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ABSTRACT

The parameters of the main technologies for producing thermoelectric materials are considered: zone
melting and extrusion. The structure and properties of samples of thermoelectric BiSbTe alloys obtained
by zone melting and hot extrusion are compared to identify the dependencies. The analysis was carried out
using methods of X-ray phase analysis, metallographic analysis, Raman spectroscopy, investigation of
thermoelectric properties by the probe method, and mathematical modeling. The dependences of the
thermal EMF distribution over the cross section are obtained, and the experimental dependences are
analyzed. As a result, it was revealed that the samples obtained by hot extrusion have a heterogeneity of
structure and properties across the sample section, which is associated with a stress-strain state due to the
presence of significant friction forces on the surface of the contact of the material with the matrix. No such
patterns were found for samples obtained by zone melting.
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Introduction

The utilization of thermoelectricity represents one of the most promising areas in alternative
energy [1-5]. Materials based on antimony and bismuth chalcogenides enable the direct
conversion of heat into electricity in accordance with the Seebeck, Peltier, and Thomson
effects [6]. Moreover, this conversion process is characterized by a minimal environmental
impact [7]. Additionally, thermoelectric materials are widely utilized in an industry for the
design of refrigeration systems and for powering localized sensors [8,9]. Another significant
advantage of thermoelectric materials is their high stability and resistance to external
impacts. A prime example of this is radioisotope thermoelectric generators (RTGs), where
the decay of a radioactive substance releases sufficient thermal energy to generate
electricity for space applications and other equipment using Peltier elements [10-13].

However, the aforementioned advantages are accompanied by certain drawbacks of
thermoelectric materials. These include their low efficiency, which is approximately
8 % [14,15]. At the same time, depending on the manufacturing technology, composition,
and structure of the alloy, the efficiency can vary [16,17].
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There are two approaches to increasing the efficiency of thermoelectric elements.
The first approach is aimed at modifying and optimizing the chemical composition of the
material and the addition of dopants. The essence of the second approach lies in the
improvement of the manufacturing technologies and the material's structure [18,19].

Consequently, the task of studying the relationship between the structure and
physical properties of BiSbTe alloys is of high relevance [20]. The obtained data will allow
for the optimization of the manufacturing technology for thermoelectric elements, which,
collectively, will lead to an increase in the thermoelectric efficiency of the devices.

The main industrial methods for producing thermoelectric materials are zone
melting and hot extrusion [21,22]. In zone melting, the synthesis of compounds is carried
out in evacuated quartz ampoules containing the pulverized components. Subsequently,
as the hot zone moves, the recrystallization of the material occurs (purification of the
substance based on the difference in solubility at various temperatures) [23]. Currently,
an alternative technology for producing thermoelectric materials—hot extrusion—
attracts greater interest. In this case, the material is pre-granulated, loaded into an
extruder, and forced through a die [24-27].

The heterogeneity of the structural and thermoelectric properties across the cross-
section of extruded BiSbTe alloys has been discussed in several studies [25,28,29]. These
works describe the influence of friction forces, the stress-strain state, and temperature
gradients on the formation of the material's texture. In [30,31], it was demonstrated that
charge carrier mobility and the Seebeck coefficient strongly depend on the local structure
and grain distribution, which are formed under the influence of friction and shear forces.
A significant contribution to electron mobility is also made by the size and misorientation
of crystallites [32]. As previous study [33] indicated, the properties and structure of the
materials vary drastically depending on the distance from the center of the billet, both in
terms of phase composition and thermo-EMF (termoelectric effect).

Materials and Methods

In this study, samples obtained by zone melting and hot extrusion are considered.
Samples with the composition BixSb,.«Te; were produced using the extrusion method. The
first stage of synthesis involves melting the components in a graphite crucible at a
temperature of 700 °C. Subsequently, the resulting melt is atomized in an argon
atmosphere. The average size of the obtained particles is 3 mm. The final step of this
stage is cold pressing (material processing aimed at creating a specified shape under
pressure without heating) to a density of 6 g/cm®. The phase composition of the
synthesized material at this stage was not investigated. Both extrusion and zone melting
were performed using the same batch of the synthesized material.

The obtained billets were placed into an extruder, where, after preheating the tool
and the billet to a temperature of 400 °C, the material was extruded at a rate of
approximately 0.3 mm/min in an inert argon atmosphere. The extruded billets were not
subjected to homogenizing annealing. The diameter of the extruded samples is 25.4 mm.

For zone melting, the initial components were placed in an evacuated quartz
ampoule. During the melting process, the ampoule was continuously rotated to minimize
material inhomogeneity. The growth rate was approximately 8 mm/min. The diameter of
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the samples obtained by zone melting is 25.4 mm. Similar to the extruded billets, the
ingots obtained by zone melting were not subjected to homogenizing annealing.

Next, the obtained billets and ingots were cut into cylindrical samples. To study the
structure and establish property correlations, the following investigations were
conducted in this work: analysis of the phase composition, Raman spectroscopy,
metallography, thermo-EMF measurements, and finite element modeling of the extrusion
process. X-ray diffraction (XRD) analysis was performed using a Bruker D8 Advance
diffractometer. The phases were identified by comparing the obtained peaks with the
International Centre for Diffraction Data (ICDD) database.

The hot-extruded samples were measured in three distinct regions, which were
defined based on previous studies [33]. Zone 1 represents the surface layer of the billet
(ring thickness of 2.5 mm). Zone 2 is the intermediate peripheral region (ring thickness of
6.0 mm), and Zone 3 is the central part of the sample (radius of 4.2 mm). The characteristic
zones of the extruded sample are shown in Fig. 1. The total radius of the sample is
12.7 mm, and the dimensions of the specified zones strictly correspond to this value.

Area1(2,5mm)

Area 2 (6 mm)

Area 3 (4,2 mm)

25,4 mm

Fig. 1. Characteristic measurement areas of the extruded samples: Zone 1 represents the surface layer of
the billet (ring thickness of 2.5 mm), Zone 3 is the central part of the sample (radius of 4.2 mm), and Zone
2 is the peripheral region of the billet (ring thickness of 6.0 mm)

The samples were examined on a spectrometer in a backscattering configuration
excited by a laser with a wavelength of 63.8 nm and a power of 3 MW using a confocal
microscope and microlenses with a magnification factor of 50. The diameter of the laser
irradiation spot on the sample surface varied within 2 pm. Metallographic analysis of the
extruded sample was carried out in three characteristic areas identified by the results of
the analysis of the thermal EMF distribution. To analyze the effect of the stress-strain
state during extrusion on the parameters of temoEDS, modeling was performed in the
DEFORM software package. The rheological model and the stress strain state model are
calculated based on open sources [25,28,34]. According to these models, the Young's
modulus and Poisson's ratio are 40 GPa and 0.3, respectively. The elemental composition
in the characteristic places of the ingot was determined in the center and in the extreme
region of the sample using a Tescan MIRA 3 scanning electron microscope (SEM).
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Results and Discussion
Phase composition

In previous studies, an inhomogeneous distribution of thermo-EMF over the cross-section
of extruded rods was found [33]. In this regard, studies of the phase composition have
been undertaken. X-ray phase analysis showed that the billet has a phase structure of
variable composition based on solid solutions of antimony and bismuth telluride, close
to (Bio,ssb1,5) T83 (Flg 2)

T T T T T T T T 1

10 20 30 40 50

Fig. 2. X-ray diffraction patterns of the investigated areas (Acuo=1.54178 A): 1 — lateral surface of
the billet (Zone 1); 2 — peripheral region of the billet (Zone 2); 3 — central part of the sample (Zone 3);
4 — XRD pattern averaged over the entire cross-section of the billet

Phase distribution over the sample section

The lateral surface consists of almost 75 % of the X-ray amorphous phase. The ratio of
the components of the crystalline component of antimony and bismuth telluride is
consistent with the structural parameters Bio3Sb1sTes. As the distance from the surface of
the workpiece increases, the proportion of Bi increases. The following reflexes appear:
Bi1sSbosTes. The proportion of the amorphous component decreases. Traces of the BisTes
phase, which has a lower crystallization temperature, are also observed. There is no
amorphous phase in the central area of the workpiece. The phase with the BisTes structure
is also present in insignificant amounts. The base is Big3Sbi;Tes with some BiisSbosTes.
The composition of the solid solution is close to the ratio Sb,Tes/Bi,Tes=65 %/35 %.

To correlate the thermopower values with the character of the crystallite orientation
distribution over the ingot section, a series of surveys was carried out with discrete
rotation of the sample (¢ =0-360°) around the axis of the ingot growth direction
coinciding with the direction of 110 rhombohedral crystals (Fig. 3).

Polar diagrams were constructed showing the peak intensities of 110 (20 about 42°)
and 00.15 (20=45°) in the surface and central cross-sectional areas of the workpiece.
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Fig. 3. X-ray sections and an illustration of the nature of textural scattering of zone 1 (a,c) and
zone 3 (b,d), respectively

The misorientation of crystals in the 00.15 plane is insignificant and, on average, does not
exceed 4-6° over the entire cross-section, while the variation of deviations of the direction
[110] from the axis of the workpiece ranges from 2 to 8° along the edge of the sample
(area 1) and reaches 12° in the central regions. An analysis of the peak widenings showed
that the structure in the lateral region (area 1) is more dispersed than in the central zone.
Thus, the broadening of peak 110 in zone 1 reaches 0.30-0.55°. There is a 0.3° broadening
in the center of the workpiece. A uniform composition of the solid solution was observed
across the entire investigated surface, with the atomic fraction of Bi approximately equal
to 0.43-0.44 at. (Fig. 4). An electron microscopic analysis was also performed for the ingot
edge (area 1). The results are presented in Table 1 and 2, and Fig. 4.
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Fig. 4. The structure of the extruded sample in the back-reflected electron (BSE) mode:
(a) the central region (area 3); (b) the edge of the ingot (area 1)
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Table 1. The elemental composition of the ingot in the central zone

Spectrum Sb Te Bi
1 31.99 59.34 8.67
2 31.86 59.65 8.49
3 32.28 58.79 8.92

Average 32.04 59.26 8.7
Standard. deviation 0.22 0.43 0.22
Max. 32.28 59.65 8.92
Min. 31.86 58.79 8.49

Table 2. The elemental composition of the ingot edge

Spectrum Sb Te Bi
Spectrum 1 31.68 59.82 8.50
Spectrum 2 32.11 59.12 8.77
Average 31.90 59.47 8.64
Standard. deviation 0.30 0.50 0.20
Max. 32.11 59.82 8.77
Min. 31.68 59.12 8.50

Regions exhibiting dark contrast were depleted in Bi (0.42 at. % compared to the
average 0.44 at. %). Conversely, regions with light contrast were enriched in Bi (0.46 at. %
vs. the nominal 0.44 at. %). The composition of the amorphous phase was found to be
close to that of the crystalline matrix in the central region of the ingot - Bio44Sbisi1Tesos.
However, some areas are less rich in Bi (spectrum 1 in Fig. 4- Bio4:ShissTes — size of
0.5-2.0 uym), individual crystals with a size of 2 um (point 2) and 5 pm (point 1) are also
clearly visible, containing more Bi — Bio4sSb1issT€3.9.

Figure 5 shows the structure of the extruded sample in the central zone and at
the edge of the ingot (area 1). Angular crystalline grains of 3-10 um in size can be
observed on it. Based on the analysis of metallographic photographs of the central area
of the workpiece (area 3), there is no amorphous phase. A slight broadening of the peaks
is observed in the RAMAN spectra (Fig. 6). This may be due to the heterogeneity of
the chemical composition and the presence of stress. It is clearly seen that the bands 107
and 158 cm™ are decreasing, and the bands in the area 117 and 138 cm™ are growing.
The lines widen as they move towards the edge of the ingot, that is, deformations increase
from the center to the edge.

Fig. 5. The structure of the extruded sample obtained on an optical microscope:
(@) in the central zone (area 3); (b) the edges of the ingot (area 1)
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Fig. 6. Raman spectra: (a) spectra of RAMAN (Bi,Sb,.,) Tes produced by extrusion: the red line is the center
of the sample, the green line is the intermediate region, the blue line is the edge of the sample;
(b) Raman spectra (Bi.Sb,.x) Tes produced by zone melting; (c) combined RAMAN spectra (BicSb,..) Tes

This may be due to metal leakage during the extrusion process. Due to friction
forces, shear deformations occur, and the lines widen. A similar stress-strain state in
various areas was established in [34] using mathematical modeling of the process of hot
extrusion of thermoelectric materials.
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Fig. 7. Distribution of the thermo-EMF in the billet: (a) in the extruded billet at the die exit as a function
of the distance from the center (the solid line represents a second-degree polynomial approximation;
error bars correspond to a 1 % confidence interval); (b) in the billet obtained by zone melting as
a function of the distance from the center
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To evaluate the distribution profile of the thermo-EMF across the sample cross-
section, probe-based measurements were conducted. The measurements were carried out
on a polycrystalline sample along its diameter with a step of 1.3 mm. Based on the probe
testing results, the radial dependence of the thermo-EMF on the distance from the center
was plotted (Fig. 7).

The behavior of the dependence for the extruded rods and the samples obtained by
zone melting differs significantly. For the extruded samples, the thermo-EMF distribution
is described by a second-degree polynomial (a parabola), exhibiting an increase from the
central part of the billet toward its periphery. In contrast, for the zone-melted samples,
the Seebeck coefficient values exhibit a random distribution.

Extrusion modeling in DEFORM

A simulation of the billet extrusion process using the finite element method in the
DEFORM program has been performed. Of the greatest interest is the analysis of the
distribution of the accumulated intensity of plastic deformation &; in the workpiece at the
exit from the matrix (Fig. 8).

&
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Fig. 8. Distributions of the accumulated intensity of plastic deformation: (a) & in the workpiece at the exit
from the matrix; (b) &; values at the exit from the deformation site

It is clearly observed that the accumulated effective strain (&) exhibits a highly
heterogeneous distribution both within the deformation zone and at the die exit.
Specifically, the g; values in the central region of the extruded rod are approximately half
those measured near the ingot surface. This strain distribution pattern arises from
elevated shear stresses and strains within the surface layers of the ingot, resulting from
significant frictional forces at the rod/tooling interface.

The dependence profiles of the accumulated equivalent strain, &, and the thermo-
EMF distribution are monotonic and exhibit similar trends. This correlation allows us to
conclude that the inhomogeneous distribution of the stress-strain state directly
influences the thermo-EMF distribution. In contrast, no such monotonic distribution of
the thermo-EMF was observed for the zone-melted samples.
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Conclusions

Thus, the structure of the extruded rod exhibits an inhomogeneous distribution of the
thermo-EMF across its cross-section, which is attributed to the inhomogeneity of the
stress-strain state and the misorientation of crystallites. Such a variation in the properties
of thermoelectric materials across the billet may indicate imperfections in the
manufacturing technology. In the samples obtained by zone melting, no such dependence
was observed.
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