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14050 Caen Cedex 04, France

Ca3Co4O9 (349) thermoelectric (TE) ceramics were prepared by hot-pressing (HP) process under various stress levels up
to 30 MPa. Microstructure investigations have revealed strong enhancements of the bulk density and the texture strength, and a
remarkable decrease of the in-plane grain boundary density as the HP stress, s, is increased. The mechanical properties
obtained from nanoindentation and three-point bending tests, and the TE properties were correlated to the microstructure.
The influence of the HP stress level on these properties was examined in the parallel (c) and perpendicular (ab) directions to the
pressing axis. Hardness (Hab and Hc ) and elastic modulus (Eab and Ec ) values were shown to increase remarkably with the HP
stress level and the anisotropy ratio between out-of-plane and in-plane resistivity values rc

rab

� �
too. As rab was considerably

reduced and the Seebeck coefficient, Sab, remains constant when s is raised, the power factor, PFab, was greatly improved for
the higher stress values. rc

rab

� �
300K

and PF ab
900 K are 64 and 595 mW.m�1.K�2, respectively, for the HP samples processed

under 30 MPa. Thick specimens usable in practical devices were obtained by HP stacked single layers. Their microstructure
was investigated and correlated to the TE and mechanical properties.

Introduction

Thermoelectric (TE) materials have received in-
creasing attention because of their potential applications
in the fields of energy conversion: the Seebeck effect
allows electricity generation from dissipated heat while
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the Peltier effect can be used for cooling by pumping
heat. Layered cobalt oxides Ca3Co4O9 (349), reported1–3

to possess a large thermopower coexisting with low elec-
trical resistivity, are among the potential candidates for
these applications. Furthermore, 349 oxides resist oxi-
dation in air at high temperature, exhibit high chemical
and thermal stabilities, and do not contain toxic ele-
ments, in contrast to other oxides like NaCo2O4,
Bi–Ca/Sr–Co–O, and Bi–Pb–Sr–Co–O.4–8 All these
compounds exhibit a large conversion efficiency char-
acterized by the figure-of-merit ZT ¼ S2�T

r�k (S is the
Seebeck coefficient, T the absolute temperature, r the
electrical resistivity, and k the thermal conductivity).
The discovery of these performances has thrown atten-
tion on the need for 349 polycrystalline bulk and has
boosted the exploration of various processing methods
with the aim to increase the properties via fully mastered
microstructures. Spark plasma sintering (SPS), magnetic
alignment (MA), and hot-pressing (HP) processes7,9,10

have been reported to allow elaboration of 349 ceramics
with high texture and/or strong bulk density, which both
improve significantly the TE performances of 349 oxides.

Up to now, these materials have not been integrated
in application devices when elaborated by HP process,
due to their low thickness and the lack of data in the
literature on their thermomechanical behavior.

In this work, we report on the 349 TE ceramics
prepared by HP under different stress levels up to
30 MPa. The microstructure and texture features of
the samples are investigated and correlated to the elab-
oration parameters, and are shown to govern the me-
chanical and TE properties.

Thick samples were prepared by HP a stack of sin-
gle-layer samples primarily elaborated under 30 MPa.
The microstructure, mechanical, and TE properties of
these multilayer samples are also investigated and com-
pared with those of the single-layer samples.

Experiment Procedure

Sintering Conditions

Polycrystalline 349 ceramics were prepared by con-
ventional solid-state synthesis technique from CaCO3

and Co3O4 powders. These starting precursors were
thoroughly mixed in stoichiometric ratios for 30 min in
dry condition. The mixture was firstly heated at 9001C
for 24 h in air to assure the carbonates decomposition,
then finely ground and uniaxially cold-pressed at

92 MPa into 4.2-mm-thick pellets with a diameter of
25 mm. One of the pellets was sintered at 9201C for
24 h with no applied stress (reference sample). The oth-
ers pellets were set in the furnace between two silver
sheets (0.125 mm thick) to avoid any chemical reaction
with the alumina-bearing plates at high temperature.
The dwell temperature is chosen 61C lower than the
decomposition temperature11 of the 349 phase, which is
9261C. The uniaxial stress was applied once the dwell
temperature is reached, maintained for 24 h, and then
removed before cooling in order to avoid microcracking
of the samples. Different HP stress levels were applied:
5, 13, 20, and 30 MPa (HP samples), using a home-
made HP device described in more details elsewhere.12

The resulting thickness of the 349 disks monotonously
decreases as the applied stress s is increased (Table I).
Applied stresses beyond 30 MPa lead to samples that
may be too thin for use later for different manipula-
tions. All the HP pellets were cut to eliminate the less
densified zones, and the parallelepiped samples obtained
were polished on their two faces. Five single-layer sam-
ples hot-pressed at 30 MPa were stacked and hot-
pressed at 9201C and only 10 MPa for 5 h (Fig. 1).
The thickness of the resulting 349 multilayer sample is
about 2.3 mm.

Microstructure Analysis

The microstructure of 349 ceramics was examined
using a Supra 55 scanning electron microscope (SEM,
Zeiss, Oberkochen, Germany). The phase purity and
the texture of the samples were investigated using X-ray
diffraction on a four-circle diffractometer setup
equipped with the monochromatized CuKa radiation
and a curved position sensitive detector (CPS 120,
INEL, Artenay, France), described in details else-
where,13 and within the combined analysis formalism14

implemented in MAUD.15 Briefly, this methodology
allows the quantitative texture determination of the
samples, using a cyclic Rietveld refinement of a series
of X-ray diagrams measured at different sample orien-
tations. Because of the expected texture strength in such
materials and the axially symmetric texture (induced by
the orthotropic deformation under uniaxial pressure),
we measured 13 diagrams every 51 in tilt angle w, for an
incident angle of the X-ray beam on the sample of
o5 201. The instrument contributions (w and o broad-
enings, peak shapes, zero-shifts) were calibrated using
the LaB6 powder standard from NIST. A counting time
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of 10 min for each sample orientation was used, and our
optical setup provides with a 0.11 peak widths in 2y.
Pole figures obtained here are normalized into multiples
of a random distribution (mrd), a unit that does not
depend on other factors than orientation. In such units,
a sample without preferred orientations exhibits uni-
form pole figures with 1 mrd levels, while a textured

sample shows pole figures with maxima and minima of
orientation densities ranging from 0 mrd (absence of
crystals oriented in this direction) to infinity (for a single
crystal on few directions). The overall texture strength is
evaluated through the texture index,16 which is ex-
pressed in mrd2 units and varies from 1 (random pow-
der) to infinity (perfect texture or single crystal) and is

Table I. Electrical, Mechanical, and Microstructural–Textural Characteristics of the Hot-Pressed Single-Layer
Samples at Various Applied Stresses

Stress, r (MPa) 0 5 13 20 30
Sample thickness, e (mm) 4.45 2.2rer2.5 1.2rer1.5 0.6rer0.9 0.4rer0.6
Density (% theoretical) 60 90.5 94.8 95.1 96
In-plane grain size (lm) r5 r9 r12 r14.5 r17
Grain thickness (lm) r5 — r0.18 — r0.12
Max of the f001g poles (mrd) 3.48 7.82 9.28 15.36 22.15
Cell parameters after refinement

a (Å) 4.8427(6) 4.839(1) 4.8911(5) 4.884(5) 4.8573(3)
b (Å) 36.561(3) 36.32(1) 36.339(5) 36.330(4) 36.526(3)
c (Å) 10.8390(7) 10.8197(4) 10.8227(2) 10.8190(2) 10.8547(3)
b (1) 97.96(1) 97.833(5) 97.806(2) 97.766(2) 97.913(3)

Reliability factors (Rietveld)
Rw (%) 6.81 5.52 3.33 3.60 3.26
RBragg (%) 5.32 3.12 2.46 2.62 2.27
Rexpected (%) 5.89 1.56 1.56 1.54 0.85

Reliability factors (OD)
Rw (%) 5.01 6.89 3.11 4.26 1.29
RBragg (%) 4.27 5.30 3.49 4.80 2.67

Mechanical properties
Hab (GPa) 0.1170.03 1.570.43 2.0170.27 1.9570.28 2.0870.36
Hc (GPa) — 170.15 2.1670.23 270.15 2.3170.22

H c

H ab
— 0.67 1.07 1.03 1.11

rR
ab (MPa) 18.470.2 197.8273.96 — — 249.573.5

Eab (GPa) 10.4671.71 52.7973.2 52.3273.33 53.3574.45 55.873.67
Ec (GPa) — 53.0672.58 76.8874.02 73.9873.07 85.2175.41

E c

Eab
— 1.01 1.47 1.39 1.53

Thermoelectric properties
q300 K

ab (mX cm) 38.81 8.72 6.5 5.88 6.1
q300 K

c (mX cm) — 20.83 44.02 189.16 390.13

rc

rab
— 2.39 6.77 32.16 63.95

q900 K
ab (mX cm) 44.1 at 834 K 7.31 — 5.88 5.25

S900K
ab (lV/K) 174 at 834 K 169 — 172 174

PF900K
ab (lW/m/K2) 68.8 at 834 K 390 — 501 595.42
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used to compare the texture strength of different sam-
ples exhibiting similar orientation distributions (ODs).
Such normalized pole figures are calculated from the
OD of crystallites, refined using the E-WIMV formal-
ism17 after extraction of the peak intensities during the
Rietveld cycles. The OD and profile refinement relia-
bilities are estimated using conventional reliability fac-
tors.18 During these refinements we used the supercell
definition of 349 as described previously.19

Mechanical Tests and Thermal Analysis

Instrumented nanoindentation tests were per-
formed on the samples using a XP Nano Indenter

s

(MTS Systems Eden Prairie, MN) equipped with a Be-
rkovich tip with radius r20 nm. For each test, impres-
sions were introduced on the mirror-polished sections
with 100 mm spacing between them to minimize the
possible interaction between the deformed areas. After
the indentation load was removed, the load–displace-
ment (–penetration depth) data were used to calculate
hardness, H, and elastic modulus (Young’s modulus), E.
The hardness for an indentation depth, h, can be cal-
culated from the following equation:

H ¼ Pmax

A

where Pmax refers to the load measured at the maximum
penetration depth, hmax, while A refers to the projected
contact area between the indenter and the specimen at
Pmax.

The elastic modulus of the specimen, E, is deter-
mined from the reduced modulus, Er, given by

Er ¼
ffiffiffi
p
p
� S

2� b�
ffiffiffi
A
p

where S ¼ dP
dh is the elastic stiffness of the specimen–

indenter contact, defined as the slope of the initial un-
loading curve in the load–displacement plot.20 b is

a constant that depends only on the used indenter
(more or less symmetrical), and b5 1.0615 for a Be-
rkovich tip.21 The modulus, E, can then be calculated as
follows:

E ¼ ð1� n2Þ
1
Er
� ð1�n

2
i Þ

Ei

where n and ni are the Poisson’s ratios of the specimen
and indenter, respectively, while Ei is the elastic mod-
ulus of the indenter.

The strength for our 349 ceramics was determined
at room temperature using three-point bending tests.
The tested bars were cut from the different samples with
almost the same thickness (B2 mm) and width
(B3 mm) to allow a comparison between strength val-
ues. We tested bars taken from the reference sample
(0 MPa), the HP sample prepared at 5 MPa, and the
thick multilayer sample.

The thermal expansion measurements were also
performed in the temperature range 50–9001C for the
reference and multilayer samples.

Electrical Measurements

The temperature dependence of electrical resistivity
was measured perpendicular, rab, and parallel, rc, to the
HP axis. In the temperature range from 5 to 350 K, the
resistivities were measured by the standard DC four-
probe method by using a Quantum Design Physical
Property Measurement System (Oxford Instruments,
Buckinghamshire, U.K.). These measurements were car-
ried out on B4 mm� 4 mm bar-shaped samples cut
from the reference sample, the HP samples, and the
multilayer sample using a diamond saw. The resistivity,
rc, was also studied using the Montgomery method.22

The high-temperature (from 350 to 900 K) electrical
resistivity, rab, and Seebeck coefficient, Sab, were simul-
taneously measured in a direction perpendicular to the

Fig. 1. Hot-pressing stacking process used to elaborate thick samples from the hot-pressing single-layer samples.
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pressing axis using a ZEM-3 apparatus (ULVAC-
RIKO, Yokohama, Japan).

Results and Discussion

Microstructural and Textural Studies

Figure 2 shows SEM micrographs of fractured sur-
faces of the reference (0 MPa), HP, and multilayer sam-
ples performed on the planes containing the pressing
axis (indicated by an arrow on inset of Figs. 2a and b).
As shown in Fig. 2a, the microstructure of the reference
sample exhibits small grains with typical sizes o5 mm,
which appear to be loosely assembled and randomly
oriented. A large number of pores are also observed that
greatly reduce the bulk density and deteriorate the elec-
trical and mechanical properties. In the HP sample pro-
cessed at 13 MPa (inset of Fig. 2a), the grains are
transformed into platelets under the HP effect and their
in-plane size increases from 5 to about 9 mm, while their
thickness decreases drastically to values smaller than
0.18 mm. Much of the porosity is removed for this ap-
plied stress level, which improves the relative bulk den-
sity considerably from 60% to 94.6% of the theoretical
density. We also observe large zones with an alignment
of platelets stacked up along the HP axis. For the sample
hot-forged at 30 MPa (Fig. 2b), the platelets are much
more extended and their in-plane size reaches 17 mm,
which reduces significantly the grain boundary density
in the plane perpendicular to the pressing axis. Conse-
quently, the thickness of the platelets is reduced to val-
ues below 0.12 mm, which increases the grain boundary
density in the direction parallel to the pressing axis. The
relative bulk density is strengthened (96%) and the con-
nection between the platelets improved. Figure 2b also
shows stronger full alignment of the platelets that are
homogenously distributed and compactly stacked up
along the pressing axis.

From these observations, we can deduce that when
the pressing stress is raised, the 349 ceramics bulk

density, the alignment of platelets, and the out-of-plane
grain boundary density increase drastically, while the
in-plane grain boundary density decreases significantly.

Fig. 2. Scanning electron micrographs of fractured surfaces of the
Ca3Co4O9 ceramics: (a) reference sample processed without any
applied stress s. Inset shows the hot-pressing sample at 13 MPa. (b)
Hot-pressing sample at 30 MPa. (c) Multilayer sample prepared by
the hot-pressing stacking process. Inset shows the interface between
the initial single-layer samples processed at 30 MPa observed on the
mirror-polished cross section of the multilayer sample.
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Figure 2c shows a cross-sectional view of the multilayer
sample. It appears that the internal alignment of the
platelets in the initial single-layer samples used for the
stack elaboration is not perturbed by the HP. The mul-
tilayer sample morphology shows a densified 349 ce-
ramic with platelets strongly oriented in the whole
thickness. We could not distinguish any interface be-
tween the primary single-layer samples at such a low
magnification. A thin interface with a mean width that
does not exceed 50 nm was observed at much higher
magnifications on a mirror-polished cross section (arrow
in the inset of Fig. 2c), which should not cause a no-
ticeable perturbation on the microstructure or on the
homogeneity of the physical properties throughout the
thickness of the whole stack. The interface width could
be reduced by increasing the stress and/or the dwell time
applied during the HP of the stack. Thus, the interface
quality could be improved. This shows that thick viable
samples of any desired thickness can be tailored by the
stacking of elementary layers.

The combined analysis of the HP single layer pro-
cessed at 30 MPa (Fig. 3a) shows a strong decrease of the
00l lines of the 349 structure with the tilt angle w, as an
indication of a strong texture. After refinement, the cal-
culated diagrams compare well with the experiments
(Fig. 3b), within reliability factors as low as
Rw 5 3.26%, RBragg 5 2.27%, Rexpected 5 0.85%, giving
a goodness of fit (GoF) of 14.7 (Table I). The resulting
cell parameters after refinement are a 5 4.8573(3) Å,
b 5 36.526(3) Å, c 5 10.8547(3) Å, b5 97.913(3) (Ta-
ble I), coherent with the usual bulk values of 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 examination. This latter point testifies
for the HP process to afford strongly oriented grains.

The combined OD refinement allows the recon-
struction of the f020g, f001g, and f100g pole figures
(Fig. 4a). This refinement was obtained with reliability
factors of the OD of Rw 5 1.29% and RBragg 5 2.67%
(Table I), which are very low values for such a high
texture strength of F2 5 6 mrd2. The pole figures clearly
show that the /001S� directions (normal to the f001g
planes) are strongly aligned parallel to the stress axis
(center of the pole figures), with a maximum of the
f001g poles of around 22 mrd, the largest value ob-
tained 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 fiber ori-
entation components. The inverse pole figure calculated

for the pressing axis indicates that no other significant
orientation component than the /001S fiber exists
(Fig. 4b) and corresponds to levels of orientations along
the pressure axis up to 57 mrd.

The quantitative texture analysis of the HP sample
processed at 13 MPa indicates lower crystallographic
texture strength. This is shown also in the f020g,
f001g, and f100g pole figures (Fig. 5a) culminating
at a lower orientation density value of 9.28 mrd at the
center of f001g. The Rietveld refinement was ob-
tained with similar reliability factors (Rw 5 3.33%,
RBragg 5 2.46%, Rexpected 5 1.56%, GoF 5 4.5) and
cell parameters (a 5 4.8911(5) Å, b 5 36.339(5) Å,
c 5 10.8227(2) Å, b5 98.806(2)), and the OD re-
finement was also satisfactory (Rw 5 3.11% and
RBragg 5 3.49%).

(a)

(b)

Fig. 3. X-ray diagrams of the single-layer sample prepared at
30 MPa: (a) w-evolution of the diffracted diagrams. w goes from 01
(bottom diagram) to 601 (top diagram) by steps of 51, and (b)
experimental (bottom) and refined (top) series of diagrams.
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The reference sample elaborated at no imposed
stress exhibits a maximum of the f001g poles of
3.48 mrd, more than six times less than for the single-
layer sample prepared at 30 MPa. This shows that the
texture strength increases with the pressing level and
that the HP process is an efficient technique to obtain
349 textured ceramics. We also observe that the pole

figures for this sample (Fig. 5b) indicate a minimum of
0.43, corresponding to 43% of the sample volume not
aligned within the /001S fiber texture. The Rietveld
refinement was obtained with larger reliability factors
(Rw 5 6.81%, RBragg 5 5.32%, Rexpected 5 5.89%) but
with a GoF of only 1.33 and with no noticeable
change of the cell parameters (a 5 4.8911(5) Å,

Fig. 4. (a) f020g, f001g, and f100g pole figures for the single-layer sample prepared at 30 MPa obtained after OD refinement (linear
density scale, equal area projection) and (b) inverse pole figure calculated for the direction of the pressure (logarithmic density scale, equal area
projection).

Fig. 5. f020g, f001g, and f100g pole figures for (a) the single-layer sample prepared at 13 MPa and (b) the reference sample processed
without any applied stress, obtained after OD refinement (linear density scale, equal area projection).
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b 5 36.339(5) Å, c 5 10.8227(2) Å, b5 98.806(2)) in
comparison with the sample prepared at 30 MPa. The
OD refinement exhibits lower reliability factors
(Rw 5 3.11% and RBragg 5 3.49%) correspondingly to
a lower texture index F2 5 5 mrd2.18 The relatively large
Rietveld reliability factors are mainly due to the pres-
ence of still unidentified peaks. The maximum of the
f001g poles, cell parameters, and reliability factors for
the samples pressed at various pressing levels are sum-
marized in Table I. A monotonous increase of the tex-
ture with s is clearly seen from the f001g pole maxima,
while cell parameters do not show significant evolution.

Mechanical and Thermal Properties

Instrumented nanoindentation technique was
used to check the Young’s modulus, E, and the hard-
ness, H, in two directions: parallel (Eab and Hab) and
perpendicular (Ec and Hc ) to the HP axis. For each
sample five areas were chosen for the nanoindentation
tests. In each area, a batch of nine impressions, arranged
in a 3� 3 pattern, was performed. The pattern of re-
sidual impressions, left on an area of the HP sample
prepared at 30 MPa after the Berkovich tip was with-
drawn, is shown on the microphotograph of Fig. 6a.
During the indentation test, the applied load P is con-
tinuously measured versus the indenter displacement, h.
The load–displacement curve is obtained from a com-
plete loading–unloading cycle (Fig. 6b). The derived
hardness–displacement and Young’s modulus–displace-
ment curves are shown in Fig. 6c. For the determination
of Ec and Hc, 10 impressions, arranged in a 2� 5 array,
were made on the mirror-polished cross section of the
samples. The average values of Young’s modulus, Eab

and Ec, and hardness, Hab and Hc, are plotted versus the
HP stress, s, in Figs. 7a and b.

Mechanical properties are considerably improved
with the HP stress s. The in-plane Young’s modulus,
Eab, and the strength, sR

ab, increase drastically from
1072 to 5378 GPa (Fig. 7a) and from 1870.2 to
19874 MPa, respectively, as the HP stress s increases
from 0 to 5 MPa. In this stress range, the bulk density of
the 349 ceramics is greatly enhanced from 60% to
90.5% while the maximum of the f001g poles only
increases from 3.48 to 7.82 mrd. This shows that the
enhancement of Eab is essentially related to the strong
densification of the ceramics, and to a lesser extent to
the texture strength. For s values above 5 MPa, the in-
crease of Eab with s is relatively weak although the tex-

ture strength increases significantly. This confirms the
primacy of the influence of the bulk density on the
Young’s modulus values (Table I). Eab reaches
5674 GPa for the single-layer sample highly densified
under 30 MPa, that is five times larger compared with
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Fig. 6. (a) A 3� 3 matrix pattern of residual impressions
introduced on a zone of the single-layer sample; (b) load–
displacement curve obtained from a complete loading–unloading
cycle; and (c) derived hardness–displacement and Young’s
modulus–displacement curves.
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the reference sample. sR
ab displayed a value of

24974 MPa for the multilayer sample, corresponding
to an improvement of almost 14 times. The increase of
the out-of-plane Young’s modulus Ec is much more im-
portant than the in-plane value (Fig. 7a) as s is in-
creased, and this is relevant to the bulk density
reinforcement, particularly in the low s range. How-
ever, at larger s values, Ec displays a steeper increase
than Eab, which can be correlated to the texture strength

increase. Ec reaches 8575 GPa for the single-layer sam-
ple hot-pressed under 30 MPa. The stiffness anisotropy,
estimated by the Ec

Eab ratio (Fig. 7c), increases with s up
to 1.53 for this latter sample.

The hardness evolution shows a similar trend. Hab

and Hc remarkably increase with the HP stress level.
Hab increases drastically from 0.1170.03 GPa for the
reference sample to 1.570.4 GPa for the single-layer
sample hot-pressed under 5 MPa, due to the same fac-
tors evoked for the Young’s modulus. Hab reaches
2.170.4 GPa for the single-layer consolidated at
30 MPa, corresponding to a 19-time increase compared
with the reference sample. Hc values tend to exceed
Hab for s larger than 13 MPa, that is when the texture
strength influence becomes more important (the max-
imum of the f001g poles are then 49 mrd). Hc is
2.370.2 GPa for a pressing stress of 30 MPa, which
is 21-fold the reference sample’s value. The higher
hardness anisotropy, H c

H ab ¼ 1:11, is obtained for
s5 30 MPa (Fig. 7c).

The multilayer sample was found to exhibit similar
values of the mechanical properties (Eab 5 5475 GPa
and Hab 5 1.970.3 GPa) as the ones of the single-layer
sample processed at 30 MPa. This means that HP of
stacked layers does not induce any noticeable pertur-
bation of the microstructure and texture, in regard
to the in-plane mechanical properties. However,
for these thick samples Ec 5 71.572.5 GPa and
Hc 5 1.870.1 GPa; these values are significantly lower
than those obtained for the single-layer samples also
pressed at 30 MPa. It can be concluded that many de-
fects may remain at the interfaces between the stacked
layers, despite the HP stress applied.

Figure 8 shows the thermal expansion behavior in
the temperature range 50–9001C for the reference sam-
ple and multilayer sample; the latter was prepared by
HP a stack of single layers previously textured at
30 MPa. The thermal expansion was measured parallel
(c-axis) and perpendicular (in ab plane) to the pressing
axis. It appears a clear difference in thermo-mechanical
behavior for the both directions. The difference in the
thermal behavior along the heating and the cooling
paths may be explained by the effects of irreversible
phenomena upon heating at the grain boundaries.
While the coefficient of thermal expansion (CTE) of
the reference sample is aref 5 12.6� 10�6/K, those of
the multilayer sample measured parallel and perpendic-
ular to the stress direction are ac 5 15� 10�6/K and
aab 5 7.3� 10�6/K, respectively. The CTE ratio ð ac

aab
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associated with the ranking order aaboarefoac shows
the influence of the grain boundary density and thus the
particular effect of the HP process. Moreover, the in-
plane thermal expansion aab of 349 textured ceramics is
close to some oxide materials (e.g., alumna: 8� 10�6/
K), while ac is similar to that of metals (e.g., copper:
16� 10�6/K). Consequently, the 349 textured ceramics
can be connected to other materials for electrical contact
(e.g., metal) or for thermal contact (e.g., Al2O3 plate) in
TE modules, with a great reliability and improved effi-
ciency.

Transport Properties

Figure 9a shows the temperature dependence of the
electrical resistivity, rab, for the different HP stress lev-
els, in the 5–350 K range. The current was injected per-
pendicular to the HP direction, that is the current flows
in the mean ab planes, especially for the strongly tex-
tured HP samples (Table I). The rab(T) curves show the
same trend: the transition from metal to insulator occurs
around 50 K. This is in agreement with earlier re-
ports2,23,24 on this type of TE oxide. rab is strongly re-
duced as the HP stress level is increased up to 13 MPa.
This reduction correlates with a higher connection be-
tween the grains (Fig. 2a and b) and a stronger texture.
The room-temperature resistivity, r300 K

ab, of the single-
layer sample hot-pressed at 30 MPa is 6.1 mO.cm,
which is almost seven times smaller than that of the

reference sample. This value is among the best pub-
lished in the literature.7,10,25 An interesting result is that
the multilayer sample displays the same rab values as the
single-layer sample prepared at 30 MPa, which supports
the mechanical property results, that is the HP of
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Fig. 9. Temperature dependence of electrical resistivity measured
at low-temperature range for 349 ceramics: (a) perpendicular, rab,
and (b) parallel, rc, to the hot-pressing axis. (c) Temperature
dependence of the resistivity anisotropy, rc

rab.

Fig. 8. Thermo-mechanical analysis of the reference sample
processed without any applied stress and following the directions
parallel (c) and perpendicular (ab) to the pressing axis for the
multilayer sample (hot-stacked sample).
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stacked layers does not perturb the in-plane microstruc-
ture and texture strength of individual layers. The rc(T)
curves obtained in the same temperature range are
shown in Fig. 9b. The current was injected parallel to
the HP direction. These curves display the same tem-
perature dependence as the rab(T) ones, but the resist-
ivity values increase drastically as the HP stress level is
increased. This increase in rc values is mainly related to
higher out-plane grain boundary density and texture
strength. The rc

300 K of the single-layer sample pro-
cessed at 30 MPa reaches 390 mO.cm.

The multilayer sample exhibits rc values much
smaller than those of the single-layer sample processed
at 30 MPa. An explanation of this lower rc values could
be due to the second HP cycle applied as soldering stage
for stacking the different single layers. This second the-
rmo-mechanical stacking probably induced more ab
planes favorable to carry the current into the bulk sample.

The anisotropy of the resistivity for these materials
is evidenced in Fig. 9c, where the factor rc

rab is plotted
versus temperature. rc

rab increases greatly with the HP
stress level and reaches 64 at 300 K for the single-layer
sample processed at 30 MPa. This value is much larger
than those reported for 349 single crystals,2 which can
be explained by the following reasons: (i) the in-plane
resistivity, rab, obtained at 300 K for our 349 textured
polycrystalline ceramics (6.1 mO.cm) is lower than the
values reported for 349 single crystals by Masset et al.,2

(12 mO.cm), and Bhattacharya et al. (B19 mO.cm).26

Our result is in accordance with numerous publications
in which comparable values are reported on rab mea-
surements at 300 K on 349 polycrystalline materials.
They also show lower values than those obtained on 349
single crystals. We can quote, for example, Zhou et al.7

who reported 11.4 and 6.1 mO.cm for 349 polycrystal-
line ceramics processed by SPS process and by combi-
nation of the MA technique and SPS treatment,7

respectively. Xu et al.5 also reported an electrical con-
ductivity of 95 S/cm at 300 K, corresponding to
rab 5 10.5 mO.cm, for 349 polycrystalline ceramics
processed by HP. (ii) The out-plane resistivity, r300 K

c,
measured on our 349 textured ceramics (390 mOcm) is
much higher than those reported for single crystals. For
example, reported values are 200 mO.cm 2 and
B92.5 mO.cm.26 The particularly high values found
on our bulk materials can be explained by the higher
out-plane grain boundary density due to the remarkable
decrease of the thickness upon HP at 30 MPa (Table I),
and to the strong alignment of the platelets in the ab

planes, that is the strong texture resulting from the HP
process.

Consequently, the anisotropy ratio is larger in the
349 bulk ceramics than in the single crystals.

Our rc

rab value obtained at 300 K is also higher than
that reported for 349 bulk ceramics processed by SPS
process10 because of the stronger texture.

The multilayer sample displays a merely constant
resistivity anisotropy factor rc

rab � 10, which is much
smaller compared with the values recorded for the sin-
gle-layer samples hot-pressed at 30 MPa.

It should be noticed that, at temperature above
150 K, the resistivity of the weakly textured sample,
processed without any applied stress, lies between the
resistivity values measured perpendicular, rab, and par-
allel, rc, to the HP axis of the HP samples, and in par-
ticular the ones exhibiting high anisotropy resistivity
values processed at 20 and 30 MPa. The reference sam-
ple resistivity is closer to the resistivity values, rab, and
to the values of the HP sample processed at 20 MPa
than to those of the one elaborated at 30 MPa (Fig. 10),
which is in agreement with the statistical quite random
distribution of the crystallites in the former.

In the high-temperature range from 350 to 900 K,
rab also decreases as s is increased (Fig. 11a) because of
the same factors evoked for reducing rab values in low-
temperature range. At 900 K the rab is 5.25 mO.cm,
which is one of the lowest values reported so far. Figure
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11b shows the temperature dependence of the Seebeck
coefficient, Sab, also measured in the direction perpen-
dicular to the HP axis. The Sab values are nearly inde-
pendent of HP stress, but they increase with
temperature up to 177 mV/K at 900 K for the HP sam-
ple at 30 MPa. The positive value indicates that the
majority of charge carriers is hole like and the values

observed on our 349 ceramics are consistent with data
published in the literature.7,10,25 Because rab is de-
creased without lowering Sab, the power factor,
PF ab ¼ Sab2

rab , improves with s and reaches 595mW/m/
K2 at 900 K for the single-layer sample processed at
30 MPa (Fig. 11c). This PFab value is higher than that
reported for 349 ceramics processed by SPS process,7 by
combination of the MA technique and SPS treatment7

and by HP.25 The multilayer sample displays the same
PF values as the single-layer sample elaborated at
30 MPa.

Conclusion

Textured 349 ceramics were elaborated using the
HP process. The mechanical properties were shown to
improve well with the applied stress, s, and anisotropy
of the elastic modulus, Ec

Eab, and of the hardness, H c

H ab, oc-
cur. The anisotropy ratios are 1.53 and 1.11, respec-
tively, for the sample prepared at 30 MPa. The
resistivity anisotropy increases drastically with s and
reaches 64 at 300 K for a processing stress of 30 MPa.
The power factor perpendicularly to the stress direction
is greatly improved with s and reaches 595 mW/m/K2 at
900 K. The multilayer sample was successfully prepared
and showed to keep the same performances than the
30 MPa HP single-layer samples. This thick sample will
be used to design and perform TE modules. We are
processing much thicker multilayer samples in order to
measure the Seebeck coefficient parallel to the pressing
axis, Sc, the thermal conductivity in two directions (kab

and kc), and to check the toughness parameter for our
349 ceramics.
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