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Abstract In this study, n-type 95 %Bi2Te3-5 %Bi2Se3 thermoelectric materials

have been produced by a combined process of gas atomization with subsequent

magnetic pulsed compaction and spark plasma sintering, and then we investigated

the behavior of transport properties with sintering temperature. The microstructural

observation was performed by optical microscopy and scanning electron micros-

copy. The crystal structures were analyzed by X-ray diffractometer. The mechanical

properties were calculated by measuring the density and micro-Vickers hardness of

the samples. It was found that with increasing sintering temperature the gaps

between powder particles decreases and the grain sizes were coarsened. The

mechanical properties shows higher values along the parallel direction compared to

the perpendicular direction to the pressing. The transport properties of the ther-

moelectric material were investigated with variation of the sintering temperatures.

The maximum power factor 1.7 9 10-3 Wm-1 K-2 was measured at the sintering

temperature of 450 �C.
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Introduction

Thermoelectric materials can convert the heat energy to electrical energy, and vice

versa. If there is a temperature difference along a conductor, it causes mobile charge

carriers (electrons and/or holes) to move from hot to cold. The resulting separation

of charge produces an electric field potential called the Seebeck voltage, which is

given by DV ¼/ DT where � is a temperature-dependent property known as the

Seebeck coefficient and DT represents the temperature difference between the cold

side and the hot side. In cases when an external voltage is applied to a

thermoelectric material, it will create a thermal gradient, resulting in Peltier heating

or cooling, depending on the voltage polarity [1].

One of the best-known n-type thermoelectric materials are Bi2Te3-Bi2Se3 alloys,

which are the best thermoelectric materials for low-temperature applications

(300–500 K) [2, 3]. It is well known that these alloys are deeply affected by the

structural and chemical compositions and can be optimized [4]. However, Bi2Te3-

based single crystals are easily fractured through the cleavage plane during the cutting

and fabrication of modules, causing problems with the production yield and the

reliability of the modules [5]. Thus, to enhance the mechanical and temperature

dependence of thermoelectric properties, many researchers are focusing on the

fabrication of the polycrystalline Bi2Te3-based alloys through hot pressing, hot

extrusion, ball milling, explosive compaction, and spark plasma sintering (SPS) [1, 4–

7]. Among the different powder metallurgy processes, gas atomization is a kind of

rapid solidification technique which can make powder directly from the melted alloys.

Moreover, gas atomization provides a more homogenous and finer grained structure

than other processes [8]. SPS is a rapid sintering method for fabricating the various

advanced materials at relatively lower temperature in a much shorter time than the

conventional methods, and provides special features like increasing the strong

bonding between the powders due to removing the point defects during the sintering

[9]. Recently, Wang et al. [10] have successfully synthesized p-type bulk (Bi,Sb)2Te3

alloys by melt-spinning (MS) combined with a subsequent SPS (MS?SPS). Kim et al.

[11] synthesized n-and p-type Bi2Te3-Bi2Se3 solid solutions through the gas

atomization and melt-spinning, and studied the thermoelectric properties. However,

the investigation of gas-atomized Bi2Te3-Bi2Se3 thermoelectric materials prepared by

magnetic pulsed compaction (MPC) combined with subsequent SPS have not yet been

reported. Here, the MPC, which is a high-velocity compaction process, is preformed

using the impact effects of a powerful magnetic pulse load on compact powder. MPC

can also bring about an enhanced plastic deformation and rearrangement of

compacted powders [12]. The samples with higher densification with excellent

mechanical properties can be easily achieved through the MPC.

In this present work, we employed MPC in combination with the SPS process to

incorporate both properties in the thermoelectric materials. Therefore, in this study,

we have synthesized n-type Bi2Te3-Bi2Se3 thermoelectric materials by combined

the process of gas atomization with subsequent MPC and SPS, and then investigated

changes in transport properties with sintering temperature.
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Experimental

High purity ([99.99 %) Bi, Te, and Se granules were used as raw materials. The

constituent elements in the proper proportions of 95 % Bi2Te3–5 % Bi2Se3 alloy

were manufactured by a high frequency induction furnace in a graphite crucible at

a temperature of 150 �C above the liquid’s temperature under Ar atmosphere, and

bottom pouring through a boron nitride melt delivery nozzle of 5 mm in diameter

into a confined N2 gas atomizer operated at pressure of 1.2 Mpa. The compaction

experiments were performed by using magnetic pulse compaction at 2 Gpa of

pressure. The pressed samples mainly had the form of a 20U about 5 mm in

diameter and thickness, respectively. The SPS consolidation was conducted under

an axial compressive pressure of 50 MPa at 350, 400, and 450 �C at vacuum

atmosphere. Microstructural analysis of the sintered bodies were performed by

optical microscope. Crystal structures of sintered bodies were characterized by

XRD. In order to compare the mechanical strength of this alloy specimen, alloy

bars were machined and micro-Vickers hardness testing performed using a 50-g

load. The thermoelectric properties of the sintered body were measured by TEP-

1000 at room temperature. The carrier concentration and mobility were performed

by the Hall Effect. The electrical resistivity was measured by a four-point probe

method.

Results and discussion

SEM micrographs given in Fig. 1 show morphology of the gas-atomized 95 %

Bi2Te3–5 % Bi2Se3 alloy. As can be seen from Fig. 1a, b, the powders are nearly

spherical and particle sizes range from less than 50 to 300 lm. It can also be seen that

the powder surfaces are clean, and the powder does not have defects such as pores.

Figure 2 shows optical micrographs of MPCed?SPSed bulks sintered at (a) 350,

(b) 400 and (c) 450 �C. It is clearly seen that, as the sintering temperature increases,

gaps between the compacted powders decrease and the powder particles connect

each other more closely and strongly, and the microstructure become more

homogenous. With increasing the sintering temperature, grain size also increases. It

has been reported that elevating the sintering temperature improves carrier mobility

because of the coarsening of the grain size and bonding between particles [12]. As

can be seen from Fig. 2, with the increase in the sintering temperature, gaps

between the powder particles decrease, meaning that bonding between the powder

particles is getting better. The MPC?SPSed bulk samples show high relative

density values greater than 98 %.

Figure 3 shows the variation of micro-Vickers hardness values of MPCed?SPSed

bulks with sintering temperature. The mechanical properties proceed in both

perpendicular and parallel directions to the pressing. With the increasing sintering

temperature, micro-Vickers hardness values decreased due to the increase in grain

size in both parallel and perpendicular positions. Also, the figure shows that the

mechanical properties have higher values along the parallel direction compared to the

perpendicular direction to the pressing. The highest micro-Vickers hardness values
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obtained while the sample was parallel and perpendicular are 77 and 74 Hv,

respectively, at 350 �C sintering temperature. Thus, the consolidation of the powders

with the combined process of MPC?SPS gives higher hardness values compared to

other works [5].

XRD patterns of gas-atomized powder and perpendicular sections of

MPCed?SPSed bulks sintered at different temperatures are shown in Fig. 4. The

diffraction peaks are cited from the database binary Bi3Te3 (PDF#15-0863). All the

characteristic peaks seen in Fig. 4 show similar XRD patterns to those of Bi3Te3,

indicating the formation of single phase Bi3Te3 compounds. It can be seen from

Fig. 4b–d that, with increasing sintering temperature, diffraction intensities of (00 l)

c-planes such as (006), (0015) and (0018) decrease slightly. Table 1 shows the

Fig. 1 Scanning electron micrograph showing the morphology and surface of gas atomized 95 %
Bi2Te3?5 % Bi2Se3 doped with 0.04 wt% SbI3 alloy. a High magnification. b Higher magnification
micrograph
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Fig. 2 Optical micrographs observed on perpendicular section to the pressing of 95 % Bi2Te3?5 %
Bi2Se3 alloys sintered at a 350 �C, b 400 �C, and c 450 �C
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orientation factor (F) corresponding to its sintering temperatures, calculated with the

Lotgering method [13]. It can be seen that, with increasing sintering temperature,

even though the orientation factor slightly decreases, it is almost the same. In this

study, the orientation factor on the thermoelectric properties is not obvious.

Fig. 3 Vickers hardness variation of the sintered body with sintered temperature
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Fig. 4 XRD patterns obtained from gas-atomized powder and the perpendicular section of the sintered
body at 350, 400, and 450 �C

2548 C.-H. Lee et al.

123



Figure 5 illustrates the temperature dependence of the thermoelectric properties

varying with the sintering temperature. Figure 5a shows the variation of the Seebeck

coefficient of the MPC?SPSed bulk samples. The high Seebeck coefficient of

-136 lV/K was obtained by the sintering at 450 �C. The negative sign indicates

that the alloys are n-type semiconductor materials. The Seebeck coefficient (a) of a

material is related to the microstructure [14] shown as:

a / c� lnðncÞ; ð1Þ

where c is the scattering parameter and nc is the carrier concentration. For the

increasing sintering temperature from 350 to 450 �C, the Seebeck coefficient values

are very similar. Because the carrier concentration (Fig. 5a, inset) increases with

increasing sintering temperature, due to the increasing carriers, the carrier–carrier

scattering increases, and can enhance the scattering parameter. From Eq. (1), both

are balancing with each other. Thus, the Seebeck coefficient shows almost similar

values.

The electrical resistivity of the MPC?SPSed bulk samples as a function of

sintering temperature is shown in Fig. 5b, which shows that the electrical

resistivities of the MPC?SPSed bulk samples gradually decrease with the

increasing sintering temperature. However, at the sintering temperatures of 350–

400 �C, the electrical resistivity shows almost similar values due to the decrease of

mobility (Fig. 5b). The minimum value of electric resistivity was obtained at the

sintering temperature of 450 �C corresponding to the increase the carrier

concentration, n, as given by the equation,

q ¼ 1=nel ð2Þ
Due to the increase of bonding between the powder particles (clearly shown in

Fig. 2) and the coarsening of the grains, the carrier mobility was increased by the

sintering temperatures from 400 to 450 �C, resulting in the decrease of electrical

resistivity [15].

Figure 5c shows the temperature dependence of the power factor PF (= a2/q) as a

function of sintering temperature. The power factor of the MPC?SPSed bulk

samples were nearly equal, with the sintering temperature from 350 to 400 �C. For

higher sintering temperatures (at 450 �C), the power factor increases because of the

increase the Seebeck coefficient and decrease in electrical resistivity. The highest

power factor, 1.7 9 10-3 Wm-1 K-2, was obtained at the 450 �C sintering

temperature. We expect that the new combined consolidation process by MPC?SPS

provides good thermoelectric properties; however, the results show only slightly

Table 1 The effect of sintered

temperature on the orientation

factor

Sintering temperature (�C) Orientation factor (F)

350 0.14

400 0.12

450 0.09
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Fig. 5 Thermoelectric of
sintered body with sintered
temperature and heat treatment
temperature. a Seebeck
coefficient. b Electrical
resistivity. c Power factor
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lower values compared to extruder bars due to the increases of carrier concentration

with increasing the sintering temperature.

Conclusion

The n-type 95 %Bi2Te3-Bi2Se3 thermoelectric materials have been successfully

produced by a combined process of gas atomization with subsequent MPC and SPS.

It was found that with increasing the sintering temperature, gaps between the

powder particles decreases, meaning that bonding between the powder particles is

getting better. The highest values of mechanical properties were measured along the

parallel direction to the pressing direction. The effects of sintering temperature on

the thermoelectric properties were studied. The highest Seebeck coefficient

(-136 lV/K) and the highest power factor 1.7 9 10-3 Wm-1 K-2 values were

obtained for the sample which was sintered at 450 �C.
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