
Mechanistic Insights into the Formation of Thermoelectric TiNiSn
from In Situ Neutron Powder Diffraction
Sonia A. Barczak, Blair F. Kennedy, Ivan da Silva, and Jan-Willem G. Bos*

Cite This: Chem. Mater. 2023, 35, 3694−3704 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Half-Heusler alloys are leading contenders for application in
thermoelectric generators. However, reproducible synthesis of these materials
remains challenging. Here, we have used in situ neutron powder diffraction to
monitor the synthesis of TiNiSn from elemental powders, including the
impact of intentional excess Ni. This reveals a complex sequence of reactions
with an important role for molten phases. The first reaction occurs upon
melting of Sn (232 °C), when Ni3Sn4, Ni3Sn2, and Ni3Sn phases form upon
heating. Ti remains inert with formation of Ti2Ni and small amounts of half-
Heusler TiNi1+ySn only occurring near 600 °C, followed by the emergence of
TiNi and full-Heusler TiNi2y’Sn phases. Heusler phase formation is greatly
accelerated by a second melting event near 750−800 °C. During annealing at 900 °C, full-Heusler TiNi2y’Sn reacts with TiNi and
molten Ti2Sn3 and Sn to form half-Heusler TiNi1+ySn on a timescale of 3−5 h. Increasing the nominal Ni excess leads to increased
concentrations of Ni interstitials in the half-Heusler phase and an increased fraction of full-Heusler. The final amount of interstitial
Ni is controlled by defect chemistry thermodynamics. In contrast to melt processing, no crystalline Ti−Sn binaries are observed,
confirming that the powder route proceeds via a different pathway. This work provides important new fundamental insights in the
complex formation mechanism of TiNiSn that can be used for future targeted synthetic design. Analysis of the impact of interstitial
Ni on the thermoelectric transport data is also presented.

1. INTRODUCTION
The past 2 decades have seen rapid advances in thermoelectric
performance, suggesting that commercial adaptation of
thermoelectric power generation is within reach.1−13 However,
widespread application is hindered by high costs compared to
other sources of (renewable) electricity. A major challenge for
thermoelectrics is to translate high performance into cheaper
materials that can be readily processed and incorporated in
thermoelectric generators at scale.14,15

Half-Heusler (HH) alloys are key candidates for thermo-
electric application due to a combination of good performance,
favorable engineering properties, and low cost.16−18 The
current best materials are n-type XNiSn (X = Ti, Zr, Hf), p-
type XCoSb, and p-type X’FeSb (X’ = Nb, Ta).19−22 Recently,
complex compositions have also attracted attention (e.g.,
vacancy X’0.8CoSb, double and high-entropy HHs).23−26 For
all HH materials, careful processing is vital to extract the best
performance with significant variations between different
studies.16,17,27−29 The performance of a thermoelectric materi-
al is quantified by a figure of merit, zT = (S2σ/κ)T.30 Here, S is
the Seebeck coefficient (the voltage response to a temperature
gradient), σ is the electrical conductivity, κ is the sum of the
lattice (κlat) and electronic (κe) thermal conductivity, and T is
the absolute temperature. The overall generator efficiency is
proportional to the temperature difference that is being used
and the average zT of the p- and n-type materials.31

n-type XNiSn HH alloys have been reported with zT ≤ 1.3−
4 at 500 °C.32−37 Most of the high-zT compositions use
substantial quantities of expensive Hf to maximize alloy
disorder. An alternative route to reduce κlat is the use of
interstitial metals,38−43 which embed substantial disorder in
the HH structure and can lead to good overall performance.
For example, zT = 0.8 at 500 °C for compositions with
interstitial Cu, which suppresses κlat but does not degrade the
overall electronic performance.44,45 By contrast, interstitial Ni
degrades the electronic mobility and, despite the favorable
impact on κlat, limits the possible improvements of zT.46−48

Controlling the amount of interstitial Ni is therefore very
important for preparing high-performance XNiSn HHs, but
there is no direct insight into how it is incorporated in the HH
structure during synthesis.
The common route to prepare XNiSn HH alloys is via

melting, and this has been widely investigated using (ex situ)
experimental and theoretical phase diagram studies.32−36

ZrNiSn and HfNiSn melt congruently and are relatively
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straightforward to prepare49 but still suffer from incorporation
of interstitials.42 Formation of TiNiSn follows an indirect
pathway. From ex situ studies, it is known that samples
quenched from the melt contain full-Heusler (FH) TiNi2y’Sn,
high-melting point (MP) Ti−Sn binaries, and elemental Sn.50

These phases then gradually react to form the HH phase at
typical annealing temperatures of 800−1000 °C. This pathway
can be understood from the Ti−Ni−Sn phase diagram shown
in Figure 1, which shows a false color plot of MPs.51 In
essence, the reaction follows phase stability with the higher-MP
compositions TiNi2Sn (MP = 1447 °C) and Ti−Sn binaries
(Ti6Sn5 and Ti5Sn3 are common. MP = 1477−1507 °C)
forming first on cooling from the melt. At lower temperatures
(below the incongruent MP of TiNiSn at 1182 °C), these
phases (and Sn) react to form TiNiSn, which is often found to
contain substantial amounts of Ni interstitials (i.e., TiNi1+ySn
composition). An outstanding question is if these interstitials
are controlled by thermodynamics (the stability of Ni
interstitial defects in the HH phase) or are kinetically trapped
Ni during conversion of TiNi2Sn into TiNiSn.
A less explored route is direct reaction between elemental

powders,38,39,44,45,52 including via self-propagating combustion
synthesis.53,54 This is advantageous from a scaling perspective
as it avoids melting and is a less energy-intense and greener
route to produce HH materials. Post-synthesis diffraction and
microscopy often reveal the presence of FH TiNi2y’Sn and
elemental Sn, suggesting that these again play an important
role in HH formation.
Here, we present the first direct study of the formation of

TiNi1+xSn (x = 0, 0.075, and 0.25) from elemental powders. In
this article, x is used to denote nominal composition, while y
and y’ are used to indicate experimental HH (TiNi1+ySn) and
FH (TiNi2y’Sn) compositions obtained from Rietveld analysis.
In situ neutron powder diffraction (NPD) reveals substantial
differences compared to high-temperature melt-based routes.

This includes the initial formation of Ni−Sn phases and the
importance of molten phases for rapid phase transformations
with full product formation occurring within hours. Similar to
the melt-based routes, HH formation also involves the FH
phase, so neither route avoids this phase in the reaction
pathway. Analysis of the temperature and time dependence of
the Ni interstitial defect concentration reveals that this is
controlled by thermodynamics, with Ni only “freezing-in”
below 500−600 °C. We also present an analysis of the impact
of interstitial Ni on the thermoelectric properties, which
consolidates literature knowledge. This study provides
important new insights that will aid the design of improved
scalable processing strategies.

2. EXPERIMENTAL SECTION
2.1. In Situ NPD Study. Powder mixtures with nominal TiNi1+xSn

(x = 0, 0.075, and 0.25) composition were prepared from high-purity
elemental precursors (Alfa Aesar; Ti, 325 mesh; Ni, 120 mesh; Sn,
100 mesh; ≥99.8% purity). The powders were thoroughly mixed
using an agate mortar and pestle and cold-pressed into 13 mm
diameter × 2 mm height disks using 10 ton uniaxial pressure. The
pellets were quartered using a scalpel and stacked to a height of ∼40
mm (corresponding to the beam size and ∼8 gram of the sample) and
then tightly wrapped in V foil and placed in a standard 10 mm
diameter V can. NPD data was collected using the General Materials
Diffractometer (GEM) instrument at the ISIS facility, Rutherford
Appleton Laboratory, UK. All samples were heated in a high-vacuum
furnace at temperatures up to 900 °C with a ramp rate of 3 °C/min.
Here, 900 °C was chosen to mimic laboratory synthesis conditions,
where samples are commonly synthesized at this temperature in
vacuum-sealed silica tubes. Diffraction patterns were collected for 10
min throughout the experiment; hence, each pattern corresponds to a
30 °C temperature interval during the ramping stage. At 900 °C, the
samples were held at constant temperature for 9 h (x = 0), 3.5 h (x =
0.075), and 4 h (x = 0.25). The reduced time at 900 °C for x > 0 was
in part chosen because the reactions neared completion and also to fit
within the time allocated for the NPD experiment. Data collection
continued during cooling down, which followed the natural cooling

Figure 1. Interpolated contour map of the ternary Ti−Ni−Sn system. Included are known phases and their melting temperatures. TiNiSn,
TiNi1.075Sn, and TiNi1.25Sn are the compositions produced and analyzed in this study. Redrawn using data from Douglas et al. Phase stability and
property evolution of biphasic Ti−Ni−Sn alloys for use in thermoelectric applications. Journal of Applied Physics 2014, 115, 043720. Copyright
2014, AIP publishing.51
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rate of the furnace. The temperatures quoted in the article are the
average of start and end temperatures for each data set. The
thermocouple was pressed against the V sample can. The samples
experience uniform heating inside the vacuum furnace. No sudden
increases in temperature were observed during the reaction, revealing
the absence of any major exothermic events. After the experiments,
the stack of pellets was found to have remained intact with the
quarters somewhat fused together, showing some evidence of partial
melting but not melted throughout. Rietveld refinement of the
collected data (banks 4 and 5 of the GEM instrument were used) was
done using GSAS software and the EXPGUI graphical user
interface.55,56

2.2. Thermoelectric Properties. A separate set of TiNi1+xSn (x =
0, 0.075, and 0.25) samples was prepared using the same powder

methodology, followed by hot pressing at 900 °C and 80 MPa to
obtain dense cylindrical disks (∼13 mm diameter × 1.5 mm
thickness). The thermoelectric properties of these samples have
been reported previously.46 Here, we reproduce this data and present
further analysis building on the in situ NPD data analysis. Detailed
structural characterization, including synchrotron X-ray powder
diffraction (SXRD), NPD, and scanning electron microscopy, can
be found in our earlier study.46 Of main relevance here is that these
samples have identical lattice parameters and Ni interstitial
concentrations to the samples reported here with hot pressing
resulting in some broadening of the SXRD reflections but leaving the
overall composition unchanged.

Figure 2. Intensity plots of the NPD data collected during synthesis of TiNi1+ySn compositions from mixtures of elemental powder precursors. (a−
c) show the changes during ramping at 3 °C/min to 900 °C. (d−f) show the evolution during heating at 900 °C and on cooling. Detailed phase
information is presented in Figure 3.
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3. RESULTS AND DISCUSSION
3.1. Neutron Powder Diffraction. The diffraction data

and quantitative phase evolution for the TiNi1+xSn samples are
summarized in Figures 2−4. In all cases, the left-hand-side
panels are for data linked to ramping to 900 °C. The right-
hand-side panels are for heating at 900 °C, followed by furnace
cooling. The three rows are in order of increasing Ni content,
i.e., x = 0, x = 0.075, and x = 0.25. Extended tables with fitted
weight percentages (wt %), experimental compositions, and
basic unit cell information are given in the Supporting
Information (Tables S1−S7). Rietveld fits at 200, 600, 800
°C, and during annealing at 900 °C are given in Figures S1−S3
for all investigated compositions. Illustrations of the unit cells
for all observed phases are shown in Figure S4. The
temperature evolution of the lattice parameters of the phases
observed during ramping and the Ni site occupancies for
Ni3Sn4 and Ni3Sn2 are shown in Figures S5−S7.
The TiNi1+xSn samples show similar phase evolution so are

discussed together. The main focus is on TiNiSn with the
specific influence of excess Ni pointed out where relevant. The
temperature evolution of the diffraction patterns (detector
bank 4 of the GEM instrument covering d-spacing between 0.4
and 6 Å) is shown as a color intensity plot in Figure 2. Visual
inspection immediately reveals a number of sudden phase
changes, in particular near the MP of Sn (232 °C) and then at
750−800 °C.

Figure 3 shows the phase evolution (wt %) obtained from
Rietveld analysis, which confirms the two sudden transitions
with gradual changes in between and above these temper-
atures. At 232 °C, Ni and Sn react to form Ni3Sn4, leaving Ti
completely unreacted (Figure 3 and Table S1). This is
consistent with the more refractive nature of Ti (MP = 1668
°C versus 1455 °C for Ni) but was unexpected due to the
perceived high reactivity of Ti and the importance of Ti−Sn
phases in the melt-based route. As the temperature is
increased, Ni3Sn4 becomes enriched with Ni with up to 0.65
extra Ni incorporated per formula unit (Table S1 and Figure
S5). As Ni3Sn4 absorbs more Ni and starts to approach a 1:1
Ni/Sn ratio, two further Ni−Sn binaries appear with Ni/Sn
ratio >1. These are Ni3Sn2 and Ni3Sn (Figure 3 and Table S1
and Figure S5). The main impact of increasing the Ni content
(x) on this first stage of the reaction is to increase the wt % of
Ni3Sn2 and Ni3Sn, and lower the temperature at which they
first appear, but globally, a very similar behavior is observed
across all three samples. In all cases, Ni3Sn4 is the dominant
binary phase (Figure 3; Tables S3 and S5). The first sign of the
reaction of Ti occurs at ∼615 °C when small amounts (<5 wt
% total) of Ti2Ni and HH TiNi1+ySn appear, followed by ∼3
wt % FH TiNi2y’Sn at ∼680 °C (Table S1). At 750−800 °C, a
sudden change occurs, with FH TiNi2y’Sn becoming the
dominant phase, the Ni−Sn binaries completely disappearing,
and TiNi emerging in addition to HH TiNi1+ySn and Ti2Ni
(Figure 3). This sudden change occurs near the MP for Ni3Sn4

Figure 3. Phase evolution during synthesis of TiNi1+ySn samples from mixtures of elemental powder precursors. (a−c) show the phase evolution
during ramping at 3 °C/min to 900 °C. (d−f) show the gradual conversion to mixtures of HH and FH phases during heating at 900 °C and on
cooling.
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(798 °C), consistent with the loss of Ni−Sn binaries from the
diffraction patterns. Upon further heating to 900 °C, Ti2Ni
disappears, and during annealing at 900 °C, TiNi and FH
TiNi2y’Sn gradually convert into HH TiNi1+ySn. In all three
samples, TiNi fully disappears after ∼5 h annealing, with only
minor changes in the HH/FH ratio beyond this point (Figure
3). This suggests that the reaction is completed after ∼5 h
annealing at 900 °C.
Figure 4 shows the atomic percentages (at %) of Ti, Ni, and

Sn throughout the heating, annealing, and cooling processes.
These are based on the amount of Ti, Ni, and Sn contained in
crystalline phases identified in the Rietveld fitting. This reveals
an apparent loss of Sn and increase in the Ti and Ni content
during the initial reaction stages at 230−400 °C, consistent
with the presence of molten Sn (non-diffracting). This occurs
in all three samples, but the effect is most evident for
stoichiometric TiNiSn, whereas the higher-Ni content samples
immediately fix the molten Sn in binary Ni−Sn compounds.
The sudden change at 750−800 °C shows a similar
pronounced loss of Sn for all samples. This again signals the
presence of a molten component at this stage of the reaction,
which is in keeping with the very fast emergence of TiNi,
TiNi2y’Sn, and TiNi1+ySn at this temperature. The Ti content
behaves differently for the stoichiometric and Ni-rich samples.
For x = 0, the Ti fraction increases, whereas for x > 0, a
reduction is observed, signaling that some of the Ti is not
incorporated in a diffracting phase. The main difference upon

heating is the larger amount of Ni3Sn2 and Ni3Sn in the x > 0
samples. These binaries have a higher MP (Figure 1), perhaps
slightly suppressing the initial supply of Ni in the reaction
mixture when Ni3Sn4 melts, leading to formation of molten
Ti−Sn instead of crystalline TiNi and Heusler phases. The
presence of a molten Ti−Sn phase can also be inferred from
the annealing stage, where TiNi and TiNi2y’Sn react to form
TiNi1+ySn. Mass balancing requires a source of Ti and Sn.
Inspection of the phase diagram suggests that these may be
Ti2Sn3 (MP = 751 °C) and Sn (MP = 232 °C), as all other
Ti−Sn binaries have MP ≫ 900 °C.
To summarize, the main stages of the reaction are as follows:
1. T = 232 °C: reaction of Ni and Sn → Ni3Sn4 + Ni3Sn2 +

Ni3Sn
2. T ∼ 600 °C: first reaction of Ti, emergence of Ti2Ni and

small amounts of TiNi1+ySn, followed by TiNi and
TiNi2y'Sn at 700−750 °C

3. T ∼ 750−800 °C: sudden loss of Ni−Sn binaries to give
three dominant phases: TiNi + TiNi2y’Sn + TiNi1+ySn

4. T = 900 °C: conversion to the HH phase: TiNi +
TiNi2y’Sn + 0.5Ti2Sn3 (l) + 0.5Sn (l) → TiNi1+ySn

Monitoring of the reaction during the annealing and cooling
stages provides important insights into the stability of Ni
interstitials. Figure 5 shows the evolution of the Ni content in
TiNi1+ySn (interstitial Ni) and TiNi2y’Sn (Ni vacancies) during
the annealing stage at 900 °C. Significantly, this reveals that the

Figure 4. Temperature evolution of the atomic percentages of Ti, Ni, and Sn for the TiNi1+ySn samples from Rietveld analysis of NPD data. (a−c)
show the evolution during ramping at 3 °C/min to 900 °C. (d−f) show the evolution during heating at 900 °C and on cooling. Deviations from the
nominal atomic percentages (indicated by horizontal lines) signal the presence of molten phases, not accounted for in the Rietveld phase analysis.
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amount of interstitial Ni is identical upon initial HH phase
formation (y ∼ 0.06); in other words, this does not depend on
the nominal Ni content. Upon annealing, there are clear
differences between the stoichiometric and Ni-rich samples. In
the former, the Ni content reduces to an asymptotic value y ∼
0.03, while in the other two samples, there is a gradual increase
to y ∼ 0.07, reflecting the larger amount of Ni available in the
reaction mixture (Figure 5a). The Ni-site occupancy of the FH
structure, by contrast, is similar for the three samples with
compositions close to TiNi1.8Sn during annealing (Figure 5b).
Figure 6 shows the interstitial Ni content and HH wt % on

cooling from 900 °C. All samples show a small reduction in
interstitial Ni on cooling, consistent with the behavior expected
for an entropy-stabilized defect. Fitting using an exponential
reveals a plateau below 500−600 °C, below which the Ni
content is frozen (Figure 6a). Substantial and contrasting
changes in HH wt % are also observed (Figure 6b). The x = 0
sample shows a small decrease of the amount of the HH phase
on cooling (and corresponding increase in the FH phase),
consistent with a reduced solubility of interstitial Ni and
growth of FH domains. The Ni-rich samples show an
unexpected increase in the HH fraction on cooling,
interspersed by a step-change increase of 3−5 wt % at ∼600
°C (x = 0.075) and ∼500 °C (x = 0.25). This increase occurs
at the expense of the FH phase, with no other phases evident
in the diffraction patterns. This suggests that the HH phase has
a greater stability at lower temperatures in the Ni-rich
compositions. The cause of the discrete steps for x > 0 is
not clear at present, but we have carefully checked our fits, and
the effect appears real. We also note that x = 0, which was
fitted in the same way does not have a corresponding jump,
suggesting that the step for x > 0 is inherent to these
compositions and not an artifact.
3.2. Thermoelectric Property Measurements. Thermo-

electric property data for TiNi1+xSn (x = 0, 0.075, and 0.25) is

presented in Figure 7. The impact of interstitial Ni has
attracted a lot of attention in the HH literature.38−42,46−48,51,57

The current understanding is that it causes in-gap states
leading to an impurity band, which reduces the effective
bandgap to below the DFT value of 0.5 eV.38,58,59 It has also
been established that the mobility of the p-type holes is about
5× as low as that of the n-type carriers.59 This is the key to the
good performance of TiNiSn as it minimizes the degradation
of S(T) and suppresses bipolar thermal conductivity (κbi). The
beneficial impact of a large electron/hole mobility ratio can be
seen from the following expressions for σ, S, and κel60,61

(1)

(2)

(3)

Here, σn (σp) and Sn (Sp) are the electron (hole) electrical
conductivity and Seebeck coefficient, respectively. σn (σp) can
be expressed in terms of the electron (hole) carrier
concentration n (p) and mobility μn (μp). The first term in
eq 3 is the regular Lorenz contribution to κel. In case of
intrinsic semiconducting behavior, n = p, and a large difference
in μn and μp mitigates against reductions in S and large κbi.
Analysis of transport data has suggested that there is metal-

like electronic conduction through the impurity band in
addition to the regular valence and conduction bands.58 In
order to accommodate these two conduction channels, σ(T)
was fitted using a parallel degenerate (σdeg, metal-like) and
semiconducting (σint) channel62

(4)

Here, the T1.5 temperature dependence is typical for acoustic
phonon scattering and ρ0 is the residual electrical resistivity at

Figure 5. Evolution of the HH (TiNi1+ySn) interstitial Ni content (y)
and FH (TiNi2y’Sn) Ni-site occupancy (y’) for the TiNi1+xSn samples
during annealing at 900 °C. Lines in (a) are exponential fits. Lines in
(b) are drawn at the average of the datapoints.

Figure 6. Evolution of the HH (TiNi1+ySn) interstitial Ni content (y)
and HH wt % for the TiNi1+xSn samples during cooling after heating
at 900 °C.
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0 K. The intrinsic term does not explicitly consider the high
mobility ratio, but this minimal model provides a good fit to
the data. The final fit parameters are given in Table 1, and the

quality of the fit can be inspected in Figure 7a. In case of x = 0,
∼55% of the conduction at 300 K is through the impurity
band, decreasing to <10% above 650 K. For x = 0.075 and x =
0.25, σ(T) is described adequately using σint without any
contribution from the impurity band. This is consistent with
the strongly reduced Eg = 0.14(1) eV (x = 0) to Eg = 0.07(1)
eV (x = 0.075) and Eg = 0.02(1) eV (x = 0.25), yielding much
larger concentrations of thermally excited carriers, hence
drowning out any contribution of the impurity band. This is in
keeping with Hall data on these samples,46 which show a
decreasing Hall coefficient61

(5)

The measured values decrease from RH = 5.2 × 10−2 cm3 C−1

(x = 0) to RH = 1.7 × 10−2 cm3 C−1 (x = 0.075) at 300 K. This
signals an increase in the carrier concentration (from 1.2 ×
1020 cm−3 to 3.7 × 1020 cm−3 in the single carrier limit), but it
is difficult to disentangle the individual n and p contributions.
An alternative way to obtain the bandgap is from S(T) using
the Goldsmid−Sharp approach. However, this has to be
corrected for the small-bandgap and large-electron−hole-
weighted mobility ratios (b ∼ 5).59 Using the literature
approach, values of 0.14(1) eV, 0.09(1) eV, and 0.03(1) eV are
obtained; hence, the bandgap values from S(T) and our two-
channel σ(T) fitting are in near perfect agreement. The x =
0.25 sample contains a large fraction of the metallic FH phase
(∼25%). Nevertheless, the semiconducting σ(T) and S(T) and
the bandgap follow the trend set by the two other samples very
well, suggesting that the HH phase dominates the thermo-
electric response. In future, it would be of interest to
investigate higher x-values and analyze the properties using
an effective medium model, e.g., as applied to the
Ti0.3Zr0.35Hf0.35Ni1+xSn composites.63 The overall conclusion
is that intrinsic semiconducting transport is already significant

Figure 7. Measured thermoelectric properties of TiNi1+xSn (x = 0, 0.075 and 0.25) samples. These were prepared using an analogous protocol to
the in situ samples but with an additional hot-press treatment. (a) Electrical conductivity (σ), (b) absolute Seebeck coefficient (S), (c)
thermoelectric power factor (S2σ), (d) thermal conductivity (κ), (e) subtraction of the electronic Lorenz component (κ-κe), and (f) figure of merit
(zT). The dashed−dotted lines in (a) indicate the intrinsic conductivity. The solid line for x = 0 is the total fitted conductivity. All other lines are
guides to the eye.

Table 1. Overview of Parameters Used to Fit the Electrical
Conductivity of the TiNi1+xSn Samples

x = 0 x = 0.075 x = 0.25

ρ0 (mΩ m) 0
A (× 10−5 mΩ m K−1.5) 1.1
B (× 103 S m−1) 160.4 174.2 187.9
Eg (eV) from σ(T) 0.14(1) 0.07(1) 0.02(1)
Eg (eV) from S(T) 0.14(1) 0.09(1) 0.03(1)
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near room temperature, and its impact rapidly increases with
increasing amounts of interstitial Ni.
Signatures of the electronic transport can also be seen from

κ(T), where all samples show an increase at high temperature
(Figure 7d). For x = 0, a transition from decreasing to
increasing κ(T) is found, while this is suppressed for the other
samples, leading to an increasing κ(T) over the entire
temperature range for x = 0.25. As indicated in eq 3, there
are two electronic contributions to κ(T): κe can be readily
calculated from L(T) and σ(T),64 whereas κbi relies on
knowledge of Sp/n(T) and σp/n(T). Both electronic terms have
a ∼T1 temperature dependence, whereas κlat typically has a
∼T−n dependence. Figure 7e shows κ(T) − κe(T) = κlat(T) +
κbi(T) on a log−log scale; hence, the slope gives the exponent
(n). The fitted exponent near room temperature decreases
from 0.6 (x = 0) to 0.3 (x = 0.075) to 0.1 (x = 0.25). A lower
exponent is usually interpreted to result from increased
structural disorder. For example, n = 1 for defect-free materials
with Umklapp phonon scattering, and n = 0.5 for alloyed
systems with point-defect disorder.60 The current values are
therefore low, consistent with high degrees of structural
disorder due to Ni interstitials and the mixed phase nature of x
= 0.25. These low n-values border on a transition to glass-like
behavior (n < 0). The unusual feature in κ(T)-κe(T) is the
absence of a strong κbi upturn for the x = 0.075 and 0.25
samples, which follow T−n behavior up to 800 K. This suggests
that κbi might be suppressed in the more disordered systems,
even though these samples show a clear reduction in S(T). An
alternative scenario is that κlat(T) and κbi(T) compensate,
masking the bipolar increase. Quantitative analysis is difficult
due to the lack of a clear transition between temperature
domains dominated by κlat and κbi. In addition, the most used
κbi model is derived for a large bandgap (Eg > kBT),

65 and it is
not clear if this applies to the current set of materials. Further
work, including measurements over a wider temperature range,
is needed to fully disentangle the impact of κlat(T) and κbi(T)
in this material system.

4. DISCUSSION
We have investigated the formation of stoichiometric and Ni-
rich TiNi1+xSn samples. Phase formation follows a convoluted
route with a critical role for molten phases. The behavior of
interstitial Ni is controlled by thermodynamics and depends on
nominal composition and temperature. We draw the following
conclusions from our work:

• The melting of Sn at 232 °C and then of the Ni−Sn
binaries at 750−800 °C enables rapid phase formation,
by providing a solid−liquid reaction environment, which
persists during the annealing stage at 900 °C, through
the presence of Ti2Sn3 (l) and Sn (l). This enables fast
reactions despite the presence of high-MP elements and
compound phases. Final product formation is achieved
within 3−5 h of reaching the annealing stage at 900 °C.
HH formation in the powder route differs from that in
melt processing. The respective reactions in the
annealing stage of the melt and powder routes are:
Melt: TiNi2y’Sn (s) + Ti5Sn3 (s) + Sn (l) → TiNi1+ySn
(s)
Powder: TiNi2y’Sn (s) + TiNi (s) + Ti2Sn3 (l) + Sn (l)
→ TiNi1+ySn (s)

The main difference is the involvement of TiNi (MP = 1310
°C) and low-MP Ti2Sn3 phases in the powder route instead of

the high-MP Ti/Sn > 1 binaries observed in melt processing.
Neither route avoids the formation of an FH phase.

• A possible way to avoid FH TiNi2Sn is to react TiNi (s)
and Sn (l) directly. This reaction has been attempted,
and although direct formation of TiNiSn was observed
at the TiNi/Sn interface, formation of the FH phase also
occurred.66,67 This strongly suggests that there is no
facile route to avoid FH formation in the Ti−Ni−Sn
system, presumably on account of its greater stability at
high temperature.

• ZrNiSn synthesized using self-propagating combustion
has similar initial formation of Ni−Sn phases, but the
subsequent steps are different with formation of ZrNiSn
proposed to occur from balanced ratios of Zr, Sn,
Ni3Sn4, and Ni3Sn2.

54 The difference with TiNiSn could
be because ZrNi is not reported as a stable phase, leaving
all Zr available to react with the Ni−Sn phases at their
MP. This is supported by the observed rapid formation
of ZrNiSn, occurring on the scale of tens of minutes.
Furthermore, FH formation is avoided as no Zr is
trapped in a stable binary (as is the case for Ti in TiNi).

• The concentration of Ni interstitials at fixed temperature
is controlled by nominal composition, in agreement with
recent phase boundary mapping work (on arc-melted
samples).47 This showed that stoichiometric TiNiSn
forms with a few % interstitials, while slightly Ni- and
Sn-deficient compositions (TiNi0.98Sn0.99) were found to
be near stoichiometric. Nominal Ni-deficient TiNi1‑dSn
has also been studied.38,48 In samples (d ≤ 0.08)
consolidated in minutes, improved carrier mobilities
suggesting a decrease of interstitial Ni were observed.48

Similar TiNi1‑dSn samples, but now annealed at 900 °C
for extensive periods, also showed a reduction of Ni
interstitials with stoichiometric TiNiSn observed for d =
0.3, but this was accompanied by the formation of
substantial amounts of Ti6Sn5 impurity phases.38 Never-
theless, this does corroborate the conclusion that
nominal stoichiometry dictates the final concentration
of Ni interstitials in the HH structure. The excess Ni
compositions studied here have an upper limit of 7%
occupancy of the interstitial site (at 900 °C), in
agreement with the phase boundary mapping study
(6%)47 and earlier work (8%).38,39,41,46,51 The final
interstitial Ni defect concentration and HH/FH
amounts in the TiNi1+xSn system are therefore under
thermodynamic control [with composition (x) and
temperature as control parameters] and do not depend
on the used route (either arc melting or a direct reaction
of powders). Stability calculations for TiNiSn predict a
much lower solubility limit of 1−2% interstitial Ni at 900
°C,68 far below the 6−8% that is achievable. The
agreement with experiments is much closer for ZrNiSn
and HfNiSn, suggesting that cost of formation of Ni
interstitials in TiNiSn is lower than calculated.

• The change in the HH/FH ratio on cooling shows that
phase conversion is possible down to low temperatures
of 500−600 °C. This must be driven by thermody-
namics, as there is no compelling reason for increased
kinetic effects on reducing temperature. This demon-
strates that the HH and FH structures have different
relative stability on cooling, depending on the nominal
amount of Ni in the reaction mixture. In Ni-rich systems,
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the HH phase is more stable, while the reverse is true in
the stoichiometric case.

• The presence of interstitial Ni strongly impacts on the
observed thermoelectric properties. This includes
evidence for an impurity band and strongly reduced Eg
= 0.14−0.02 eV with consistent values from resistivity
and Seebeck data. κlat(T) becomes less temperature-
dependent, suggesting that a glass-like κlat (∝ T1) might
be possible if the concentration of interstitials can be
increased, although this would likely be detrimental to
the electronic properties. The absence of a strong
increase due to bipolar effects, which would have been
expected for such small-bandgap semiconductors, is also
noteworthy.

• The ultimate thermoelectric performance of TiNiSn
remains to be confirmed, but reported zT values do not
lag far behind those of ZrNiSn or HfNiSn.16,35,36 In
terms of the power factor,48 similar values have been
reported in all three compositions, and it may be more
of a challenge of processing optimization than that there
are large fundamental differences in performance. This
contrasts with TiCoSb, which is limited by a low
intrinsic mobility and hence is unlikely to be ever as
good as the heavier analogues, ZrCoSb and HfCoSb.16

To conclude, direct reaction between elemental powders is a
viable route to produce TiNiSn-based half-Heusler alloys.
Molten phases play a critical role at all stages of the reaction
enabling fast phase formation, despite the presence of
refractory metals and high-MP phases. Our results and the
wider literature suggest that formation of TiNiSn always
involves an FH phase and that it cannot be directly accessed,
unlike ZrNiSn and HfNiSn. However, phase formation is
under thermodynamic control at typical synthesis temper-
atures, allowing for control of the interstitial Ni content and
systematic optimization of thermoelectric properties.
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