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Abstract—The inherent high thermal conductivity of TiNiSn half-Heusler (HH) alloy, as well as the long
preparation cycle time and high cost of conventional preparation methods limited its commercial application.
Herein, Ti; _ ,Nb,NiSn half-Heusler alloys with low lattice thermal conductivity were successfully prepared
by microwave synthesis combined with rapid hot-pressing sintering, which significantly shortened the prepa-
ration cycle and ensured high density of TiNiSn half-Heusler alloys. The effects of Nb substitution at Ti sites
on the composition distribution, thermal and electrical transport properties of Ti; _ ,Nb,NiSn half-Heusler
samples were studied. The maximum Z7 value of Tij ¢Nb, ; NiSn sample was 0.39 at 725 K due to the increase
of power factor (PF) and the decrease of lattice thermal conductivity caused by the enhanced phonon scat-
tering, which was about 204% higher than that of undoped TiNiSn.
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INTRODUCTION

With the rapid development of human society, the
demand for energy in industrial production and daily
life is gradually increasing. Traditional energy materi-
als are non-renewable and the environmental pollu-
tion due to their consumption needs to be solved
urgently. Thermoelectric materials, as a new type of
environmentally friendly energy material that can
directly convert thermal energy into electrical energy,
can play a huge role in solving this issue [1]. The per-
formance of thermoelectric materials can be quanti-
fied by the dimensionless figure of merit (Z7), which

can be defined as Z7T = OLZGT/K, where o, 6, kand T’
are the Seebeck coefficient, electrical conductivity,
total thermal conductivity and thermodynamic tem-
perature, respectively [2]. There are two main contri-
butions to the total thermal conductivity, namely lat-
tice thermal conductivity (k;) and carrier thermal
conductivity (k.). An ideal thermoelectric material

should have a high power factor (0>c) to give a high
power output from the TE generator and a low thermal
conductivity (K) to maintain a temperature gradient
[3]. However, the mutual coupling relationship
between o, ¢, and ¥ limits the improvement of ther-
moelectric figure of merit and the development of
thermoelectric materials [4].

The half-Heusler (HH) thermoelectric material
crystallized with cubic MgAgAs structure is a ternary
compound with the general formula ABX, in which X
is the main group element, A and B elements are tran-
sition metal elements. The high symmetry of crystal
structure endows HH alloys with excellent electrical
transport properties, but also makes their thermal
transport properties very high, which is detrimental to
the improvement of thermoelectric properties. With
its high Seebeck coefficient and low resistivity, as well
as its advantages of low cost, large quantity, environ-
mental protection and non-toxicity of its constituent
elements, MNiSn (M = Zr, Hf, Ti) alloys have
become the popular candidates in the HH alloys [1].
But the development of MNiSn alloys is still inevitably
limited by their intrinsic high thermal conductivity.
Over the past few years, many attempts have been
made to optimize the thermoelectric properties of
MN:iSn alloys, Kim et al. [5] and Sun et al. [6] have
been working to tune the carrier concentration by dop-
ing Sb on Sn sites. In addition, isoelectronic alloying
on the M/Ni sublattice [5, 7—9] or grain refinement in
enhancing phonon scattering at boundaries, have been
demonstrated the effectiveness in reducing the lattice
thermal conductivity [10—12]. However, due to the
huge differences in melting points between constituent
elements, the adverse effects on pure phase synthesis
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Fig. 1. The process of microwave synthesis.

also restrict the performance optimization and devel-
opment of industrial production of HH thermoelec-
tric materials [13]. It is worth mentioning that many
breakthroughs have been made in the preparation of
HH pure phase and the improvement of thermoelec-
tric properties such as the replacement of the tradi-
tional preparation method by induction melting,
mechanical alloying or other emerging processes [3, 8,
14, 15]. Induction melting and arc melting can avoid
the long-time annealing of traditional solid-phase
melting to prepare HH pure phase, thereby greatly
reducing the preparation cycle and cost. In addition to
the above advantages, mechanical alloying and
mechanical activation annealing can generate nano-
crystalline phase to optimize the thermoelectric figure
of merit [15—19]. It is commendable that, as verified
by previous reports, microwave-synthesized samples
have the advantages of refining grains and improving
the uniformity of sample composition. In addition,
with the development of recent years, the technique of
microwave synthesis has been relatively reliable, and
the bulk samples with relatively uniform composition
can be synthesized in a few minutes with the help of
carbon, silicon carbide and other dielectric materials
with high dielectric constant [20—23]. Due to its short
preparation cycle, simple process and low manufac-
turing cost, this synthesis method will attract increas-
ing attention [22, 24—27].

TiNiSn alloy is a kind of medium temperature
region half-Heusler thermoelectric material with nar-
row band gap. With the good compromise between
mechanical properties and thermoelectric properties,
TiNiSn HH alloys have been extensively studied and
indeed have the potential to be excellent thermoelec-
tric materials [28, 29]. In this study, the relatively
high-density Nb-doped TiNiSn samples were pre-
pared by microwave synthesis-rapid hot-pressing sin-
tering process, and the effects of Nb-doping on the
phase composition, microstructure and thermoelec-
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tric properties of TiNiSn alloy were studied in detail.
This study is expected to provide useful guidance and
reference for the rapid preparation of TiNiSn alloys,
and provide a basis for the industrial production of
thermoelectric materials.

EXPERIMENTAL

All samples synthesized in this experiment were
weighed in accordance with the stoichiometric ratio of
Ti powder (99.99%), Ni powder (99.99%), Nb powder
(99.99%), Sn powder (99.99%) as initial raw materials,
and the total weight of each sample was 6 g. The
weighed metal powders and an appropriate amount of
anhydrous ethanol were poured into the agate mortar
to grind and mix. The dried powders were loaded into
a cold-pressing die with a diameter of 12 mm, and
were pressed into a round billet under a constant pres-
sure of 10 MPa at room temperature for 5 min. The
obtained billet was placed in a clean quartz tube pre-
pared in advance and continuously evacuated until the
vacuum was stably maintained below 0.01 Pa. Then
the quartz tube was sealed. As shown in Fig. 1, the
sealed quartz tube was placed in an alumina crucible
laid with refractory wool, and the expanded graphite
powder (99.9%, 10—30 um) was placed inside the cru-
cible as absorbing material. Then the whole quartz
tube and crucible were put into microwave equipment
for microwave synthesis for 5 min, and the power of
microwave equipment was 900 W. The sample synthe-
sized by microwave were mechanically crushed and
then placed in a planetary ball mill for ball milling.
The speed of the ball mill was set at 300 rpm and the
milling time was 5 hours. The obtained powder was
loaded into a hot-pressing mould with a diameter of
12 mm for rapid hot-pressing sintering at a pressure of
80 MPa and a temperature of 1123 K for 20 min.

Ti, _ ,Nb,NiSn samples were characterized by
X-ray diffraction (XRD) using a Rigaku Ultima IV
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diffractometer in the 26 range of 10°-90°. The surface
morphology and microstructure of samples were ana-
lyzed by scanning electron microscope (FESEM,
JEOL, JXA-8100) and energy dispersive spectrometer.
The density of Ti, _ ,Nb,NiSn samples was measured by
the Archimedes method. The electrical conductivity and
Seebeck coefficient of samples can be measured simulta-
neously by the ZEM-3 system (ULVAC-RIKO) under a
low pressure (~10% Pa) helium atmosphere from room
temperature to 725 K. The thermal conductivity () of
samples can be calculated according to the formulaw
K = C,\d, here C, is the specific heat capacity (calcu-
lated according to Dulong—Petit law), d is the density,
and A is the thermal diffusion coefficient. The thermal
diffusivity coefficient of Ti, _ ,Nb,NiSn samples can be
determined by the laser flash thermal analyzer
(LFA-457, Netzsch). The estimated measurement
uncertainty of thermal conductivity, Seebeck coeffi-
cient and electrical conductivity was at most 5%.

RESULTS AND DISCUSSION

Figure 2 shows the X-ray diffraction patterns of
Ti, _,Nb,NiSn (x = 0.01, 0.03, 0.05 and 0.1) alloys
prepared by microwave synthesis and rapid hot-press-
ing sintering. As shown in Fig. 2, in addition to the
existence of TiNiSn HH phase, some impurity phases
were indexed as Ti, Sn, Ni;Sn, and TiNi,Sn Full-
Heusler (FH) phase, which may be due to the thermal
decomposition of TiNiSn phase at high temperature
(1453 K) [30]. It is speculated that Sn was melted after
reaching the melting point during rapid hot-pressing
sintering and reentered the matrix for reaction. As a
result, Sn phase in the synthesized sample was trans-
formed into Ni;Sn, after hot-pressing sintering. And
samples with higher Nb content may be more prone to
form the secondary phases. The similar phenomenon
was also observed in the TiNi, , ,Sn system [31]. The
presence of these metallic phases inevitably contrib-
uted to the increase of electrical conductivity of sam-
ple [17, 32]. In addition, in the enlarged XRD pattern
of the sintered bulk, it can be found that with the
increase of Nb substitution, the (220) diffraction peak
shifted slightly to the low-angle direction, which was
due to the fact that the ionic radius of Nb (69 pm) is
much larger than that of Ti (60.5 pm).

As shown in Table 1, the relative densities of
Ti, _ ,Nb,NiSn alloys were above 95%, which were
measured over more than three measurements. The
relatively high density is usually positively correlated
with electrical transport properties of thermoelectric
materials [33]. These interesting results indicated that
HH thermoelectric materials with high density can be
successfully prepared by microwave synthesis com-
bined with rapid hot-pressing sintering.

The SEM images of cross-sectional morphology of
the Ti, ¢INb,;NiSn sample at different magnifications
were analyzed by scanning electron microscope. It can
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Fig. 2. XRD patterns of Ti; _ ,Nb,NiSn (x = 0.01, 0.03,
0.05 and 0.1) alloys. (a) Powder samples after microwave
synthesis, and (b) bulk samples after rapid hot-pressing
sintering.

be seen in Fig. 3 that in addition to the existence of
small grains among large grains, there were still some
submicron/nano pores. Although the existence of
these submicron/nano pores would adversely affect
the electrical transport of thermoelectric materials, it
can also avoid the excessive thermal conductivity [34].
In order to determine the phase composition of differ-
ent grains in Fig. 3, energy dispersive spectroscopy
(EDS) compositional point analysis and EDS compo-

Table 1. The density (d), relative density (1), carrier con-
centration (n) and carrier mobility (i) of Ti; _ ,Nb,NiSn
(x=0,0.01, 0.03, 0.05 and 0.1) alloys

Composition 4, n. " K
g/em® | % |10 cm™3|em? V- lsT!
TiNiSn 7.025 | 98.25 1.529 2.393
Tig 9oNby o NiSn | 6.861 |95.96 | 1.778 | 1.968
Tig97Nby osNiSn | 6.924 |96.84 | 2.491 | 2.889
Tig0sNboosNiSn | 6.990 | 97.76 | 3.237 | 3.321
TigoNby NiSn | 7.026 | 9827 | 4.324 | 3.765
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Fig. 3. SEM images of cross-sectional morphology of Tijy gNbj NiSn alloy at different magnifications: (a) 2000, (b) 5000,

(c) 10000, and (d) 20000.

sitional mapping were carried out on the basis of back-
scattering electron image analysis for the
Tiy yNby | NiSn sample (Figs. 4 and 5). As shown in
Fig. 4, the mapping results of Ti, {Nb, ;NiSn sample
showed that all the constituent elements had slight ele-
ment segregation, which verified the appearance of
the second phases in the XRD results. This was due to
the heteroatom incorporation of Nb and the thermal
decomposition of the TiNiSn HH phase at high tem-
perature. Combining the EDS mapping and point
analysis results, it can be speculated that the white areca
(point 1) and the area of yellow dotted circle in Fig. 4
should be a mixture of TiNi,Sn and Ni;Sn,. Moreover,
the black area (point 2) contained the Ti-rich phase,
and the gray area (point 3) corresponded the TiNiSn
HH matrix phase.

Figure 6a shows electrical conductivity of
Ti, _ ,Nb,NiSn (x = 0, 0.01, 0.03, 0.05 and 0.1) alloys
as a function of temperature. As shown in Fig. 6a, the
electrical conductivity of all samples except
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Tig 99Nby ;NiSn alloy was higher than that of the
undoped TiNiSn alloy. More electrons can be intro-
duced to participate in electrical transport due to the
incorporation of Nb, suggesting that the conductivity
of Ti; _ Nb,NiSn alloys should generally be higher
than that of TiNiSn sample [35, 36]. However, the
conductivity of Tiy¢9Nby,;NiSn sample was lower
than that of TiNiSn alloy. This was mainly due to the
lower relative density of Tij ¢9INby o;NiSn than that of
other samples. In addition, the presence of metallic
second phases also affected the electrical transport
performance. It can be seen from Fig. 6a that the elec-
trical conductivity of Ti, _,Nb,NiSn alloys (x > 0.03)
decreased with temperature, which was manifested as
metallic characteristic. This phenomenon was also
observed in the ZrNiSn system, which resulted from
the change of the energy band structure caused by
doping and the overlapping of the energy bands
[37, 38].
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Fig. 4. BSE image and EDS compositional mapping of the polished surface of Tiy gNb ; NiSn alloy.

As shown in Fig. 6b, the Seebeck coefficient of
Ti, _ Nb,NiSn alloys was negative over the entire tem-
perature range, indicating that samples exhibited
n-type semiconductor properties. For degenerate
semiconductor, the Seebeck coefficient o is usually
related to the carrier concentration that can be
expressed by  the Mott equation [4]:

8 11:2 k2 2

o= 2B nt* T(£)3 , where kg, e, h, T, m*, n are
3eh 3n

Boltzmann constant, elementary charge, Planck con-

stant, absolute temperature, density of states (DOS)
effective mass and carrier concentration, respectively.
The absolute values of o of all Nb-doped samples were
larger than that of TiNiSn, indicating that the incorpo-
ration of Nb was beneficial to the increase of o, which
could be due to the increase of effective mass. The max-
imum ot increased from 85 uV K=! for TiNiSn to 129 uV
K-! for Tij¢;Nb, (3NiSn sample at 725 K. However,
the o of Tiy ¢sNby sNiSn and Tij; yNb, ;NiSn samples
decreased compared with that of the Ti, o;Nb o3NiSn,
which might be related to the excessive carrier concen-
tration (Table 1) caused by heavy Nb doping. More-
over, the o in this work is significantly lower than that
of previous work (235 uV K1) [39], which was due to
the additional increase of electrical conductivity
caused by the secondary phases.

Figure 6¢ shows the power factor as a function of
temperature for the Ti,_,Nb,NiSn alloys calculated
from the electrical conductivity and the Seebeck coef-
ficient. It can be seen from Fig. 6¢ that the power fac-
tor of TijgNby o NiSn was higher than that of
Ti; _,Nb,NiSn alloys due to the increased absolute
value of the Seebeck coefficient. Especially, the PF of
Tiy 97Nby 3:NiSn and Ti, ¢Nby ;NiSn was much higher
than that of TiNiSn. The maximum PF of
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TiyoNby NiSn was 24.59 uW cm~! K2, which was
226% higher than that of TiNiSn (7.53 uW cm~' K™2).

Figures 7a—7c are the curves of total thermal con-
ductivity (x), electronic thermal conductivity (x,),
and lattice thermal conductivity (x; ) of Ti; _ ,Nb,NiSn
alloys as a function of temperature, respectively. For
the Nb-doped samples, the fluctuation of the total
thermal conductivity in the temperature range was
not obvious, which meant that the device made of the
Ti, _ ,Nb,NiSn alloys better stability in the operating
state. The electronic thermal conductivity (¥,) was calcu-
lated by Wiedemann—Franz law (x, = Lo T), the Lorentz
constant L was taken as 245 x 10 W Ohm K2
The electronic thermal conductivity increased with
the increasing Nb content, which was consistent with
the variation trend of electrical conductivity. The rea-
son for this was that more carriers carried more energy
for thermal transport, resulting in higher electronic
thermal conductivity [40].

The lattice thermal conductivity (k;) obtained by
subtracting electronic thermal conductivity from total
thermal conductivity included the contribution of
bipolar effect to thermal conductivity [41]. It can be
seen from Fig. 7c that Nb substitution at Ti sites had a
significant effect on reducing the lattice thermal con-
ductivity of the Ti, _ ,Nb,NiSn alloys. The greater the
Nb content, the better the reduction effect of thermal
conductivity. Compared with Ti atom, Nb atom has
larger relative atomic mass and larger ionic radius.
Consequently, besides introducing point defects in the
lattice, the stress field and mass field wave scattering
were introduced into the Ti, ,Nb,NiSn alloys when
the Ti was substituted by Nb atom, which was condu-
cive to decreasing the lattice thermal conductivity. The
main reason was that the existence of point defects and
nano/submicron pores led to the reduction of mean
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Fig. 5. BSE image and EDS compositional point analysis of the polished surface of Tij gNb ; NiSn alloy. (a) BSE image, (b) EDS

of point 1, (c) EDS of point 2, and (d) EDS of point 3.

free path of phonons, which in turn enhanced the
scattering of phonons, thereby reducing the x;. In
addition, the effectiveness of interfacial scattering
between the HH phase and secondary phases for
reducing the lattice thermal conductivity had also
been demonstrated [9, 14, 42—45]. For most HH
materials, the simple crystal structures lead to the rel-
atively high lattice thermal conductivity. The lattice
thermal conductivity of the Ti, ¢Nb, ;NiSn sample in
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this study was reduced to about 1 W m~! K~! at high
temperature, which was much lower than that of
TiNiSn. It proved that it is feasible to reduce the ther-
mal conductivity by incorporating Nb into TiNiSn.

The temperature-dependent figure of merit (Z7)
for Ti, _,Nb,NiSn (x = 0, 0.01, 0.03, 0.05 and 0.1)
alloys is shown in Fig. 8. It can be seen that although
the electronic thermal conductivity was greatly
increased, the Z7 of Ti, _ ,Nb,NiSn samples increased
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perature.

compared with that of TiNiSn samples due to the sig-
nificant decrease in the lattice thermal conductivity.
The average ZT of Ti, ¢Nb, ;NiSn sample in the tem-
perature range was 0.21, which was even higher than
the maximum value of 0.13 for TiNiSn at 725 K. How-
ever, the maximum Z7T of 0.39 for Ti,oNb,;NiSn at
725 K is still lower than the 0.57 for Ti, ¢sNbg ,NiSn
reported by Muta et al. [39], which may be attributed
to the fact that the optimization of thermal conductiv-
ity in this work is not sufficient to bridge the gap in
power factor caused by the small Seebeck coefficient.

CONCLUSIONS

In this study, the Ti; _ ,Nb,NiSn (x = 0—0.1) alloys
with high density were successfully prepared by micro-
wave synthesis combined with ball milling and rapid
hot-pressing sintering process. With the incorporation
of different amounts of Nb into TiNiSn, the electrical
conductivity of Ti; _ ,Nb NiSn alloys increased mark-
edly. At the same time, the absolute value of Seebeck
coefficient also increased significantly due to the Nb
substitution at Ti sites. In addition, the lattice thermal
conductivity of Ti; _ ,Nb,NiSn alloys decreased due to
the presence of point defects leading to mass/stress
fields fluctuations. Although the electronic thermal
conductivity of Ti, _ Nb,NiSn alloys was partially
increased, it was not enough to offset the positive
effect of thermoelectric performance caused by the
reduction of lattice thermal conductivity and the
increase of power factor. Consequently, the ZT of all
Ti, _,Nb,NiSn samples increased compared with that
of TiNiSn alloy.
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