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REDUCTION OF THERMAL CONDUCTIVITY THROUGH THE DISPERSION OF TiC NANOPARTICLES 
INTO A P-TYPE Bi0.5Sb1.5Te3 ALLOY BY BALL MILLING AND SPARK PLASMA SINTERING

The dispersion of nanoparticles in the host matrix is a novel approach to enhance the thermoelectric performance. In this work, 
we incorporate the TiC (x = 0, 1 and 2 wt.%) nanoparticles into a p-type Bi0.5Sb1.5Te3 matrix, and their effects on microstructure 
and thermoelectric properties were systematically investigated. The existence of TiC contents in a base matrix was confirmed by 
energy dispersive X-ray spectroscopy analysis. The grain size decreases with increasing the addition of TiC content due to grain 
boundary hardening where the dispersed nanoparticles acted as pinning points in the entire matrix. The electrical conductivity 
significantly decreased and the Seebeck coefficient was slightly enhanced, which attributes to the decrease in carrier concentration 
by the addition of TiC content. Meanwhile, the lowest thermal conductivity of 0.97 W/mK for the 2 wt.% TiC nanocomposite 
sample, which is ~16% lower than 0 wt.% TiC sample. The maximum figure of merit of 0.90 was obtained at 350 K for the 
0 wt.% TiC sample due to high electrical conductivity. Moreover, the Vickers hardness was improved with increase the addition 
of TiC contents.

Keywords: Bi0.5Sb1.5Te3 alloys; Nanocomposites; Ball milling; Spark plasma sintering; Thermoelectric properties

1. Introduction

Since the last few decades, the continuous developments 
in worldwide industrial and automobile engineering technol-
ogy lead to create a demand of energy sources and climate 
change by the combustion of fossil fuels, which are the most 
extensive problems had been facing by the humankind [1].  For 
this, an alternative green thermoelectric (TE) energy conversion 
system with zero emission of CO2 gases have been acquired 
a considerable attention for harvesting the waste heat energy 
from the exhausted heat sources [2]. The conversion efficiency 
of a thermoelectric material can be evaluated by a dimension-
less quantity named as figure of merit, ZT = (α2σ/κ)T, where α, 
σ, κ, and T are the Seebeck coefficient, electrical conductivity, 
thermal conductivity and absolute temperature of the material 
respectively [3]. The highest ZT value suggesting that TE mate-
rial having a greater conversion efficiency, thus for achieving 
high ZT, the material should be a high power factor value (α2σ), 
while the low thermal conductivity (κ) are required. However, 
such requirements are difficult to be satisfied in case of bulk 
thermoelectric materials rather than nanocomposites, due to 
having strong dependency behavior on carrier concentration 
[4]. In the recent years, numerous studies have been employed 
to develope the high-performance TE materials by adopting the 
nanostructuring methods [5-8].

Due to having an excellent thermoelectric performance 
and reliability, Bi2Te3 based materials are the most desirable 
candidates near the room temperature applications such as power 
generation and refrigeration [9]. Usually, the polycrystalline 
Bi2Te3 based bulk materials can give less thermal conductiv-
ity than single crystalline materials because having the more 
density of grain boundaries [10]. Further reduce the thermal 
conductivity in bulk materials for achieving high ZT, the na-
nostructuring or nanocomposite (embedding nanoparticles in 
base alloys) approach was implemented recently. Such type of 
approaches would really assist to enhance the low frequency of 
carrier/phonon scattering at grain boundaries, which resulting in 
the reduction of thermal conductivity was observed in bulk TE 
materials [11]. Previously, many comprehensive studies have 
undergone to understanding the influence of nanoinclusions in 
bulk materials through various manufacturing processes and its 
impact on transport properties of TE materials [12,13]. Cao et 
al. reported that the highest ZT of 1.47 for p-type Bi2Te3/Sb2Te3 
bulk nanocomposites with laminated structures fabricated by 
the hydrothermal and hot-pressing process [14]. Kim et al. 
reported a maximum ZT of 1.5 at 323 K by incorporating the 
0.3 Vol.% of Al2O3 nanoparticles into a Bi0.5Sb1.5Te3 matrix 
by ball milling process. Especially, the obtained ZT is due to 
the enhancement of power factor and the reduction in thermal 
conductivity [15]. On the other hand, dispersion of ceramic 
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nanoparticles into bulk materials, also an effective approach 
to reinforce the TE properties. Recent reports have shown that 
most of the significant improvements of ZT have been achieved 
by the enhancement of Seebeck coefficient through energy car-
rier filtering effect. Meanwhile, 45%, and 36% enhancement in 
Seebeck coefficient was achived by dispersing the 2wt.% Y2O3 
and 4wt.% ZrO2 ceramic nanoparticles in a p-type Bi0.5Sb1.5Te3 
alloy respectively. In addition, the thermal conductivity was 
strongly decreased due to the enhancement of carrier or phonon 
scattering at the newly formed interfaces [16,17]. In our report, 
we introduced the TiC nanoparticles in a p-type Bi0.5Sb1.5Te3 
alloy through a high energy ball milling process to make the 
nanocomposites. And we expected that dispersed nanoparticles 
would effectively suppress the thermal conductivity by intensi-
fying the interface scattering, which leads to enhance the figure 
of merit.

In this report, we fabricated the p-type Bi0.5Sb1.5Te3/x-TiC 
(x = 0, 1 and 2 wt.%) nanocomposites by ball milling and spark 
plasma sintering respectively. We investigated the effects of 
TiC dispersion on thermoelectric properties as a function of 
temperature. The phase and morphological studies have been 
conducted to observe the TiC contents and it displays that the 
addition of TiC contents would effectively decrease the grain 
size. As a result, the electrical conductivity drastically decreases 
and the Seebeck coefficient was slightly enhanced. In addition, 
the thermal conductivity was significantly decreased by ~16% 
as compared to the 0 wt.% TiC sample.

2. Experimental procedure

High purity elemental chunks of bismuth (Bi, 99.999%), 
antimony (Sb, 99.999%), tellurium (Te, 99.999%) and titanium 
carbide nanoparticles (TiC, 99%, 40-50 nm) were used as 
starting materials for the following study. In order to prepare 
the required composition of p-type Bi0.5Sb1.5Te3 alloy, (Here 
onwards referred as BiSbTe) the raw elements were weighed 
according to the stoichiometric ratio. The gas atomization (GA) 
process was used for the fabrication of alloy powders and the 
processing conditions were described in our previous report 
[4]. We utilized the high energy ball milling process to disperse 
the TiC nanoparticles into the BiSbTe base matrix. The alloy 
powder and with different TiC (x = 0, 1 and 2 wt.%) contents 
were loaded into a zirconia jars and balls with the weight ratio 
of ball to powder were taken as 15:1 for 20 min with a rotat-
ing speed of 800 rpm. The obtained composite powders were 
heat-treated at 470°C before the sintering process in a vacuum 
condition, to remove the moisture content in an alloy powder. 
Subsequently, the heat-treated powders were consolidated by 
spark plasma sintering (SPS) at 400°C for 10 min in a vacuum 
by applying an axial pressure of 50 MPa. The crystal structure 
of composite powder and bulk samples were analyzed by X-ray 
diffraction technique (Rigaku, Miniflex-600 diffractometer using 
CuKα radiation). The powder morphology and fractured surface 
of bulk samples were investigated using the scanning electron 

microscopy (SEM-MIRA LMH II TESKAN, Czech republic). 
And the existence of TiC nanoparticles in the base matrix was 
confirmed by SEM equipped with energy dispersive x-ray 
spectroscopy (EDS) analysis. The relative density (d) and Vick-
ers hardness tests were carried out to examine the mechanical 
stability of the bulk samples by Archimedes principle and micro 
Vickers indenter measurement system respectively. The ther-
moelectric properties including electrical conductivity, Seebeck 
coefficient and power factor were measured by thermoelectric 
power factor measurement system (TEPF-800). Thermal diffu-
sivity (λ) was measured by a laser flash method (Netzsch LFA 
467) and the specific heat (Cp) was calculated with the Perkin 
Elmer DSC-8000. Thermal conductivity (κ) was determined 
from the measured λ, Cp and d by substituting in the relation 
κ = λ.Cp.d. Finally, we calculated the dimensionless figure of 
merit using the calculated power factor and thermal conductivity 
at each temperature. 

Fig. 1. X-ray diffraction patterns of the p-type BiSbTe/x-TiC (x = 0, 1 
and 2wt.%) nanocomposite (a) powder and (b) bulk samples
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3. Results and discussion

The X-ray diffraction patterns of the p-type BiSbTe/x-TiC 
(x = 0, 1 and 2 wt.%) n anocomposite powder and bulk samples 
were shown in Fig. 1 (a) and (b) respectively. All the diffraction 
peaks are related to the ternary alloy of Bi0.5Sb1.5Te3 composites 
and there are no distinct peaks of TiC was detected by XRD in 
the nanocomposite samples because the addition of TiC contents 
are too low. The indexed peaks of all the composite samples are 
identified as single phase along the rhombohedral crystal struc-
ture with space group R3–m. On the other hand, the indexed peaks 
are good agreement with the standard diffraction data (JCPDS 
# 49-1713). The bulk samples show a sharper peak compared 
to the as-milled composites, it reveals that the crystallinity has 
improved after the spark plasma sintering.

Fig. 2 represents the SEM micrographs of the TiC nanopar-
ticles and BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) nanocomposite 
powders. As can be seen from the Fig. 2(a), the TiC nanoparti-
cles are agglomerated and some of the particles are spherical in 
shape with a diameter of about 40-50 nm. The TiC nanoparticles 
were dispersed in a BiSbTe matrix by using the high energy ball 
milling process to make the nanocomposites. The powder mor-
phology of BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) nanocomposite 
powders can be seen in Fig. 2(b), (c) and (d) respectively. It is 

observed that all the composite powders were in irregular shape 
and the estimated average size is about ~2 μm. Moreover, the 
addition of 1 and 2 wt.% TiC nanocomposites show a decrease 
in particle size along with agglomeration compared to that of 0 
wt.% TiC nanocomposite powder.

Fig. 3 shows the SEM micrographs of the fractured surface 
of BiSbTe/x-TiC with (a) x = 0, (b) x =1 and (c) x = 2 wt.% na-
nocomposite bulk samples, which were fabricated by the spark 
plasma sintering. Fig. 3(a) shows the randomly oriented large 
grains and having smooth surface was observed in the 0 wt.% 
TiC sample. The average grain size is estimated about below 
~10 μm. It is evident from the Fig. 3(b) and 3(c), grain size was 
gradually decreased upon the dispersion of TiC (1 and 2 wt.%) 
content, because the dispersed nanoparticles acted as pinning 
points throughout the matrix and it would prevents the grain 
growth while the sintering process. We believe that this type of 
decreased grain sizes would enhance the carrier or phonon scat-
tering at the surface of grain boundaries, resulting to decrease the 
thermal conductivity and enhances the performance of a material. 
Fig. 3(d) shows the elemental mapping analysis for the 2 wt.% 
TiC sample corresponding to the fracture surface of Fig. 3(c). 
The obtained results reveal that all the base elements are well 
matched with the nominal composition and the dispersed TiC 
nanoparticles were also detected by the EDS analysis.

Fig. 2. Powder morphology of (a) TiC nanoparticles, (b) BiSbTe/0wt.% TiC, (c) BiSbTe/1wt.% TiC and (d) BiSbTe/2wt.% TiC nanocomposite 
powders



554

The temperature dependence of transport properties of the 
electrical conductivity, Seebeck coefficient and power factors of 
the BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) nanocomposite samples 
were illustrated in Fig. 4(a), (b) and (c) respectively. The electri-
cal conductivity (σ) of all the samples decreased as a function of 
increasing the temperature and it suggested that all the samples 
exhibited a degenerate semiconductor or metal like behaviour 
[18]. Furthermore, the electrical conductivity decreases with 
increase of TiC content. The maximum σ was observed to be 
~610 Ω–1cm–1 for the 0 wt.% TiC sample and it is drastically 
decreased by the addition TiC (1 and 2 wt.%) content. Generally, 
the electrical conductivity can be determined from the density 
of charge carriers (nc) and carrier mobility (μ) and its typical 
relation can be expressed by the following equation.

 σ = nc.e.μ (1)

Where, nc is the number of charge carriers would be active in the 
conduction process, e is the carrier charge and μ is the mobility 

of the charge carriers. To study the influence of TiC contents on 
transport properties, we investigated the carrier concentration 
and mobility at room temperature and it can be seen in Table 1. 
The results reveal that the significant reduction of electrical con-
ductivity was achieved by the decrease in carrier concentration 
and mobility with the addition of TiC content. The decrease of 
carrier concentration might be due to the mismatch of band align-
ment between the host matrix and incorporated nanoparticles 
[16]. Besides, the dispersed nanoparticles would form inside the 
grains or around the grain boundaries and it causes to enhance 
the carrier scattering at the interfaces, resulting to the decrease 
in carrier mobility. And the similar behavior was observed in 
previous reports [16,17].

Fig. 4(b) shows the temperature dependence of the See-
beck coefficient of p-type BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) 
nanocomposite bulk samples. All the samples exhibited p-type 
conducting behavior, and it is suggesting that predominant charge 

Fig. 3. Fracture surface of (a) BiSbTe/0 wt.% TiC, (b) BiSbTe/1wt.% TiC and (c) BiSbTe/2wt.% TiC nanocomposite bulk samples and (d) EDS 
mapping analysis for the BiSbTe/2wt% TiC nanocomposite sample

TABLE 1

The physical properties of p-type BiSbTe/x-TiC (x = 0, 1 and 2wt.%) nanocomposite bulk samples were measured at room temperature

Sample Rel. density (%) Hardness (Hv) nc (1019/cm3) μh (102cm2/Vs) L0 (10–8 WΩK–2)
BiSbTe/0wt.% TiC 97.01 114 1.47 2.58 1.6328
BiSbTe/1wt.% TiC 96.54 130 1.23 2.26 1.6200
BiSbTe/2wt.% TiC 96.03 143 1.19 2.21 1.6186
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carriers are holes in the entire measuring temperature. Firstly, 
the Seebeck coefficient of all the samples is somewhat increased 
up to 350 K after that gradually decreases with an increasing 
temperature. The decrease of Seebeck coefficient may be due 
to the excitation of minority carrier conduction at elevated 

temperatures [19]. It is known that the relationship between the 
Seebeck coefficient and carrier concentration can be determined 
from the following equation.

 

22 2 3*
2

8
 

33
BKS m T

neh
  (2)

Where KB, e, h, m*, n is the Boltzmann constant, carrier charge, 
Plank’s constant, effective mass of carriers and density of charge 
carriers respectively. The Seebeck coefficient was slightly en-
hanced for the addition of TiC contents from 0 to 2 wt.%. which 
is attributed to the obivious decrease in carrier concentration 
values (shown in Table. 1). At room temperature, the maximum 
Seebeck coefficient of 247 μV/K was observed for the 2 wt.% TiC 
sample, which is comparatively higher than 0 wt.% of TiC sample. 

Fig. 4(c) shows the temperature dependence of power factor 
(S 2σ) values of all the nanocomposite samples and which can 
be determined from the measured electrical conductivity and 
Seebeck coefficient values. The power factors of all the samples 
decrease with increasing temperature due to decreasing behav-
iour of electrical conductivity, it can be seen in Fig. 4(a). The 
maximum power factor of 3.34 mW/mK2 was obtained at 300 K 
for the 0 wt.% TiC sample. Meanwhile, we found the decreased 
power factor values with increasing the addition of TiC content 
from 0 to 2 wt.% throughout the measuring temperature.

The temperature dependence of total thermal conductivity 
(κ) of the BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) nanocomposite 
samples and the variation as a function of temperature can be 
seen in Fig. 5(a). The thermal conductivity of all the samples 
increases with increasing the operating temperature, at the same 
time we found the gradual decrease of thermal conductivity with 
the addition of TiC content from 0 to 2 wt.%. At room tempera-
ture the total thermal conductivity of 1.13 W/mK was observed 
for the 0 wt.% TiC sample and it decreased to 0.97 W/mK 
for the 2 wt.% TiC sample, which is ~16% lower than that of 
0 wt.% TiC sample. Generally, the total thermal conductivity is 
contributed by two main processes via charge carriers through 
the crystal lattice and phonons through the lattice vibrations. In 
order to examine the electronic contribution to the total thermal 
conductivity, we have to determine the Lorenz number and it 
can be calculated from the following expression [20].

 
1.5 exp

116
s

L   (3)

Where L is the Lorentz number (L = 2.45×10–8 WΩK–2 for 
degenerate semiconductors) and S is the Seebeck coefficient 
(μv/K). Based on Wiedemann Franz law (κe = LσT ), we 
computed the electronic thermal conductivity and presented 
in Fig. 5 (b). Firstly, the electronic thermal conductivity was 
slighltly decreases and then increases at higher temperature, 
caused to the bipolar conduction [21]. Besides, the electronic 
thermal conductivity was significantly decreased with increase 
the addition of TiC content when compared with the 0 wt.% TiC 
sample. This behaviour was mainly attributed to the decrease 
of electrical conductivity with increase the addition of TiC 

Fig. 4. Temperature dependence of (a) electrical conductivity (b) See-
beck coefficient and (c) power factor of p-type BiSbTe/x-TiC (x = 0, 1 
and 2wt.%) nanocomposite samples
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content. The lattice thermal conductivity (κl) can be calculated 
by the subtraction of electronic component (κe) from the total 
thermal conductivity (κ). Fig. 5(c) shows the decreased lattice 
thermal conductivity with increase the addition of TiC content, 

due to the dispersed nanoparticles would form more density of 
grain boundaries, resulting to the intensified phonon scattering 
at newly formed interfaces. From this results we concluded that 
the significant reduction of total thermal conductivity by the 
greater amount of decrease in electronic thermal conductivity 
rather than lattice thermal conductivity.

The temperature dependence of the dimensionless figure 
of merit (ZT) for all the nanocomposite samples was plotted in 
Fig. 6. The ZT values were decreased with increasing the tem-
perature. It is mainly due to the decrease in power factors of all 
the nanocomposite samples. At the same time we found a little 
lower ZT values for the 1 and 2 wt.% of TiC samples than 0 wt.% 
TiC sample. The maximum ZT of 0.90 was achieved at 350 K 
for the 0 wt.% TiC sample, which is caused by having higher 
electrical conductivity other than TiC (1 and 2 wt.%) consisted of 
bulk samples. The obtained ZT results are approximately similar 
with the previously reported Bi0.5Sb1.5Te3/ZnO composites [22].

Fig. 6. The temperature dependence of dimensionless figure of merit for 
the p-type BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) nanocomposite samples 
measured as a function of temperature

Table. 1 shows the relative density and hardness of the bulk 
samples and it can be measured at room temperature. The rela-
tive density of all the samples show over than 96%, however, it 
is slightly decreases with increasing the addition of TiC content 
from 0-2 wt.%, because the dispersed nanoparticles would ap-
ply backstress during the sintering process [22]. Besides, the 
Vickers hardness of the bulk samples gradually increases with 
an increase the addition of TiC content, due to the dispersed 
nanoparticles would enhance the grain boundary strengthening 
or hardening behavior.

4. Conclusion

In summary, we have successfully fabricated the p-type 
BiSbTe/x-TiC (x = 0, 1 and 2 wt.%) nanocomposites by the 
combination of high energy ball milling and spark plasma sinter-

Fig. 5. Temperature dependence of (a) thermal conductivity (b) elec-
tronic thermal conductivity (κe) and (c) lattice thermal conductivity (κl) 
of BiSbTe/x-TiC (x = 0, 1 and 2wt.%) nanocomposite samples
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ing techniques. And we studied the thermoelectric properties by 
varying the TiC contents as a function of temperature ranging 
from 300-500 K. With increasing TiC content, the electrical 
conductivity was significantly decreased while the Seebeck coef-
ficient was slightly enhanced due to decrease in carrier concen-
tration. Meanwhile, the thermal conductivity was significantly 
decreased by ~16% than the 0 wt.% TiC sample, which is due 
to the significant decrease in electronic contribution to the total 
thermal conductivity. The maximum figure of merit ZT of 0.90 
was achieved at 350 K for the 0 wt.% TiC sample due to higher 
electrical conductivity than other samples.
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