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Bi2Te3 based alloys play a dominant role in commercial applications in the fields of 

thermoelectric energy generation and solid state cooling. By combining the densification of 

nanostructured powders followed by a two-step hot forging process, hierarchical 

nanostructured p-type Bi0.5Sb1.5Te3 alloys with good preferred orientation were successfully 

fabricated. The Seebeck coefficient in the direction perpendicular to the pressing force, which 

is highly anisotropic, is much greater than that of the material sintered via one-step sintering. 

Meanwhile, the nanostructure and crystal defects produced during hot forging also contribute to 

both higher Seebeck coefficient, and lower thermal conductivity due to more effective and 

preferential scattering of phonons than electrons. As a result, a 50% enhancement of ZT value 

(from 1 to above 1.5) in the orientated, hierarchical, nanostructured alloys was obtained. 

 

1 Introduction 

Thermoelectric (TE) materials and devices have received 

increasing attention 1 because of their potential applications in 

the fields of energy generation and solid state cooling.2 Progress 

in this area will lead to energy systems that are less expensive 

and more efficient, which can contribute to solving the world’s 

demands for energy and global climate protection. So far, many 

commercial uses have been realized. The efficiency of actual 

TE devices is determined by the TE figure of merit, 

zT=(S2σ/k)T of the materials, where S is Seebeck coefficient, 

σ is electrical conductivity and k is thermal conductivity.3 

There have been persistent efforts to improve zT values since 

the 1950s, and bulk materials with improved zT, such as PbTe,4 

LAST,5 and skutterudites,6 are ideal for high-temperature 

operations. While at close to room temperature (0° to 250°C), 

Bi2Te3 based alloys still dominate commercial applications.7  

High zT requires high Seebeck coefficient, high electrical 

conductivity but low thermal conductivity. Theoretical 

predictions have shown that nanostructuring reduces the 

thermal conductivity by the selective scattering of phonons as a 

result of a much higher density of grain boundaries.8 Many 

research groups9, 10 have developed novel methods to 

synthesize nanostructured TE materials as a means to lower the 

thermal conductivity of the system and improve zT (>1).11 

Nanostructured isotropic bulk Bi2Te3-based materials can be 

fabricated via ball milling of melt ingots or chemical synthesis 

followed by spark plasma sintering or hot pressing. The lower 

thermal conductivity in nanostructured alloys comes from a 

large reduction in the phonon thermal conductivity.9 On the 

other hand, because of anisotropic thermal and electronic 

transport properties in layer-structured materials,  the zT value 

can be enhanced by controlling the crystallographic 

orientation.12 For example, dense polycrystalline Bi2Te3-based 

alloys fabricated by slip casting,13 hot pressing,14 spark plasma 

sintering(SPS),15-21 and melt-spinning22, 23 methods have higher 

zT value because of the structural anisotropy of Bi2Te3. Recent 

research has focused on the fabrication of nanostructured 

Bi2Te3-based alloys and the size dependence of their 

thermoelectric properties. 19, 24-26 In this paper, high energy ball-

milling was used for the preparation of the nanopowders, SPS 

technology was used for powder consolidation, and hot forging 

was used to realize hierarchical nanostructured Bi0.5Sb1.5Te3 

(BiSbTe) alloys with preferred orientation. A 50% 

enhancement of zT value was obtained by combining higher 

Seebeck coefficient from the texturing with lower thermal 

conductivity from the hierarchical nanostructure27 and defects 

introduced during the hot forging process. 

 

2 Experimental  

To prepare alloyed nanostructured powers, appropriate amounts 

of the pure element bismuth, antimony, and tellurium powders 

were weighed according to the stoichiometry of Bi0.5Sb1.5Te3, 

and poured into sealed zirconia milling pots. The powders were 

handled in a glove box (Ar2 atmosphere). Nano powders were 

prepared using high-energy ball-milling machine (Fritsch's P7, 

German) at 800 rpm for 20 hours. The commercial micro-size 

powder was prepared by ball milling a BiSbTe ingot for 1 hour 

and sieving (150 mesh) the powders. 

 

The samples were loaded into a graphite die and sintered in a 

SPS furnace (FCT, Germany) at a rate of 50 oC/min in a 

vacuum. In order to check the shrinkage rate during the SPS 

sintering process, we first performed a preliminary sintering 

run. The powder samples (micro-size and nano-size) were 
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heated under a constant uniaxial compressive stress of 16 MPa 

to a maximum sintering temperature of 450 oC. In order to 

investigate the plastic processing of bulk BiSbTe from nano 

powders below its melting point, the sample sintered at 450 oC 

for 5 min with diameter of 15mm was then put into a larger 

graphite die (25mm) and heated under a constant uniaxial 

compressive stress of 16 MPa to 500 oC. Having identified 

optimized sintering parameters, we fabricated samples with 

preferred orientation via a Two-Step hot forging as follows. 

First, two nanopowder samples were sintered at 330 oC for 20 

minutes or 450 oC for 5 minutes under 50 MPa in the die (inner 

diameter 15 mm). Then bulk samples sintered at 330 and 450 

oC were put into the center of a larger graphite die (inner 

diameter 25mm) and sintered at 450 and 520 oC under 50 MPa 

for 5 minutes, respectively.  

The grain orientation was characterised using X-ray diffraction 

(XRD, Siemens D5000, Karlsruhe, Germany). The 

microstructures of the samples were observed using scanning 

electron microscopy (SEM, FEI, Inspect F, Hillsboro, OR) and 

transmission electron microscopy (TEM, JEOL 2010). The 

microstructure-dependent thermoelectric properties were also 

characterised. The samples were cut into 2.5*2.5*14 mm3 bars 

for electrical resistivity and Seebeck coefficient measurement 
(the long side of the bar was perpendicular to the pressing 

direction) using a temperature differential and four point probe 

methods in lab-made apparatus in a vacuum.28Electric and 

thermal transport properties were measured in the same 

direction.  A thin slice with the thickness of 2 mm was cut from 

the sample parallel with the pressing direction, machined into a 

disk with the diameter of 10 mm, and then thermal diffusivity 

was measured using the laser flash method (NETZSCH, 

LFA457, Germany). The density (d) of the samples was 

measured using the Archimedes method. The specific heat was 

determined using differential scanning calorimetry (NETZSCH 

DSC 404C Germany). The thermal conductivity (k) was 

calculated from the product of thermal diffusivity, specific heat 

and density. 

 

3 Results and discussion 

Fig. 1 shows the shrinkage rates of BiSbTe micro/nanopowders 

/bulk during the SPS process at 16 MPa. We chose two 

different precursor powders to check the shrinkage rate during 

the densification process in order to understand the different 

sintering behaviour of nano-size and micro-size BiSbTe 

powders. The peak of the shrinking rate indicates the beginning 

and termination of the densification process accompanied by 

the  elimination of pores. For the micro-size powders, there is 

one peak between 250 oC and 410 oC, which shows the 

densification stops at about 410 oC and the grains begin to 

grow. This is why most Bi2Te3 compositions are sintered at 

~450 oC by SPS  and achieve high densities of nearly 99%.21, 23, 

29-31 For the nanopowders, there is a broad shrinkage peak from 

80 oC to 330 oC, which means the nanoparticles are more sinter 

active and have a wide particle size distribution. We focus on 

the nano-size particles in the following discussions, and a 

sample sintered at 330 oC for 20 min with relative density of 

96%. In order to investigate the effect of plastic deformation on 

the properties of bulk Bi0.5Sb1.5Te3, the sample obtained by 

sintering the high energy ball milled powders at 450oC for 5 

min (diameter of 15 mm) was put into a larger graphite mould 

(25 mm) and sintered up to 500 oC  under a pressure of ~16 

MPa (Fig. 1c). The plastic deformation of bulk Bi0.5Sb1.5Te3  

begins above 300 oC (Stage 2, as shown in the inset of Fig. 1). 

When the temperature reached 425 oC, the BiSbTe filled the 

graphite die and the shrinkage stopped (Stage 3). 

 

 
Fig. 1 The sintering behaviours of BiSbTe: (a) micro-size 

powders via ball milling ingot (200 rpm); (b) nano-size 

powders prepared via high-energy ball milling (800 rpm); (c) 

hot forging the sample sintered via SPS at 450 oC. (heating rate: 

50 oC; pressure: 16 MPa). The left inset is the schematic during 

the processing in (c). 

 

Fig. 2 shows SEM micrographs of Bi0.5Sb1.5Te3 samples 

prepared under different sintering conditions. The nanopowder 

sintered at 330oC for 20 minutes produced samples with a 

density of 96% and the particle size was still in the nanometer 

range (50~300 nm) (Fig. 2(a)). The nanopowder sintered at 450 
oC for 5 minutes produced samples with a density of 99% and 

randomly oriented, flake-like grains with dimensions of several 

µm, as shown in Fig. 2(b). This means that rapid anisotropic  

 

 
Fig. 2 SEM micrographs of Bi0.5Sb1.5Te3 samples prepared with 

different sintering conditions. 

(a). one step sintering at 330 oC; (b). one step sintering at 450 
oC; (c). two step sintering at 330 oC and 450 oC; (d). two step 

sintering at 450 oC and 520 oC. 
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grain growth occurs above the onset temperature of grain 

growth (~330 oC) and there is no preferential orientation 

formed in the samples with one step sintering. However, during 

hot forging, the combination of rapid anisotropic growth and 

rapid superplastic deformation32 can lead to effective grain 

alignment. Nano-sized grains (Fig. 2(a)) became elongated 

micro-sized flakes, well aligned perpendicular to the pressure’s 

direction (Fig. 2(c)). When the grains are micro sized flakes 

after the first step of the sintering, the rapid deformation during 

the second sintering step does not produce good grain 

orientation, as shown in Fig. 2(d).  

 

The crystallographic orientation of the samples was estimated 

using to the XRD patterns. The Lotgering factor (LF) was used 

to quantify the degree of preferred orientation of the (00l)-

planes. 

LF �
����

����
                                                           (1) 

              �	 �

��		�

∑ 
�����
, P �


��		�

∑ 
����
                                (2) 

where I(hkl) and I0(hkl) are the peak intensities for measured 

and randomly oriented samples, respectively. Fig. 3(a) shows 

the XRD pattern of Bi0.5Sb1.5Te3 samples sintered using the 

nanopowders prepared at 330 oC for 20 minutes under 50 MPa. 

All the peaks can be indexed as Bi0.5Sb1.5Te3 with PDF card 

No.85-4039, which indicates that high energy ball milling plus 

SPS process can be used to synthesize single phase 

nanopowders.33 However, a second phase was observed in the 

sample sintered in one step at 450 oC, as shown in Fig. 3(b).  

Fig. 3 (c) and (d) show the XRD patterns of the BT 450-520 

sample (sintered at 450 oC and hot-forged at 520 oC) and 

BT330-450 sample (sintered at 330 oC and hot-forged at 450 
oC), in which (00l) peaks have similarly higher relative 

intensity for hot forged samples. According to Eq (1), the 

values of LF =0.31, and 0.26 were obtained for BT330-450 and 

BT 450-520, which are much higher than those reported by 

others.17, 18 However, there are obviously different micro 

morphologies according to the microstructure in Fig 2 (c) and 

(d). This indicates the result of XRD may not be an effective 

method for characterizing the preferred orientation of Bi2Te3 

based materials. In Fig. 3 (b) and (d), there is one peak which 

does not belong to the Bi0.5Sb1.5Te3 phase. It is difficult to 

identify this compound from a single XRD diffraction peak, 

however the strongest reflection of Te is found at around 27.6 º 

and it matched with the pattern in Fig 1 (d). The presence of 

tellurium was also confirmed by TEM as reported by Poudel B 

et al.9 Since all four samples in Fig. 3 are from the same 

powders, the second phase of the BT 330-450 was produced 

during the second sintering step. The sample with two step 

processing at 330 oC to 450 oC has 4% porosity. Puneet P et al25 

that electric currents might generate high local temperature 

zones from the plasma discharge in the gaps which lead to 

spark-plasma-sintering-induced interface modifications during 

the hot forging process. This might lead to the formation of 

low-melting-point tellurium second phase near the grain 

boundaries, as shown in the inset of Fig. 3. For the BT 450-520 

sample, the higher processing temperature can promote 

diffusion between the tellurium phase and Bi-Sb-Te phase. 

Meanwhile, there is significant volatilization of tellurium. 

These events lead to the volatilization of Te again when the 

sample is sintered at higher temperature. 

 
Fig. 3 XRD patterns of Bi0.5Sb1.5Te3 samples prepared by one-

step sintering (a, b) and two-step process (c, d) (the scanning 

surface is perpendicular to the SPS pressing) from the nano-size 

powders. The inset is the diagram on how the second phase 

might have formed. 

Fig. 4(a) shows the morphology of one flake’s fracture surface 

at high magnification in the BiSbTe sample 330-450. A flake-

like grain consists of many parallel nanoflakes with thickness 

of 20-40 nm. These nanoflakes can be seen at higher resolution 

in the TEM image shown in Fig. 4(b). Fig. 4(c) shows a similar 

area at much higher resolution. It shows many closely packed 

nano-sized grains with diameter of ~10 nm. These nanograins 

are highly crystalline, as shown in the inset. Fig. 4(d) illustrates 

the hierarchical structure of the samples before and after hot 

forging. The densification of nano sized grains (~10 nm) 

prepared via the high energy ball milling process are realized 

via SPS process at 330 oC, and during this process larger 

particles with  diameter of 50-300 nm appears in order to 

reduce the interfacial energy. Due to the rapid densification 

process within several minutes, there is not enough time and 

energy for the nano-size grains to align in one direction and 

grow bigger. During the hot forging process, rapid superplastic 

deformation can lead to the sliding and alignment of the 

nanograins perpendicular to the pressing direction (which can 

be confirmed by Fig. 4(c)). Another trend is the rapid 

anisotropic growth in the a-b plane of Bi2Te3, which leads to a 

hierarchical microstructure. The optimised sintering 

temperature and rapid densification process result in the 

existence of nanoparticles with  diameter of ~10 nm at the 

bottom level. There are many nanoflakes with thickness of 

several tens of nanometers at the intermediate level (which is 

confirmed by Fig. 4(a)). At the top level, flakes with the length 

of several micrometres can be confirmed by Fig. 2(c). 
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Fig. 4 SEM morphology (a), and high-solution TEM images (b) 

& (c) of Bi0.5Sb1.5Te3 sample 330-450. (d) microstructural 

diagrams of the samples before and after hot forging. 

 

Bi2Te3 has a layered structure, where five layers of Te(1)-Bi-

Te(2)-Bi-Te(1) making up its the periodic structure along its c 

axis. Although some groups31, 34 claim that no obvious 

difference was observed between the in-plane and out-of-plane 

zT, some groups24, 30, 35 reported a slightly-higher zT value  

along the in-plane direction. ZT enhancement has already been 

realized in n-type Bi2Te3 alloys by SPS texturing.20 Therefore, 

in this paper we only focused on the in-plane properties 

perpendicular to the pressing direction in p-type Bi2Te3 alloys.  

The Seebeck coefficient at room temperature should be 

sensitive to the band structure near the Fermi level, EF, and 

independent of the grain orientation according to the current 

theory and Mott equation.36 However, Nassary M M et al 

prepared Bi2Te3 single crystal by a modified Bridgman method 

and experimentally proved that the Seebeck coefficient of p- 

type materials has anisotropic nature and the value along the in-

plane direction is five times larger than that along the cross-

plane direction in the appropriate temperature range.37 Two-

Step hot-forging 330-450 in SPS increases the Seebeck 

coefficient because of good orientation in the in-plane 

direction, as shown in Fig. 5(a). Meanwhile, hot-forging 

introduces crystal defect (such as point defects, dislocations), 

which leads to an increase of the resistivity (Fig. 5b),18 which 

should be lowest perpendicular to the pressing direction. The 

crystal defects may suppress the excitation of the minority 

carrier (electron) which leads to the maximum value of the 

Seebeck coefficient at 50 oC.38 Zhao LD et al also reported this 

sudden change in Seebeck coefficient with temperature of hot 

forged samples as being produced by a  lower carrier 

concentration.20 As a result, the sample prepared with 330-450 

processing temperatures had a much higher Seebeck coefficient 

(~300 µV/K) than the sample sintered at 450 oC (200~220 

µV/K), which leads to its higher power factor. At 50 oC, the 

maximum value of power factor is about 5000 µW/mK2, which 

is slightly higher than the value of bulk BiSbTe alloys prepared 

via hot press method9 We used similar sintering conditions in 

one-step sintering, and the power factor is about 3000 µW/mK).  

 

The thermal conductivity data of the samples sintered at 450 oC 

via different processes are shown in Fig. 6(a). A Lorenz number 

 
Fig. 5 Temperature dependence of Seebeck coefficient, 

resistivity and power factor of hot forged (330-450) sample 

(perpendicular to the pressing direction) compared with sample 

sintered at 450 °C. 

 

of 2.45*10−8V2K−2 in the Wiedemann-Franz law (ke=L0σT) was 

used to estimate the charge carrier contribution to the thermal 

conductivity.1 Compared with the sample directly sintered at 

450 oC, the hot forged sample with preferred orientation has 

higher thermal conductivity (8.6% for ktotal, and 25% for klatt) 

due to good grain orientation. The klatt value is about 0.6 

W/mK, which is similar to the values for other nanostructured 

alloys at 50 °C, as shown in Table 1. But the value measured in 

this work is that of the textured samples perpendicular to the 

pressing direction, not the average of two directions. The real 

klatt is much lower than that of single crystal (0.82 W/mK)39 

because of the crystal defects, nanostructure and second 

phase.38 As shown in Fig. 6(b), the high ZT value (above 1.5) 

comes from the excellent Seebeck properties of the hot-forged 

sample. First principles calculation36 shows that the in-plane 

and cross plane Seebeck coefficient should be identical at 300 

K, and thus Seebeck coefficient will be unchanged when the 

samples have different orientations. At room temperature, the 

two samples we measured have similar Seebeck coefficient 

(230~240 µV/K), power factor (3200~3300 µW/mK2). The 

samples also have similar ZT value (~1) with Ref 40.40 At 

higher temperature 50 °C, the max ZT value is ~1.5 and there is 

a 50% difference between random orientation and good 

orientation. All of this illustrates that p-type Bi2Te3 has 

demonstrated complex Seebeck properties and more accurate 

theory modeling is required. The point line and planar defects 

generated via hot forging may also affect the Seebeck 

coefficient, which is the reason why the samples fabricated via 

different methods and conditions have different Seebeck 

coefficient13, 21, 23, 30, 34.        

 

 
Fig. 6 Temperature dependence of thermal conductivity and zT 

values of the samples (perpendicular to the pressing direction) 
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Tab. 1 Comparison of TE parameters of selected Bi2Te3 

simples at 50 oC 

 

Type of Bi2Te3 

sample 

Power 

factor 

[mW/mK2] 

K 

[W/mK] 

Klattice 

[W/mK] 
zT 

referenc

e 

Bi0.5Sb1.5Te3 single 

crystal(p type ) 
4.8 1.51 0.82 0.94 

[39] at 

23 oC 

Bi2Te3/Bi2Se3 
nano composite(n 

type) 

1.1  0.35 0.55 [26] 

Melt spun BiSbTe 
nano composite(p 

type) 

1.9  0.6 1.44 [23] 

Nanostructure 

alloys(p type) 
4.1 1.2  1.3 [33] 

0.4%SiC doped 

BiSbTe 

nanocomposite(p 
type) 

3.9 0.95 0.35 1.3 [19] 

Hot forged 

BiSbTe 

nanostructured 

alloys(p type) (⊥) 

5.0 1 0.6 1.56 
This 
work 

 

4 Conclusions 

Dense, textured, nanostructured Bi0.5Sb1.5Te3 with hierarchical 

structure was prepared via hot forging. The Seebeck coefficient 

perpendicular to the pressing direction of the hot-forged 

samples is much higher than for samples sintered via one-step 

SPS processing because of preferred orientation  and boundary 

effects in nanostructured materials. As a result, a higher ZT 

value (~1.56) was obtained, which was up to 50% higher than 

that of samples prepared via one-step process. This study 

experimentally indicates that aligning the crystal orientation 

can enhance the performance of p- type Bi2Te3 nanostructure 

materials. 
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