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Abstract

Major advantage of extruded Bi,Te, based thermoelectric materials is high mechanical strength compared with that
of melt-crystallized materials. Mechanical properties are of special importance for thermogenerator module applica-
tions where thermogenerator branches may undergo elevated thermal stresses due to large temperature differences at
the modules. Since extrusion is typically a high-temperature process the structure of extruded materials is controlled
by the plastic deformation in multiple slip systems resulting in the formation of a final deformed structure. The grain
orientations are predominantly such that the most probable cleavage plane orientation is parallel to the extrusion axis.
Recovery processes occur simultaneously and different recrystallization stages may take place. In the latter case the
deformed texture may be destroyed.

Structure evolution along the extruded rod of Bi,Se,Te, , ternary solid solution was studied with metallography and
X-ray diffraction. Extrusion was interrupted for the study and so the specimen was a whole rod the initial part of which
was the extrusion billet and the final part was the as-extruded material. The structure of the material is formed by com-
petitive processes of dislocation generation and annealing. The plastic deformation energy is the highest in the extruder
zone of the rod. Both the hardening processes and the texture are controlled by the plastic deformation mechanism.
Plastic deformation is accompanied by generation of defects that are most likely vacancy type ones.
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1 ° Intl'OdlICtIOIl nide solid solutions have been the focus of researchers’ at-

tention over decades [7]. These materials are indispensable
The current status of research on thermoelectric materials ~ for the fabrication of devices and heat removal and near-
and its main worldwide trends have been described quite  room temperature control systems, although they can also
thoroughly in reviews [1-6]. Low-temperature thermoe-  be used in power generator units operated at below 300 °C.
lectric materials based on bismuth and antimony chalcoge-  Bismuth telluride based solid solutions are the most produ-
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ced and demanded materials in the world’s thermoelectric
materials markets. Low-temperature thermoelectric mate-
rials are grown by zone melting, Czochralski or Bridgman
methods. However hot extrusion is in fact the most widely
used growth process allowing the fabrication of desired
shape rods with sufficiently high thermoelectric figure of
merit Z. Major advantage of extruded Bi,Te, based ther-
moelectric materials is high mechanical strength compared
with that of melt-crystallized materials. Mechanical proper-
ties are of special importance for thermogenerator module
applications where thermogenerator branches may undergo
elevated thermal stresses due to large temperature differen-
ces at the modules [8—-10]. Since extrusion is typically a
high-temperature process the structure of extruded mate-
rials is controlled by the plastic deformation in multiple
slip systems resulting in the formation of a final deformed
structure. [11-14]. The grain orientations are predominant-
ly such that the most probable cleavage plane orientation
is parallel to the extrusion axis. Recovery processes occur
simultaneously and different recrystallization stages may
take place. In the latter case the deformed texture may be
destroyed. Below we discuss structure evolution, disloca-
tion density and texture pattern along the extruded rod of
low-temperature n conductivity thermoelectric material.

2. Experimental

Structure evolution along the extruded rod of Bi,Se ,Te, ,
ternary solid solution was studied with metallography and
X-ray diffraction.

Extrusion was interrupted for the structure evolution
study and so the specimen was a whole rod the initial part
of which was the extrusion billet and the final part was the
as-extruded material (Fig. 1). The extrusion billet diame-
ter was 85 mm and the initial powder size was up to 500
pm. The material was extruded at 450 °C. The inner die
diameter changed gradually, the die diameter and height
being 20 and 60 mm, respectively.

The rod was cut along the extrusion axis for metallo-
graphic microstructure study.

For studying the texture and grain deformation by
X-ray diffraction the specimens were cut from the extrud-
ed rod perpendicular to the extrusion axis. The texture was
analyzed with the method of inverse pole figures (IPF).
The IPFs were plotted based on the diffraction patterns for
the cross-sections perpendicular to the extrusion axis for
evaluating the probability of coincidence between poles
for different planes with the extrusion axis. The statistical
weights of the poles were calculated with normalization
by theoretical reflection intensities. Grain deformation
was evaluated from Bragg peak broadening.

3. Results and discussion

Figure 1 shows schematic of specimen cutting from the
extruded rod. The thermal field was such that the tem-
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Figure 1. General appearance of extruded rod and specimen cut-
ting scheme for X-ray diffraction study.

perature was the highest in the extrusion billet zone. The
process was interrupted when the as-extruded material at
the die output was more than 65 mm in length counting
from the rod beginning, i.e., the heat and mechanical im-
pact patterns for these zones were the same as in a con-
ventional process.

Figure 2 shows texture (left) and microstructure (right)
evolution along the extrusion axis. The extrusion billet
(Fig. 2a, c) has the as-cast texture for which the cleavage
planes are parallel to the specimen surface, i.e., perpendic-
ular to the extrusion direction. In the transient zone (in the
extruder) the as-cast texture is destroyed and contains no
predominant grain orientation (Fig. 20, g). Deformation
of the hot extruded material occurs by plastic flow lead-
ing to grain refinement. Plastic flow initiates in the central
part of the rod, closer to the extrusion axis. Predominant
(1120) and (1010) deformation texture forms at the ex-
truder output (Fig. 2¢, 4) in which the cleavage planes
are oriented along the extrusion axis. The texture does not
undergo any major changes in the rest of the extruded rod
(Fig. 2d—j). The porosity inherent to the extrusion billet is
eliminated gradually simultaneously with texture forma-
tion. The specimen first output from the extruder had the
lowest porosity (Fig. 2e, j).

Extrusion deformation in pressed Bi,Te, Se . alloy
billets occurs mainly by grain boundary and dislocation
slip in the basal (0001) and pyramidal (1015) planes. Ba-
sal plane slip is preferential at any temperatures up to near
the melting point due to bond anisotropy [15]. Basal plane
slip occurs most likely by an inter-pack mechanism and
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Figure 2. (a—e) Texture and (f~) microstructure evolution along extrusion axis: (a and f) extrusion billet, (b and g) 2 cm, (¢ and /)
6 cm, (d and i) 10 cm and (e and ;) 12 cm from extruded rod beginning.
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Figure 3. Evolution of microdeformation ¢ for different cut
planes along extruded rod length L.

produces a (1120) axial texture in which the basal planes
are predominantly arranged parallel to the extrusion axis.

The concentration of defects in the grains was evaluat-
ed based on X-ray diffraction peak broadening. The X-ray
diffraction peaks of the specimens cut out perpendicular
to the extrusion axis were broadened due to the disloca-
tion-induced microdeformations. Microdeformation evo-
lution in specimens cut from different extruded rod zones
is shown in Fig. 3.

Plastic deformation in the specimens is manifested by
a permanent increase in the dislocation density until the
transient zone in the extruder. After a certain deformation
degree the flow stress no longer depends on the defor-
mation degree, i.e., the specimen enters the steady state
flow stage. The flow stress then reaches the highest value
and decreases due to the intense development of dynam-
ic recrystallization, producing a peak in the curve. The
difference between dynamic and static recrystallization
is that dynamically recrystallizing grains with low dislo-
cation densities undergo hardening during further growth
because of the persistent deformation. Grain growth at
the extruder output is well illustrated by the microstruc-
ture images shown in Fig. 2. Since for sufficiently high
degrees of hot deformation the deformation resistance
depends not on the deformation degree but on the defor-
mation rate [16], the strongest deformation occurs in the
zones first output from the extruder at a specific extru-
sion rate because the deformation of the growing grains
in these zones is predominant over annealing. Defects are
intensely annealed simultaneously with deformation.

Figure 4 shows lattice parameter evolution in the terna-
ry solid solution along the extruded rod.
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Figure 4. Lattice parameter evolution along extruded rod length L.

The lattice parameter corresponding to the ternary sol-
id solution composition Bi,Se ,Te, . is only the case for
the rod zone corresponding to the initial extrusion stage
at which the material is still inside the die. Selected area
X-ray spectral analysis shows that the composition (with-
in the measurement error) is the same along the rod and
hence the decrease in the lattice parameter is caused by
defect formation during extrusion.

The minimum lattice parameter corresponds to the
maximum microdeformation zone (Fig. 3). Most likely
point defects of predominantly vacancy type are generat-
ed in that zone as a result of multiple dislocation slip and
grain boundary migration during recrystallization [17].

4. Conclusion

The structure formation pattern during hot pressing sug-
gests that both grain deformation and texture are control-
led by the type of plastic deformation. Plastic deforma-
tion is accompanied by generation of point defects that
are most likely vacancy type ones. The structure develops
under the conditions of competition between dislocation
generation and annealing. The plastic deformation energy
is the highest in the extruder zone of the rod. A structure
containing a large number of dislocations and point de-
fects forms as a result.
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