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The half-Heusler alloy TiNiSn is a promising material for high-temperature thermoelectric applications due
to its good thermal stability and semiconductor-like electrical properties. Numerous synthesis techniques
have been utilized to make TiNiSn, but a comparative study on its thermoelectric properties with respect to
processing parameters has not been reported. Based on published experimental data, primary melting
methods, such as arc melting or induction levitation melting, do not have a noticeable effect on the final
thermoelectric properties, although choice of densification technique and annealing parameters correlate
with each thermoelectric property. Thermal conductivity (2.47-6.08 W/m K), governed by lattice scattering
effects, was maximized with high density from the spark plasma sintering (SPS) technique as well with low
inclusions of metallic impurities and interstitial Ni defects from low-temperature, non-densified processes.
Electrical resistivity (4.75-30 lX m), inversely related to thermal conductivity, is minimized when density is
maximized and chemical defects are favorable from using SPS. All reported TiNiSn alloys contain inter-
metallic impurities, imparting a global trend of lowered electrical resistivity. Seebeck coefficient (2 273.20
to 2 50.71 lV/K), proportional to electrical resistivity, is maximized when charge carrier concentration is
minimized by eliminating phase impurities and Ni defects. Porosity has been observed to scatter low-energy
electrons, which can increase Seebeck coefficient and electrical resistivity, although no statistical signifi-
cance is found. An ideal TiNiSn alloy should have intermediate values of all interconnected thermoelectric
properties to maximize ZT. Future research work should strive to include quantitative phase analysis to
better characterize the contributions of Ni defects and impurity phases toward thermoelectric properties.

Keywords electrical resistivity, half-Heusler, heat treatment,
intermetallic, Seebeck coefficient, thermal conductiv-
ity, thermoelectric

1. Introduction

A proposed solution to meet the demand for more efficient
energy generation and reduced fuel consumption is through the
use of thermoelectric materials. Utilizing the Seebeck and
Peltier effects, thermoelectric materials have the unique prop-
erty to convert waste heat into useful electrical energy and vice
versa (Ref 1). Primary power generation applications can
require temperature differentials of 800 K or higher (Ref 2).
Thermoelectric material efficiency is judged on their figure of
merit (ZT), a dimensionless property, expressed as:

ZT ¼ S2T

qktot
ðEq 1Þ

where S is the Seebeck coefficient, q is the electrical resistivity,
ktot is the total thermal conductivity, and T is the applied
temperature. A high ZT value indicates an increased energy
conversion efficiency.

Many classes of materials exhibit a thermoelectric effect,
where a small energy bandgap promotes a high carrier
concentration. Since thermoelectric efficiency is a function of
operational temperature (Eq 1), material selection is a critical
decision to maximize ZT for a specific application, summarized
recently by Bogala (Ref 3), Dehkordi et al. (Ref 4), Hébert et al.
(Ref 5), and Chen and Ren (Ref 6). Low-temperature
applications (25-600 K) utilize highly efficient tellurides (Ref
7) and skutterudites (Ref 8) that are not thermally stable near
600 K. Metal silicides (Ref 9, 10) and half-Heuslers (Ref 11,
12) are optimal at high temperatures (600-800 K), while metal
oxides (Ref 13), germanides (Ref 14), and antimonides (Ref 15)
are preferred for extreme temperature applications (> 800 K).

Half-Heuslers, a promising group of thermoelectric com-
pounds, are a class of intermetallic alloys that show many
similarities to semiconductors due to their bandgap around the
Fermi level, providing a lower thermal conductivity and large
Seebeck coefficient at elevated temperatures (Ref 16). Com-
pared to other thermoelectric material classes, doped half-
Heusler alloys provide optimal conversion efficiency at inter-
mediate temperatures and are generally composed of low-cost
elements abundant in nature. The natural vacancies within the
half-Heusler unit cell favor easy doping of either impurity or
parent elements, strengthening their electronic properties. The
half-Heusler alloy TiNiSn has been systematically investigated
by many scientists based on its excellent thermal stability, non-
toxicity, high ZT at elevated temperatures, and ease of doping
through vacancy or substitution defects (Ref 16-18).

Synthesis of pure TiNiSn can prove difficult due to the
complexity of the TiNiSn phase diagram and the low melting
point of Sn (Ref 19). The TiNiSn phase possesses a small phase
stability window while TiNi2Sn and other multi-element phases
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are comparatively large. This aspect hinders the synthesis of
pure TiNiSn due to the prevalent formation of localized regions
of non-homogeneity. Various processing techniques of TiNiSn
have been investigated to enhance purity, density, and ulti-
mately ZT, but a complete, comparative analysis of these
methods is not available in the literature.

This work is a comprehensive review of the conventional
synthesis and processing parameters of pure TiNiSn utilized
thus far in the literature, as well as an analysis on how
processing technique affects ZT and its contributing thermo-
electric properties. A focus will be made on each thermoelectric
property at elevated temperatures (� 600-800 K). Through this
analysis, some inference on optimal processing parameters can
be made in order to maximize ZT for future TiNiSn-based
research as well as on other half-Heusler compounds. Addi-
tionally, gaps in current knowledge can be identified in order to
more accurately correlate property/processing relationships
going forth.

2. Processing Parameter Overview

2.1 Arc Melting

Vacuum arc melting (AM) is a prevalent technique for
synthesis of bulk metal alloys. In a laboratory setting, a TIG
welding unit provides power to an electrode, commonly
tungsten, where an arc is struck onto a sample on a water-
cooled copper hearth. A large amount of heat is concentrated
onto the sample from the electric arc, melting the metal into an
alloy ingot. Cycles of melting and flipping of the sample
improve phase homogeneity, but localized regions of non-
homogeneity are common.

Arc melting is often utilized to consolidate powders into a
bulk sample while providing enough heat energy to form
stable phases (Ref 20-22). While the arc melting technique is
useful due to a quick experimental duration and low monetary
cost, numerous limitations exist which require additional
techniques to address. All examples of arc-melted TiNiSn
employ secondary processing techniques afterward since pure
TiNiSn is not formed from arc melting alone due to a small
phase region and slow diffusion kinetics (Ref 19, 23, 24).
Additionally, sample temperature and heating/cooling rate are
only indirectly controlled via applied arc current. Melt com-
positions with solidification paths that involve phases with
invariant reactions (e.g., d in Cu-Zn phase diagram (Ref 25))
can promote unwanted phases with slow heating and cooling
rates. Impurity metallic phases, such as TiNi2Sn and Ti5Sn3,
can result in decreases in Seebeck coefficient and electrical
resistivity (Ref 23).

2.2 Induction Levitation Melting

The levitation melting (LM) technique can melt high
melting point alloys without contamination from a crucible
material. The sample is levitated using electromagnetic forces
generated by a coil, while being simultaneously molten and
inductively mixed (Ref 26, 27). Benefits of levitation melting
include prevention of impurity elements, a negligible temper-
ature gradient throughout the sample, and thorough mixing to
ensure phase homogeneity. Disadvantages of induction levita-
tion melting come from instrument limitations and use of
electromagnetics. Sample size melted at one time is limited up

to 1 kg due to droplet stability difficulties (Ref 28). Addition-
ally, since levitation and heat produced are coupled together to
the electromagnetic coil, material selection and size need to be
carefully considered in order to prevent vaporization of low
vapor pressure elements (Ref 29). Finally, the density of
induction-melted samples is lower due to residual porosity
content from the lack of applied pressure during processing,
which will affect mechanical strength and phonon transport
(Ref 30, 31).

2.3 Microwave Synthesis

Solid-state reactions using microwaves (MW) have been
used since the 1970s to synthesize metallic, ceramic, and
thermoelectric materials (Ref 32). Materials can couple with the
microwave radiation to enable uniform heating throughout the
sample, a property termed as the material dielectric loss
tangent. Susceptor materials can be used to aid heating if a
sample�s dielectric loss tangent is naturally low. This dielectric
heating promotes rapid atomic diffusion between reactants to
achieve the desired phase composition in a short duration,
negating the need for secondary thermal treatments (Ref 33).
Grain growth is inhibited since sintering duration is short,
promoting phonon scattering due to higher grain boundary
density. With extended microwave exposure (� 0.5 h), the
sample powders can also be sintered into a bulk piece (Ref 34).
The primary complication of microwave sintering is the low
final density of the bulk sample, where numerous nanopores are
produced and can have a negative effect on charge carrier
mobility (Ref 34, 35). Additionally, the cold compaction of
powder before microwave synthesis can have trapped oxygen,
exhibited in trace amounts of oxide phase in the final product
(Ref 34).

2.4 Annealing

Annealing (AN) is a secondary heat treatment process which
is used to alter the physical and chemical properties of a
material to their equilibrium states through the application of
heat while staying below the melting point (Ref 20, 36).
Annealing is separated into three stages: recovery, recrystal-
lization, and grain growth, information of which can be found
readily in the literature (Ref 37). Most synthesis techniques of
TiNiSn produce small quantities of impurity phases, such as Sn,
Ti6Sn5, and TiNi2Sn, due to the crystallization path and narrow
phase field of TiNiSn (Ref 24). Annealing TiNiSn for long
durations (> 1 week) is a standard procedure to reduce
impurity content and produce an equilibrium phase composi-
tion. While the phase purity is improved, long heat treatments
promote grain growth, reducing grain boundary density and
increasing thermal conductivity, a detriment to ZT (Eq 1).

2.5 Spark Plasma Sintering

Spark plasma sintering (SPS), more accurately described as
pulsed electrical current sintering, is a powder consolidation
technique for metals and ceramics where high pressure and a
pulsed DC current are applied simultaneously. High heating
rates up to 1000 K/s can be achieved, enabling near-complete
densification of powders and low grain growth (Ref 38).
Production of a small amount of plasma can generate a
cleansing effect, removing adsorbed material from the surface,
such as CO2 and H2O, ultimately aiding densification (Ref 39).
SPS has been used as a significantly shorter duration alternative
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(< 10 min) to melting and annealing in order to achieve a
similarly high phase purity TiNiSn. Limitations of SPS are
primarily commercial in nature. Samples are currently limited
to small symmetrical shapes (e.g., cylinder), which may not be
optimal for thermoelectric devices. Since SPS uses DC
electrical current to generate heat, adequate electrical conduc-
tivity of starting powders is critical to achieve a low thermal
gradient and homogenous sintering behavior (Ref 40).

2.6 Hot Isostatic Pressing

Traditional sintering is the incomplete fusion of particles
during which a powder compact is exposed to an elevated
temperature. Hot isostatic pressing (HIP) is the sintering of
powders at high temperature with an applied isostatic pressure
(Ref 41). This combination of heat and pressure enhances the
driving forces for diffusion and many sintering mechanisms,
such as capillary forces, rearrangement of particles, surface
tension, and induced creep and plasticity in the powder sample,
enabling compaction of traditionally difficult to manufacture
and expensive materials (Ref 42). HIP is considered an
alternative to SPS and microwave sintering (MWS), although
with a longer duration ( ‡ 1 h) than both due to a reliance on
slow kinetics of heat transfer from the container to powders,
final microstructures can have comparatively larger grain sizes
(Ref 40, 43, 44). While SPS is limited to rigid dies and simple
geometries, HIP allows for many complex geometries enabled
by uniform shrinkage due to the isostatic pressure (Ref 45, 46).

2.7 Reaction Sintering

Reaction sintering (RS), more commonly known as liquid
phase sintering, is an accelerated sintering variant where a
precursor liquid surrounds the solid grains, enhancing densi-
fication and diffusion rates due to capillary forces and large
atom mobility, in order to produce a dense phase or composite
(Ref 47). Kimura et al. (Ref 48) produced nearly pure TiNiSn
through RS and AN of TiNi and Sn precursor powders. Since
Sn has a low melting point compared to Ti and Ni, it melts
during sintering and diffuses rapidly into the TiNi bulk
structure, forming TiNiSn at the interfaces. Unique layered
microstructures can be produced via reaction sintering, where a
fine-grained layer of TiNiSn is formed toward the TiNi side,
while coarse TiNiSn facets are formed into the Sn phase (Ref
48). A non-homogenous precursor material means varying
solidification paths toward the TiNiSn phase region, producing
common metallic impurity phases that require secondary heat
treatment (e.g., annealing) to eliminate. Additionally, lack of
applied pressure during sintering forms a porous microstructure
and charge carrier scattering, demanding SPS or HIP after
reaction sintering.

2.8 Reported Synthesis Parameters

The previously mentioned synthesis techniques have been
utilized in combination with one another for TiNiSn alloys, as
well as bulk thermoelectric materials in general, for over a
decade. Despite an abundance of experimental data, a thorough
comparison of processing techniques has yet to be completed.
Table 1 summarizes the unique procedures reported and
relevant experimental parameters for synthesizing pure TiNiSn
for thermoelectric applications.

Regardless of reported method from Table 1, various
impurities within the TiNiSn matrix exist in each final product,

as summarized in Table 2. Figure 1 presents a TiNiSn alloy
microstructure with impurity phases present after three weeks
of annealing. The metallic full-Heusler phase, TiNi2Sn, is the
most commonly observed impurity. Impurity phases reported in
the literature are mostly noted qualitatively by XRD and
microscopy. It can be assumed the TiNiSn matrix purity for
non-densified methods to be about 97-98% based on Lei et al.
(Ref 34), Douglas et al. (Ref 31), and Young (Ref 24). The
impurity phase percentages for methods involving HIP or SPS
are not reported.

3. Processing Parameter Effects

3.1 Thermal Conductivity

Applied temperature gradients to a solid material produce a
heat flux, where the ability of the material to transfer heat is its
thermal conductivity. The heat flux in semiconductors is caused
by the transmission of energy through both phonons and free
electrons to less excited, lower temperature regions. For
thermoelectrics, maximizing ZT involves low thermal conduc-
tivity and large electrical conductivity, so carrier concentration
tuning is necessary. Additionally, thermal conductivity can be
lowered through phonon scattering, a product of the reduction
in the mean-free path of electrons through the introduction of
crystal defects (point defects, dislocations, impurities, and grain
boundaries) (Ref 37). Figure 2 shows a wide range of total
thermal conductivities at elevated temperatures of TiNiSn as
synthesis process is changed.

Overall, total thermal conductivity of TiNiSn, ranging from
2.47 to 6.08 W/m K, has a convex parabolic trend with
increasing temperature, where the minimum is found at
elevated temperatures. Ding et al. (Ref 49) calculated the
theoretical thermal conductivity of TiNiSn (dashed line) using
first principles, finding that it was controlled by lattice
contributions.

Density shows a clear relationship with synthesis technique,
where the theoretical density of TiNiSn is 7.21 g/cm3. All
processes utilizing SPS create > 99% dense samples, while
processes using other densification techniques, such as HIP or
MWS, or using none at all report more porous microstructures
below 7 g/cm3, compared in Fig. 3. Density also experimen-
tally correlates with � 94% certainty (p = 0.062) to thermal
conductivity, where processes including SPS have a larger
density and also high conductivity, as illustrated in Fig. 4. This
can be attributed to the phonon scattering effect of less dense
materials that contain point defects and bulk perturbations of
the crystal (i.e., pores, cracks), which reduces the mean-free
path of phonons and ultimately reduces thermal conductivity
(Ref 37).

Sources of uncertainty related to sample density can be
attributed to the impurity phases present in the TiNiSn matrix.
Since the volume percentages and equilibrium phase contents
vary between processes (Table 2), theoretical 100% density
deviates from pure TiNiSn. Densities are commonly reported
only qualitatively or as a percentage, which leaves the reference
density unclear. The estimated densities in Table 3 are calcu-
lated based on the pure TiNiSn theoretical density.

Grain size and grain boundary morphology can also play a
role toward phonon scattering, where a smaller grain size
generates more grain boundaries (crystal defect) and can lower
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thermal conductivity. Schrade et al. (Ref 50) theoretically and
experimentally found that nano-sized grains were an effective
method of lowering thermal conductivity and its dependence on
temperature in half-Heusler materials. Bhattacharya et al. (Ref
51) found a somewhat linear relationship between lattice
thermal conductivity and grain size diameter in TiNiSn1�xSbx.
Additionally, Douglas et al. (Ref 31) proposed that increased
amounts of secondary phases, such as TiNi2Sn, reduce lattice
thermal conductivity due to interfacial scattering in TiNi1+xSn.

This was correlated with a smaller difference in thermal
conductivities between TiNiSn and TiNi1.15Sn as temperature
increased, due to a larger influence of electronic thermal
conductivity from TiNi2Sn. Larger intermetallic TiNi2Sn con-
tent also increases charge carrier concentration, which can
increase electronic thermal conductivity. While experimental
grain size ranges from 0.05 to 76 lm in Table 3, there is not
enough quantitative data on TiNiSn morphology to confirm that
it is significantly correlated with thermal conductivity using
ANOVA (p = 0.267).

3.2 Electrical Resistivity

Electrical conductance is a function of a material�s band
structure, where the distance between its valence and conduc-
tion bands is the energy bandgap, Eg. Promotion of electrons
from the valence to the conduction band for free movement
through a material requires an energy input equal to the
bandgap. A large bandgap induces a smaller charge carrier
concentration and higher electrical resistivity. TiNiSn, an
intrinsic semiconducting material, has a theoretical bandgap
between 0.40 (Ref 52) and 0.51 eV (Ref 53). Bandgap can be
estimated using an Arrhenius relationship by:

ln rð Þ ¼ ln r0ð Þ þ �Eg

2kB

� �
1

T

� �
ðEq 2Þ

where r is the electrical conductivity, Eg is the activation
energy required for electron promotion (i.e., bandgap), and kB

Table 2 Reported impurity phases in TiNiSn alloy by
x-ray diffraction and microscopy

Process Reported impurity phases

(a) AM + AN TiNi2Sn, Ni3Sn4
(b) MA + SPS TiNi2Sn, Ni3.39Sn4, TiO2

(c) AM + AN Ti6Sn5, Sn
(d) AM + HIP + AN Ti6Sn5
(e) AM + AN + HIP TiNi2Sn
(f) MW + HIP TiNi2Sn, Ti5Sn3
(g) AM + AN + SPS TiNi2Sn, Ti6Sn5, Sn
(h) AM + AN + SPS + AN TiNi2Sn, Sn
(i) LM + AN TiNi2Sn, Ti6Sn5, Ni3Sn4
(j) MW + MWS TiNi2Sn, Ti2Sn, Ti, Sn
(k) MW + SPS TiNi2Sn, Ti6Sn5
(l) LM + SPS TiNi2Sn, Ti6Sn5, Ni3Sn4, Sn
(m) RS + HIP TiNi2Sn
(n) SPS TiNi2Sn, Sn

Fig. 1 Optical microstructure of TiNiSn alloy, etched with Kroll�s reagent; arc-melted and annealed at 1073 K for (a) 0 weeks/as-cast, (b)
1 week, and (c) 3 weeks. White regions are TiNiSn, blue is TiNi2Sn, orange is Ti, and black is porosity (Ref 24). Images reproduced with
permission (Color figure online)
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is the Boltzmann constant. The change in electrical resistivity
of TiNiSn with synthesis parameter is shown in Fig. 5.
Theoretical bandgap is calculated (Eq 2) and listed in Table 4.

TiNiSn follows general semiconductor behavior, as shown
in Fig. 5, whereas temperature increases and electrical resis-
tivity decreases due to increased charge carrier density.

Electrons are more freely able to jump to the conduction band,
and consequently, holes are generated and flow in the valence
band. Berche and Jund (Ref 54) calculated theoretical electrical
resistivity of TiNiSn (dashed line), based on a bandgap of
0.12 eV.

In terms of ZT, electrical resistivity should be minimized.
While processes a and b have the lowest resistivity, both exhibit
a metallic behavior where resistivity increases with temperature
and their bandgap is < 0 eV. A positive, nonzero bandgap is
necessary for reasonable Seebeck coefficients and ZT, expanded
upon in subsequent sections.

Considering processes a and b as outliers, regardless of
melting parameters, samples densified with SPS have a lower
resistivity than samples using HIP or no densification process
using a Tukey test (p < 0.05). This can be attributed to the
density (i.e., porosity), as listed in Table 2. Downie et al. (Ref
55) found that reduced porosity led to a substantial decrease in
resistivity for Ti1�xZrxNiSn. Porosity increases resistivity by
increasing the mean path length for electrical flow to pass (Ref
56). This relationship is illustrated in Fig. 6, where statistical
significance between density and electrical resistivity is con-
firmed (p = 0.042).

Resistivity can also be heightened through induced defects,
such as grain boundaries, dislocations, and point defects, by
increasing the scattering of conducting electrons (Ref 57).
Hazama et al. (Ref 58) found that non-stoichiometry, such as
excess nickel, formed TiNi1+xSn, where Ni atoms filled
naturally vacant interstitial sites to induce defects in the TiNiSn

Fig. 2 Total thermal conductivity (W/m K) vs. temperature (K) for
selected synthesis parameters of TiNiSn, extracted from the literature

Fig. 3 (a) SEM micrograph of TiNiSn synthesized by AM, RS, and HIP (Ref 87); (b) TEM image of TiNiSn bulk alloy with nanopores
synthesized via MWS (Ref 34); (c) back scattered SEM micrograph of TiNiSn after 72 h heat treatment synthesized using SPS (Ref 38). All
images reproduced with permission
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Fig. 4 Average thermal conductivity (W/m K) vs. density (g/cm3)
of selected synthesis parameters of TiNiSn from 600 to 800 K

Table 3 Density and average grain size of TiNiSn with reported synthesis process

Synthesis process Estimated density, g/cm3 Grain size, lm

(j) MW + MWS 6.2 0.1
(d) AM + HIP + AN … …
(f) MW + HIP 6.56 0.1-0.13
(m) RS + HIP 6.99 5-10
(e) AM + AN + HIP 6.85 0.11-0.13
(l) LM + SPS 7.2 …
(n) SPS … 0.05
(h) AM + AN + SPS + AN 7.2 76
(g) AM + AN + SPS 7.2 45
(k) MW + SPS 7.2 …
(i) LM + AN 6.71-6.92 20-30
(c) AM + AN … …
Theoretical density of TiNiSn is 7.21 g/cm3 (Ref 86)

Fig. 5 Electrical resistivity (lX m) vs. temperature (K) for selected
synthesis parameters of TiNiSn, extracted from the literature

Table 4 Calculated bandgap of TiNiSn with reported
synthesis process

Synthesis process Bandgap, eV

(b) MA + SPS � 0.005
(a) AM + AN � 0.007
(g) AM + AN + SPS 0.094
(n) SPS 0.021
(k) MW + SPS 0.083
(l) LM + SPS 0.111
(m) RS + HIP 0.129
(h) AM + AN + SPS + AN 0.106
(j) MW + MWS 0.079
(d) AM + HIP + AN 0.155
(i) LM + AN 0.140
(f) MW + HIP 0.101
(e) AM + AN + HIP 0.072
(c) AM + AN 0.197

Fig. 6 Average electrical resistivity (lX m) vs. density (g/cm3) of
selected synthesis parameters of TiNiSn from 600 to 800 K
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unit cell, randomly distributed throughout the entire bulk phase,
as shown in Fig. 7. Tang et al. (Ref 59) further found that from
0 £ XNi £ 0.06, as temperature and Ni content increased
(experimentally up to 1223 K), the stable phase region of
TiNiSn widened, ultimately allowing more stable Ni interstitial-
filled sites. Downie et al. (Ref 55) suggest that SPS does
introduce some interstitial Ni based on their diffraction data and
fitted activation energies, resulting in additional in-gap states
and a reduced bandgap, although this effect is negligible at
temperatures above 700 K. It was found that electrical resis-
tivity was heightened somewhat with more Ni interstitial point
defects.

Muta et al. (Ref 60) demonstrated that TiNiSn naturally
decomposes at 1073 K during annealing, producing impurity
phases such as TiNi2Sn, Ti-Sn binary phases, and Sn. This
highlights the usefulness of a high pressure, densification step
toward producing purer TiNiSn. They also showed that
sintering from 1273 to 1473 K with applied pressure using
SPS eliminates the majority of the impurity phases. Increasing
the SPS temperature further reduces impurities, shown by the
sharpening of their XRD peaks. Finally, Douglas et al. (Ref 31)
suggest that additional TiNi2Sn phase could have a decreasing
effect on resistivity at elevated temperatures from excitation
from the Heusler and other metallic phases.

Based on the preceding theories and the experimental data
from the literature, it can be theorized that regardless of
densification or sintering parameters used for stoichiometric
TiNiSn, a small amount of Ni defects sites will always be
present, which will increase the electrical resistivity compared
to pure TiNiSn. Simultaneously, the ever-present impurity
phases seem to have a dominant global effect, since all reported
samples have a reduced resistivity compared to the theoretical
calculation for TiNiSn.

3.3 Seebeck Coefficient and Power Factor

The Seebeck effect produces a voltage in response to a
temperature difference across a material, measured as its
Seebeck coefficient, S. With an applied temperature gradient,
high-energy charge carriers (holes or electrons) from the hot
portion will diffuse toward the cold portion. Simultaneously,
low-energy charge carriers will diffuse to the hot side, but at a
slower rate. This produces a charge density gradient, ultimately

generating an electric field and therefore a voltage. For
degenerate metals or semiconductors, the Seebeck coefficient
can be given as:

S ¼ 8p2k2B
3eh2

m�T
p
3n

� �2=3
ðEq 3Þ

where m* is the effective mass, n is the charge carrier
concentration, kB is the Boltzmann�s constant, e is the electron
charge, and h is the Planck�s constant (Ref 61). Based on Eq 3,
as charge carrier concentration increases, |S| will decrease.
Since the contribution from holes and electrons interferes with
one another in semiconductors, the electrical conductivity of
each charge carrier type at a given temperature is also highly
relevant to the overall Seebeck coefficient, which can be
summarized as a weighted average shown by Eq 4:

S ¼ rpSp � rn Snj j
rp þ rn

ðEq 4Þ

where r is the electrical conductivity, p refers to holes (positive
charge carriers), and n refers to electrons (negative charge
carriers) (Ref 62). In general, the charge carrier concentration of
TiNiSn is increased through addition of intermetallic impurity
phases (i.e., TiNi2Sn) and Ni defects. The Seebeck coefficient
with respect to synthesis parameters and temperature is shown
in Fig. 8.

TiNiSn is naturally an intrinsic n-type thermoelectric
material, meaning that electrons are the dominant charge
carrier and the resulting Seebeck coefficient is negative (Eq 4).
Berche and Jund (Ref 54) calculated the theoretical Seebeck
coefficient (dashed line), based on a bandgap of 0.12 eV.
Regardless of the synthesis parameters, the prevalence of Ni
interstitial defects provides additional electron charge carriers,
acting as a pseudo-dopant. To maximize ZT, |S| should be
maximized (Eq 1). In general for TiNiSn, as temperature
increases, |S| increases to a maximum and then decreases. At
low temperatures, the ratio of majority to minority charge
carriers (i.e., electrons to holes) will be significant. As
temperature elevates, the minority charge carrier conductivity
increases exponentially, resulting in a peak and decline in |S|
(Ref 62). From Fig. 8, it is observed that SPS processes have
the lowest |S|, followed by HIP and non-densified processes.

Fig. 7 TEM micrograph of TiNiSn alloy, where x = Ni/(Ti + Sn)
(Ref 58). reproduced with permission

Fig. 8 Seebeck coefficient (lV/K) vs. temperature (K) for selected
synthesis parameters of TiNiSn, extracted from the literature
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The higher processing temperature during SPS can allow for
high melting point intermetallics to solidify before TiNiSn,
producing more impurities and a larger charge carrier concen-
tration.

From the experimental data in Tables 3 and 4, there is a
linearly proportional relationship (p < 0.001) between the
Seebeck coefficient and total electrical resistivity, as illustrated
in Fig. 9. This agrees with the theoretical relationship given in
Eq 4 and the fact that Seebeck coefficient is inversely
proportional to carrier concentration for degenerate materials,
such as TiNiSn.

A Jonker plot for TiNiSn, based on the relationship between
Seebeck coefficient and logarithm of electrical conductivity, is
shown in Fig. 10. For a non-degenerate semiconductor, the
Jonker plot relationship is a line that is summarized as:

S ¼ � kB
e

lnr� ln r0ð Þ ðEq 5Þ

where ‘‘+’’ is for n-type semiconductors and the ideal slope is
86.15 lV/K (Ref 63, 64). The intercept along the x-axis, ln(r0),
is largely determined by the product of the density of states and
charge carrier mobility (Ref 65). Deviation from kB/e in Fig. 10
as temperature increases highlights the natural degeneracy of
TiNiSn from Ni-based defects, as electrons are the major charge
carrier while Eg theoretically shrinks with increasing temper-
ature (Ref 66, 67). The slope reaches a maximum and following
decline, corresponding to activation of minority charge carriers.
The maximum of the slope matches well with the maximum of
|S|. Natural logarithm of r0 shows small evidence of an increase
with temperature, although with very large standard deviation,
indicating that carrier mobility of TiNiSn may increase with
temperature (Ref 68). Tang et al. (Ref 59) experimentally found
that electron mobility reached a maximum at approximately
500 K for TiNiSn0.99, before the onset of intrinsic excitation of
the minority charge carriers as temperature increased. Addi-
tionally, Tang et al. found that mobility decreased with
increased Ni content, which is mentioned to change with
processing conditions (Ref 59). Therefore, the variance of slope
and ln(r0) at given temperatures in Fig. 10 can be attributed to
the metallic impurity content (Table 2) from each synthesis

method, leading to changes in bandgap, carrier concentration,
and charge mobility (Ref 69).

Seebeck coefficient and electrical resistivity are commonly
combined into a single term called the power factor, S2=q, as
shown in Fig. 11. Theoretical power factor is calculated based
on experimental data from Fig. 5 and 8.

Calculated power factor trends of TiNiSn are typical of
degenerate thermoelectric semiconductors since they linearly
increase with temperature to a maximum peak, with a
subsequent decrease (Ref 62). At elevated temperatures,
materials with small resistivity tend to have a low |S|, and
vice versa. Both the Seebeck coefficient and the resistivity
relate to the bandgap, or activation energy needed for electrons
to excite into the conduction band. TiNiSn samples with a small
resistivity theoretically have a smaller bandgap, which allows
easy promotion of electrons to the conduction band at high
temperatures. Consequentially, this can excite the holes in the
valence band that are available for charge transport, a
competing contribution to the Seebeck coefficient. Materials
with a larger resistivity, while still affected by the excitation of
minority charge carriers, have a larger |S| since the activation
energy required for excitation is more substantial (Ref 24).
Overall, balancing electrical resistivity and thereby the Seebeck
coefficient through processing parameters is essential to
maximize power factor and ZT.

3.4 Processing and Thermoelectric Property Relationships

For metals and degenerate semiconductors, electronic
thermal conductivity (kE) and electrical conductivity have a
direct correlation to one another based on the Wiedemann–
Franz law:

kE ¼ rLT ðEq 6Þ

where L is the Lorenz number [L0 = 2.45 9 10�8 WX K�2

(Ref 70)] and r is the electrical conductivity. This law holds
true and L0 is a universal factor when the free electron
contribution for heat transport is significantly higher than by
phonon transport. For semiconductors and other materials with
contributions from both free electrons and phonons, Kim et al.
(Ref 71) suggested a new approximation (accurate within 20%)
of L in order to consider phonon scattering:

L ¼ 1:5þ exp � Sj j
116

� �
ðEq 7Þ

where L (10�8 WX K�2) is a first-order factor of Seebeck
coefficient (lV/K). Since ktot ¼ kE þ kL, where kL is the lattice
thermal conductivity, ktot is the experimentally measured total
thermal conductivity (Fig. 2), and kE is calculated from
estimated L and measured S (Eq 6 and 7), lattice and electronic
contributions to thermal conductivity can be separately esti-
mated for TiNiSn, as illustrated in Fig. 12.

From Fig. 12, it is confirmed that the thermal conductivity is
dominated by lattice contributions, comparing well with first-
principles calculations by Ding et al. (Ref 49). Lattice thermal
conductivity is generally increased with a decrease in phonon
scattering occurrences, accomplished through increased density
(i.e., decreased porosity), fewer grain boundaries, and fewer
lattice defects (e.g., Ni defects and impurity phases). Ni lattice
defects increase the average atomic mass of localized areas in
the bulk TiNiSn crystal, decreasing the lattice thermal conduc-
tivity (Ref 72). Complex crystal structures are also associated

Fig. 9 Average electrical resistivity (lX m) vs. Seebeck coefficient
(lV/K) of selected synthesis parameters of TiNiSn from 600 to
800 K
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with a low lattice thermal conductivity (Ref 73). Alternatively,
thermal conductivity through free electron contribution is
primarily increased with a greater charge carrier concentration
and metallic impurity phase content, such as TiNi2Sn (Ref 74).

Based on preceding theories and reported literature data,
there are two simultaneous, but opposing factors resulting from
processing conditions that influence the overall thermal con-
ductivity: phase and lattice deviations from a pure TiNiSn
matrix and density variations (i.e., porosity content). Lower
temperature and longer duration annealing methods without
densification, such as c and i, provide a smaller stable chemical
range for TiNiSn (Ref 59), reducing the amount of interstitial
Ni as well as allowing for more time to reach phase equilibrium
with fewer metallic phases. The other processes that include a
densification step, such as HIP or SPS, are generally done at

higher temperatures than annealing, which allow for higher

Fig. 10 (a) Jonker plot of TiNiSn and (b) the slopes and x-axis intersections of Jonker plot at different temperatures

Fig. 11 Power factor (10�39W/m K2) vs. temperature (K) for
selected synthesis parameters of TiNiSn, fitted from extracted
literature data

Fig. 12 Decoupled (a) electronic thermal conductivity, ke, and (b)
lattice thermal conductivity, kL, vs. temperature (K) for selected
synthesis parameters of TiNiSn
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melting point impurity phases (e.g., TiNi2Sn) to solidify
preferentially. Additionally, higher temperatures allow for
increased amounts of interstitial Ni defects due to the widening
stable chemical window. This is reflected in Fig. 2, 8, and 12,
where high-temperature densification processes have much
lower lattice thermal conductivity (as much as 58% (Ref 59)),
heightened electronic thermal conductivity, and low Seebeck
coefficient, presumably due to increased charge carrier con-
centration from such defects.

Density and porosity were previously correlated with total
thermal conductivity in an earlier section. It was also found that
SPS was the optimal densification process for fully dense bulk
samples, when compared to HIP. Since larger densities promote
less scattering to occur, SPS generally produced samples with
larger total thermal conductivity. Defect content is the apparent
major factor influencing both conductivity contributions, since
processes c and i have the largest lattice conductivity and
smallest electronic component from Fig. 12. These two pro-
cesses were also the sole sources to report a quantitatively high
TiNiSn matrix purity (�97-98%). While one can speculate that
SPS processes (i.e., g and n) have the largest content of Ni
defects and/or impurity phases since they have the largest
electronic thermal conductivity, it is obvious that the lack of
quantitative phase analysis in the literature leaves a gap toward
a complete understanding.

Since electrical resistivity is directly related to thermal
conductivity through the Lorenz number, L, it is also affected
by sample density and defect microstructure. Ni defects can be
considered interstitial point defects, which traditionally increase
electrical resistivity as:

Dq ¼ Ncaqp ðEq 8Þ

where N is the number of lattice sites, ca is the concentration of
point defects, and qp is the resistivity increase per point defect
(Ref 37). Additionally, the effective resistivity of dispersed
secondary phases in a surrounding matrix can be estimated
using a mixture rule (Ref 75). With two outliers omitted, there
is an obvious inverse correlation (p = 0.036), as illustrated in
Fig. 13. The two outliers correspond to processes c and i, which
do not include a densification step and produce a unique
combination of low density, high grain size, assumed higher
phase purity, and low Ni defect concentration. When looking at
more comparable processes utilizing either HIP or SPS, lower
density HIP samples had the lower thermal conductivities and
predictably larger electrical resistivities. This is due to more
electron scattering effects from higher porosity contents.
Electrical resistivity is negatively influenced by the metallic
impurity content through a smaller bandgap in addition to
increased electronic contributions to kL (Ref 74), but again,
more quantitative phase data are required to compare.

While Seebeck coefficient is traditionally associated with
purely electronic behavior and is significantly correlated with
electrical resistivity (Fig. 9, 10), sample porosity may have a
minor effect on Seebeck coefficient. Lee et al. (Ref 76) found
that nano-sized pores in SiGe not only reduced thermal
conductivity and electrical conductivity, but also increased the
Seebeck coefficient. Valalaki et al. (Ref 77) found a similar
effect in porous silicon (up to � 50% porosity). This was
attributed to an energy filtering effect where small pores will
scatter low-energy electrons more effectively than high-energy
electrons. Since S is essentially a measure of average energy of

electrons, as the pore content and proportion of high-energy
electrons go up, so does S. Nano- and micro-sized pores are
observed in TiNiSn (Ref 31, 34, 35, 38, 48) through various
microscopy techniques. While charge carrier density and
secondary phase content are surely the most significant factor
concerning S, pore content could affect S of TiNiSn to some
degree, although statistical significance of porosity cannot be
confirmed with the available literature.

3.5 Figure of Merit

From Eq 1, ZT is a function of the Seebeck coefficient,
electrical resistivity, thermal conductivity, and temperature.
Given the collected data from Fig. 2, 5, and 8, the theoretical
and experimental ZT as a function of temperature and synthesis
process can be calculated as shown in Fig. 14.

Regardless of synthesis parameters, the ZT of TiNiSn
increases with rising temperature to a peak (Tavg � 750 K),
after which ZT decreases. The majority of synthesis processes
produce a maximum ZT between 0.3 and 0.4, with some
outliers outside of this range. Process a (and presumably b)
produced very low ZT due to the resulting metallic nature,
based on calculated bandgap. Processes m and l have signif-
icantly higher ZT than most other techniques, attributed to their
below average thermal conductivity and high power factor.
There is not an apparent relationship of synthesis parameter
versus ZT, nor of ZTmax versus Tmax (p > 0.15), as shown in
Fig. 14, concluding that it is important to balance each
interconnected thermoelectric property when optimizing ZT.

3.6 Theoretical and Experimental Differences

There are significant differences between the calculated
properties and the available experimental data, which can partly
be explained by the assumptions made. Accurate determination
of grain size and grain boundary morphology has a great
influence on thermal conductivity, since the lattice contribution
is most significant up to 800 K (Ref 49, 54). Also, bandgap of
synthesized TiNiSn is smaller than theoretical calculations,
which effects electron promotion behavior, electrical resistivity,
and the Seebeck coefficient (Ref 52, 53). Additionally, Berche

Fig. 13 Average electrical resistivity (lX m) vs. total thermal
conductivity (W/m K) of selected synthesis parameters of TiNiSn
from 600 to 800 K
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and Jund (Ref 54) assumed a constant electron relaxation time,
s, which is inversely proportional to electrical resistivity (Ref
78). For a semiconductor, s should theoretically increase with
temperature.

Variations in phase morphology between synthesized and
theoretically pure TiNiSn should also be a primary source of
differences within each property. Based on the previously
mentioned difficulty of synthesizing pure TiNiSn, small
amounts of impurity phases (TiNi2Sn, Sn, etc.) and inherent,
interstitial Ni defects will change the majority and minority
charge carrier concentration ratio, charge carrier concentration,
and therefore the thermoelectric properties (Ref 31, 79, 80).
Lack of reported quantitative phase analysis is the primary
source of uncertainty when refining process/property relation-
ships. Berche and Jund (Ref 81) also predict that small amounts
of oxygen can decompose the TiNiSn phase into Ti2O3 and
Ni3Sn2 + Ni3Sn4, decreasing thermal conductivity, Seebeck
coefficient, and electrical resistivity. Ultimately, the reported
theoretical calculations provide a somewhat accurate global
trend for TiNiSn, but differences due to synthesis difficulties
and calculation assumptions should be taken into account for
continued evaluation and prediction of half-Heusler thermo-
electric properties.

4. Conclusions

TiNiSn thermoelectric properties have been reported based
on a variety of melting and sintering technique combinations,
comprehensively compared for the first time in this review.
Since many plausible applications for TiNiSn are at elevated
temperature, the thermoelectric properties from approximately
600 to 800 K were focused on. Theoretical calculations of the
thermoelectric properties exhibit significant variation from
reported data due to assumptions regarding phase purity,
morphology, theoretical density, and electronic structure.
Primary melting techniques, such as arc melting and induction
levitation melting, do not seem to have a significant effect on
thermoelectric properties.

Total thermal conductivity (2.47-6.08 W/m K) was found to
be dominated by phonon scattering effects, when separated into
lattice and electronic contributions. While a direct correlation
was found between total thermal conductivity and process
density (i.e., porosity), charge carrier concentration will also
contribute. Methods utilizing SPS produced densities closer to
100% and higher total thermal conductivities compared to HIP
methods due to less phonon scattering effects. Additionally,
densification methods are done at comparatively higher tem-
peratures, which widens the phase window of TiNiSn for Ni
defects to occur and also allows for intermetallic phases to
preferentially solidify and stabilize due to higher melting
temperatures. Although, some non-densification processes had
lower densities, large grain size and fewer lattice scattering
events from impurities and Ni defects (97-98% pure TiNiSn)
allowed for large thermal conductivities.

Electrical resistivity (4.75-30 lX m) is inversely related to
thermal conductivity, since scattering detrimentally affects both
free electron mobility and phonon transport. Utilizing SPS
produces higher densities and therefore lower electrical resis-
tivity, compared to HIP. Since all reported alloys have
intermetallic impurities, there is a global trend of lower
electrical resistivity compared to theoretical calculations due
to increased charge carrier concentration. It can be predicted
based on measured electrical resistivity and processing tem-
perature that phase defect quantity increases when utilizing
densification techniques.

Seebeck coefficient (�273.20 to �50.71 lV/K) is directly
correlated with electrical resistivity, primarily due to a similar
relationship with charge carrier concentration. Quantification of
this relationship is not possible since phase percentages are not
provided in the literature. Density and porosity could be minor
effects on the Seebeck coefficient, as nano- and micro-pores
were observed in TiNiSn, although significant correlation was
not proven based on the current literature. Additions of nano-
sized pores have been previously observed to scatter low-
energy electrons, which cause increases in Seebeck coefficient
and electrical resistivity. The largest Seebeck coefficients were
found when densification techniques were not used, followed
by smaller values with HIP and SPS, respectively.

Interestingly, the processes that produced the largest max-
imum ZT (0.046-0.625) are those that have an intermediate
values for all thermoelectric properties, since many inverse
relationships exist. The ideal thermoelectric TiNiSn alloy has
near theoretical density, small amounts of metallic impurities
and interstitial Ni, and a small grain size, achievable through a
multistep process involving (1) initial melting of elemental
components, (2) annealing heat treatment to reduce phase
impurities, and (3) densification through SPS or HIP to reduce
grain size.

While thermoelectric properties are justifiably focused on in
the majority of publications, SEM/EDS micrographs and
quantitative phase analysis are rarely provided, leaving a gap
in understanding. Additional phase information would be a
critical statistic toward separating contributions of Ni defects
and intermetallic impurity phases toward TE properties. Future
research endeavors on TiNiSn alloys and half-Heuslers should
strive to provide more detailed, standardized chemical and
microstructural information regarding impurity phase formation
in order to further compare the unique qualities of each
synthesis procedure and their impact on the optimization of
thermoelectric properties.

Fig. 14 ZT vs. temperature (K) for selected synthesis parameters of
TiNiSn, extracted from the literature
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