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a b s t r a c t

P-type Te-doped Bi2Te3–Sb2Te3 compounds were prepared using rapid solidification and spark plasma
sintering (SPS) techniques. The microstructure and thermoelectric properties were evaluated as a func-
tion of the SPS temperature. The phase distribution was characterized by X-ray diffraction (XRD) and
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examined by scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS) area scan-
ning. The thermoelectric properties were evaluated by a combination of thermal conductivity, electrical
resistivity and Seebeck coefficient. The solidified powders consisted of homogeneous thermoelectric
phase. As the SPS temperature increases, the microstructure become coarsen, resulting in the reduction
of hardness. The thermoelectric figure of merit measured to be the maximum (3.05 × 10−3/◦C) at the SPS

◦

as atomization
park plasma sintering (SPS)

temperature of 430 C.

. Introduction

Bismuth telluride (Bi2Te3)-based alloys are known to present
he most effective thermoelectric properties at the room tem-
erature [1]. Although those have been widely produced using a
ype of unidirectional solidification process, powder metallurgy
PM) regards as a strong alternative in accordance with its mer-
ts conventionally known such as the high fabrication rate and the
ormation of fine microstructure and homogeneous phase distribu-
ion. In addition to the PM, combining the rapid solidification (RS)
rovides another opportunity of modifying the intrinsic brittleness
nd the thermoelectric anisotropy of the Bi–Te based thermoelec-
ric materials [2]. The RS is good to suppress the peritectic reaction
f the thermoelectric materials during the solidification, leading to
he formation of thermoelectric phases bearing a stoichiometry of
2Y3 such as Bi2Te3, Bi2(TeSe)3 and (BiSb)2Te3 [3].

In this work, p-type materials were prepared using the gas atom-
zation and Spark plasma sintering (SPS) processes. SPS is known
o sinter the powder type materials at a relatively low temperature
apidly, since the pulsed current yielded during the SPS activated
he powder surfaces in addition to its own joule heating [4]. The

ffect of the SPS processing parameter on the thermoelectric behav-
or of Te-doped Bi2Te3–Sb2Te3 was evaluated [5].
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2. Experimental procedures

High purity (99.99%) Bi, Te and Sb granules were used to prepare the master alloy
of 25% Bi2Te3 + 75% Sb2Te3 doped with 3 wt.% Te alloy. In order to fabricate the alloy
powders, it was re-melted in a graphite crucible using the high frequency induc-
tion at the temperature of 200 ◦C above the liquidus temperature, bottom pouring
through graphite melt delivery nozzle of 5 mm in diameter into a confined Ar gas
atomizer operating at a pressure of 1.2 MPa [6,7]. The alloy powders under 90 �m
selected using a conventional mechanical sieving technique were sintered using
the spark plasma (SPSed) at different temperature of 330 ◦C, 380 ◦C, 430 ◦C, and
480 ◦C. Fig. 1 shows a schematic of SPS processing condition, in which the sam-
ple was heated up to 110 ◦C (∼X1) with the rate of 40 ◦C/min, holded for 10 min
(X1 ∼ X2) and then further heated with 60 ◦C/min (X2 ∼ X3) followed by 5 ◦C/min
(X3 ∼ X4). Here, Y means each sintering temperature as 330 ◦C, 380 ◦C, 430 ◦C, and
480 ◦C, and Y − 20 means 20 ◦C below the each sintering temperature. The pressure
applied during the SPS was about 50 MPa. For the microstructural analysis, scanning
electron microscopy (SEM) (Model FEI-QUANTA 200F, USA) and energy dispersive
spectroscopy (EDS) (Model EDAX Genesis, USA) were used. For the microstructural
examination, the SPS samples were cut and etched using the agent of HNO3:HCl
(1:1). Grain size and the density were measured using the SEM and Archimedes
method, respectively. The structures of both the powders as-atomized and the bulks
SPSed were charcterized using XRD (Model D/Max 2500PC Rigaku, Japan).

The thermoelectric properties of the sintered Bi2Te3–Sb2Te3 bulks were mea-
sured at room temperature. The Seebeck coefficient (˛) was determined using
˛ = �V/�T with imposed temperature difference of 10 ◦C at both the ends of the
specimen. The electrical resistivity (�) was measured using the four-probe tech-
nique. The thermal conductivity (�) was measured by the static comparative method
using transparent SiO2 (� = 1.36 W/m ◦C) as a standard sample in 5 × 10−5 Torr [8].
3. Results and discussion

XRD graph of powders (a) as-atomized and the bulks consoli-
dated with the sintering temperature of (b) 330 ◦C, (c) 380 ◦C and
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Fig. 1. Spark plasma sintering pattern of as-atomized Bi2Te3–Sb2Te3 powders.

Table 1
Compositions of p-type 25% Bi2Te3 + 75% Sb2Te3 alloys doped with 3 wt.% Te atom-
ized and sintered.

As-atomized 330 ◦C 380 ◦C 430 ◦C 480 ◦C

Bi 11.88 11.75 13.08 12.94 12.90
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Te 59.63 59.56 58.50 57.89 57.67
Sb 28.47 28.65 28.39 29.11 29.32
Total 99.98 99.96 99.97 99.94 99.89

d) 430 ◦C is shown in Fig. 2. It suggested that both the powders
nd the bulks only consisted of thermoelectric phases related with
i2Te3–Sb2Te3. No particular change between the powders and sin-
ered bulks in the peak position and intensity suggested that the
hase and structure as solidified could be maintained even after
he thermal sintering by SPS process.

According to the EDS data listed in Table 1, with increasing the
intering temperature from 330 ◦C to 380 ◦C, 430 ◦C and 480 ◦C,
he quantity of Te gradually lowered from 59.56 to 58.50, 57.89
nd 57.64, respectively. On the other hand, Bi and Sb, though their
uctuation showed somewhat opposite trend. This corresponds to
he easy evaporation characteristic of Te compared to the other
lements, which will lead the change of carrier concentration.

Fig. 3 shows the SEM microstructure of p-type Bi2Te3–Sb2Te3
ulks gas atomized and sintered with the temperature of (a) 330 ◦C,
b) 380 ◦C, (c) 430 ◦C and (d) 480 ◦C. It is seen that the alloy bar
orms the needle type grains with various sizes, which is very typi-
al for the alloys. The grain size increased from 5 �m to 20 �m as the
PS temperature increased from 330 ◦C to 480 ◦C, respectively. It is
oted that the alloys formed the finer grains, compared to the grain
izes of 28–40 �m report by Hong and Chun, although both of them
repared by the gas atomization at the same condition [9]. This sug-
ested that the combination of clean atomization and SPS is effec-
ive for forming and maintaining the fine grain size, respectively.

he later may be due to the rapid sintering, corresponding to the
ulsed current which conducts the powder surface activation and
leaning simultaneously. On the other hand, the former happened
ue to the rapid solidification, resulting in the suppression of coars-
ning the phases formed resulting from the rapid solidification.

able 2
eebeck coefficient (˛), electrical resistivity (�), thermal conductivity (�) and figure of me

Seebeck coefficient (uV/◦C) Electrical resistivity (10−5 �m

330 ◦C 180.22 0.94
380 ◦C 187.53 0.93
430 ◦C 180.81 0.81
480 ◦C 176.98 0.76
Fig. 2. XRD diffraction patterns of 25% Bi2Te3 + 75% Sb2Te3 doped with 3 wt.% Te
alloys with (a) as-atomized and sintered temperature at (b) 330 ◦C, (c) 380 ◦C and
(d) 430 ◦C.

Fig. 4 shows the variation of relative density and Vickers hard-
ness of the sintered sample by SPS. The former gradually increased
from 98.26% to 98.99%, 99.05% and 99.17% as the temperature
increased from 330 ◦C to 380 ◦C, 430 ◦C and 480 ◦C, respectively.
However, the micro-Vickers hardness tended to reduce with
the temperature, being 64.32 Hv, 56.54 Hv, 53.58 Hv and 45.1 Hv,
respectively. The highest value of 64.32 Hv (Fig. 4) at the lowest
temperature of 330 ◦C is possibly due to the finest grain size, which
is still higher than that obtained using the extrusion process [9].

Table 2 lists the value of Seebeck coefficient (˛), electrical resis-
tivity (�) and thermal conductivity (�) of Bi2Te3–Sb2Te3 alloy bulks
as a function of SPS temperature. Seebeck coefficient (˛) is gener-
ally dependent on the scattering factor (�) at a given temperature
and the carrier concentration (nc) as expressed as follows,

˛ ≈ � − ln nc (1)

Since the scattering occurs readily at the grain boundaries, ˛
would be increased in the bulk sintered at the low temperature
due to the existence of fine grains. The carrier concentration also
became rich at the sample with the high sintering temperature,
corresponding to the increase on the anti-defects by Te evapora-
tion (Table 1). According to the Eq. (1), ˛ became high at the low
temperature range as well matched with Table 2. In addition, the
decrease in the concentration and mobility of carrier with decreas-
ing the temperature made the electric resistivity (�) high, in which
the value (=0.94 × 10−5 �m) became the highest at the lowest tem-
perature of 330 ◦C. On the other hand, at 480 ◦C, it was low to be
0.76 × 10−5 �m. Thermal conductivity showed a reverse behavior
against the resistivity as shown in Table 2.

The figure of merit for the rapidly solidified and SPSed bulks
◦ ◦ ◦ ◦
at 330 C, 380 C, 430 C and 480 C was given at Table 2. The

thermoelectric figure of merit was determined from the Seebeck
cofficient (˛), electrical resistivity (�) and thermal conductivity (�),
as given by Z = ˛2/�� [10–12]. The Z value became maximum of
3.05 × 10−3/◦C at 430 ◦C, which is higher than 2.79 × 10−3/◦C mea-

rit (Z) sintered temperature at 330 ◦C, 380 ◦C, 430 ◦C and 480 ◦C.

) Thermal conductivity (W/m ◦C) Figure of merit (×10−3/◦C)

1.30 2.65
1.33 2.84
1.32 3.05
1.45 2.84
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Fig. 3. Scanning electron micrographs showing the surface of spark plasm
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ig. 4. The micro-Vickers hardness of spark plasma sintering with variety sintered
emperature.

ured from the sample prepared by the same composition and PM
rocess and annealing effect alloys of about [13]. This result may
orrespond to the decrease of form an excellent sintered body pow-
ers.
. Conclusion

Rapidly solidified p-type Bi2Te3–Sb2Te3 alloy doped with Te
owders were synthesized using the gas atomization, followed
a sintering (SPS) at (a) 330 ◦C, (b) 380 ◦C, (c) 430 ◦C and (d) 480 ◦C.

by SPS. The sample rapidly solidified and spark plasma sintered
formed a thermoelectric phases. Increasing the SPS temperature
induced a reduction in the hardness from 64.3 Hv to 45.1 Hv due
to the coarsening of the grains. The figure of merit of SPSed bulks
was varied from 2.65 × 10−3/◦C, 2.83 × 10−3/◦C, 3.05 × 10−3/◦C and
2.84 × 10−3/◦C, respectively. Combination of closed gas atomiza-
tion and SPS process resulted in processing the high quality
thermoelectric specimen due to the rapid and low temperature sin-
tering of the powders. The variation in attributted to the change of
Seebeck coefficient, electric resistivity and thermal conductivity,
which is of consistent of Z and, also varied mainly with the grain
size and the carrier concentration.
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