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A B S T R A C T

Ternary based half-Heusler (HH) alloys are being widely explored for mid temperature range thermoelectric (TE)
applications. Here, we have discussed the effect of sintering temperature on electronic, structural and mechani-
cal properties of TiCoSb HH alloy. Four sassmples of TiCoSb were synthesized employing arc melting followed by
spark plasma sintering at different sintering temperatures. Subsequently, the phase purity of all the synthesized
samples was confirmed by X-ray diffraction (XRD) analysis. The crystallite size is calculated employing
Williamson-Hall method, which increases monotonically with sintering temperature. The morphology coupled
with compositional analysis of the samples was studied employing Field Emission Scanning Electron Microscope
(FESEM) and Energy Dispersive X-Ray Spectroscopy (EDS), respectively. Further, these samples were character-
ized for their electronic transport properties. The overall transport properties which are represented by power
factor (PF) found to be increasing with sintering temperature. A maximum value of power factor ∼0.79 mW/m-
K2 at 625K is achieved for sample sintered at 1423 K. Furthermore, the mechanical properties (micro-hardness
and fracture toughness) were found to be increased monotonically with increasing sintering temperature. To un-
derstand the underlying physics, the electronic structure and transport properties of the material have been stud-
ied by using first principles-based Density Functional Theory (DFT).

1. Introduction

The development of efficient thermoelectric (TE) material is pre-
requisite for the fabrication of high-performance TE devices. The effi-
ciency of a TE device primarily depends on dimensionless figure-of-
merit (ZT) , where represents the electronic perfor-
mance of materials, comprising of Seebeck coefficient ( ) and electrical
conductivity ( ), and is defined as power factor (PF), represents ther-
mal conductivity, and T is absolute temperature. Half-Heusler(HH) al-
loys are one of the promising materials for TE applications in mid-
temperature range owing to their inherent properties such as high See-
beck coefficient, and high mechanical strength along with good thermal
stability [1–9]. In the family of ternary HH alloys, MNiSn (M = Ti, Hf,

Zr) and MCoSb based materials have received the attention of re-
searchers for the fabrication of TE device. Motivated by the unmatched
TE performance of MNiSn based alloys, ZrNiSn has been widely ex-
plored and reported to have high TE performance [10–16], on the other
hand, the practical applications of MCoSb are limited due to its low TE
performance. Thus, there exists enough scope for improvement in TE
performance of MCoSb based HH alloys. Further, these materials are
also significantly important for TE applications due to their ability to be
tuned up into compatible n- and p-type materials, a prerequisite for TE
device fabrication. Among the MCoSb based HH alloys, the band gap of
TiCoSb is ∼1.06 eV [17,18] which is higher than most of other HH al-
loys [19,20], this attribute high , and moderate , which is manifests
in term of good electronic transport properties of the materials.
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TiCoSb HH alloy exhibits a face centered cubic (fcc) structure with
space group (no. 216) [21]. TiCoSb intrinsically is an n-type
semiconductor that can also be altered into a p-type TE material via ap-
propriate hole doping [22,23]. Zhou et al. have synthesized TiCoSb HH
alloy by employing heating in argon atmosphere then consolidation in
spark plasma sintering (SPS) at 1123 K and achieved α ∼ -280 μV/K
along with σ ∼5 x 103 Sm−1 at ∼600 K [24]. Further, Sekimoto et al.
have realizedα ∼ −300 μV/K and σ ∼3 x 103Sm−1 at ∼650 K for TiCoSb
HH alloy, processed via the combination of arc melting and SPS at
1373K then post SPS annealing [25]. Wu et al. have reported the
α ∼ −250 μV/K, and σ ∼3.5 x 103Sm−1 at ∼650K in TiCoSb sample
processed employing arc melting, followed by two steps annealing then
consolidated by SPS at 1223 K at 50 MPa [23]. Qie et al. have synthe-
sized pure TiCoSb employing multistep process of arc melting, anneal-
ing, and SPS at 1423 K, and realized α ∼ −270 μV/K and σ ∼7
103Sm−1 at ∼680K [26]. Zhou et al. have synthesized pristine TiCoSb
via the process of heating and quenched in water, then annealing fol-
lowed by SPS at 1073 K and have shown α ∼ −360 μV/K and σ ∼3 x
103 Sm−1 at ∼600K [27]. In a nutshell, it is observed that most of the
synthesis routs involves multiple processing steps. Also, it is apparent
that the sintering temperature plays a crucial role for the optimization
of electronic transport properties.

The present work is devoted towards understanding the effect of sin-
tering temperature on structural, electronic, and mechanical properties
of TiCoSb. The samples were synthesized by arc melting followed by
spark plasma sintering (SPS) at different sintering temperatures of
1273 K, 1323 K, 1373 K and 1423 K at fixed pressure of ∼50 MPa, and
these synthesized samples are referred as S-1, S-2, S-3, and S-4, respec-
tively. The structural analysis of all the synthesized samples was per-
formed using X-ray diffraction and FESEM techniques. Further these
samples were characterized for electronic transport properties. It was
observed that the power factor follows an increasing trend with sinter-
ing temperature, which is majorly contributed by improved Seebeck co-
efficient. In addition to high TE performance, the mechanical strength
is equally important for device fabrication. In view of this, the mechani-
cal properties were measured and a comprehensive data of these prop-
erties for all synthesized samples has been provided. In order to under-
stand the electronic structure of pristine TiCoSb, we have carried out
DFT based calculations of the electronic band structure and projected
density of states (PDOS). Further, for better understanding of the elec-
tronic transport properties, we have extended the band structure calcu-
lation to obtain the theoretical electronic transport properties employ-
ing BoltzTraP code [28].

2. Experimental details

The high purity elements (Ti-granules, Co-piece, and Sb-shots) in
the stoichiometric proportion were melted in an arc melting unit
(MAM-1, Edmund Bühler GmbH), and the obtained ingots were re-
melted 3–4 times after flipping to ensure the homogeneity. Further, us-
ing mortar and pestle, the arc melted ingots were hand ground to make
fine powder which was then consolidated employing spark plasma sin-
tering (SPS, Dr. Sinter,725), at different sintering temperatures (1273 K,
1323 K, 1373 K and 1423 K) and a constant pressure of ∼50 MPa and
the detailed SPS parameters are shown in Table 1.

The X-ray diffraction technique (XRD, Rigaku Miniflex II) was uti-
lized to investigate the phase of all synthesized samples. In order to con-
firm the phase purity, the Rietveld refinement of XRD patterns was per-
formed using FullProf Suite package. To Study the surface morphology,
all the samples were characterized using Field Emission Scanning Elec-
tron Microscope (FESEM; Carl-Zeiss Merlin II) and Energy Dispersive X-
Ray Spectroscopy (EDS; Oxford Instruments) was employed to under-
stand the elemental composition. The temperature dependent resistiv-
ity and Seebeck coefficient were measured by employing the four-probe
method (ULVAC, ZEM-3). The room temperature carrier concentration

Table 1
Sample synthesis parameters in pyrometer mode of SPS and no holding is ap-
plied in any step for any sample.
Sample Max. SPS

Temperature
(K)

Total time
of heating
cycle
(min.)

Applied
Max.
Pressure
(MPa.)

Max.
Voltage
(Volts)

Max.
current
(Ampere)

Displacement
(mm)

S-1 1273 14 ∼ 50 3 500 0.7
S-2 1323 16 ∼ 50 4 450 0.4
S-3 1373 18 ∼ 50 5 800 1.0
S-4 1423 20 ∼ 50 5 700 0.4

and carrier mobility of all the samples were observed using Hall effect
measurement system (HEMS, Nanomagnetics). The densities of all the
samples were measured by Archimedes principle-based system
(ML204/A01, Mettler Toledo). To measure the micro-hardness, Future
Tech equipment (FM-e7) was used along with a square diamond pyra-
midal indenter (136°), and the indentation load was fixed at 4.9 N with
10 s dwell time for all well-polished samples. To calculate the fracture
toughness of samples, the length of the generated cracks due to the in-
dentation was observed via in-built microscope having micrometer
scale in the Vickers micro-hardness system. We have repeated the mea-
surement four times and calculated standard deviation.

3. Computational details

The electronic structure and thermoelectric properties of pristine
TiCoSb system were studied by first-principles calculations within the
framework of DFT. The DFT implemented VASP (Vienna Ab-initio Sim-
ulation Package) [29,30] was considered as a calculator. It incorporates
PAW (projected augmented wave) scheme for the calculation of pseudo
potentials of elements. In the form of exchange and correlation func-
tional, we opted parameterized form of generalized gradient approxi-
mation (GGA) [31]. The plane wave basis sets were expanded by sup-
plying kinetic energy cut-off equal to 550 eV and the integration of first
Brillouin Zone (BZ) was carried out by using Γ-centered 20x20x20 k-
points mesh for the structure optimization and electronic structure cal-
culations while much denser mesh of size 48x48x48 was considered for
transport properties calculations. We use Gaussian smearing method
with width of 0.05 eV for all set of calculations. It is important to men-
tioned here that before extracting properties of considered material, we
relax atoms as well as lattice vectors for all degree of freedom of the cell
by employing conjugate gradient approximation so that to achieve Hell-
mann-Feynman residual force minimization criteria upto
≤0.001 eV Å−1. We fixed very tight energy convergence criteria equal
to 10−6 eV for all set of calculations. The thermoelectric properties of
considered material have been calculated by using BoltzTraP code [28].

4. Results and discussion

Prior to the experimental characterization rendering of TiCoSb sam-
ples, we have gathered the theoretical information about the compound
employing DFT calculations. In order to validate our observation and
unearth the underlying physics, we start calculation from scratch with
the aim to provide a comparative data with the available earlier reports
and then make a clear comparison between theoretical predictions and
measurements. It was earlier reported that TiCoSb have energy band
gap of 0.95 eV by considering local density functional [32,33]. How-
ever, the value of band gap depends upon several parameters used into
calculations like lattice constants, electron exchange correlation func-
tional, etc. Our optimized unit cell of TiCoSb system is displayed in Fig.
1(a). To understand the electronic structure of material, electronic band
structure has been calculated as shown in Fig. 1(b), which clears that
pristine TiCoSb exhibits indirect band gap of 1.05 eV with the valence
band maxima at Γ, while conduction band minima at X point of the Bril-
louin Zone (BZ) and rendering the material is a semiconductor. These
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Fig. 1. (a) Optimized unit cell, (b) calculated electronic band structure and (c) projected density of states (PDOS) of TiCoSb system.

features are in good agreement to the predicted by Tobola et al. [32,33]
except that the overestimation in band gap predictions which might be
due to the use of different correlation function into computations. How-
ever, present predictions for energy band gap shows consistency with
the earlier reported calculations on pristine TiCoSb [18]. In order to
deepen our understanding about the hybridization between atomic or-
bitals, we additionally performed projected density of states (PDOS)
calculations. Looking to the PDOS given in Fig. 1(c), it is apparent that
the valence band edge mainly originates due to strong hybridization be-
tween Ti-3d and Co-3d states with small contribution of Ti-3p, Co-3p
and Sb-5p orbitals. However, the origin of conduction band edge is at-
tributed to Ti-3d and Co-3d states only. These calculations are consis-
tent with the earlier calculated data of total density of states with im-
proved separation between valence and conduction band edges, may be
due to used precise correlations between electrons [33].

The X-ray diffraction patterns of all the synthesized TiCoSb samples
are illustrated in Fig. 2(a), which exhibit all the peaks are well indexed
with single phase of TiCoSb HH (PDF Card No. 00-030-0083). To inves-
tigate the phase purity, Rietveld refinement of XRD pattern of all the
synthesized samples was performed and the extracted crystallographic
parameters along with goodness of fit are shown in Table 2. The refined
XRD pattern of all the samples S-1 toS-4 is shown in Fig. 2(b–e). The lat-
tice parameters of all the synthesized samples gotten from Rietveld re-
finement (shown in Table 2), do not show any appreciable change. Fur-
ther the density of all the samples has been measured by employing
Archimedes principle. The densities of samples are very close to the the-
oretical density. The relative density of the sample increases monotoni-
cally with increasing sintering temperature as shown in Table 2. To ob-
serve the effect of sintering temperature on crystallite size and gener-
ated lattice strain in the samples, we have used the well-known
Williamson-Hall method [34];

Here β is FWHM corresponding to each peak in XRD data in radians,
θ is half of diffraction angle, K is shape factor and taken as 0.9, λ is the
wavelength of Cu Kα source generated X-rays, D is Crystallite size and ε
is the generated lattice strain. The evaluated crystallite size and lattice
strain of all the synthesized samples are presented in Fig. 2(f). It is clear
from Fig. 2(f) that the crystallite size increases significantly with in-
creasing sintering temperature, because higher sintering temperature
provides more intensive atomic diffusion, which is the cause of crystal-
lites growth, and the higher heating rate effectively diminishes the crys-
tallites growth because of the insufficient time for atomic diffusion
[35,36]. Therefore, sample S-4 has larger crystallites size compared to
others due to the relatively low heating rate along with high sintering
temperature. However, the generated lattice strain exhibits marginal
change with sintering temperature.

The surface morphology and elemental composition, of the synthe-
sized samples were investigated employing FESEM and EDS. From Fig.
3 it is clear that the significant variation in the grains size was not ob-
served from the FESEM images, but from the FESEM data it was ob-
served that the grains are being more compact as sintering temperature
rises which is in accordance with the variation of density with sintering
temperature as observed experimentally (Table 2). Moreover FESEM
images correspond to each sample exhibits surface homogeneity. EDS
analysis confirm that all samples S-1, S-2, S-3 and S-4 are very close to
targeted stoichiometry.

The temperature-reliant electronic transport properties of all the
synthesized samples are shown in Fig. 4. The behavior of electrical con-
ductivity with temperature for these samples has been shown in Fig. 4
(a). It is clear from Fig. 4(a), that electrical conductivity of all the sam-
ples follow an increasing trend with temperature thus exhibiting the
semiconducting behavior. Further, at room temperature (RT), σ de-
creases as sintering temperature increases, i.e. σ of S-1 is higher than
that of S-2, S-3 and S-4, and lies in the range (0.78–0.35) x 103 Sm−1,

which is very close to previous reports [37,38]. To understand the be-
havior of σ, we performed Hall measurement at RT and obtained the
value of carrier concentration (n) and carrier mobility (μ) shown in
Table 3 it is clear from Table 3 that the carrier density is observed in de-
creasing order with increasing sintering temperature which lead to in-
crease in the mobility of the sample with sintering temperature except
sample S-3, according to the relation , which are in same trend
as observed in literature [39]. This decreasing behavior of carrier den-
sity with sintering temperature is may be due to the reduction in ion-
ized impurities, because usually TiCoSb and other half-Heusler are not
obtained in single phase after arc melting and they tend to get single
phase in SPS at optimized temperature [40]. This reduction of impuri-
ties with increasing sintering temperature is responsible for decrease in
scattering of carriers, which may lead to improvement in carrier mobil-
ity. The collective effect of carrier concentration and mobility is in well
agreement to the observed behavior of σ at RT.

Fig. 4(b) illustrates the temperature-dependent α of all the samples.
It is apparent from the figure that all samples exhibit a negative α,
which indicates n-type conduction similar to that observed in earlier
reports [22,38]. The |α| is increasing with sintering temperature,
which may be due to the observed reduction in carrier concentration
(Table 3) and increment in effective mass (Fig. 4(d)). In similar man-
ner, Chen et al. have synthesized ZrNiSn based compound at different
sintering temperature and realized reduction in carrier concentration
which lead to enhancement in |α| with sintering temperature [41]. The
similar kind of behavior has also been observed by other groups
[39,42,43]. Further, on increasing temperature, α of all TiCoSb sam-
ples initially increases up to a certain temperature beyond which α
slightly declines, which can be attributed to the effect of bipolar con-
duction at higher temperature [26]. The highest |α| is observed in sam-
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Fig. 2. (a) The XRD patterns of all the samples, (b–e) Rietveld refinement, and (f) Crystallite size along with lattice strain, of all TiCoSb samples.

Table 2
The Rietveld refinement details of all TiCoSb samples along with their rela-
tive density.
Sample Details Rp Rwp Re χ2 a(Å) Relative density (%)

S-1 42.6 33.6 17.1 3.868 5.9027 ∼97.79
S-2 44.4 33.4 17.2 3.782 5.9093 ∼98.97
S-3 38.4 27.9 17.1 2.674 5.8999 ∼99.10
S-4 42.9 29.8 16.7 3.181 5.895 ∼99.19

ple S-4–404 μV/K at 428 K. The collective role of and α in the elec-
tronic transport, could be observed via power factor (PF), which is de-
fined as (α2σ). Fig. 4(c) demonstrates the temperature dependent PF of
all the TiCoSb samples in the temperature range from RT to ∼873 K. At
room temperature, PF increases monotonically with sintering tempera-
ture, and lies in the regime from 0.004 to 0.035 mW/m-K2. The PF of all
the synthesized samples initially increases up to a certain operating
temperature, beyond that, PF starts to gradually decrease which is the

reflection of the combined trend of σ and α. The highest PF
(∼0.79 mW/mK2) is realized in the sample S-4 at 625 K. Here it may be
noted that in entire temperature regime the PF of S-3 and S-4 are very
close to each other. Therefore, it seems appropriate to conclude that the
sintering of samples at high temperature is favorable for higher elec-
tronic transport properties, and in our findings, ∼1373 and 1423 K are
the considerable temperatures to achieve elevated electronic transport
properties in TiCoSb alloy.

To understand the electronic transport behavior, Seebeck effective
mass ( ) was calculated at room temperature using the following
equation [44]:

For |α| > 75 μV/K

And for |α| < 75 μV/K

4
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Fig. 3. FESEM images along with EDS analysis of sample S-1 (a–b), S-2 (c–d), S-3 (e–f) and S-4.
(g–h).
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Fig. 4. Temperature dependent electronic properties of all the sample, (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) effective mass
along with weighted mobility, (e) thermal band gap, and (f) reduced chemical potential.

Table 3
Room Temperature Hall data for all TiCoSb samples.
Parameters S-1 S-2 S-3 S-4

Carrier Density (1019 cm−3) 10.2 5.79 5.08 3.67
Mobility (cm2/V-s) 0.22 0.38 0.30 0.39

Here, e represents electronic charge, h is Planck's constant, and kB is
Boltzmann constant. The calculated room temperature Seebeck effec-
tive mass of all the samples is shown in Fig. 4(d). Here, it is observed
that increases monotonically with increase in the sintering tempera-
ture, which is similar to the behavior of α and it is attributed to the com-
bined effect of Seebeck coefficient and carrier concentration. This
justify electrical conductivity trend at RT which observed in decreasing

order and also high effective mass and low carrier concentration are re-
sponsible for high PF [45] and same trend we have observed in our data
from sample S-1 to S-4. Here it may be noted that the inherent elec-
tronic transport properties of TE material are better described by the
weighted mobility [12,46] which is calculated, using the relation
μ* = μ ( /me)3/2 at RT, where me represents the rest mass of electron.
The μ* is increasing with sintering temperature, which is shown in Fig.
4(d), and thus demonstrate the improvement of inherent electronic
transport properties with sintering temperature. Further to investigate,
the effect of sintering temperature on band gap tailoring, thermal
bandgap Eg(GS) of all the samples is estimated from temperature-
dependent Seebeck coefficient by using the Goldsmid-Sharp formula
[47,48]; Eg(GS) = 2eαmaxTmax, where αmax is the maximum Seebeck coef-
ficient and the temperature corresponding to αmax is referred as Tmax.
However, band gap estimated from Goldsmid-Sharp formula shows a
small deviation from actual band gap of materials, because Goldsmid-
Sharp taken into the account that actual band gap Eg(C) = 10kBTmax and
it is roughly independent of weighted mobility ratio (A) of majority to

6
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Fig. 5. Repeatability data of electronic transport properties of sample S-4, (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor.

Fig. 6. Theoretical information about thermoelectric electronic transport properties of TiCoSb compound, (a) electrical conductivity, (b) Seebeck coefficient, and (c)
power factor.

minority carriers. Therefore, when the band gap is less than 10kBTmax, it
show discrepancy from Goldsmid-Sharp formula, therefore we have
also evaluated corrected band gap of our sample by using the relation
estimated by Gibbs et al. [48]. Here, we have taken a reasonable value
of A = 5 considering the large mobility difference between electrons
and holes as most of other intrinsic half Heusler compounds show, be-
cause their band gap is less than 5kBTmax [48,49]. Both the Goldsmid-
Sharp band gap Eg(GS) and the corrected band gap Eg(C, A-5) of all the
samples are shown in Fig. 4(e), where we have observed that the sinter-
ing temperature marginally affect to thermal band gap as shown in Fig.
4(e). This thermal band gap is found to be low as compared to the theo-
retically calculated band gap as illustrated in Fig. 1(b), which can be at-
tributed to the assumptions taken in to account while performing theo-
retical calculations and synthesis defects [10].

Furthermore to understand the effect of sintering temperature on
Fermi level, we have calculated the reduced chemical potential (η) of all
the synthesized samples with the assistance of operating temperature-
dependent electrical transport properties, using the following paramet-
ric equations [44]:

Here, η is related with the position of Fermi level from the conduc-
tion band edge [44]. The temperature-reliant η of all the samples is
shown in Fig. 4(f). It is clear from Fig. 4(f) that at RT, η is reducing mo-
notonically with sintering temperature, i.e. the Fermi level shifts to-
wards the valence band [44]. Furthermore, η decreases up to a certain
temperature and then started increasing which explain the behavior of
temperature dependent α of all the samples. To check the thermal sta-
bility of the synthesized samples, the electronic transport properties of
sample S-4 have been repeated three times as shown in Fig. 5(a–c). The
temperature dependent electronic transport properties measured for
three temperature cycles overlap to each other, suggesting the thermal
stability of the material.

The theoretical temperature dependent electronic transport proper-
ties of TiCoSb compound at different electron carrier concentration

ranging from 2×1019 to 1×1020 cm-3, are shown in Fig. 6(a–c). As is
evident from Fig. 6(a), the magnitude of electrical conductivity at dif-
ferent carrier concentration increases with temperature. Seebeck coeffi-
cient of TiCoSb at different carrier concentration is illustrated in Fig. 6
(b), which shows that Seebeck coefficient rises with operating tempera-
ture till a finite value after that it achieved saturation or reduces, which
is in good agreement with observed trend in experimental data (Fig. 4
(b)). Moreover, the power factor term, illustrated in Fig. 6(c), enhances
with increment in temperature and a shoulder like structure is formed,
thus, exhibiting consistency with our experimental results. The figure
confirms that the peak of power factor shifts toward higher tempera-
ture, due to the combined effect of σ/τ and α

In addition to electronic transport properties the mechanical proper-
ties of TE materials play an imperative role for the device fabrication.
Therefore, in order to see the effect of synthesis parameters on mechan-
ical properties, the micro-hardness and fracture toughness of all the
synthesized TiCoSb samples were measured, which are displayed in Fig.
7. The fracture toughness of all samples is obtained using a simple equa-
tion of half penny model [50] based on Vickers indentation,
Kc = 0.0752 . Here, Kc represents fracture toughness, P is the load of
the indenter and c is the average length of cracks from the center of in-
dentation as schematically shown in Fig. 7(a), c is average of c1, c2, c3,
and c4. Fig. 7(b) illustrates that the micro-hardness increases monotoni-
cally with sintering temperature, with the value ranging from 7.60
0.42 GPa to 8.58 0.51 GPa. The micro-hardness value obtained for all
the samples is comparable to the previously reported results [51]. This
marginal increase in micro-hardness values with increase in sintering
temperature can be due to the dependency of micro-hardness on the
density of samples [51,52]. As sintering temperature increases, the den-
sity of samples also increases monotonically as shown in Table 2. The
observed values of the micro-hardness is much higher than that of the
commercial materials(Bi2Te3, PbTe) and is close to values reported for
HH alloys [53–55]. The fracture toughness of all the synthesized sam-
ples is presented in Fig. 7(b), Here it is observed, the fracture toughness
increases with sintering temperature and the observed values are in
well agreement to values reported in literature for HH alloys [54] and
we have also compared these mechanical properties with some other
bulk thermoelectric materials as illustrated in Table 4.
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Fig. 7. (a) Schematic diagram of generated cracks in micro indention, (b) Micro-hardness and fracture toughness along with the standard deviation of all the TiCoSb
samples.

Table 4
Micro-hardness and fracture-toughness comparison with some other bulk
thermoelectric compounds.
Compound Synthesis

route
Micro-
hardness
(GPa)

Fracture-
toughness
(MPa-m1/2)

References

Bi2Te3 SPS ∼ 0.63 ∼ 1.15 [56]
SiGe Hot Press 12.4–14.7 0.98–1.03 [57]
PbTe Cast ∼ 0.325 -

0.37
– [55]

LAST(AgPbSbTe) Furnace
Heating

∼ 0.52 -
0.93

– [58]

La3−x Te4 Hot press ∼ 3.28–
4.31

∼ 0.7 [59]

TiNiSn Hot press 9.8 – [51]
ZrNiSn Hot press 9.9 – [51]
TiCoSb Cast 8.1 – [51]
Ti0.5Hf0.5Co0.5lr0.5Sb1-xSnx

(x = 0–0.4)
Ball
milling + Hot
press

– 2.2–2.6 [54]

TiCoSb, S-4 Arc
melting + SPS

∼ 8.5 ∼ 2.1 Present
Study

5. Conclusion

In summary, we have synthesized pristine TiCoSb by employing the
facile and rapid synthesis route of arc melting followed by SPS. In order
to study the effect of synthesis parameters on micro-structural, thermo-
electric and mechanical properties, four samples of pristine TiCoSb
were sintered at different sintering temperatures 1273 K, 1323 K,
1373 K, and 1423 K, respectively. The structural and micro-structural
study confirms that all the synthesized samples are in single HH phase
and increased crystallite size is observed with increasing sintering tem-
perature. Further, the observed electronic transport properties at RT
suggest that on increasing the sintering temperature, the electrical con-
ductivity marginally decreases, while the Seebeck coefficient signifi-
cantly increases, resulting enhanced power factor was observed at
higher sintering temperatures. The maximum power factor ∼0.79 mW/
m-K2 at 625K has been achieved for the sample S-4. In mechanical prop-
erties, the results of micro hardness and fracture toughness are better
than the most of TE materials, and it was found that the micro-hardness
and fracture toughness exhibit an increasing trend with increase in the
sintering temperature. Our first principles calculations of electronic
structure and transport properties are in agreement with the measured
data.
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