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a b s t r a c t

The polycrystalline pseudo-binary Bi0.5Sb1.5Te3 alloys have been prepared by hot pressing. X-ray diffrac-
tion analysis indicated that there is no noticeable preferred orientation in all the samples. Thermoelectric
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properties were measured and a relatively high ZT value of ∼0.9 was obtained at room temperature. Ther-
mal mechanical properties were characterized by dilatometer and dynamic-mechanical thermal analyzer.
The thermodynamic stability of these alloys could be kept from room temperature to 500 K. It is suggested
that Bi0.5Sb1.5Te3 alloys are suitable for the applications below 500 K.

© 2010 Elsevier B.V. All rights reserved.
hermoelectric properties
hermomechanical properties

. Introduction

Thermoelectric (TE) devices have attracted many attentions due
o their ability of quietly converting low quality heat from differ-
nt sources into electricity [1,2]. The performance of thermoelectric
aterials can be represented by the dimensionless figure of merit

T = (˛2�/�)T, where ˛ is the Seebeck coefficient, � is the electri-
al conductivity, � is the total thermal conductivity including the
attice contribution �l, bipolar contribution �b and the carrier con-
ribution �e, and T is the absolute temperature [2,3]. Accordingly,
good TE material has to combine both high electrical power fac-

or (PF = ˛2�) and low thermal conductivity together [4]. Therefore,
ne crucial way to improve thermoelectric performance is to reduce
he thermal conductivity without affecting the electric properties
ignificantly.

Nowadays, most of the commercial thermoelectric devices
perating near room temperature are built by bismuth telluride and
ts alloys. Although studied for more than 50 years, they are still
he most important thermoelectric materials due to their excel-
ent TE performance with the maximum ZT values of ∼1 [1,5].
raditionally, Bi2Te3-based alloys are prepared by unidirectional
rystal-growth methods such as Bridgman and zone-melting tech-

iques. The resultant crystals present good TE properties in the
lane perpendicular to c-axis. However, there are also some side
ffects, such as their poor mechanical properties [4]. As for the fur-
her applications in devices, not only TE performance but also the

∗ Corresponding author. Tel.: +86 571 87951451; fax: +86 571 87951451.
E-mail address: zhaoxb@zju.edu.cn (X.B. Zhao).
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mechanical properties should be considered. Therefore, powder
metallurgy techniques combining with advanced sintering tech-
niques have been considered to be effective ways to improve both
the thermoelectric and mechanical properties [6–10]. For example,
utilizing low-temperature hydrothermal method, ball milling and
rapid solidification, combining hot pressing (HP), structural mod-
ulations (such as nanostructures) and related physical effects have
been successfully introduced into bulk materials, and relatively
high thermoelectric performances have been achieved [11–17].
Some mechanical properties study in Bi2Te3-based alloys have
testified that polycrystalline bulk alloys prepared by powder met-
allurgy (sintered by hot pressing or spark plasma sinter) performed
better bending strength than the unidirectionally grown ingots
at room temperature [18,19]. On the other hand, the tempera-
ture dependence of thermal mechanical properties should be one
important factor for the applications of TE materials owing to the
thermal cycling working circumstance of TE devices. To our knowl-
edge, there are limited reports on the temperature dependence of
mechanical properties, which might provide helpful information to
enhance the reliability of TE modules.

In the present work, polycrystalline pseudo-binary Bi0.5Sb1.5Te3
alloys have been prepared by power metallurgy technique via dif-
ferent original ingots. The thermoelectric and thermal mechanical
properties have been evaluated.

2. Experimental
Two different commercial p-type Bi0.5Sb1.5Te3 ingots and one self-melting p-
type Bi0.5Sb1.5Te3 ingot were pulverized using the agate mortar in atmosphere
environment for about 30 min. The sizes of obtained powders are roughly controlled
using the 300 mesh standard sieve. Bulk disk-shaped pellets of Ø12.7 mm × 2 mm
were sintered by hot pressing in the graphite dies under 80 MPa pressure at 673 K for

dx.doi.org/10.1016/j.jallcom.2010.09.014
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. XRD patterns of the Bi0.5Sb1.5Te3 bulk samples prepared by powder metal-
urgy technique using different original ingots.

0 min in vacuum. The obtained samples were named as “C1, C2, and M1” according
o the different initial ingots, which were two commercial ingots from two differ-
nt companies and one self-melting ingot, respectively. The relative densities of the
amples were >96% of the theoretical one characterized by Archimedes method.

The phase structures of the bulk samples were investigated by X-ray diffraction
XRD) with a Rigaku D/MAX-2550P diffractometer. The cross-section micro-

orphologies of the pellets were studied on the Hitachi S-4800 field emission
canning electron microscope (FESEM). The Seebeck coefficient ˛ and electrical
onductivity � were simultaneously recorded using a DC four-probe method and

ifferential voltage/temperature technique [20]. The thermal diffusivity D parallel
o the hot pressing direction and specific heat Cp were determined on Netzsch®

FA 457 laser flash apparatus with a Pyroceram standard and Netzsch® Differential
canning Calorimeters (DSC) 404C thermal analyzer, respectively [21]. The thermal
onductivity � was calculated as � = D�DCp, where �D is the density. The errors for
lectrical and thermal measurements are evaluated to be within 5% and 7%, respec-

ig. 3. Temperature dependences of thermoelectric properties of the Bi0.5Sb1.5Te3 bulk s
onductivity, and (d) ZT value.
Fig. 2. SEM micrograph of the fracture surface of the C1 sample.

tively. The Netzsch® DIL 402 PC Dilatometer was used to investigate the thermal
expansions of the samples, and the Netzsch® Dynamic-Mechanical Analyzer (DMA)
424 was used to characterize the temperature dependence compression and bend-
ing displacements. All the thermomechanical properties are measured parallel to the
hot pressing direction. The thermogravimetric (TG) and DSC analysis were also car-
ried out on the TA Instruments SDT Q600 thermogravimetric analyzer and Netzsch®

DSC 404C, respectively, to survey the thermal stability of the samples.

3. Results and discussion
Fig. 1 shows the XRD patterns of the three pellets prepared by
hot pressing. All the characteristic peaks of the bulk samples can
be indexed into rhombohedral Bi0.5Sb1.5Te3 phase with no impu-
rities, indicating the single phase structure of these samples. Since

amples: (a) the electrical conductivity, (b) the Seebeck coefficient, (c) the thermal
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ig. 4. Temperature dependences of thermal mechanical properties and thermal
nalysis of the Bi0.5Sb1.5Te3 bulk sample M1: (a) the DIL thermal expansion and
MA compression, (b) the TG and DSC, and (c) the DMA bending.

he rhombohedral Bi2Te3 based alloys have a quasi-layered crys-
al structure, it is important to determine whether all these hot
ressed samples are textured or not. The Orientation Factor F, which
as used to quantitatively investigate the degree of preferred ori-

ntation of (0 0 l)-planes from the XRD results, is defined by the
ollowing formulae [22]:

= P − P0

1 − P0
(1)

0 = I0(0 0 l)
∑

I0(h k l)
, P = I(0 0 l)

∑
I(h k l)

(2)

here I0(h k l) and I(h k l) are the peak integral intensities for ran-

omly oriented sample and measured samples, respectively. P0 and
are the ratios of the integrated intensities of all (0 0 l) planes to

hose of all (h k l) planes for randomly oriented and our samples,
espectively. Because the grain sizes were within micrometer range
nd all the samples were prepared under the same condition, the
ompounds 509 (2011) 161–164 163

values of F values were similar, which were 0.10, 0.08 and 0.07 for
C1, C2 and M1 respectively. The results were slightly smaller than
those of the previously reported hot-pressed and plasma activated
sintered Bi2Te3 based alloys [23–25]. It is evidenced that all our
samples are almost isotropic without noticeable texture [26].

Fig. 2 indicates the SEM image of cross-sectional surface of
the C1 sample. The polyhedral sheet-like grains were randomly
arranged with an average grain size in the vicinity of ∼20 �m with-
out preferred grain orientation. The other two samples, C2 and M1,
exhibited the similar microstructures due to the same sintering
method. These results are consistent with the XRD analysis in Fig. 1.

The temperature dependences of thermoelectric properties are
plotted in Fig. 3. As shown in Fig. 3(a), the electrical conductivi-
ties of all these samples exhibit negative temperature dependence,
suggesting the metal-like conduction behavior. The electric con-
ductivities of M1 are ∼7 × 104 S m−1 at room temperature, higher
than the other two samples (∼3 × 104 S m−1 at room temperature).
Generally speaking, there are mainly two factors can lead to the
electrical conductivity differences, the carrier concentration and
mobility. The carrier concentration is mainly related to the com-
position, while the mobility can be affected by the grain size, grain
boundary density, and defects. In this work, considering that the
preparation condition of all these three samples were the same,
which means the grain size and grain boundary density could be
comparable. Thus, the differences on electrical conductivities could
be contributed to the different carrier concentration caused by the
compositions.

All the samples exhibit the p-type semiconductor behavior over
the measured temperature range, as shown in Fig. 3(b). The Seebeck
coefficients of C1 and C2 samples achieve relatively higher values of
∼270 �V/K and 240 �V/K at room temperature, respectively, while
the maximum ˛ value of M1 is only ∼200 �V/K. Generally speak-
ing, the Seebeck coefficient is inversely proportional to the carrier
concentration. So the change of Seebeck coefficient is consistent
with the change of carrier concentration. Based on the metal-like
transport behavior, the Seebeck coefficients of all the three samples
decrease with increasing temperature and reach a maximum value
at about 300 K.

Fig. 3(c) shows the thermal conductivity as a function of temper-
ature for the three samples. Note that all samples present extremely
low thermal conductivities of <1 W m−1 K−1. The sample C1 and M1
exhibit the similar thermal conductivities of 0.92 W m−1 K−1, while
that of the sample C2 is only 0.78 W m−1 K−1. Considering the total
thermal conductivity as the sum of three components, �e, �l and �b,
the carrier thermal conductivity �e could be easily estimated by the
Wiedemann–Franz relationship �e = L0�T using the Lorenz num-
ber of 2.0 × 10−8 V2 K−2, while the lattice and bipolar contribution
could be presented as �–�e [27]. Although the total thermal con-
ductivities of C1 and M1 are almost the same at room temperature,
the �–�e value of M1 is remarkably lower than that of C1, which
is only 0.55 W m−1 K−1 and similar with the �–�e value of C2. Fur-
thermore, even after ‘subtracting’ the carrier component from the
total thermal conductivities, the values of �–�e still increase with
temperature. Theoretically speaking, the lattice thermal conduc-
tivity should decrease with temperature, so the increasing trends
should be attributed to the bipolar thermodiffusion effect [28].
Because the bismuth telluride based alloys are a series of narrow-
gap semiconductors, the intrinsic excitation takes place at very
low temperature with reasonably large contributions to the car-
rier concentrations, which also lead to the obvious increase in the
thermal conductivity [29]. In fact, with the electrical conductivi-

ties increasing after 400 K, the slopes of � and �–�e became quite
sharper.

Fig. 3(d) shows the dimensionless figure of merit, ZT, as a func-
tion of temperature for the three samples. The maximum ZT value
measured at 300 K is about 0.9 for the sample M1, and those of
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1 and C2 are around 0.7. The ZT values in this study are compa-
able with that of the conventional commercial p-type material,
ut still lower than those of the nanostructure p-type Bi2Te3
ased alloys [11–14]. Although the Seebeck coefficients and ther-
al conductivities were both well controlled, the low electrical

onductivities still limited the final TE performance of the sam-
les.

Mechanical properties are extremely important for the pro-
uctions and applications of TE materials. Since all these three
amples exhibited the similar TE performance and microstructures,
ne sample, M1, has been chosen as an example for mechani-
al property measurements and the results are shown in Fig. 4.
he thermal expansion behavior as a function of temperature is
hown in Fig. 4(a). The sample expanded slowly with increas-
ng temperature. However, the thermal expansion result can only
xhibit what will happen when the materials are heated without
ny structural constraint. While in the practical applications, all
he materials will be made into legs and stuck to the substrates
nd there would be some compression stress applied on them
uring heating process. Therefore, the DMA compression test was
aken to simulate the real situation and the data are also plotted
n Fig. 4(a). It is obvious that the sample has been compressed

hen temperature increases. The decrement is only 0.2% after the
easurement, which implies that there would be no significant

hange when the materials or devices are operating. In the mean-
ime, the slopes of the two curves in Fig. 4(a) did not change within
he entire temperature range, suggesting no phase transforma-
ion during the heating process. Moreover, the results of TG and
SC are also tested. As shown in Fig. 4(b), the two nearly hori-
ontal lines suggested the alloys were technical thermodynamic
table. Fig. 4(c) shows the DMA bending test results which exhibit
s the displacement–temperature curve. The sample displays lit-
le change from room temperature to 500 K while the curve drops
harply after 500 K. These results indicate that the Bi0.5Sb1.5Te3
lloy would become soft and might be not suitable for application
bove 500 K.

. Conclusions

In summary, polycrystalline Bi0.5Sb1.5Te3 alloys have been pre-
ared by powder metallurgy technique using different original

ngots. The maximum dimensionless figure of merit ZT reaches
bout 0.9 at room temperature, comparable to that of unidi-

ectionally grown commercial ingots. The thermal mechanical
roperties and thermal stabilities of a typical sample have also been

nvestigated. The results indicated Bi0.5Sb1.5Te3 alloys are appro-
riate for the practical application from room temperature up to
00 K.
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