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Abstract:

Half-Heusler alloys based on (Ti, Hf, Zr)NiSn possess excellent mechanical and chemical properties as well as high thermal
stability, making them promising materials for high-performance thermoelectric (TE) power generators. However, the
high cost of Hf limits its use in these alloys. Therefore, Hf-free (Ti, Zr)NiSn alloys synthesised using a rapid process
offer a cost-effective approach to reducing product costs. In this study, we employed the fast synthesis melt-spinning
(MS) method to prepare an Hf-free Ti  .Zr, NiSn alloy while systematically optimising MS conditions. We found that by
varying the rotation speed of the copper wheel in the MS system from 1000 to 4000 rpm, a marked change in the structural
morphology of the melt-spun ribbons occurred. Grain growth during the spark plasma sintering process significantly
affected TE properties of the bulk Ti . Zr, NiSn alloy depending on the structural morphology. As a result, a maximum
Z.T of ~1.1 at 823 K was achieved for a wheel rotation speed of 3000 rpm, which is comparable to ZT values obtained from

the (Ti, Hf, Zr)NiSn-based half-Heusler alloys prepared by other methods.
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1. Introduction

TE materials are essential components in the production
of devices used to convert thermal energy into electricity and
vice versa. The energy conversion efficiency in TE devices
depends largely on the dimensionless figure-of-merit (ZT) of
the material. ZT is determined by the relationship between the
Seebeck coefficient (S), electrical conductivity (o), thermal
conductivity (K), and absolute temperature T, and is calculated as
ZT=S?¢T/K [1, 2]. Various materials have been developed with
high TE performance, including Bi,Te -based alloys [3, 4] and
skutterudite-based materials [5, 6]. XNiSn (X=Ti, Zr, Hf)-based
alloys are interesting research subjects because they possess good
mechanical and chemical properties, high thermal stability, and a
large power factor (PF-power factor, PF=S%). These alloys are
suitable for applications that harvest waste heat in the medium-to-
high temperature range (600 to 900 K) [1, 2, 7, 8]. However, the
relatively high thermal conductivity of XNiSn materials compared
with other potential materials remains a limitation for improved
performance [7, 9, 10].

Efforts to improve the TE efficiency of XNiSn (X=Ti, Zr, Hf)
alloys have been undertaken with various approaches. The common
approach is to optimise the carrier concentration through donor
doping to enhance power factor. At the same time, point defect
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phonon scattering induced by mass and strain field fluctuations can
be achieved by isoelectronic substitutions between Ti, Zr, and Hf
at the X site to suppress phonon thermal conductivity [1, 11-15].
To implement these approaches, various synthesis methods such
as arc melting combined with the long-term annealing [16-19], the
MS method [1, 20], solid phase reactions [21], mechanical alloying
[22, 23], self-propagating high temperature [24], levitation melting
[7,25-27], and microwave methods [28] can be used. Among these
techniques, MS is known as a fast synthesis process, which has
an added advantage of fine-tuning the nanostructure to improve
both electrical and thermal properties, thereby enhancing the TE
efficiency of the material [1, 20, 29].

Studies on enhancing TE efficiency for a specific material is
always of interest. However, for the product to be commercialised,
cheap and readily available raw materials are also required.
Besides, rapid synthesis methods save time and energy, reducing
product costs. In the present work, we selected the Hf-free
Ti, /Zr, NiSn alloy along with a fast preparation method like MS
for a cost-effective approach. To improve the TE performance
of the Tij Zr NiSn alloy, we focused on optimising technology
conditions by investigating the effect of the cooling rate induced
by varying the copper wheel rotation speed from 1000 to 4000
rpm in the MS system. We found that the structural morphology
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of Ti, Zr, NiSn alloy was strongly affected by wheel rotation
speed. Nano-grains with uniform shape and size of about 160
nm distributed over the ribbons were observed for wheel rotation
speeds of 3000 rpm and higher. The grain growth during the SPS
process directly affects the thermal and charge transport properties
of the Ti Zr, NiSn alloy. As a result, a high ZT value of ~1.1 at
~800 K was achieved for the sample with the optimised wheel
rotation speed of 3000 rpm. The results suggest that optimising
preparation conditions is vital to improving the ZT of Ti| Zr, NiSn
alloy besides other approaches.

2. Materials and methods

The experimental procedure is shown in Fig. 1. Accordingly,
four Ti Zr, NiSn alloy ingots, approximately 8 grams each,
were prepared using Ti (99.4%, powder), Zr (slug, 99.5%, slug),
Ni (99.8%, powder), and Sn (99.99+%, shot) from Alfa Asear
by arc melting method under high purity argon gas. The ingots
were then placed into graphite crucibles of inner diameter 14 mm
with a 4-mm circular nozzle at the bottom for melt spinning. In
the MS process, the ingot is heated to a liquid state with a copper
induction coil, then injected directly onto the outer surface of the
steadily rotating copper wheel (25 cm in diameter) under an Ar gas
pressure of 0.2 MPa. The wheel rotation speed was set to 1000,
2000, and 4000 rpm, corresponding to wheel surface speeds of
13.1, 26.2, 39.3, and 52.4 m/s for each melted ingot. The melt-
spun ribbons were pulverised into fine powders using an agate
mortar and pestle to investigate their TE properties. The ground
powders were simultaneously pressed and sintered with a pressure
of 65 MPa and temperature of 1,373 K for 1 hour inside the high
vacuum chamber of the SPS system. The spark plasma sintered
(SPSed) bulk samples were then cut into suitable shapes using
precision diamond saws for measurements and analysis.

Ti, Zr, Ni, Sn
weighing

Spark plasma
sintering (SPS)

Arc melting

Qe ve bl h4 T4 Ry
anhde

MS1000 MS2000 DMS3000 MS4000

Grinding Melt spinning

Fig. 1. Experimental procedure for the Ti  Zr  NiSn alloy.

The morphology, elemental distribution, and chemical
composition were investigated using a field emission-scanning
electron microscope (FE-SEM) (JSM-7600F, JEOL) with
integrated energy-dispersive X-ray spectrometry. The phase purity
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of the SPSed samples was examined by X-ray diffraction (XRD)
using a Rigaku D/max 2500 instrument with Cu Ka (\=1.5418 A)
radiation operating at 40 kV. The temperature-dependent electrical
conductivity and the Seebeck coefficient were simultaneously
measured using a ZEM-3 (ULVAC-RIKO) system under low
pressure He gas. Thermal conductivity was determined from
the thermal diffusivity, measured density, and specific heat. The
temperature-dependent thermal diffusivity was measured using
NETZSCH LFA 457 equipment. For convenience, the samples
examined with wheel rotation speeds of 1000, 2000, 3000, and
4000 rpm were named MS1000, MS2000, MS3000, and MS4000,
respectively.

3. Results and discussion

To study the effect of wheel rotation speed on the structural
morphology of Ti Zr, NiSn alloys, FE-SEM images were taken
on the freshly fractured cross-sectional surface of the melt-spun
ribbons, as shown in Fig. 2. As the wheel speed increased, the
thickness of the ribbons decreased monotonically from 26.3
to 10.2 pm, as shown in Figs. 2A-2D. Due to the difference in
cooling rate between the contact and free surfaces of the ribbon,
the structural morphology on either side of the ribbons was
significantly different. In particular, at a wheel rotation speed
of 1000 rpm, grain sizes of 500 nm were observed as well as
agglomeration to form larger grains of several pm as shown in Fig.
2A-1, with an enlarged view of the selected area marked by the
orange square in Fig. 2A. When the wheel speed increased to 2000
rpm, the obtained ribbons displayed precise layering with two
layers formed with different structural morphologies, as shown
in Fig. 2B-1. The contact surface of the ribbon exhibited grains
with high uniformity in size and shape. Grain sizes less than 200
nm were observed, and the grain boundaries appeared clearer. In
contrast, the free side exhibited a similar structure to that obtained
in the MS1000 ribbon. For samples with higher wheel speeds
of 3000 and 4000 rpm, uniform rapid heat absorption occurred
over the entire ribbon thickness resulting in grain formation of a
smaller size, roughly 160 nm. Note that nano-scale grain sizes are
desired in the nanostructure approach for lowering the thermal
conductivity of TE materials, which can only be prepared through
long-term ball milling when using other synthesis methods.

MS3000

30 pm A 30 pm' |8
— = —

Fig. 2. Cross-section FE-SEM images of the melt-spun ribbons with
varying copper wheel speed during MS: (A) MS1000, (B) MS2000,
(C) MS3000, (D) MS4000 and (A-1)-(D-1) are enlarged views of a
selected area marked by orange squares in Figs. 2A-2D, respectively.
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To estimate the composition and elemental distribution of the
ribbons, EDS analysis was carried out on the cross-section surface
of the MS3000 melt-spun ribbons, and the results are shown in
Fig. 3. The EDS layered map (Fig. 3A) reveals the elements of
the Ti Zr, NiSn alloy with a homogenous distribution over
the entire observed area. The existence and concentration of Ti
(16.36%), Zr (16.83%), Ni (31.88%), and Sn (34.93%), shown in
Fig. 3B, suggests that the elemental composition is very close to
the stoichiometric composition Ti  Zr, NiSn, indicating that arc
melting followed by MS did not change the sample’s composition.
A uniform distribution of elements over the entire observed area is
more clearly confirmed with individual elemental maps, as shown
in Figs. 3C-3F.

Ti K series

Jllj Electron

Zr K series Ni K series Sn K series

Fig. 3. EDS analysis results for the MS3000 melt-spun ribbon.
(A) EDS layered map images; (B) EDS spectrum with inset table of
elemental concentration (actual composition at at.% compared to
nominal composition); (C-F) Elemental map images of individual Ti, Zr,
Ni, and Sn elements, respectively.

After MS, the ribbons were ground into fine powders and
consolidated into bulk via SPS. The evolution of the microstructure
during the SPS process was examined by FE-SEM on the fractured
cross-sectional surface of the MS1000, MS2000, MS3000, and
MS4000 samples. The resulting images are given in Fig. 4. Despite
the short sintering time, within 10 minutes, a temperature of
1100°C and applied pressure of 65 MPa showed that large grains
formed quickly during the SPS process. Grain sizes greater than
20 pm were observed for the MS1000 sample, while the MS2000
sample demonstrated a grain size distribution in the range of a few
pm to 20 um. MS at 3000 and 4000 rpm produced more uniform
grain sizes and shapes with grain sizes of approximately 5 um as
a result of grain growth from smaller nanostructures of melt-spun
ribbons, as shown in Figs. 2C-1, 2D-1. In addition, high-density
compaction, which favours charge-transport, was performed during
the SPS process as shown in the high-resolution FE-SEM images
of the MS2000 and MS4000 samples (see Figs. 4 B-1, 4D-1).
These results suggested that maintaining nanostructures from melt-
spun ribbons for enhanced phonon scattering at grain boundaries
requires an ultra-fast sintering process at lower temperatures.
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Fig. 4. FE-SEM images taken on the fresh fracture of a cross-section
of SPSed bulk (A) MS1000, (B) MS2000, (C) MS3000, and (D) MS4000
samples. (B-1) and (D-1) are enlarged views of the selected areas
marked by yellow squares in (B) and (D), respectively.

In addition to the work conducted, EDS analysis of the bulk
SPSed MS3000 was also performed, and the results are presented
in Fig. 5. The EDS layered map (Fig. 5A) and elemental maps of
Ti, Zr, Ni, and Sn elements (Figs. SC-5F) confirmed the highly
homogeneous distribution of elements over the entire observed
area. The chemical composition of the bulk SPSed MS3000 was
determined through EDS analysis, and the results are presented in
the inset table in Fig. 5B. The analysis identified the amount of Ti
15.82, Ni at 33.13, Zr at 17.11, and Sn at 33.94 at.%. These results
indicate that the elemental percentages were consistent with the
observed results on the ribbon and did not differ significantly from
the stoichiometric composition of Ti| Zr, NiSn.

(A) EDS Layered map Ti K series
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Ni K series Sn K series
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Fig. 5. EDS analysis results for the SPSed MS3000 sample.
(A) EDS layered map images; (B) EDS spectrum with inset table of
elemental concentration (actual composition (at.%) compared to
nominal composition); (C-F) Elemental map images of individual Ti, Zr,
Ni, and Sn elements, respectively.

The XRD analysis results of the SPSed bulk samples melt-spun
at different wheel speeds are presented in Fig. 6. All diffraction
peaks observed at the crystal planes (111), (200), (220), (311),
(222), (400), (311), (420), and (422) in the 20 angle range from
20 to 80" exhibit a single phase that can be indexed to the cubic
half-Heusler crystal structure, consistent with all observed XRD
patterns for (Ti, Zr, Hf)NiSn-based alloys in the literature [25, 30-
32]. By extending the observation to the main diffraction peaks at
the (220) plane, an asymmetrical distribution of those diffraction
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Fig. 6. XRD patterns of bulk Tij Zr, NiSn alloys prepared by MS-
SPS.

peaks with a high-angle shoulder was observed (Fig. 6). This
could be attributed to phase separation into two Ti-rich and
Zr-rich phases induced by alloying between Ti and Zr in the
crystal. The combined effects of phase separation and alloying
between Ti and Zr in the structure could enhance phonon

scattering, thus effectively reducing the thermal conductivity
of the Ti  Zr, NiSn alloy.

The temperature-dependent electrical
Seebeck coefficient are shown in

conductivity and
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samples and were negative over the entire measured temperature
range, indicating electrons as the major charge carrier. Among the
SPSed samples, the highest Seebeck coefficient was achieved for
the MS3000 sample at temperatures above 400 K. Large absolute
Seebeck coefficients of about 200-280 pV/K achieved for the
samples confirmed the high Seebeck coefficient of half-Heusler
(Ti, Zr, Hf)NiSn-based alloys as reported from the literature [10,
33]. The high Seebeck coefficient along with a relatively low
electrical conductivity could be suitable for doping or substitution
donor impurities for optimising carrier concentration to further
improve the power factor for this material.

Figure 8A presents the temperature-dependent power factor
(PF=S%0) calculated from the measured electrical conductivity
and Seebeck coefficient for the Ti  Zr, NiSn alloys. Due to
low electrical conductivity at room temperature, the PF for all
SPSed samples exhibited values of around 14x10* W/mK?2. With
increased temperature, PF increases rapidly to a peak value at
temperatures above 600 K caused by the predominance of the
electrical conductivity and then decreases due to the weakening of
the Seebeck coefficient at high temperature. The highest PF over
the entire temperature range was obtained for the MS3000 sample
with a peak of 37.5x10* W/mK? at 774 K due to a significant
increase in the Seebeck coefficient even though the electrical

Fig. 7. The electrical conductivity
for all samples (Fig. 7A) increases
with increasing temperature from
room temperature to the maximum
measured temperature of 873 K,
caused by the thermal excitation
of electrons across the energy gap,
exhibiting intrinsic semiconductor-
like behaviour. With an increase in
wheel rotation speed, the electrical
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Fig. 7. Temperature dependence of (A) electrical conductivity and (B) Seebeck coefficient of the
MS1000, MS2000, MS3000, and MS4000 samples.

compared at room temperature. The 40
electrical conductivity trend and
variation showed an insignificant
effect of the rotating wheel speed
during the MS process. The rapid
grain growth during the SPS process
may be responsible for the small
changes in microstructure and thus
influence the observed variation in
the electrical properties of those
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conductivity was somewhat worse than that of the MS2000
sample. In addition, obtained relatively high PF obtained in this
work suggests that the optimization of preparation conditions
can improve the charge transport properties for effective power
factor enhancement, besides the approaches to optimising the
carrier concentration through doping and/or substitution have been
performed for the (Ti, Zr, Hf)NiSn-based alloys [11, 26, 34].

The temperature-dependent thermal conductivity for all
samples is presented in Fig. 8B. The thermal conductivity values of
the MS1000-MS3000 samples exhibit a similar trend: decreasing
at low temperatures, up to 523 K, and increasing with temperatures
above 523 K, suggesting bipolar thermal conduction. Thermal
conductivity was also found to decrease with wheel rotation speed
up to 3000 rpm over all temperatures. This observation could be
explained in terms of the combined phonon scattering effects that
exist in Tij Zr, NiSn alloys. Accordingly, grain growth from a
smaller grain structure at the same sintering temperature could
lead to an increase in structural disorder, thereby enhancing point
defect phonon scattering. Furthermore, the grain boundary density
of the MS3000 sample is larger than that of the MS samples with
lower wheel rotational speed (see FE-SEM images in Figs. 4A-4C,
further contributing to the enhanced phonon scattering at the grain
boundaries. As a result, the lowest thermal conductivity of 2.55 W/
mK at around 600 K was obtained for the MS3000 sample among
investigated samples, which is comparable to the lowest reported
values for (Ti, Zr, Hf)NiSn-based half-Heusler alloys [1, 12, 35].
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Fig. 9. The temperature dependence of the dimensionless ZT of

the MS1000, MS2000, MS3000, and MS4000 samples.

The temperature dependence of the dimensionless ZT is
calculated from PF and thermal conductivity and is shown in
Fig. 9. With an increase in temperature, the ZT values exhibited
a similar trend as the PF obtained for all samples when varying
the copper wheel rotation speed from 1000 rpm to 4000 rpm.
The combination of high PF and the low thermal conductivity
led to a significant enhancement in ZT over the entire measured
temperature range for the MS3000 sample of which the highest
ZT value of ~1.1 at 823 K was achieved. The obtained ZT of
~1.1 is higher than most reported values for Hf-free (Ti, Zr)NiSn-
based half-Heusler alloys prepared by other methods and/or other
approaches [12, 18, 19, 36-39].
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4. Conclusions

We studied the effects of wheel speed during the melt
spinning process on the structural morphology of melt-spun
ribbons. Specifically, the morphology, phase formation, and
temperature-dependent TE properties of SPSed Ti  Zr, NiSn
bulk samples from melt-spun ribbons. It was found that with
an increase in wheel speed, the obtained alloy ribbons had a
reduced thickness, more uniform nanograin structure, and the
observed grain size of the ribbons decreased to a minimum of
160 nm due to increase in cooling rate induced by high wheel
speed. Grain growth occurred quickly when sintering at high
temperatures with observed grain sizes of several micrometres
on the SPSed bulk samples. A single-phase structure with
slight phase separation was observed in all SPSed samples.
Both electrical and thermal properties were also observed
with speed-dependent changes during MS due to the influence
of grain growth starting from different morphologies. As a
result, the highest ZT value of 1.1 at 823 K was achieved for
the optimised wheel rotation speed of 3000 rpm. The results
suggest that the optimization of experimental parameters plays
a vital role in the strategic enhancement of TE efficiency of
melt-spun Ti  Zr, NiSn alloys and other TE materials.
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