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Abstract P-type ternary Bi0.5Sb1.5Te3 alloys are fabricated via mechanical alloying (MA) and spark plasma sintering

(SPS). Different ball sizes are used in the MA process, and their effect on the microstructure; hardness, and thermo-

electric properties of the p-type BiSbTe alloys are investigated. The phases of milled powders and bulks are identified

using an X-ray diffraction technique. The morphology of milled powders and fracture surface of compacted samples are

examined using scanning electron microscopy. The morphology, phase, and grain structures of the samples are not

altered by the use of different ball sizes in the MA process. Measurements of the thermoelectric (TE) transport prop-

erties including the electrical conductivity, Seebeck coefficient, and power factor are measured at temperatures of 300-

400 K for samples treated by SPS. The TE properties do not depend on the ball size used in the MA process.
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1. Introduction

Thermoelectric materials are solid-state devices that are

used for refrigeration and power generation based on the

thermoelectric effects. The performance of the thermo-

electric materials is defined by the dimensionless figure

of merit, ZT:

ZT = (α2
σ/κ) T (1)

Where α, σ, κ and T are the Seebeck coefficient, elec-

trical conductivity, thermal conductivity and the absolute

temperature [1-3]. High-efficiency thermoelectric materi-

als should have large Seebeck coefficient, high electrical

conductivity, and low thermal conductivity. However,

there is no existence of such ascribed characteristics of

the material in nature, so it is a central issue in thermo-

electric research to increase ZT with balancing all TE

properties each other [4]. 

Bismuth antimony telluride (BiSbTe) alloys have been

used in thermoelectric modules that show excellent TE

properties at ambient room temperature [5, 6], and much

work has been done to enhance their ZT values. Rama et

al. reports a ZT >2.4 by creation of quantum dot superlat-

tice of BiSbTe with low lattice thermal conductivity [7].

Though these materials exhibited the improved TE prop-

erties, it is highly impossible for large-scale energy con-

version applications due to limitations in both heat transfer

and cost. Later, Ren and Chen et al. fabricated nanostruc-

tured BiSbTe bulks and reported a peak ZT of 1.4 at

100ºC by mechanical alloying and hot pressing. Also, hot

extrusion [8], and spark plasma sintering [9] are used to

fabricate BiSbTe based alloys with improved perfor-

mance. The substantial improvement of ZT in BiSbTe is

attributed to the dramatic reduction in thermal conductiv-

ity caused by severe phonon scattering by the numerous

interfaces in nanostructured bulk samples [10, 11].

Mechanical alloying (MA) is an eminent process to fabri-

cate nanopowder from the commercial ingots or elemen-

tal chunks. MA allows the formation of extremely fine

solid solutions of required alloys from the starting materi-

als through a sequence of collision events inside ball mill

[12]. In another hand, SPS is a low temperature sintering

technique in which the grain growth can be prevented

due to short sintering time than the conventional meth-
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ods [9]. Li et al. compared TE properties in AgPbSbTe

alloys made by vacuum melting and MA+SPS process

and revealed that MA with SPS shows excellent TE

properties [13]. It is known that the ball milling parame-

ters can influence the microstructure and TE properties

14]. Sandra et al studied TE properties of BiSbTe based

alloys by varying milling times in MA and reported 5h

milling exhibit ZT of 1.3 due to its low lattice thermal

conductivity [12]. Nevertheless, the effect of ball sizes in

MA of BiSbTe has not been reported. 

In this research, p-type BiSbTe fine powders are fabri-

cated by MA from commercially available micron size

powders. Subsequently, the milled powders are sintered

by SPS at 400ºC for 10 min. The effect of ball sizes (dur-

ing the milling process) on microstructures, mechanical

and thermoelectric properties are investigated. 

2. Experimental Procedure

Commercial Bi0.5Sb1.5Te3 powders (size < 200 µm) were

used for fabrication of fine powders using different ball

sizes (3 mm, 5 mm and 10 mm). The process was car-

ried out in a planetary ball miller in argon atmosphere.

The ball to powder ratio were kept at 15:1 with 1100 rev-

olutions per minute (rpm). Subsequently, the milled pow-

ders were sintered by SPS under an axial compressive

stress of 50 MPa at 673K for 10 min in vacuum. The sin-

tered bulks are disc with dimensions of approximately 20

mm in diameter and 6 mm in thickness.

The phase of the pellets was analyzed with an XRD

(X- ray diffraction) Rigaku Miniflex diffractometer using

CuK
α
 radiation. The morphology of the mechanically

milled powders and fracture surface of SPS-ed bulks

were analyzed by scanning electron microscopy (SEM-

MIRA LMH II (TESKAN), Czech Republic). The oxy-

gen content of the powders was determined by the of

Eltra ONH-2000 Oxygen/Nitrogen/Hydrogen determina-

tor. The relative densities of the samples were measured

from the Archimedes principle. The micro Vickers hard-

ness tester was used to measure the hardness of the sam-

ples.

The samples were cut into rectangular pieces (3 × 3 ×

10 mm3) for Seebeck coefficient and electrical conductiv-

ity and measured by the thermoelectric power (TEP-

1000) measurement system. The carrier concentration and

hall mobility were measured from the four-probe method

Fig. 1. Morphology of p-type BiSbTe powders using different ball sizes during MA (a) 3 mm, (b) 5 mm, (c) 10 mm, and (d)

powder size analysis of MA-ed powders.
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at room temperature. The power factor was calculated

from the multiply of the square of the Seebeck coeffi-

cient and electrical conductivity. 

3. Results and Discussion

The morphology of the p-type BiSbTe powders using

different ball sizes during the MA process are presented

in Fig. 1. All the powders (Fig. 1(a)-(c)) exhibited the

same morphology albeit with slight differences. It can

be observed from the morphologies that the powders

particle is irregular in shapes with a distribution of

very fine particles to large particles. Some particle

agglomerated with each other regardless of different

ball sizes used in the milling process [14]. The parti-

cle size analysis is presented in the Fig. 1(d). It is

clearly seen that the distribution is expanded from

submicron order to ~40 µm range. The high order par-

ticle sizes from the agglomeration of the fine particles

during the milling process. It is necessary to analyze

the oxygen contamination in milled powders, which

can affect the microstructures, mechanical properties,

and TE properties as well [15]. The oxygen impurity

in milled powders is shown in Table 1. The oxygen

impurity is measured about ~0.37 wt% for all pow-

ders regardless of processing parameters, which is

very low in amount and can be expected to be mini-

mized after sintering. The mechanically milled pow-

ders (by different ball sizes 3, 5, and 10 mm during

MA) are subsequently sintered by spark plasma sinter-

ing (SPS). The relative densities are measured over

99.8% of all SPS-ed bulks, which are listed in Table 1.

The micro Vickers hardness of the bulks are mea-

sured as 97, 102, and 105 Hv for 3, 5 and 10 mm balls

sizes used in the milling process respectively, how-

ever one can conclude that there is no strong influ-

ence of the ball size on hardness during the MA

process. 

Fig. 2 shows the XRD pattern of p-type BiSbTe milled

powders and SPS-ed bulks using different ball sizes in

MA process. As shown in Fig. 2, all powders and bulk

samples maintain the single phase of Bi0.5Sb1.5Te3 with

JCPDS # 49-1713. It is clearly seen in the XRD pattern

that the both basal planes and non-basal planes exhibited

same peak intensity without any shifting in position. It

revealed that there is no lattice deformation and orienta-

tion in the p-type BiSbTe bulks. No other impurities are

detected in the XRD analysis. 

Fig. 3 shows the SEM fracture surfaces of p-type BiS-

bTe bulks usage different ball sizes during the milling

process. The grains are distributed uniformly throughout

the matrix with smooth and laminar surfaces. The grain

sizes are distributed from submicron order to ~4 µm,

which growth strictly retarded during the low tempera-

ture SPS process. All the bulk samples exhibited almost

uniform grain distribution regardless of their MA param-

eters (ball size variation).

Temperature dependence of thermoelectric Seebeck coeffi-

Table 1. Oxygen content, relative density and micro Vickers

hardness of p-type BiSbTe alloys by mechanical milling

Ball Size
Oxygen Content

(%)

Relative density

(%)

Micro-Vickers 

Hardness (Hv)

3 mm 0.378 99.9 97

5 mm 0.37 99.9 102

10 mm 0.313 99.8 105

Fig. 2. XRD analysis of (a) MA-ed powders and (b) SPS-ed

bulks of p-type BiSbTe alloys.
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cient α for p-type BiSbTe bulks with different process-

ing parameters is shown in Fig. 4. It is evident from

Fig. 4 that the Seebeck coefficient is positive over the

temperature range indicating a p-type semiconducting

behavior [12]. The Seebeck coefficient is increased with

increasing measurement temperature, which was consis-

tent with earlier reported studies [12]. The Seebeck coef-

ficient shows almost same values regardless of ball sizes

used during the MA process. In general, the Seebeck

coefficient is expressed as follows [16]:

α = γ − ln n
c
 (2)

where γ is scattering parameter, n
c
 is the carrier concen-

tration. It is known that the carrier concentration greatly

contributes to the Seebeck coefficient [12]. The carrier

concentration and carrier mobility are shown in Fig. 5. It

is observed that the carrier concentration of p-type BiS-

bTe specimens are almost uniform in values and of the

order of 1019 per cubic meter. The γ term results from the

scattering of carriers at numerous grain boundaries [11].

It can be clearly seen from the Fig. 5 that the carrier

mobility is almost same for all samples. Therefore, it is

expected that the scattering of carriers at the grain bound-

aries are same in all the bulk samples which resulted in

the obtained Seebeck coefficient been of the same order

for all samples regardless of processing parameters. 

The temperature dependence of electrical conductivity,

Fig. 3. Fracture surface analysis of p-type BiSbTe bulks

using different ball sizes during MA (a) 3 mm, (b) 5 mm,

and (c) 10 mm.

Fig. 4. Temperature dependence of Seebeck coefficient for p-

type BiSbTe bulks using different ball sizes during MA.

Fig. 5. Carrier concentration and mobility for p-type BiSbTe

bulks using different ball sizes during MA.
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σ for p-type BiSbTe bulks with different processing

parameters are shown in Fig. 6. The electrical conductiv-

ity decreases with increasing temperature, which indi-

cates that all samples exhibited metal-like behavior or

degenerate semiconductor behavior [14]. The measured

electrical conductivity is almost same for all samples

regardless of processing parameters. Nevertheless, σ

shows maximum value about 898 1/Ω cm at room tem-

perature and decreased ~550 1/Ω cm. In general, σ is

given by [16],

σ = n
c
eµ (3)

where e is the carrier charge. It is evident from the Fig. 5

that both n
c
, µ are un-altered with processing parameters

resulting in almost no variation in electrical conductivity

for all samples. 

Fig. 7 shows the temperature dependence of power fac-

tor for p-type BiSbTe bulks with different processing

parameters. The power factor values are calculated from

the multiple of the square of the Seebeck coefficient and

electrical conductivity. It is observed that the calculated

power factor values decrease with increasing tempera-

ture, which is quite similar with their Seebeck coeffi-

cient and electrical conductivity results. The calculated

power factor is almost of the same order regardless of the

processing parameters. So, it is revealed from the present

study that the usage of different ball sizes (3, 5 and 10

mm) during the mechanical milling has no influence on

microstructure, mechanical and thermoelectric proper-

ties. 

4. Conclusion

In summary, p-type Bi0.5Sb1.5Te3 fine powders were

successfully fabricated by MA and subsequently consoli-

dated with an SPS technique. The milled powders and

bulk samples exhibit single phase of Bi0.5Sb1.5Te3 with

rhombohedral structure. The relative density is obtained

about 100% for the SPS-ed bulks. The average micro

Vickers hardness is measured about ~100 Hv for all sam-

ples regardless of processing parameters. The low sinter-

ing temperature technique (SPS) gives very fine grain

structure (1-4 µm sizes) in the matrix. The temperature

dependence of TE properties was investigated, and the

result revealed that the effect of the different ball sizes

used in the MA process is negligible in ternary p-type

Bi0.5Sb1.5Te3 alloys. 
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