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In this study, the effects of different powder metallurgy processing routes on the
thermoelectric properties of n-type Bi,Te,.5Seo.7 alloys were systematically investigated. Three
powder metallurgy processes were used in this study: (A) ball milling followed by spark plasma
sintering (SPS), (B) ball milling combined with vacuum induction melting (VIM) prior to SPS,
and (C) ball milling — VIM — ball milling and finally SPS. The effect of an SPS pressure of 50
MPa on the thermoelectric performance was also evaluated. Among all the processing
conditions, Process A combined with an SPS pressure of 50 MPa resulted in the highest
thermoelectric performance. This processing route effectively preserved continuous carrier
transport pathways while maintaining abundant grain boundaries and fine microstructural
features, thereby enhancing phonon scattering and suppressing lattice thermal conductivity to
approximately 0.45 W-m™ K1 at 390 K. Consequently, the highest dimensionless figure of merit
(ZT = 0.81) was achieved at 390 K. These results demonstrate that optimizing the balance
between electrical and thermal conductivities through appropriate processing parameters is
critical for maximizing the thermoelectric efficiency of n-type Bi,Te, 3Se, 7 alloys.

1. Introduction

The increasing demand for sustainable energy technologies and the urgent need to improve
energy utilization efficiency have stimulated extensive research on waste heat recovery systems.
A considerable proportion of the energy generated in industrial manufacturing, transportation,
and electronic devices is inevitably dissipated as waste heat. The direct conversion of this
thermal energy into electrical energy provides an attractive approach for improving overall
energy efficiency while reducing fossil fuel consumption and greenhouse gas emissions. Among
various energy conversion technologies, the use of thermoelectric (TE) materials has attracted
significant attention because TE materials can directly convert heat into electricity through the
Seebeck effect without involving moving parts, working fluids, or complex mechanical
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systems.!=®) Consequently, TE power generation has been recognized as one of the most
promising technologies for harvesting low-grade waste heat.

Among commercially available TE materials, Bi,Tes;-based alloys exhibit the highest TE
performance within the low-temperature range of approximately 300-500 K. Owing to their
excellent electrical transport characteristics and relatively low thermal conductivity, Bi,Tes-
based compounds have become dominant materials for room-temperature TE power generation
and solid-state refrigeration. Practical TE modules generally consist of p-type and n-type
semiconductor legs connected electrically in series and thermally in parallel. Therefore,
improving the TE performance of both p-type and n-type Bi,Tes-based materials is essential for
enhancing the overall conversion efficiency of TE devices.("-10)

The TE efficiency of a material is commonly evaluated by the dimensionless figure of merit,
ZT, which is expressed as(1-13)

ZT=S*oTx !, o)

where § is the Seebeck coefficient, ¢ is the electrical conductivity, x is the total thermal
conductivity, and 7 is the absolute temperature. Because these transport parameters are strongly
coupled, improving one parameter often leads to the deterioration of another. Consequently,
achieving high TE performance requires simultaneously enhancing electrical transport while
suppressing thermal conductivity, representing one of the major challenges in TE material
design.

Although numerous studies have investigated ball milling, induction melting, and
spark plasma sintering (SPS) individually, a comprehensive comparison of their combined
processing routes for n-type Bi,Te,;Se;; alloys remains limited. In particular, the
synergistic effects of ball milling, induction melting, secondary ball milling, and SPS
pressure on the evolution of microstructure and TE transport behavior have not yet been
fully clarified.(14:15)

Therefore, in this study, we systematically investigated the effects of different powder
metallurgy processing routes on the TE properties of n-type Bi,Te, 3Seq5 alloys. Three
fabrication routes were designed, namely, (A) conventional ball milling followed by SPS,
(B) ball milling combined with vacuum induction melting (VIM) before SPS, and (C)
induction melting followed by secondary ball milling prior to SPS. The effect of an SPS
pressure of 50 MPa was also evaluated. The resulting phase constitution, microstructure,
elemental distribution, electrical conductivity, Seebeck coefficient, thermal conductivity,
power factor, and dimensionless figure of merit (Z7) were systematically characterized to
establish the processing—microstructure—property relationship. The findings of this work
provide useful guidelines for optimizing processing parameters and developing high-
performance BiTe-based TE materials for low-temperature energy conversion

applications.(16:17)
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2. Materials and Methods

Commercial high-purity elemental powders of bismuth (Bi), tellurium (Te), and selenium (Se)
were employed as the materials for preparing the n-type Bi,Te, 3;Se;; TE materials. These
elemental powders were weighed according to the designed stoichiometric ratio before
subsequent powder processing. Different fabrication processes were employed to synthesize the
TE materials. The detailed descriptions of each process are as follows:

* Process A: The blended elemental powders were mechanically alloyed using a high-energy
ball mill for 1 h, followed by SPS (use Se A in Fig. 1).

 Process B: After ball milling, the alloy powders were subjected to VIM at 600 °C to improve
alloy homogeneity and promote chemical mixing. The solidified alloy was then consolidated
by SPS (use Se B in Fig. 1).

* Process C: The ingots were ball-milled and subjected to VIM. Then, the ingots were ball-
milled again before being subjected to SPS consolidation. The additional milling treatment
was intended to refine the particle size, increase the grain-boundary density, and enhance
phonon scattering (use Se C in Fig. 1).

The consolidation pressure of 50 MPa was employed to investigate its effects on densification
and TE transport behavior. After sintering, all specimens were ground, polished, and machined
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Fig. 1. (Color online) XRD analysis results of n-type Bi,Te, 3Se ; alloys under different processing routes.
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into the required dimensions for subsequent characterization and TE measurements. Planetary
ball milling was conducted at a rotational speed of 350 rpm for 1 h. The VIM process involved
melting at 600 °C for 10 min and cooling under vacuum for 30 min. Ingots with a diameter of 15
mm and a thickness of 7-8 mm were then obtained.

To verify the alloy composition and phase structure, the samples were first examined using
an energy-dispersive X-ray spectrometer to confirm the added elements, followed by structural
analysis using an X-ray diffraction (XRD) system (Bruker DS8). The ingot surfaces were polished
to remove oxides, and the samples were cut into rectangular bars with dimensions of

3 using a low-speed cutter for property measurements. The

approximately 2 x 2 x 7 mm
temperature-dependent TE transport properties were measured using a physical property
measurement system (PPMS) to measure the Seebeck coefficient, electrical conductivity, and

power factor in the temperature range of 300—400 K.
3. Results and Discussion
3.1 Phase analysis by XRD

To obtain the excellent fabrication process while maintaining experimental efficiency, the
effect of ball-milling duration on phase formation was first investigated. Figure 2 shows the
XRD patterns of Bi,Te, ;Se( 7 powders milled for durations ranging from 1 to 6 h. Compared
with the standard JCPDS, all n-type samples exhibited diffraction peaks consistent with the
reference pattern, and no clear impurity phases were detected. Increasing the milling time up to
6 h produced no notable peak shift or additional impurity phases, suggesting that prolonged
milling did not significantly change the crystal structure. The milling time of 1 h was selected as
the optimum processing parameter for all subsequent experiments. Figure 1 illustrates the XRD
patterns of the n-type Bi,Te, ;Se ;7 alloys fabricated using three different processing routes. The
XRD analysis demonstrates that all three processing routes successfully synthesized high-purity
rhombohedral Bi,Te, ;Se;, without detectable oxide phases or residual reactants, confirming
that the combined VIM and protected ball-milling processes effectively preserved the chemical
stability of the Bi—Te—Se system throughout fabrication. Although the samples of Process A
exhibited relatively low crystallinity, their refined grain structure and high lattice strain are
advantageous for enhancing phonon scattering, thereby suppressing lattice thermal conductivity.
Consequently, this processing route provides significant microstructural advantages for
achieving low thermal conductivity.

The pronounced enhancement of the (10 10) diffraction peak in the samples of Process B
indicates that induction melting effectively induced the preferred orientation during
solidification. Considering the highly anisotropic transport behavior of Bi,Tes-based TE
materials, such crystallographic texture is expected to affect the carrier mobility and
consequently improve the electrical transport performance.

The specimens of Process C also had the high crystallinity peak owing to the thermo-
mechanical cycle consisting of induction melting followed by secondary ball milling. The
improved chemical homogeneity and reduced lattice strain produced the most structurally stable
material among all processing routes, which is expected to facilitate efficient carrier transport
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Fig. 2. (Color online) XRD analysis of n-type Bi,Te, 3Se( 7 alloys under different ball milling times.

3.2 Conductivity analysis

As shown in Fig. 3, the electrical conductivities of all the specimens decrease slightly with
increasing temperature. Among the bulk samples, the specimens of Process A achieved the
highest conductivity at 6 x 10* S'm™! at 300 K, suggesting that the ball milling processes improve
the crystal structure and carrier concentration. The specimens that used the vacuum-induced
melting process had low conductivity. Previous studies demonstrated that that Bi,Te;-based
alloys are particularly vulnerable to the volatilization of Te and Se during high-temperature
processing, which induces non-stoichiometric defects, including vacancies and antisite
defects.!®) In this work, repeated high-temperature exposure during high-frequency processing
is expected to accelerate the evaporation of volatile chalcogen elements, resulting in
compositional deviations from the ideal stoichiometry. Such defect formation not only enhances
carrier scattering but also perturbs the electronic band structure and carrier concentration.
Consequently, the carrier mobility significantly decreases, leading to the observed deterioration
in the electrical transport properties of all samples. Figure 4 shows the electrical resistivity of all
the samples, displaying the inverse trend of the electrical conductivity
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Fig. 3. (Color online) Relationship of conductivity and temperature for n-type Bi,Te, ;Se ; alloys.
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Fig. 4.  (Color online) Relationship of resistivity and temperature for n-type Bi,Te, ;Se ; alloys.

3.3 Seebeck coefficient analysis

As shown in Fig. 5, all the specimens exhibit a similar temperature-dependent evolution of
|S|, although notable differences in magnitude are observed among the various processing
conditions. These differences suggest that processing-induced variations in microstructure and
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Fig. 5. (Color online) Seebeck coefficient of n-type n-type Bi, Te, ;Se 7 versus temperature.

composition alter the carrier transport characteristics, thereby affecting the TE performance. As
shown in Fig. 5, the absolute Seebeck coefficient (|S]) of all the specimens gradually increases
with temperature, which is characteristic of heavily doped (degenerate) Bi,Te;-based
semiconductors.(!?) As the temperature increases, the average energy transported by charge
carriers increases, resulting in an enhanced TE potential and, consequently, a higher Seebeck
coefficient. Note that the Process C specimen, despite exhibiting the lowest electrical
conductivity, showed the highest absolute Seebeck coefficient, reaching nearly 200 pV/K at 390
K. The reduced electrical conductivity of the Process C specimen is likely associated with a
lower carrier concentration, resulting in a higher average carrier transport energy and
consequently an enhanced Seebeck coefficient. Nevertheless, a larger Seebeck coefficient does
not necessarily translate into superior TE performance, as the substantial reduction in electrical
conductivity may offset its contribution to the power factor.

3.4 Power factor analysis

The specimens consolidated under a sintering pressure of 50 MPa with prior high-frequency
induction melting at 600 °C (Processes B and C) exhibited consistently lower power factor
values over the entire measured temperature range than the ball-milled reference specimen
(Process A). This trend is consistent with the deterioration in electrical conductivity discussed
previously, indicating that the reduction in electrical transport predominantly governs the overall
power factor. The explanation is that the high-temperature induction melting treatment promoted
the partial volatilization of high-vapor-pressure constituents, such as Te and Se, resulting in
deviations from the nominal stoichiometric composition. The associated formation of vacancies
and point defects increased carrier scattering within the crystal lattice, thereby reducing the
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carrier mobility and suppressing the long-range charge transport. Consequently, although the
Seebeck coefficient was partially enhanced, the reduction in electrical conductivity outweighed
this benefit, ultimately limiting the improvement in power factor. Figure 6 shows the power
factors of Bi,Te, ;S¢, 7 [see Eq. (2)].2%2D For all the samples, the power factor increased with
temperature. Among them, the specimen of Process A exhibited the highest power factor,
reaching approximately 14.8 x 107* W/m‘K?2 at 380 K. This superior performance is attributed
to its relatively high electrical conductivity and favorable Seebeck coefficient. The ball-milled
Bi,Te, 3Se( 7 sample demonstrated a substantial improvement in power factor compared with its
bulk counterpart, maintaining higher values across the entire temperature range.

PF=S% @
3.5 Thermal conductivity analysis and figure of merit (Z7 value)

Figure 7 shows the thermal conductivity of n-type Bi, Te, 3Se( 7. We used the PPMS system to
measure the thermal conductivity. The thermal conductivities of Process B and C samples
increased with temperature. However, the thermal conductivities of Process A samples decreased
with increasing temperatures. Among the bulk samples, Process A samples had the lowest value
of 0.45 W/m'K at 390 K. In contrast, Process B and C samples exhibited significantly higher
thermal conductivities than Process A samples across the entire temperature range. Figure 8
shows the dimensionless figure of merit of n-type Bi,Te, 5S¢, 7 [Z7, see Eq. (1)].3229

For all the samples, ZT increased with temperature. Among the bulk samples, the Process A
sample achieved the highest Z7 of 0.81 at 390 K owing to its relatively high electrical
conductivity, favorable Seebeck coefficient, and lowest thermal conductivity.
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Fig. 6.  (Color online) n-type Bi, Te, 3Se ; power factor versus temperature.
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4. Conclusions
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(Color online) n-type Bi, Te, 3Se( 7 ZT versus temperature.

In this study, we systematically investigated the effects of processing routes (Processes A—C)
and sintering pressure (50 MPa) on the microstructural evolution and temperature-dependent TE
transport properties of the n-type Bi,Te,.3Seo.7 solid solution. Under the relatively low sintering
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pressure of 50 MPa, the samples subjected to high-temperature high-frequency induction
melting (Se B and Se C) exhibited a pronounced increase in electrical resistivity over the
investigated temperature range. Although the induction-melting treatment may promote
microstructural and crystallographic orientation changes, exposure to elevated temperatures can
also facilitate the volatilization of low-melting-point elements with relatively high vapor
pressures, particularly Te and Se. In contrast, the Se A sample, fabricated without the high-
frequency induction-melting treatment and sintered at 50 MPa, exhibited the most favorable
balance between electrical and thermal transport properties. The moderately porous
microstructure and abundant grain-boundary interfaces provided effective phonon-scattering
sites across multiple characteristic length scales. Consequently, the total thermal conductivity
was suppressed to approximately 0.45 W m™' K'! at 390 K throughout the investigated
temperature range. Importantly, this reduction in thermal conductivity was achieved without
severely deteriorating the electrical transport properties, resulting in an advantageous balance
among electrical conductivity, Seebeck coefficient, and thermal conductivity.

As aresult, the Se A sample achieved the highest ZT, with a maximum of approximately 0.81
at 390 K. These results demonstrate that minimizing the volatilization-induced degradation of
electrical transport while introducing an appropriate degree of microstructural phonon scattering
is more effective than simply increasing processing complexity. The present findings therefore
provide useful guidance for optimizing the processing conditions of n-type Bi,Te,.3Seos TE
materials for low-temperature TE applications.
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