
A

P
i
p
t
b
©

K

1

t
c
i
p
c
b
t
p
p
g
m
a
d
p
fi
m
g
s
S

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 29 (2009) 2659–2663

Technical note

A new process for lamellar texturing of thermoelectric Ca3Co4O9

oxides by spark plasma sintering
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bstract

rocessing of textured Ca3Co4O9 (Ca349) thermoelectric ceramics with a good platelet orientation by spark plasma sintering (SPS) consolidation
s reported. Two configurations wherein: (i) the oxide powder, being directly introduced into the graphite mould and (ii) placing a compact pellet

repared from the oxide powder in the centre of the mould have been investigated. The free deformation configuration route is found to improve
he microstructure and transport properties of Ca3Co4O9 TE oxides. The material prepared exhibited a better performance than the sample obtained
y conventional SPS way.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The last decade has seen a big surge in research1–13 on
hermoelectric (TE) oxide materials, with primary focus on dis-
overing new compounds with high Seebeck coefficient, and in
mproving the TE properties of the existing materials. For any
ractical application, the existing properties (Seebeck coeffi-
ient, electrical and thermal conductivity) of TE materials must
e improved at least by two or three orders of magnitude more
han those typically seen in bulk polycrystalline samples pre-
ared by conventional sintering. Because ρ is highly anisotropic,
articularly in the popular Ca3Co4O9 (Ca349) TE oxide sin-
le crystal,3 there has been considerable interest in developing
ethods of preparing these oxides with a good crystallographic

lignment. Several efforts has been reported to produce bulk
ense and textured TE oxides by hot pressing (HP),11,14,15 spark
lasma sintering (SPS)16–18 or processing external magnetic
eld18 as developed for the lamellar Bi2223 superconducting
aterials.19 Using HP, the materials can be processed with a
ood texture; however, this technique is limited to very thin
amples.11,15 The low temperature and rapid processing using
PS offer an interesting route for the preparation of thick and
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ighly dense materials,9,16,17 but with a reduced texture. The
pen question is how to combine the enhancement of the sam-
le density in SPS technique with a good platelet-alignment of
a349 grains. In this work, a novel configuration is proposed to
onsolidate the oxide powder by SPS into a highly textured and
ense lamellar Ca3Co4O9, by inducing a free deformation into
he sample preform.

. Experimental procedure

The Ca3Co4O9 TE ceramic powders were prepared by first
alcining a stoichiometric mixture of commercially available,
o3O4 oxide and CaCO3 at 900 ◦C for 12 h. The powder was

hen reground, shaped into pellets with a diameter of 13 mm
y pressing uniaxially at 30 MPa. The shaped pellets were pre-
intered at 920 ◦C, for 2 h and placed (Fig. 1(a)) at the center
f a graphite die of 20 mm diameter with an aim to ensure
he free deformation and texturation of the sample. In another
onfiguration, Ca349 powder was directly introduced into the
raphite (Fig. 1(b)) mould as reported elsewhere.16–18 The final
rocessing was carried out using the spark plasma sintering sys-

em (model: Dr. Sinter SPS 2080, Sumitomo Coal Mining Co.,
td., Japan) at the “Plate-forme Nationale de Frittage Flash,
NRS, Toulouse, France”. The pulsed electric current (2000 A,
V) was passed through the sample under vacuum (10−3 bar)

mailto:jacques.noudem@ensicaen.fr
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ig. 1. Schematic diagram of the two configurations using during SPS process-
ng: (a) free deformation configuration and (b) conventional SPS.

nder an uniaxial pressure of 50–75 MPa. Samples were heated
or comparison at three different temperatures, 800, 850 and
00 ◦C, while a load of 15 or 25 kN was applied for 2 min.
he temperature was controlled using thermocouple put into

he die close to the sample. For comparative studies, the starting
owder was directly introduced into the graphite mould and sin-
ered under similar conditions using SPS. The as-prepared thick
amples were polished to remove the graphite foil used during
rocessing. We will call here after the SPS samples processed
rom powder and pellet, “powder series” and “pellet series”,
espectively.

Diffraction experiments were first carried out at room temper-
ture using a Philips θ–2θ diffractometer and the monochromatic
u K� radiation for the phase identification. The microstructures
f the samples after processing were investigated at 300 K using
he high resolution Carl Zeiss (Supra 55, Oberkochen, Germany)

canning electron microscope (SEM). The electrical resistivity
nd Seebeck coefficient were measured simultaneously by the dc
our-probe method using ZEM-3 (ULVAC-RIKO, Inc., Japan)
rom room temperature to 550 ◦C.

a
c
r
(
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. Results and discussion

The density of all sintered samples evaluated from the mass
ver sample size is 98% of the theoretical density.3 Fig. 2
resents a comparison of microstructures of samples consoli-
ated by SPS at different sintering temperatures and pressures.
rom the fractured surface, grains with platelet like morphol-
gy can be distinguished easily. The grains size increases with
pplied pressure during SPS process as compared to conven-
ional (Fig. 2(a)) sintering microstructure. The SEM images
howing the SPS process at 800–900 ◦C for a few minutes were
ffective in obtaining dense Ca3Co4O9 ceramics. The two sam-
les prepared from powders 50 and 75 MPa, also revealed similar
icrostructures (Fig. 2(b) and (c)). The microstructural analyses

how that the samples processed by SPS from powder, although
hey are dense, results in bulks with randomly oriented grains.
his result shows that when the powder is directly introduced

nto the graphite mould, during the process, in addition to the
niaxial force applied through the plunger, an additional hori-
ontal force from the mould walls (Fig. 1(b)) are also acting on
he sample. In this configuration, the pressure around the sample
eems like a hydrostatic pressure leading to the dense ceramic
ut with randomly grain orientation. Similar results are obtained
n the literature16–18 using SPS technique, where the powder was
irectly introduce into the mould for processing. Fig. 2((d)–(f))
hows the microstructures of the configuration where the sam-
le pellet was free deformed during processing. Basically, the
eformation is a change in shape due to an applied force. Under
he load due to the empty space around the pellet (Fig. 1(a))
he sample shape changed gradually into the pancake. The final
iameter and thickness are 20 and 1.5 mm compare to initial size
f 13 and 5 mm, respectively. This deformation is also favoured
y the platelet shape of the grains where the growth rate of in-
lane is higher than the out-of-the plane one. But, the sample
repared at 800 ◦C (Fig. 2(d)) shows the random orientation of
he grains compared to those of Fig. 2(e) and (f) processed at
50 and 900 ◦C, respectively. The high temperatures seem to be
avourable to induce the better alignment of platelets.

The bulk ceramic shows well-aligned grains perpendicular
o the applied pressure direction. The SPS process allows the
ontrol of grain alignment according to the starting processing
onfiguration, i.e. either from powder or pellet. It is clear that
lignment and texture are maintained through the bulk sample as
videnced by the stacking of platelets. In addition to morpholog-
cal texture (Fig. 2(f)) seen in SEM, X-ray diffraction (XRD) also
eveals a clear crystallographic texture (Fig. 2(g)) and serves as
nother signature of grain alignment. The XRD recorded on the
urface perpendicular to the applied pressure direction indicates
hat the preferred growth direction is {0 0 �}. This result can be
ompared to other textured samples9,15 or to the conventional
intering sample where all peaks are indexed.9,11

Fig. 3(a) shows the electrical resistivity versus tempera-
ure response for conventional sintered (CS) and SPS samples

t various temperatures and applied pressures during pro-
essing. It is clear that the SPS leads to decrease in
esistivity (ρ ≈ 6–9 m� cm) values as compared to CS sample
ρ ≈ 40 m� cm). On the other hand, all curves show a transition
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ig. 2. SEM microstructure of the samples: (a) conventional sintering, 920 ◦C, 24
00 ◦C/50 MPa; (e) SPS-pellet, 850 ◦C/50 MPa; (f) SPS-pellet, 900 ◦C/50 MPa;

round T* = 250 ◦C. This transition is attributed to the magnetic
ransition,3 or structural transition reported by Muguerra et al.20
ut at T*, the ρ(T) of CS sample shows the metallic behaviour
here probably, the resistivity component along the c-axis is
igher. Regarding the two series of SPS samples, the ρ(T) curves
how a semi-conducting behaviour after T*. One can also note

r
v
w
a

) SPS-powder, 900 ◦C/50 MPa; (c) SPS-powder, 900 ◦C/75 MPa; (d) SPS-pellet,
RD of the surface perpendicular to the applied pressure.

hat, the resistivity curves of the samples prepared from pow-
er are above the series processed from pellets. The different

esistivities can be clearly correlated to the microstructure obser-
ations (Fig. 2) where the powder series are randomly oriented
ith respect to pellet samples, where the platelets are stacked

nd aligned. For the powder series the two samples prepared at
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anisotropic giant magnetoresistance: Ca3Co4O9. Phys Rev B, 2000, 62,
ig. 3. (a) Resistivity, (b) Seebeck coefficient and (c) power factor vs. temper-
ture dependencies of polycrystalline Ca349 sample and the two series of SPS
amples.

00 ◦C under 50 and 75 MPa have rather closer resistivity values
9,16
omparable to other reported works. The three pellet series

rocessed at 800, 850 and 900 ◦C at 50 MPa also shows similar
values, but the resistivity of the sample prepared at 800 ◦C is
little bit higher due to the low grain alignment as observed
ramic Society 29 (2009) 2659–2663

n Fig. 2(d). The results show that starting with the pellet dur-
ng SPS process is an interesting way to induce a good grain
lignment and consequently decrease the electrical resistivity.
he Seebeck coefficients of all samples are positive within a
arrow range (Fig. 3(b)), indicating that Seebeck coefficient is
nsensitive to the microstructure alignment of the samples as
eported.9,16

The temperature dependence of the power factor (PF = S2/ρ)
f Ca349 calculated from the thermoelectric power and resis-
ivity data is plotted in Fig. 3(c). The samples processed from
ellet as a starting material show the largest power factor than
he powder series one. This is clearly linked to the lowest resis-
ivity values obtained for the pellet series samples. The power
actor is improved as compared to the reported values9,16 by
sing conventional SPS process.

The value of 395 �W/(m K2) obtained at 550 ◦C can be com-
ared to 66 �W/(m K2) for conventional sintering material and
00 or 309 �W/(m K2) reported elsewhere9,16 for dense ceram-
cs.

Further studies are underway in order to increase the thick-
ess of textured TE ceramics. The individual monolayer samples
re hot-stacked as previously developed21 for the lamellar
i2223 superconductor. The thermal conductivity of these sam-
les will be investigated and the figure of merit ZT discussed.

. Conclusion

By combining rapid SPS and free deformation configuration,
t is possible to produce oriented and lamellar grain structured
a3Co4O9 thermoelectric ceramics. It is demonstrated that, the

ree deformation configuration is a useful route to improve the
icrostructure and transport properties of Ca3Co4O9TE oxides.
he material prepared by this technique exhibited a better per-

ormance than the sample obtained by conventional SPS way.
etails of the volume texture using neutron diffraction will be

eported elsewhere and a further anisotropy study of thermal
onductivity is still needed to estimate the ZT value.
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