi2Te3
olycrystalline textured samples [23,25]. In such a way, the HP 349
eramics elaborated in the present work can be considered as less
uffering cleavage effects than Bi2Te3 single crystals or polycrys-
als.

On the other hand, the fracture stress and toughness obtained
or our SPS samples are 2.7 and 2.4, respectively, larger than those
f the Bi2Te3 polycrystalline materials [23,25].

Thus the good mechanical properties of the 349 TE materials
rovide sufficient ability for their reliable integration and operating

n TE modules.

.3. Thermal analysis

Fig. 8 represents the thermal expansion behaviour in the tem-

erature range 50–900 ◦C for the CS sample and, in the directions
arallel and perpendicular to the pressing stress (out-of-plane and

n-plane, respectively), for the HP and SPS specimens. These anal-
ses were made on the thick hot-stacked sample for the ceramics

ig. 8. Thermal analysis of the CS sample and in (a) in-plane and (b) out-of- plane
ab and c, respectively) for the HP and SPS samples.
ompounds 490 (2010) 472–479 477

processed by HP. It is clearly observed a noticeable difference in the
thermal behaviour along the heating and the cooling paths, except
along the mean in-planes of the HP specimen in the 550–900 ◦C
temperature range. Such difference may be explained by the effects
of irreversible phenomena occurring at the grain boundaries. One
also sees a large difference in thermal behaviour for both direc-
tions. While the coefficient of thermal expansion (CTE) of the CS
sample is ˛CS = 12.6 × 10−6 K−1, those of the HP sample evaluated in
out-of-plane and in-plane are ˛c

HP = 15 × 10−6 K−1 and ˛ab
HP = 7.3 ×

10−6 K−1, respectively. The obtained CTE ranking (˛ab
HP < ˛CS <

˛c
HP) associated with the CTE ratio ˛c

HP/˛ab
HP ≈ 1.73 reveals the

influence of the grain boundary density and the strong platelets
alignment as a result of a particular effect of the HP processing.
The SPS specimen exhibited an equivalent in-plane CTE (˛ab

SPS = 8 ×
10−6 K−1), due to a better connection between the platelets (den-
sification effect) which compensated the weakness in the sample
texture strength. But, its out-of-plane thermal behaviour displayed
larger CTE value (˛c

SPS = 18.8 × 10−6 K−1). That may be related to
two different factors: the very low texture strength and to the larger
out-of-plane grain boundary density. Hence, its CTE ratio is higher
(˛c

SPS/˛ab
SPS = 2.35).

These results indicate that the microstructure anisotropy and
texture induced by the HP and SPS processings generate a
strong anisotropy in the thermal behaviour of the 349 ceram-
ics.

On the other hand, the in-plane CTE evaluated for the HP and
SPS ceramics are close to some oxide materials (e.g. alumina:
8 × 10−6 K−1). Their out-of-plane CTE are similar to those of met-
als (e.g. copper: 16 × 10−6 K−1 and silver: 19 K−1, respectively). As
a consequence, both strongly densified and highly textured 349
ceramics can be connected to others materials for electrical (e.g.
silver and/or copper metals) and thermal contacts (e.g. Al2O3 plate)
in TE modules, with a good reliability and significantly improved
efficiency.

3.4. Thermoelectrical properties

Fig. 9a shows the temperature (5 ≤ T ≤ 350 K) dependence of
the electrical resistivity, �, for the three 349 samples. The � (T)
curves of the CS, HP and SPS samples show a similar behaviour,
corresponding to the metal to semiconducting transition from
room temperature to 5 K. This is in agreement with earlier reports
[8,26–28] on these thermoelectric oxides. For the HP and SPS
samples, the current was injected perpendicular to the press-
ing direction, i.e. the current flows along the mean in-planes
(ab-planes) of the structure, particularly for HP strongly tex-
tured specimen. The comparison between the samples prepared
by various methods shows clearly that the � values of HP and
SPS specimens are much lower than the CS one. This can be
explained as resulting from both densification and texture, but
the texture is expected not to be the leading parameter, espe-
cially for the SPS sample. The good alignment between platelets
also contributes to reduce the resistivity, which is more visible
when comparing the HP and SPS resistivity curves, the former
exhibiting lower � values than SPS above 50 K (Fig. 9a and b).
The resistivity of the HP sample at 300 K, �300K, is 6.1 m� cm
which is among the best published values in the literature
[5,29,30].

Fig. 9b shows the resistivity behaviour at high temperature for
the three samples. The HP and SPS samples exhibit similar resis-

tivity behaviour. But the resistivity of HP remains lower than that
of SPS on the whole probed temperature range, resistivity values
being at 800 K of 6 and 8 m� cm for HP and SPS, respectively. These
values are, respectively, 7 and ∼5 times lower than the resistivity
of the CS sample for which 42 m� cm is measured at 800 K.
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ig. 9. Temperature dependence of electrical resistivity, �: (a) low temperature,
b) high temperature ranges and (c) temperature dependence of the power factor:
F = S2/�.

All the samples processed in this work are from the same
hemical composition. The Seebeck coefficient, S, values are then
early similar for CS, HP and SPS samples, respectively. The pos-

tive (S = 170 �V K−1 at 800 K) value indicates that the majority
f charge carriers are hole-like and the values measured on our
49 ceramics are consistent with data published in the literature
5,29,30].

Consequently, the power factor deduced from S and � values,

F = S2/�, is significantly improved for the HP and the SPS samples,
ompared with the CS one (Fig. 9c). The PF reaches 550 �W m−1 K−2

t 850 K for the HP 349 ceramics. This value is among the best pub-
ished ones; it is larger than the reported values issued from 349
eramics processed by SPS process [5,29], by combination of the

[

[

[
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magnetic alignment technique and SPS processing [5], or by HP
[30].

4. Conclusion

Ca3Co4O9 thermoelectric ceramics have been processed using
conventional sintering, hot-pressing and spark plasma sintering
techniques. The HP and SPS processings are efficient for obtain-
ing highly textured and strongly densified Ca3Co4O9 ceramics,
respectively. As a result, the mechanical properties were distinctly
enhanced. The microhardness of HP and SPS ceramics was about
11 and 13 times, respectively, larger than CS one. The nanoinden-
tation technique confirmed these results and allowed to determine
the elastic modulus which was more than 5 and 8 fold increased
for HP and SPS samples, respectively, compared to the CS sam-
ple. Fracture stress of 349 ceramics consolidated by HP and SPS
was drastically enhanced by factors of about 14 and 18, while the
toughness was more than 5 and 7 fold improved, respectively. The
thermal expansion shows different in-plane and out-of-plane val-
ues for both HP and SPS ceramics. The thermoelectric properties
were also remarkably improved by HP and SPS processings. The
power factor reaches 550 �W m−1 K−2 at 850 K for the HP ceramics,
among the best reported values.

The thermal expansion data and large mechanical investigations
proposed, for the first time at our knowledge, positively influences
the choice of such ceramic materials for their reliable integration
as thermoelectric elements into modules.
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