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Abstract

The performance of a thermoelectric material can be increased when the electrical conductivity is raised. This could be performed by aligning grains
along a preferential direction using, for example, the laser floating zone (LFZ) method. This technique has indeed demonstrated its potentiality
to increase the electrical conductivity on various ceramic materials. Moreover, with this technique, it is possible to grow samples at higher rates
than with other techniques owing to the large thermal gradients developed at the melt-solid interface. The large grain sizes obtained by LFZ lead
to samples with improved properties. This paper reports the synthesis of thermoelectric bars by the LFZ technique. The properties (electrical
resistivity (p) and thermopower) of directionally solidified Bi-based cobaltite rods are determined and correlated with the structural features (XRD

and SEM-EDX).
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoelectric materials can be used to transform thermal
to electrical energy owing to the well known Seebeck effect.
This physical property allows producing electrical power from
athermal gradient between the cold and the hot side of a thermo-
electric system. The performance of such materials is quantified
by the figure of merit Z, which is defined as Sz/p/c, where S is
the Seebeck coefficient, p the electrical resistivity, and « is the
thermal conductivity. As all these parameters are linked and tend
to vary on inverse ways, it is difficult to improve the Z-value.
The improvement of the conversion efficiency of the thermo-
electric system is then carried out by increasing the temperature
difference between the hot and the cold side of the system. This
is possible when the thermoelectric system can operate at high
temperature for long-term use, usually under air. This applica-
tion can be achieved using thermoelectric oxide ceramics, and
it has been the main reason of the intense research effort put
on the thermoelectric oxides. Several oxide systems have been
investigated, such as La;_,Sr,Co03,! (Ca, Ln)MnO3,2 but the
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values of Z for most of these systems are smaller than for alloys
and semiconductors.? In the case of the cobaltite phases such
as Na,C0y04,% CazC0409,° and BirSr2C0,0,.° the situation
seems to be unusual due to their large thermoelectric power. The
structure of the last one is very similar to that of the Bi-family
superconductors and itis well established that the LFZ technique
is convenient to achieve a preferential grains orientation in these
systems. Itis then expected a lowering of the electrical resistivity
in a view of improving their thermoelectric performances. Here
is reported the processing of long textured Bi-based cobaltite
bulk ceramics by the laser floating zone (LFZ) technique.”®
Long lengths (more than 20 cm) of textured materials have been
processed. The microstructural characterization of the textured
ceramics has been performed by scanning electron microscopy
(SEM) equipped with EDX, and the phases were determined by
powder X-ray diffraction (XRD). The thermoelectric properties
were also measured and correlated with the microstructure.

2. Experimental

Polycrystalline ceramics with the initial composition
Bi; gPbg2SrCayCo30, were prepared by the conventional
solid-state synthesis technique from commercial BioO3 (Pan-
reac, 98+%), PbO (Panreac, 99+%), SrCO3 (Panreac, 98+%),
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CaCO3 (Panreac, 98.5+%) and Co,0O3 (Aldrich, 98+%)
powders.

These powders were weighed in the adequate proportions,
mixed, milled in an agate ball mill for 30 min at 60 rpm, and
calcined at 750°C for 12h in air to assure the carbonates
decomposition. The resulting powder was subsequently care-
fully ground in an agate mortar, followed by a ball milling for
30 min at 60 rpm to assure good homogeneity of the mixture. The
obtained product was then introduced in a furnace at 800 °C for
12h in air, reground and ball milled to obtain a fine powder,
which was isostatically pressed at 200 MPa in order to obtain
green ceramic cylinders. These cylinders have been then heated
at 800 °C for several hours, and quenched at room temperature
in air, to improve their mechanical properties as they have to be
used as feed in a LFZ device’ equipped with a power Nd: YAG
continuous laser (1.06 wm). The growth was performed down-
wards at a fixed growth rate of 40 mm/h and relative rotation,
between feed and seed, of 18 rpm, leading to long (more than
20 cm) and textured cylindrical rods.

Powder X-ray diffraction diagrams of the final products were
recorded at room temperature using a Philips diffractometer
working with Cu Ka radiation. SEM images were recorded
in a Philips XL 30 FEG. Electrical resistivity measurements
were performed by the standard dc four-probe technique from
—268.15 (5K) to 126.85°C (400K) at self-field in a physical
properties measurement system (PPMS) from Quantum Design.
Thermopower measurements were performed with an experi-
mental setup described elsewhere.”

3. Results and discussion

Fig. 1 shows the transversal fracture of the textured bars.
It can be observed in Fig. 1a that the front growth has gener-
ated a circular arrangement of the platelets around the bar axis.
This observation highlights the planar texture developed dur-
ing the LFZ process, with the c-axis of the plate like grains
aligned perpendicular to the bar axis. In Fig. 1b, a close view
of the fracture shows large platelet-like grains, with dimensions
exceeding 30 wm in the ab planes along the bar axis, and around
1 wm in the ¢ direction, perpendicular to the bar axis. From the
microstructural point of view, the LFZ technique demonstrated
its efficiency for producing high textured bars for the first time
in this type of materials.

In order to determine the phases present in the samples, pow-
der X-ray diffraction of the final product has been recorded.
In Fig. 2, it can be clearly seen that major peaks correspond
to the misfit cobaltite (Bi, Pb),(Sr, Ca),Co; 70, whose gen-
eral monoclinic structure is described by two sublattices with
their different b parameters: a=4.90 A, by =4.73 A, b, =2.80 A,
c=14.66 A, B=93°49.10 The secondary phase (Sr, Ca)CoO3
is also observed accordingly to the difference of composition
between the studied precursor and the cobaltite ones. EDS
analyses confirmed the presence of this secondary phase. The
distribution of these secondary phases is very homogeneous in
the bar, as it can be seen in Fig. 1a as dark contrast, even if the
periphery exhibits a little higher concentration of these phases,
due to their higher melting point.
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Fig. 1. SEM micrographs of transversal sections in fractured samples. (a) Gen-
eral view, showing the planar texture and the distribution of the secondary phases
(dark contrast); (b) close view of the platelike grains. The arrows indicate the
secondary phases.
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Fig. 2. Powder XRD pattern of the final textured material. Major peaks corre-
spond to the misfit cobaltite (Bi, Pb),(Sr, Ca),Coj70;. (#) (Sr, Ca)CoO3, (*)
BiO, and (?) undetermined.
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Fig. 3. Temperature dependence of the electrical resistivity, p.

The temperature (7) dependence of the resistivity (p) of
the textured material is shown in Fig. 3. As it can be easily
seen, the p(T) curve exhibits a semiconductor behaviour from
126.85 °C (400K) to low temperature, —268.15 °C (5 K). This
falls in agreement with earlier reports'!~!# on the thermoelec-
tric oxides. The slight increase around —73.15°C (200K) is
certainly related to the presence of secondary phases in the mate-
rial. The value at room temperature is about 80 mS2 cm, which
is slightly higher than the resistivities reported in the sintered
specimens.

Fig. 4 shows the variation of the thermopower with the
temperature, of the as-processed BiPbSrCaCoO thin rods. It
can be clearly seen that the sign of the thermopower is posi-
tive for the entire measured temperature range, which indicates
a mechanism involving hole conduction.!>!® The values of
the thermopower increased from low temperature, —268.15 °C
(5K) to —73.15°C (200K), where a maximum of about
140 wV/K is reached. From —73.15 °C (200 K) to room temper-
ature, a slight decrease of the thermopower is found. This effect
has been associated to the presence of the secondary phases in the
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Fig. 4. Temperature dependence of the thermopower.
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Fig. 5. Temperature dependence of the power factor, $%/p.

bulk material, as it is also discussed in the case of the resistivity
measurements.

In order to evaluate the thermoelectric performance of the
material, the power factor $>/p has been calculated. The temper-
ature dependence of the power factor estimated from the data
represented in Figs. 3 and 4 is plotted in Fig. 5. The value of
approximately 1.9 wW/mK? at 16.85°C (290K) is low com-
pared to other reported values, due to the high value of the
electrical resistivity.

4. Conclusions

The LFZ technique has shown to be a very useful technique
for texturing thermoelectric materials for the first time, to our
knowledge. The physical properties are in agreement with the
literature whereas the processing has to be optimized in order
to obtain a decrease of the resistivity. On the other hand, new
compositions close to the cobaltite system have to be investi-
gated with the objective of decreasing the amount of secondary
phases in the bulk material.
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