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Abstract: Half-Heusler (HH) alloys have recently gained a great deal of interest and attention for possible use as
thermoelectric materials at higher temperature ranges, and HH TiNiSn is one of the most promising due to their
combination of excellent thermal stability together with apparent similarities to some common semiconductor electrical
behaviours[1]. This review will provide a thorough discussion of the synthesis and densification methods that have been
applied to produce HH TiNiSn materials to date and their potential thermoelectric performance. Based on a systematic
examination of the processing parameters discussed in nationally recognised institutions, as well as other laboratory
studies, the figure of merit (ZT) of an HH alloy depend on optimising each of the properties in a manner where they are
intertwined rather than simply trying to maximise the highest independent property value [1]. This review pays particular
attention to how density, defect chemistry and the presence of secondary phases play a role in determining the thermal
conductivity, electrical resistivity and Seebeck coefficient behavior of TiNiSn alloys when they are subjected to elevated
temperatures (600-800 K). The discussion of the direction of future research will also focus on the need for quantitative
phase analysis.
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1. Introduction
1.1 Thermoelectric Energy Conversion
The growing interest in thermoelectric materials is due
to an increasing global demand for sustainable energy
solutions in the form of waste heat recovery and
conversion to electricity [5]. Thermoelectric devices use
the Seebeck effect and Peltier effect to convert thermal
energy differences to electrical energy and create
electricity from thermal energy without any mechanical
or combustive elements [3]. The efficiency of
thermoelectric  devices 1is measured using the
dimensionless figure of merit (ZT), defined by:

S2To

ktot
In the equation, S is the Seebeck coefficient, ¢ is
electrical conductivity, kit is total thermal conductivity,
and T is absolute temperature [4]. Maximizing ZT
requires the optimization of interdependent properties;
specifically maximizing the power factor (S* * &) and
minimizing thermal conductivity at the same time. The
opposing scales of conductivity and thermal
conductivity make it difficult to design thermoelectric
materials.

ZT =

1.2 Half-Heusler Compounds: Strategic Choice for
Thermoelectrics

Half-Heusler intermetallic alloys are a significant class
of thermoelectric materials capable of wuse in
applications at intermediate to high temperatures (600-
800 K) [1]. Some of the key benefits of these material
types include: (a) Their semiconductor properties are
due to the presence of bandgaps located near their Fermi
levels; (b) The existence of naturally-occurring
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vacancies provides an excellent opportunity for the
incorporation of dopants via substitution or interstitial
mechanisms; (c) The thermal properties of these alloys
are composition-dependent; and (d) The element
constituents of these intermetallic alloys possess much
lower environmental and economic impacts than lead-
based tellurides[3]. Of all the Half-Heusler alloy
formulations that have been created, TiNiSn has
generated a considerable amount of scientific and
technological interest.

1.3 TiNiSn Composite Material

The TiNiSn system demonstrates an extremely
favorable combination of properties, including good
thermal stability at elevated temperatures, a non-toxic
composition and high ZT values due to selected species
doping and modifications. It is considered as a ternary a
phase of intermetallic compounds; it b a cubic
crystalline phase represents a mode of half-Heusler
phases characterized by alternating crystalline sites
identified for each element (Ti, Ni, and Sn). However,
the synthesis of a phase-pure TiNiSn is considerably
more challenging due to the narrow range of stability
present in ternary phase diagrams and because of the low
thermal stability of Sn at higher temperatures. Because
of these issues with synthesizing pure TiNiSn, there is
significant continued investigation into different
methods for processing TiNiSn composites in order to
improve purity of phase and thermoelectric
performance. In this review, we critically discuss the
various published methods for processing TiNiSn and
their influence on thermoelectric properties of TiNiSn
composites. We have also quantitatively correlated
processing parameters such as temperatures, pressures,
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and atmospheres with electrical and thermoelectric
properties of TiNiSn's.

2: Overview of TiNiSn Processing Methodologies
2.1: Primary Melting Techniques

2.1.1: Vacuum Arc Melting

Vacuum arc melting (also known as equal channel
angular pressing) is one of the simplest and most cost-
effective methods of producing TiNiSn and other
intermetallic alloys in bulk quantities. The process uses
an electric arc between a tungsten electrode and the
sample load situated in a water-cooled copper crucible
to generate a sufficient amount of thermal energy. This
concentrated thermal energy melts the elemental
components of the alloy together quickly, creating an
ingot with a uniform composition. The distribution of
phases throughout the ingot may be improved through
multiple melts, with interspersed flipping of the sample.
Unfortunately, even with this method of improving
distribution, localized compositional gradients will still
remain. Although vacuum arc melting is attractive
because of its short process times and low equipment
costs, the quality of the phases produced during the
melting process is generally not adequate for direct use
in thermoelectric applications. All reported samples of
TiNiSn produced via vacuum arc melting will require at
least one additional post-remelting step to produce
acceptable performance. Since the application of arc
current indirectly controls the temperature during the arc
melting process, it is very difficult to achieve
reproducible results and control the cooling rate
following melt completion, leading to the continued
formation of unwanted phases (TiNi2Sn and TisSns),
which contribute to lowered Seebeck coefficients and
altered electrical resistivity values.

2.1.2. Induction Levitation Melting

Induction levitation melting (LM) has many advantages
compared to traditional arc melting. The
electromagnetic levitation allows for the simultaneous
melting of a sample while it is being stirred by induction,
which results in a higher level of phase homogeneity and
eliminates contamination from crucibles [1]. With this
approach, the temperature differences in the sample are
negligible, while the compositional uniformity is also
greatly increased [1]. However, due to limitations placed
on the size of the sample (about 1 kg maximum), these
applications are very limited in how they can be used
and are largely restricted by the electromagnetic stability
limits on the droplet coalescence process. In addition,
because electromagnetic heating provides both
levitation and thermal energy, it is critical to select
materials carefully so that low vapor pressure elements
(like Sn) do not vaporize before they can be processed
[1]. Samples that are levitation melted tend to have
residual porosity within them due to the absence of
sustained pressure during the cooling phase of
solidification, which greatly diminishes the mechanical
strength as well as the phonon transport characteristics

[1].

2.2 Powder-Based Synthesis Routes

2.2.1 Synthesis Techniques Using Microwave Energy
Using microwaves to help with material synthesis is
known as microwave-assisted synthesis (MAS). The
products of this type of synthesis are made by causing
solid state reactions between starting materials using the
heat generated from microwaves. The best dielectrically
heated materials (dielectric loss tangent) effectively
couple with the microwave energy, resulting in an even
distribution of heat throughout the entire bulk of the
material. The accelerated heating allows engineers to
achieve the desired reaction and result in a finished
product faster and with a lessened amount of grain
growth due to the shorter amounts of time spent heating
the material. The high density of grain boundary areas
produced by the fine grain structures increases the
likelihood of phonons being scatters throughout the
material and lead to the potential for enhanced ZT
values. However, in addition, products manufactured
using MAS have less density than products
manufactured using traditional techniques because of
the presence of nanometer-sized pores that tend to
decrease charge carrier mobility. Prolonged microwave
exposure (greater than or equal to 0.5 hours) can result
in creating a dense bulk material from a powder
compact, but even when processed this way, the
resulting density is still less than the theoretical density
for the materials. Powder compaction and consolidated
powder to bulk processing creates a small amount of
residual oxygen that leads to the formation of trace oxide
phases which complicate microstructure and can affect
material performance.

2.2.2 Mechanical Alloying

Mechanical Alloying (MA) is a different way to produce
powder for use in manufacturing.

In MA, you take elemental powders and put them into
planetary ball mills and repeatedly fracture and cold-
weld them together through cyclic exposure to
mechanical energy. The process of mechanically
alloying the elemental powders results in the formation
of large amounts of surface area and disordered
structures that increase the rate of diffusion of atoms and
ions during subsequent thermal processing. MA has
potential as a way to produce homogeneous precursor
powders; however, it has been used less frequently than
traditional melting methods for producing TiNiSn.

2.3 Densification Technologies

2.3.1 Spark Plasma Sintering

The form of sintering known as Spark Plasma Sintering
or Pulsed Electric Field Sintering is a revolutionary
development that allows for very rapid consolidation
(until theoretical full density) in as short a time frame as
5 to 10 minutes [1]. A combination of Uniaxial Pressure
(ranging from 50 to 100 MPa) in conjunction with
Pulsed Electric Current creates high heating rates (up to
1000 K/min), which helps to bond particles together
while minimizing the growth of a particle's grain
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structure via short thermal exposure. An additional
aspect of SPS lies within the transient formation of
plasma during the processing cycle; this plasma helps to
cleanse the powders by removing surface-bound
contaminants (for example, carbon dioxide and
moisture) that can otherwise inhibit the densification
process [1]. When compared to all other densification
technologies, the densification of samples produced
using SPS consistently produces samples with greater
than 99% of their theoretical full density, in addition to
higher phase purity when compared with other
densification methods [1]. However, commercially
available SPS systems place some geometric limits on
the sizes of specimens able to be processed; it is not
possible to process specimens with any shape that is not
symmetrical (i.e., cylinders or disks) and this may limit
device engineering flexibility. Finally, Electrical
Conductivity of the starting powder has a direct effect
on the homogeneity of the sintered sample because the
flow of the DC Current during the sintering process
relies on a sufficient pathway of electrons to travel
within the Green Compact [1].

2.3.2 Hot Isostatic Pressing

The hot isostatic pressing (HIP) process involved the
combination of elevated temperature (1073-1173 K) and
isostatic pressure (35-84 MPa) using an inert gas
medium to densify powder compacts [1]. The combined
thermal and pressure environment dramatically
enhances the diffusion-controlled sintering mechanisms
that facilitate particle rearrangement, capillary action,
and creep-assisted densification [1]. Additionally,
because of the isostatic pressure distribution, HIP
enables uniform shrinkage of the compact that will allow
the fabrication of complex geometric shapes, which
would otherwise be impossible using rigid-die SPS
systems [1]. Unfortunately, because of the relatively
slow rate of heat transfer that occurs between the
external container and the powder particles inside, there
is a significant increase in the process times (<1 hr) and
in the coarseness of the final microstructures as
compared to those produced by SPS [1]. The resultant
grain sizes tend to be in the range of 0.1 to 10 pm, which
is a lot larger than the optimum size range for phonon
scattering optimization [1].

2.3.3 Reaction Sintering

Reaction sintering (RS) is also called liquid-phase
sintering and is a method of consolidation that uses the
different melting temperatures of the individual
components of multi-component mixtures to increase
the rate of the consolidation process. The TiNiSn alloys
are made by reaction sintering, where a low-melting-
point (=505 K) pure Sn is mixed with TiNi self-
combinations, which have higher melting points. When
the mixture is heated, the Sn melts and moves rapidly
into the TiNi matrix, where it forms TiNiSn through
reaction at the interface. As a result, the alloys feature a
bi-modal microstructure, with fine-grained TiNiSn near
the TiNi matrix and coarser TiNiSn facets in the Sn-rich

region. The great advantage of this process is that it leads
to a layered microstructure that was not available before.
On the other hand, the fact that reaction sintering can
create different deformities across the alloy can lead to
some issues, such as the potential for impurities and low
density, therefore, the need for some additional
processing methods (e.g. annealing, hot isostatic
pressing [HIP], or spark plasma sintering [SPS]) to
improve the final product.

2.4 Secondary Heat Treatment: Annealing
Operations

After both the melting (the beginning) and the “initial”
sintering (putting into a metallic state) of material
known as the TiNiSn phase (such as: Aluminium, Iron,
Nickel and Silicon), an element of secondary heat
treatment is referred to as annealing (thermally
adjusting), to obtain a more stable form (phase) with
fewer impurities. The creation of TiNiSn using most
methods will also result in little quantities of non-desired
phases like Sn, Ti6Sn5, and TiNi-Sn due to having
limited kinetic pathways and insufficient room within
the narrow TiNiSn phase. Extended (greater than one
week) annealing treatment at about 1073 K will
significantly reduce the fractions of non-desired phases
while stabilising the TiNiSn metallic phase. However,
prolonged periods (especially) in a high-temperature
region will cause grains to coarsen, resulting in reduced
density of grain boundaries, thereby increasing thermal
conductivity which is negative when attempting to
enhance ZT value. In short, this issue (trade-offs
between impurity elimination and grain growth
suppression) presents a basic challenge in optimising
TiNiSn based on the processing parameters used.

3. Thermoelectric  Property Analysis and
Correlations

3.1 Thermal Conductivity: Phonon and Electronic
Contributions

The thermal conductivity of TiNiSn, like that of many
semiconductors, arises from both phonon (lattice) and
electronic contributions. For temperatures between 600
K and 800 K, lattice thermal conductivity contributes
more than electronic thermal conductivity to the overall
thermal conductivity of TiNiSn. The associated total
thermal conductivity values for TiNiSn that have been
prepared using the different synthesis methods have
been systematically deconvolved into their constituent
parts and show a strong correlation between the density
of the final product and the total thermal conductivity
achieved. The density of samples prepared using SPS
virtually reach 99% of the theoretical maximum (7.21
g/cm?®) and display a concomitant increase in total
thermal conductivity. The above-stated correlation
reflects the major role played by porosity in phonon
transport in this system. Porous microstructures
introduce various defects, perturbations, and interfaces
that can scatter the phonons, which decreases their
mean-free length and reduces the overall thermal
conductivity. Samples that did not undergo a

IJDDT, Volume 16 Issue 158, 2026

Page 259



A Review On Tinisn (Titanium Nickel Tin) Half-Heusler (HH) Alloy - Processing Methods / Techniques In Order To
Optimise Thermoelectric Performance.

densification step (for example, simple annealing)
typically exhibited total thermal conductivity values
lower than 2.47-3.5 W/m-K, with higher porosity and
smaller grain size as an explanation.

As previously mentioned, additional reference number
indicates that increasing the density or number of defects
creates more areas within the intermetallic region of the
material, thereby increasing the number of available
conduction pathways and conducting electrons as well
as reducing lattice phonon scattering. Because increased
thermal conductivity has both positive and negative
influences on ZT, careful consideration must be placed
on creating a process that optimizes all influences, i.e.
both phonons and electrons will be incurred with very
few exceptions where one may dominate. In the case of
SPS and HIP, the p-phase of TiNi becomes more stable
at elevated temperatures (=1273 K), thus allowing for
the occupancy of Ni interstitials, which then promotes
the preferential solidification of these
materials/develops additional electronic conduction
pathways when compared to other processes. Generally,
processes that yield intermediate thermal conductivities
(4.0-5.0 W/m.K) produce better ZT performance than
processes that yield extremely low or very high density
or defect microstructures. As previously mentioned,
additional reference number indicates that increasing the
density or number of defects creates more areas within
the intermetallic region of the material, thereby
increasing the number of available conduction pathways
and conducting electrons as well as reducing lattice
phonon scattering. Because increased thermal
conductivity has both positive and negative influences
on ZT, careful consideration must be placed on creating
a process that optimizes all influences, i.e. both phonons
and electrons will be incurred with very few exceptions
where one may dominate. In the case of SPS and HIP,
the p-phase of TiNi becomes more stable at elevated
temperatures (=1273 K), thus allowing for the
occupancy of Ni interstitials, which then promotes the
preferential solidification of these materials/develops
additional electronic conduction pathways when
compared to other processes. Generally, processes that
yield intermediate thermal conductivities (4.0-5.0
W/m.K) produce better ZT performance than processes
that yield extremely low or very high density or defect
microstructures.

3.2 Electrical Resistivity: Density and Defect
Dependencies

The electrical resistivity of a semiconductor is primarily
dependent on the bandgap of the semiconductor and the
concentration of charge carriers. With theoretical
bandgap values of 0.40-0.51 eV [1], TiNiSn has
properties similar to an intrinsic semiconductor. The
Arrhenius method of analysis for temperature-dependent
resistivity shows fitted bandgap values from 0.005 to
0.197 eV based on the synthesis methods published in
the literature [1]. The variability of these values can be
attributed to the different impurity phase content and
defect density due to the different processing routes.

Density-related porosity has a direct effect on electrical
transport by increasing the conduction path length. The
statistical analysis shows a statistically significant
correlation (p=0.042) between the density of the samples
and the electrical resistivity reported. The samples
prepared by SPS, which had density values close to the
theoretical density of TiNiSn, had the lowest resistivity
values (4.75-8.0 pOhm*m) when compared to the
samples that were not densified or treated by HIP (8-30
pOhm*m), [1]. The presence of porosity in the samples
lowers the electrical conductivity by creating
interruptions along pathways for electrons and by
creating additional scattering sites for the charge
carriers.

Ni interstitial point defects have a dual-role paradoxical
effect on electrical resistivity characteristics. Pure
(stoichiometric) TiNiSn gives room for interstitial Ni
atoms to fill vacant sites in the unit cell [1]. In both
experimental and computational studies, it has been
shown that if an atom occupies an interstitial position,
the value of the fitted bandgap increases and, due to the
creation of defect states within the bandgap, decreases
the conductivity [1]. Nonetheless, all of the reported
samples of TiNiSn contained a metallic impurity phase
(primarily TiNi2Sn), which adds free charge carriers
(electrons), thereby reducing the electrical resistivity
compared to pure stoichiometric TiNiSn as predicted by
theory [1]. In summary, while individual interstitial
defects affect conductivity, the overall effect of impurity
phases overwhelms their contributions to conductivity,
resulting in experimental resistivities for stoichiometric
TiNiSn consistently lower than those predicted from
theory.

3.3 Seebeck Coefficient and Power Factor
Optimization

According to Semi-Classical Transport Theory, a semi-
classical representation of charge carrier movement, the
Seebeck Coefficient reflects a ratio of generated Voltage
per Difference in Temperature per Charge Carrier,
where these two phenomena are related inversely as the
Density of Charge Carriers goes up [1].

log (o)
o

This also establishes a base relationship, or a limit, in the
ability to optimise S and o for the same temperature.
When considering the Doped Semiconducting Nature of
TINiSn and its N-Type characteristics (i.e., Electrons
being the primary charge carriers), the S Coefficients
measured were consistently negative between -273.20
pV/K and -50.71 pV/K [1].

The combined effect of the Seebeck coefficient and
electrical conductivity provides a measure of the
electronic contribution to ZT, and this quantity is called
the power factor (S26 = S2/p). The maximum power
factor for all synthesis methods occurs at intermediate
processing temperatures (i.e., 1273 K). Processing at
temperatures higher than this leads to increasing
concentrations of interstitial Ni defects as well as

S x
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increased levels of impurity phases, both of which lead
to an increase in the number of free carriers.

The best combination of Seebeck coefficient and
electrical conductivity occurs under conditions less
extreme than what would typically lead to the maximum
power factor observed. Processing conditions ¢ and i
(which consist of annealing only) consistently yield the
best combinations of those two properties even though
the properties are only moderate relative to their
extremes.

3.4 Defect Chemistry and Phase Purity Effects

The crystalline structure of TiNiSn and its associated
secondary phases were evaluated using an X-ray
diffraction (XRD) and electron microscopy (EM)
methods. A major finding was that all synthesized
TiNiSn samples contained secondary phases (called
TiNi2Sn) in addition to various amounts of binary phases
(TieSns, NisSns and residual Sn). In addition to
demonstrating the presence of impurity phases, the vast
majority of studies on TiNiSn have only provided
qualitative phase identification through XRD; very little
quantitative phase analysis has been published [1]. The
bulk of TiNiSn samples produced via processes other
than densification (arc melting plus annealing) had
roughly 97-98% phase purity based on the limited
quantitative phase analysis available, whereas no format
of quantifying TiNiSn phase purity have been published
for samples produced through densifying methods [1].
During the processing of TiNiSn at elevated
temperatures, several factors led to the preferential
formation of interstitial Ni point defects. As the
temperature of TiNiSn was raised above 1273 K, the
stability window of the phase expanded, resulting in
greater amounts of Ni occupying empty interstitial sites
[1]. These defects can be classified as "unintentional"
dopants as they introduce electronic states within the
bandgap that will lower the effective bandgap value and
create increased electron concentrations. Additionally,
studies conducted at different temperatures show that the
width of the stable phase region of the Ti-Ni-Sn ternary
system increased from 0.12 to 0.60 at. % Ni over-
stoichiometry when temperature increased from 1073 to
1223 K, thus enabling greater interstitial Ni
concentrations due to processing at elevated
temperatures [1].

4. Integration of Processing Parameters and
Thermoelectric Properties

4.1 Property Relationships and Fundamental Trade-
offs

Data compiled from various experimental methods
(syntheses) indicates systematic dependencies between
processing conditions and individual thermoelectric
properties. No single-type dependency exists between
one specific process condition and overall figure of
merit ZT [1]. ZT was found to be maximized when
intermediate (rather than extreme) values existed for
density, defect concentration and grain size parameters.
This phenomenon can be attributed, in part, to the

inherent relationship that exists between thermoelectric
properties due to the underlying electronic structure and
scattering mechanisms of the material. Maximum ZT
samples (ZT = 0.40 -0.625) displayed distinct feature
profiles. These profiles exhibited visual characteristics
of: Near-Ideal Sample Density (>98%) Moderate Grain
Size (0.05 - 10 micron). Moderate Thermal Conductivity
(3.5 - 5.0 W/meK). Intermediate Seebeck Coefficients
(100 - 180 microvolt/K). Balanced Electrical
Resistivities (8 - 15 micro-ohmem) [1]. Balanced
profiles indicate superior processing pathways to
maximizing individual properties in isolation.

4.2 Critical Processing Route Analysis

The literature synthesis methods yield two different
processing paradigms.

The Low-Temperature Processing Pathway (Processes
c,i) uses arc melting at low processing temperatures and
prolonged annealing (1073 K, 1-3 weeks) without
densification (see above). The microstructure produced
through this processing route exhibits high phase purity
(97-98%), fine grain size (20-30 pm), and is
characterized by low thermal conductivity (2.7-3.2
W/m-K) due to enhanced phonon scattering through the
microstructure. The resulting density ranges from 6.7 to
6.9 g/cm® and, due to residual porosity, results in
somewhat higher electrical resistivity. The property
profile produced from this processing architecture
provides a competitive ZT (0.30-0.40).

The High-Temperature Densification Processing
Pathway (Processes gh,n) utilizes post-annealing
densification via spark plasma sintering (50 K/min to
1323 K, 10 min, 50 MPa). The final product obtained
from this processing route has excellent density (7.20
g/cm?), but due to the high processing temperatures,
interstitial nickel is produced, and impurity phases
solidify. The microstructure produced from this
processing architecture is characterized by larger grain
size (45-76 pm), high thermal conductivity (4.5-5.8
W/m-K), and lower Seebeck coefficients (50-100
uV/K); however, it has lower electrical resistivity (4.75-
8.0 uQ-m). Even though the microstructure produced
from these processing pathways is distinctly different,
the ZT values produced from both pathways are similar
(0.30-0.40 ZT). The maximum ZT values of the two
processing pathways are similar, indicating that there is
a limit to the degree of ZT enhancement through the two
processing fashions without the use of substitutional
doping or phase engineering strategies. [1]

5. Materials Characterization Gaps and Future
Directions

5.1 Quantitative Phase Analysis Deficiency

Today’s TiNiSn literature reveals a major problem—the
overwhelming predominance of qualitative (as opposed
to quantitative) information for phase evaluation ([11]).
The use of X-ray diffraction and electron microscopy
techniques facilitates phase recognition, but there is a
lack of quantitative determination of the amount of
impurity phases and the distribution of interstitial
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defects among these phases. Analyses that utilize
Rietveld refinement could provide a more accurate
determination for defect site occupancy and a
quantitative analysis of secondary phases. The
availability of such quantitative data would lead to
significant improvement in our understanding of how
the individual contributions from interstitial Ni atoms,
TiNi2Sn impurities, and binary phases affect the
observed variations in the material’s microstructure and,
thus, ultimately allow us to correlate the varying
properties of TiNiSn with the corresponding processing
conditions in a much more sophisticated manner.

5.2 Grain Size and Morphology Effects

Reported grain sizes have why because the statistical
analysis performed to establish a correlation between
grain size and thermal conductivity is not statistically
significant (p=0.267) [1]. The reason for this paradox is
probably due to confounding variables; a given sample's
grain size will usually be associated with a different
average defect content, density, and a phase composition
on average. Designing systematic studies that isolate the
effects of grain size through controlled synthesis
methods that maintain uniform density and phase
composition will help to better characterize the role that
this important microstructural variable plays.

5.3 Advanced Characterization Methods

By employing advanced characterization techniques, we
can dramatically increase our knowledge and
understanding. For example:

* Using Transmission Electron Microscopy (TEM) with
Electron Energy Loss Spectroscopy (EELS) would
provide an opportunity for nanoscale imaging of Ni's
interstitial distribution and defect chemistry [1]

* Using Neutrons Diffraction would allow us to directly
determine the occupancy of a Ni site for the interstitial
location

* Using Thermal Conductivity Decomposition Models
based upon calculations for the Phonon Scattering Rate
would allow us to determine how much each scattering
mechanism contributes (Umklapp versus Impurity and
Boundary scattering).

* Variable Temperature Hall Effect Measurements will
assist in determining how the temperature varies the
carrier concentration and mobility.

6. Conclusions

1. This in-depth assessment reveals several major
takeaways about the processing and property
optimization of TiNiSn thermoelectric materials:

1.  Melting Technique does not produce any
Significant Correlation with Final Thermoelectric
Properties: Both arc and leaved melted samples
show little to no correlation to final thermoelectric
properties when the secondary processing is
appropriate for the particular technique used during
the initial melt cycle. Therefore, it would appear
that the initial melting route is of secondary

significance when compared to the combination of
densification and heat treatment [1].

2. Density and Thermoelectric Properties Are
Strongly Inversely Correlated: A highly significant
inverse correlation exists between the amount of
porosity found in a sample and the thermal
conductivity (Correlation: 94% certainty;p=0.062)
and electrical resistivity (p=0.042), making density
the principal control parameter in this regard.[1].

3. Properties Are Streamlined by Defect Dominated
Regions: The presence of interstitial Ni defects and
metallic impurity phases in every sample creates a
global trend of decreased electrical resistivity when
compared to theoretical electrical resistivity
measurements. This simultaneously increases the
number of charge -carriers which decreases
Seebeck Coefficient magnitude [1].

4. The maximum ZT can be achieved through an
intermediate range of the thermoelectric
properties; while an individual thermoelectric
maximum ZT could be achieved through extreme
optimization, an intermediate processing condition
optimally balances the competing thermal and
electrical transport processes (from different
processing routes) and the processing constraints,
thus requiring a concentric multi-parameter
optimization strategy instead of an isolated
property optimization approach.

5. The fact that two completely different processing
routes (one based only on low temperature
annealing and one based on high temp SPS
densification) produced equivalent maximum ZT
(to =0.40) despite significant differences in
microstructure and defect chemistry, means that
the maximum potential ZT for undoped TiNiSn is
~0.40.

6. To develop the refined processing/property
relationship for the next generation of half-Heusler
thermoelectric materials, EW goldmine and the
associated companies must implement quantitative
analytical techniques to establish detailed phase
and defect characterization of their samples.

2. In summary, the optimization of the thermoelectric
performance of TiNiSn is viewed as requiring a
total systems approach rather than only looking at
individual ~ parameter  optimization. = Small
maximum ZT values and multiple processing
routes generating equivalent maximum ZT suggest
that the inclusion of alternative compositional
ingredients through substitution doping, multilayer
heterostructuring, or nanostructural design will be
necessary to advance past these current
maximums, in addition to optimizing processing
routes.
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