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Abstract Hole-doped Ca;Co409 (C0349) ceramics were
prepared using solid-state reaction. Two processing strate-
gies have been used to produce the thermoelectric oxide
ceramics, Conventional and Spark Plasma (SPS) Sintering
to control the grains consolidation, texturation and sample
densification. Thermoelectric properties were measured and
the influence of the processing conditions on the properties
was evidenced. SPS favours shorter elaboration times and
produces samples with larger thermoelectric properties due
to better densification and alignment. The effect of the free
deformation and texturation using the SPS technique is
discussed. Seebeck coefficient values of 180 pV/K at
873 K are obtained.

Keywords Thermoelectric materials - Ceramics - Oxides -
P-type - Texture

1 Introduction

Since the discovery of the thermoelectricity (TE) in the
NaCo,0,4 phase [1], intensive research has been devoted to
discover new oxide materials [2-9], in order to improve
potential TE properties [5, 9-12] and/or to develop TE
modules for power generation [13—16].
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Most of the used elaboration processes for CazCo40q
(Co349) are based on classical solid-state reaction relying
basically on conventional sintering [17]. Single crystal
composite templating [18], reactive template grain growth
[19], hot pressing [20], sinter-forging [11, 21], and
magnetic field [22] are also used to densify and/or to
induce an orientation between grains. In addition, the novel
Spark Plasma Sintering (SPS) technique has been devel-
oped and commonly used nowadays to prepare various
materials [23-27]. The SPS is a unique sintering method
combining mechanical pressure and an electric energy in a
pulse shape as the heat source for sintering [28]. The mixed
raw material is directly poured into the die assembly made
of electrically conductive materials without any additive or
binder and pressed uniaxially by punches while the DC
current is supplied in the die assembly holding the powder
compact. One of the main advantages of the SPS technique
has been demonstrated to be the rapid densification of
various materials in a very short time (a few minutes) with
respect to the Conventional Sintering (CS) method.

In this study, we report the free deformation and
texturation of pre-sintered lamellar Caz;Co409 (C0349)
ceramic powders using the SPS technique.

The purpose of this paper is to describe the process and
present first texturation and TE results. Quantitative texture
analysis of the bulk ceramic material is investigated
together with microstructure using X-ray diffraction
(XRD), and are correlated to the thermoelectric properties.

2 Experimental procedure
The ceramic powder of Ca3;CosO9 was prepared using

classical solid-state reaction. A mixture of commercially
available CaCO; (calcite) and Co,03 precursors was
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Fig. 1 Temperature and applied pressure versus sintering time during
SPS elaboration. /nsert, temperature dependence of sample’s dimen-
sion displacement

calcined twice in air at 1173 K during 24 h with an
intermediate grinding. The mixture was cold pressed
unidirectionally at 60 MPa into cylindrical pellets with a
diameter of 13 mm. The preformed pellets were conven-
tionally sintered (CS) at 1193 K, 24 h and placed at the
centre of the graphite die with a diameter of 20 mm with
the aim to ensure the free deformation and texturation of the
sample. The final processing was carried out using the
Spark Plasma Sintering system (Dr. Sinter SPS 2080,
Sumitomo Coal Mining Co., Ltd., Japan). The pulsed
electric current (2000 A, 4 V) was passed through the
sample under vacuum (10~ bar) and a uniaxial pressure of
50 MPa was applied. During the experiment, the temper-
ature, applied pressure and displacement or shrinkage of the
sample was recorded (Fig. 1). Samples were heated for
comparison at two different temperatures, 1023 and
1123 K, while a load of 15 kN (50 MPa) was applied
during 2 min. The as-prepared sample was polished to
remove the graphite foil used during processing, then
heated at 1073 K for 6 h under oxygen to ensure the
desired stoichiometry.

Diffraction experiments were first carried out using a
Philips 620 diffractometer using the monochromatic Cu-
Ko radiation. Then quantitative texture analysis was
measured on a Huber 4-circle diffractometer equipped with
a curved position sensitive detector (CPS120 from INEL)
[29], on the surface perpendicular to the applied uniaxial
pressure. Since uniaxial pressure produces axially symmet-
ric textures, only one scan in tilt angle (x) was operated,
during which the whole 20 diagrams were collected with a
resolution of A20=0.03°, up to x=60° with angular
increments Ay=5°. Diagrams were exploited within the
combined analysis approach [30] as implemented in the
materials analysis using diffraction program package [31]
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to analyse texture from the whole patterns, including crystal
structure and sample coherent domain sizes. Briefly, in this
approach, the Rietveld method [32] for structure determi-
nation is combined with the Williams—Imhof—Matthies—
Vinel formalism [33] for the calculation of the Orientation
Distribution Function (ODF). The ODF is then used to
calculate the complete pole figures, otherwise obtained
incompletely due to X-ray defocusing [34]. The instrument
was calibrated and its signal deconvoluted from sample
contribution in the diffraction profiles for all scanned
positions of the sample, by measuring the SRM660 LaBg
standard from the National Institute of Standards and
Technology. Due to the modulated structure of Co349, the
supercell structure with b~8b1~13b2 has been used for the
refinement.

Samples for microstructural analysis were prepared by
fracturing the samples parallel to the stress applied during
processing and examined using a Philips XL 30 FEG,
scanning electron microscope, in backscattering mode.

Bar-shaped samples for physical characterization with
dimensions of 10 mm long and 2x2 mm?” cross section
were cut from the heat-treated samples using a low speed
diamond saw (Struers, Champigny sur Marne, France). The
thermoelectric properties were measured by the dc four-
probe method using the Seebeck coefficient and electrical
resistivity measuring system ZEM-3 (ULVAC-RIKO, Inc.,
Japan) from room temperature to 873 K.

3 Results and discussion
The Ca3Co404 phase formation was assessed using XRD
measurements (Fig. 2). The diagrams show a good

crystallisation of the phase with sharp peaks. The measure-
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Fig. 2 XRD patterns of the SPS sample measured on a surface
perpendicular to the uniaxial pressure direction, for the as-processed
(top/red) and oxygen annealed (bottom/black) samples

Intensity (arb.unit)




J Electroceram (2009) 22:91-97

93

ments were performed at room temperature on the polished
surface of the bulk samples. The as-processed sample
shows that the Co349 phase is not completely formed
probably due to low oxygen content, and coherently to a
slight shift in peak positions compared to the fully
oxygenated Co349. After oxygen annealing all XRD peaks
can be indexed and are at the theoretical positions for
Co0349. The XRD peaks corresponding to {00¢} planes are
prominent, pointing out for a strong grain alignment in the
polycrystalline sample due to the uniaxial pressure. These
classical 6-20 diffraction patterns are very similar to
previously reported [3, 27] data for oriented Ca3;Co040o,
with platelet grains aligned perpendicularly to the pressure
axis. However, they do not reveal the orientation distribu-
tion of the {00¢} planes out of the normal to the sample.
A quantitative texture analysis was then carried out using
the combined approach of full patterns simulation. The
whole y-scan dataset (Fig. 3(a)) exemplifies the typical data
simulation obtained on that kind of samples. The prominent
00¢ lines at x=0, progressively vanish as c-axis increases,
as a sign of the orientation distribution of crystallites. This

decrease is made more visible on a 2D diagram (Fig. 3(a)).
The refined values of the unit-cell resulting from the
combined analysis are a=4.8424(4)A, b=36.493(3)A, c=
10.8446(3) A and (3=98.000(6)° for the SPS sample
elaborated at 1123 K, and a=4.8361(7)A, b=36.450(5)A,
c=10.8333(3) A and 3=98.030(8)° for the SPS sample
elaborated at 1023 K. These values are perfectly in
accordance with the supercell parameters [3, 11] of the
Co349 phase. The reliability factors for the Rietveld
refinement of the whole dataset are Rw=2.1%, Rexp=
1.05% and a Goodness of Fit of x*=4.07 for SPS-1123 K,
and 2.42%, 1.06%, 5.15 for SPS-1023 K. The pole figures
reconstructed from the ODF (Fig. 3(a)) clearly demonstrate
the {00/} alignment of the crystallites in the sample, within
a reliability factor of Rw=1.71% and 1.86% for SPS-
1123 K and SPS-1023 K respectively. The maximum of the
distribution near 4.9 m.r.d. on the {001} pole figure for
both samples is comparable to the average orientations
observed so far in Co349 ceramics [18, 19, 21, 35]. The
minimum of density is nearly 0, indicating that no other
orientation component is present in the samples.
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Fig. 3 (a) Experimental (dots) and simulated (/ine) y-scan data
obtained using the combined analysis on the SPS C0349 sample. Note
the intensity is represented on a square root scale to respect statistical
errors for all the 20 range. Bottom diagram, x=0°; top diagram, x=
60° increments in x were 5°. (b) 2D representation of the previous

(a)

diagrams, with experimental (botfom) and simulated (top) datasets. (c)
{010}, {001} and {100} pole figures of Co349 in the SPS/1123K
(top) and SPS/1023K (bottom) samples. Linear density scale, equal
area projection. The pressure axis is the centre of the pole figures
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Fig. 3 (continued)

Figure 4 shows the scanning electron microscopic
(SEM) images from the fractured cross sections of the
reference sample processed by CS, and of the SPS
processed. The CS specimen contains more pores than the
SPS specimen, and the platelets in the SPS specimen were
well aligned with the average c-axis parallel to the uniaxial
pressure applied during the hot-deformation. The Co349
sample classically sintered at 1193 K (Fig. 4, bottom-left

@ Springer

insert) exhibits underdeveloped grains with a porous
microstructure compared to the already well compact and
crystallised grains observed for SPS elaboration at 1023 K
(Fig. 4, top-right insert). This is a neat advantage for SPS to
produce denser microstructure at lower temperature than for
CS process. At an intermediate temperature of 1123 K
(Fig. 4), the SPS sample shows very well crystallised grains
with well oriented and developed crystal faces. The bulk
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Fig. 4 Backscattering SEM micrographs observed at a fracture section of SPS, 1123K. Top-right insert is an SPS sample elaborated at 1023K,
bottom-left insert corresponds to a conventionally sintered sample at 1193 K, 24 h

density of the samples are 3.1 (CS, 1193 K) 4.45 (SPS,
1023 K) and 4.57 g/em® (SPS, 1123 K) corresponding to
57%, 95% and 98% respectively of the theoretical density
[3]- The densification of the SPS sample is correlated to the
temperature dependence of the sample displacement or
shrinkage (Fig. 1, insert) during processing. It could be seen
that the sample densified quickly between 473-573 and
923-1123 K. At 1123 K densification is still not completed,
further shrinkage being available when temperature
increases further.

The temperature dependence of the resistivity (p) and the
thermoelectric power (S) from 325 to 873 K were
investigated (Fig. 5). The standard deviation is +0.5 for
electrical and power factor experimental data. The resistiv-
ity slope in this temperature range exhibits a different
behaviour between CS and SPS samples. While the
behaviour of the CS sample is clearly metallic above
600 K, and roughly semiconducting-like below, the SPS
samples show an opposite slope in this temperature range.
Since the CS sample is porous dense, its behaviour below
600 K is strongly linked to porosity or intergranular
medium, not relevant of the phase behaviour. When grain
connections establish with sintering, the natural metallic
behaviour is exhibited. The two SPS samples show the

same resistivity behaviour, however with resistivity values
of 6 and 8 mQ.cm measured for the SPS/1023 K and SPS/
1123 K samples respectively. These values are five times
lower than the resistivity of the CS sample for which 30
and 35 m2.cm were measured at room temperature and at
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Fig. 5 Temperature dependence of electrical resistivity (filled sym-
bols) and Seebeck coefficient (open symbols)
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873 K respectively. This clearly shows that the resistivity
has been decreased by increasing the sample density and
inducing the platelet alignment using the SPS technique.
The slightly larger resistivity of the SPS sample elaborated
at 1023 K can be due to its slightly lower density. However
one cannot exclude a priori an effect of its larger crystallite
distribution, as seen in the broader centre of its {001} pole
figure compared to SPS-1123K.

The positive Seebeck coefficient S value is an indication
[3, 11, 21] of the hole mediated conduction in CazCo40,.
The S values (Fig. 5) does not seem strongly to depend on
the microstructure, with similar behaviours whatever the
sintering process. For all samples § increases with
temperature and reaches 180 pV/K at 873 K for CS. Such
values are comparable to literature data [22, 27].

The temperature dependence of the thermoelectric power
factor $%/p, for the CS and SPS samples was deduced from
the p and Seebeck coefficient S. At room temperature the
power factor values of 88 and 260 uW.m 'K > were
obtained for the CS and SPS (1123 K) samples respectively.
These values increase with the temperature up to 143 and
422 uW.m 'K ? at 873 K respectively. The SPS/1023K
sample exhibits an intermediate power factor of 242 and
375 uW.m 'K at room temperature and 873 K respec-
tively. The three times larger value of the SPS sample is due
to densification improvement and grain alignment, both
decreasing the resistivity. The power factor values obtained
for the SPS can be compared with the best reported [22, 27]
values of the literature.

4 Conclusions and outlook

Preformed Caz;Co409 thermoelectric ceramics were free
deformed and textured using Spark Plasma Sintering
technique. The SPS technique allows the elaboration of
highly dense materials (98%) with uniform grain morphol-
ogy at lower temperature and shorter sintering times.
Compared with the CS, the SPS sample exhibits a strong
platelet orientation as evidenced by microstructure and
texture analysis. High bulk density, lower electrical resistiv-
ity and improved of the thermoelectric power factor have
been obtained. Finally, the SPS process is effective for
enhancing of thermoelectric properties. The optimisation of
other parameters as the maximum temperature, the holding
time, and the uniaxial pressure applied during processing are
under investigation.
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