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Abstract

Samples of a TiNiSn half-Heusler thermoelectric alloy were prepared using
arc melting and rapid solidification by planar flow casting. On the one hand, arc
melted samples show multiple phases and need long annealing time to be
homogenized into a single phase. On the other hand, rapidly solidified samples
show an almost single phase, with a grain refined microstructure. This result is a
consequence of the melt undercooling, that allows to bypass the primary
solidification of TiNi2Sn full-Heusler and to hinder grain growth. Rapidly solidified
samples were consolidated into dense bulk samples by means of open die
pressing. The grain refined microstructure obtained by rapid solidification is
maintained after sintering, leading to a reduced lattice thermal conductivity, due
to a scattering of phonons at grain boundaries. The role of the residual secondary

phases (Ni3Sn4, TiNi2Sn and Sn) on the electrical conductivity and thermopower



is discussed in the framework of the effective medium theory and related models,
explaining the dispersion of thermoelectric properties observed in the literature
for nominally stoichiometric TiNiSn. Thermal cycling above 700 K causes surface

oxidation, leading to altered thermoelectric properties.

Keywords: Rapid solidification, half-Heusler, secondary phases, thermoelectric

properties, effective medium theory.

1. Introduction

The thermoelectric effect allows to convert temperature gradients directly into
an electrical current and can be used for energy harvesting from waste heat
source in industrial, domestic and transport environments [1, 2]. Despite current
thermoelectric materials are limited in conversion efficiency, thermoelectricity has
attracted great interest in the last years, due to the compactness, reliability and
durability of the devices, together with the absence of fluid and moving parts [3].

The performance of thermoelectric materials can be evaluated by the

a’o

dimensionless figure of merit ZT = T, where a is the Seebeck coefficient,

KlattKel
o is the electrical conductivity, T is the absolute temperature, k;,; and k,; are the
lattice and electronic contributions to thermal conductivity, respectively. An ideal
thermoelectric material should have a high power factor, PF = a?c and a low
thermal conductivity in a wide range of temperatures. Various materials were
studied for power generation applications, such as GeTe [4, 5], PbTe [6], Bi2Tes
[7], silicides [8], skutterudites [9, 10] and Heusler-type alloys [11-13]. Half-Heusler

compounds constitute a group of ternary intermetallic compounds with the



general formula ABX, where A is a highly electropositive transition metal, B is a
low electropositive transition metal and X is the main group element [14]. Their
crystal structure consists in three interpenetrating face centered cubic (f.c.c.)
sublattices and one vacant f.c.c. sublattice. Half-Heusler compounds with 18
valence electrons have been extensively studied as potential thermoelectric
materials for power generation in the medium/high temperature range (800-1000
K) [15-37]. ZT of half-Heusler compounds can be improved by reducing the lattice
thermal conductivity, thus several methods were investigated for increasing
phonon scattering through mass fluctuation [37], phase separation [11, 26] and
microstructure refinement [30,31,33,36]. Among the different families of half-
Heusler compounds, it is well known that the MNiSn (M = Ti, Zr, Hf) alloys show
the best thermoelectric performances [22-36]. Reported values of Seebeck
coefficient and electrical conductivity of TiNiSn alloys prepared with different
processing routes are quite scattered, due to the presence of residual secondary
phases [24, 28]. For example, processing from the melt (arc melting, induction
melting) leads to the formation of sample with multiple phases, that need long
annealing to be homogenized [32].

The aim of this work is to study the effect of two different pre-processing routes
(arc melting and rapid solidification [38]) on the structure and microstructure of
TiNiSn half-Heusler compound. The phase selection observed after different
preparation routes is described on the basis of thermodynamic arguments. Arc
melted ingots and rapidly solidified flakes were post-processed by annealing and
powder sintering, respectively, in order to obtain homogeneous and dense

massive samples for thermoelectric characterizations. The effect of residual



secondary phases on the measured values of the Seebeck coefficient and
electrical conductivity is discussed in the framework of models based on the
effective medium theory. The role of grain boundary scattering on the lattice

thermal conductivity is evaluated.

2. Material and methods

Polycrystalline samples of TiNiSn and TiNi1.03Sn were synthesized by arc-
melting of elemental metals (Titanium 99.99%; Nickel 99.95%; Tin 99.995%) in
Argon (5.5) atmosphere. Residual traces of oxygen in the melting atmosphere
were removed by previously melting Ti and Zr getters. The ingots were flipped
over and re-melted five times to ensure chemical homogeneity. On the one side,
in order to obtain a single-phase sample, the arc melted ingot, wrapped in a Ta
foil and sealed under vacuum in a quartz tube, was annealed for three weeks at
1123 K and then for ten days at 923 K. On the other side, arc melted ingots were
rapidly solidified by planar flow casting (Edmund Buhler GmbH), producing
fragmented ribbons. The alloy was induction melted in a boron nitride (BN)
crucible under Argon (5.5) atmosphere (1 bar) and injected onto a rotating copper
wheel at different peripheral wheel speed (10, 20 and 30 m/s) by an Ar
overpressure of 0.2 bar with a distance between the crucible nozzle and the
wheel of 0.3 mm. The rapidly solidified ribbons were ground by hand in an agate
mortar, and the obtained powders were sintered by Open Die Pressing (ODP)
[39]. The powders were loaded into a Fe sheath (length: 60 mm; 16.5 mm
external diameter) and preheated at 973 K and sintered at 748 K for 15 min,

applying a compressive load of 20 tons. For sake of clarity, the arc melted, arc



melted and annealed, rapidly solidified and as sintered samples will be named
AM, AM-AN, RS and ODP, respectively.

In order to investigate the effect of secondary phases, a NisSn4 dense ingot
was prepared according to the following route: 1) alloying of the metallic elements
by homogenization of the melt at 1473 K for 6 hours in a evacuated quartz
ampoule, followed by two isothermal thermal treatments of 24 hours each at 1048
K and 473 K (below the peritectic and eutectic temperatures, respectively). 2) The
sample obtained in the previous step was porous due to the peritectic reaction at
1068 K. Thus densification was attained by Equal Channel Angular Extrusion
(ECAE), using a constant extrusion speed (10 mm/min), and channels with a
diameter of 25 mm and an angle of 90°. The sample was wrapped in a copper
sheath, pre-annealed at the processing temperature and extruded at 473 K and
673 K for 2 and 4 cycles, respectively. The sample was rotated of 180° after each
cycle. 3) Recrystallization of the extruded ingot was performed by isothermal
annealing at 873 K for 60 h.

Structural characterization was performed by X-ray diffraction (XRD) using
both Bragg Brentano (Panalytical X'Pert Pro) and parallel beam (Panalytical
PW3020) geometries with Cu Kq radiation (K« = 1.5406 A). XRD measurements
were carried out on ground powders in order to remove possible effects of
preferential crystallographic orientations. A Rietveld refinement [40] of the
measured diffraction patterns was performed using Maud software [41].

Microstructural observations were performed by scanning electron
microscopy (SEM) using a ZEISS EVO 50 XVP-LaBe equipped with an Oxford

Instruments INCA-Energy 250 for energy-dispersive X-ray analysis (EDX).



Chemical etching was performed in Kroll's reagent (92 vol.% distilled water, 6
vol.% nitric acid and 2 vol.% hydrofluoric acid) for about 20 seconds.

Thermodynamic calculations were performed by Pandat software using the
database optimized by Girth et al. [34].

Thermal stability of the AM-AN sample was evaluated by thermogravimetric
analysis, TGA (TA-Q600) under N2 flow.

Seebeck coefficient, a, and electrical conductivity o, were measured under
He flow in the temperature range from room temperature up to 923 K, by using a
custom test apparatus described in Ref. [42]. The relative error of a and o was
estimated to be around 4 % and 5 %, respectively.

The thermal conductivity « was calculated from k = pDC,, where p is the
mass density, D is the thermal diffusivity and C, is the specific heat capacity. The
mass density was estimated, with a relative error of 5 %, both by Archimedes
principle, with a pycnometer, and using the ratio between the mass and the
volume of regularly shaped samples. The thermal diffusivity was measured by
laser flash method (LFA 457 MicroFlash, Netzesch, Selb, Germany) with
uncertainty around 3 %. The specific heat capacity was determined using
Differential Scanning Calorimetry (DSC) with a heating ramps 10 K min-t in limited
temperature ranges of 30 K. Each ramp was preceded and followed by a suitable
isotherm in order to stabilize the DSC signal. The measurement was repeated
with the empty alumina pan, a standard (sapphire) and the sample. The specific
heat of the sample at different temperature was obtained by comparing the
signals measured for the sample and the standard using both the “height” and

the “area” methods [43].



3. Results and discussion

3.1. Effect of pre-processing on phase formation and microstructure

Figure 1(a) shows the XRD pattern of the AM ingot. The relative amount of
the phases and the corresponding lattice parameters, obtained by Rietveld
refinement, are reported in Table 1. The AM ingot shows the presence of TiNiSn
half-Heusler phase, together with TiNi2Sn full-Heusler, TisSns and Sn phases.

Figure 2(a) shows the backscattered electron image of the AM ingot. The
phases identified are half-Heusler TiNiSn (1), full-Heusler TiNi2Sn (2), TieSns (3),
NisSna4 (4), TisSns (5), Ti (6) and Sn (7). Only the amount of the phases identified
by XRD was quantified by Rietveld analysis (table 1) because the other phases
were below the detection limit.

The presence of more than three phases in the AM sample indicates that the
thermodynamic equilibrium was not reached, as a consequence of the complex
solidification path involving a peritectic reaction [34] that is hindered by the need
of a long distance diffusion. The relative amount of the phases forming upon
solidification was calculated on the basis of the Scheil model, that assumes a full
equilibrium in the liquid state and the absence of diffusion in the solid state.
Results are shown in Figure 3(a), as a function of temperature. Most of the
phases predicted by the Scheil model were experimentally observed by SEM in
the AM ingot, Figure 2(a). Ti2Sns, that is predicted to be the less abundant in the
mixture (< 2 wt.%), was difficult to be identified by SEM. The relative amounts of
the phases calculated at the end of the solidification process are compared in

Figure 3(a) with the corresponding amounts obtained by the quantitative analysis



of the XRD patterns. Despite the minor phases could not be quantified by Rietveld
analysis of the XRD patterns, because below the detection limit, the agreement
between the calculated and experimental values for the phase fraction of TiNiSn,
TiNi2Sn, and Sn is rather good. However, a discrepancy between calculated and
experimental values of the phase fraction for TisSns and TisSns is observed. In
the case of TisSns, the experimental value is about double the calculated one,
while TisSns, that is calculated to be more abundant than TisSns, is present only
in traces, as shown by the SEM image in Figure 2(a). A possible explanation for
this result is that the formation of TisSns is kinetically hindered, due to the
stoichiometry of the compound, which implies significant inter-diffusion.

Figure 3(b) shows the molar fraction of each component in the liquid phase
as a function of temperature when the Scheil model is considered. Upon cooling,
the liquid progressively becomes richer in Sn, rejecting Ni and Ti. Since the
amount of TisSns is significantly lower than expected, the Ti in excess is likely
rejected by the liquid, forming a small amount of elemental Ti, as observed by the
SEM image in Figure 2(a).

The XRD pattern of the RS (20 m/s) sample, Figure 1(b), shows the peaks of
TiNiSn full-Heusler, together with the less intense peaks related to TiNi2Sn half-
Heusler and Sn phases. The relative amount of the phases and the
corresponding lattice parameters are reported in Table 1. It can be observed that,
after rapid solidification, the RS sample shows a higher relative amount of the
TiNiSn half-Heusler phase, together with the disappearance of the TieSns phase.
The SEM micrograph of Figure 2(b) shows again the presence of elemental Ti,

that counterbalance the apparent excess in Ni and Sn observed by the



quantitative analysis of the XRD patterns. The presence of elemental Ti is not
expected from the thermodynamic equilibrium [34] and, as discussed for the arc-
melted ingot, it can be explained by kinetic reasons. Another effect of the rapid
solidification process is a microstructure refinement (grain size between 0.5 um
and 5 um), as shown by the SEM micrograph of the etched cross section of the
ribbon, Figure 2(b).

Figure 4(a) shows the stable (blue line) and metastable (red line) isopleths Ni-
SnTi, calculated by maintaining and suspending the TiNi2Sn phase from the
database, respectively. The comparison between the two isopleths shows that an
undercooling of the liquid of at least 70 K is necessary to allow the primary
solidification of the TiNiSn phase. Such a degree of undercooling can be typically
reached by rapid solidification [38], hindering the formation of the primary phase
TiNi2Sn and allowing the solidification of the metastable liquid directly in the
desired TiNiSn phase.

In order to explain the phase selection for different undercoolings of the liquid
phase, the driving force for nucleation of the TiNiSn and TiNi2Sn phases from a
liquid with stoichiometric composition (TiNiSn), has been calculated as a function
of temperature and results are shown in Figure 4(b). When, on cooling, the value
of the driving force for nucleation of a solid phase changes from negative to
positive, it means that the considered phase can nucleate from a thermodynamic
point of view, and it is in competition with other phases with a positive free energy.
In Figure 4(b), the blue and red circles identify the values of the liquidus
temperature for equilibrium TiNi2Sn (~ 1520 K) and metastable TiNiSn (~ 1445

K), respectively, as reported in Figure 4(a). The intersection between the red and



the blue lines around 1340 K identifies the temperature below which TiNiSn has
a larger driving force for nucleation than TiNi2Sn. In order to nucleate the TiNiSn
phase directly from the liquid, this needs to be undercooled at least to ~ 1445 K,
while TiNiSn becomes the most favorable nucleating phase below 1340 K. As
shown by the inset of Figure 1(b), the amount of the half Heusler phase in the RS
sample increases as the wheel speed increases and it is always larger than in
the AM sample. As the wheel speed is raised, the degree of undercooling of the
liquid increases [38], so that the driving force for nucleation of TiNiSn increases
and this phase is progressively stabilized with respect to TiNi2Sn.

In both AM and RS samples, the value of refined lattice parameters
significantly deviates from the reference values of 5.926 A for TiNiSn [29] and of
6.098 A for TiNi2Sn [44]. Thus, uncontrolled solidification leads to the formation
of non-stoichiometric compounds, with a larger amount of Ni in the TiNiSn cell
and a lower amount of Ni in the TiNi2Sn cell, in agreement with the solvus lines
in the isopleth Ni-SnTi [45]. The amount of Ni present in both half and full-Heusler
phases in AM and RS samples is very close to the solubility limit around 1223 K
[34], indicating that the high temperature solute content was frozen during
cooling.

3.2. Post-processing of arc melted ingots and rapidly solidified

ribbons

The XRD pattern of the AM-AN sample, Figure 5(a), shows only the reflections
of the TiNiSn and TiNi2Sn phases, while the backscattered electron SEM image,
Figure 6(a), shows traces of NisSnas that could not be evidenced by XRD because

its amount is below the detection limit. As a consequence of the long annealing,
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AM-AN sample attains equilibrium in a three phases region (TiNiSn, TiNi2Sn,
NisSn4) and the lattice parameters of both TiNiSn and TiNi2Sn approach the
equilibrium values, as reported in Table 1. The deviation from the single phase
region can be explained by a slight deviation of the sample composition from the
nominal stoichiometry, that could not be detected by EDX analysis (see Table 1-
S in the Supplementary Material). The XRD pattern of ODP sample, Figure 5(b),
shows diffraction peaks of the TiNiSn phase and NisSns, as a secondary phase.
Furthermore, the ODP sample shows a slight asymmetry and a strain broadening
of the diffraction peaks related to half-Heusler phase. This behavior was already
observed in hot pressed TiNiSn samples and it was explained by inhomogeneous
distribution of interstitial Ni in the Wyckoff position 4d in the unary cell [29].
Following this approach, we modelled the peak broadening using two half-
Heusler phases (TiNiSn_1 and TiNiSn_2 as shown in Figure 1-S in the
Supplementary Material): the corresponding refined lattice parameters and
relative amounts are reported in Table 1. The phase TiNiSn_1 has a lattice
parameter close to the equilibrium value, indicating that excess Ni was rejected
during ODP, whereas the phase TiNiSn_2 shows a lattice parameter comparable
to the one of the RS sample, indicating that the interstitial Ni originally present is
maintained during ODP. The backscattered electron image of the ODP sample,
Figure 6(c), still shows the presence of elemental Ti that was already detected in
the RS ribbon.

The secondary electron images reported in Figure 6(b) and 6(d) show the AM-
AN and ODP samples after chemical etching, respectively. The ODP sample,

Figure 6(d), shows a finer microstructure (grain size in the 0.5-5 ym range) than
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AM-AN sample (grain size in the 20-60 um range), Figure 6(b), and it is
comparable to that observed for the RS sample, Figure 2(b). The grain growth
during the ODP process was limited, using sintering conditions in proximity or
below the recrystallization temperature (~ 825 K), since the sample was pre-
annealed at 993 K for only 5 min and pressed at 748 K for 15 min.

3.3. Thermoelectric properties

3.3.1. Electrical conductivity and Seebeck coefficient

The measured thermoelectric properties of the AM-AN (circles) and ODP
(stars) samples are shown in Figure 7 as a function of temperature.

The temperature dependence of the electrical conductivity is reported in
Figure 7(a). Both samples show an increasing trend with the temperature,
indicating a typical semiconducting behavior. The AM-AN sample (open circles)
shows a lower electrical conductivity with respect to the ODP sample (open stars)
in the entire range of temperatures.

Figure 7(b) shows the temperature dependence of Seebeck coefficient (o) of
the AM-AN (open circles) and ODP (open stars) samples. The Seebeck
coefficient of both samples is negative in the whole temperature range, indicating
that electrons are the majority carriers (n-type).

The literature values of thermopower and electrical conductivity of
stoichiometric TiNiSn are quite dispersed, as already reported by Berche et al.
[24] and Tang et al. [28]. As suggested by the complex solidification path (Figure
3), formation of pure single phase TiNiSn is extremely difficult, so that secondary
phases are quite often present in different proportion depending on the

processing method. Furthermore, the tendency of Ti to oxidize tends to deviate
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the alloy composition from the nominal one, favoring the formation of secondary
phases [24]. Typical secondary phases are TiNi2Sn, Sn, stannides, depending on
the actual composition of the alloy.

The effect of secondary phases (phase 2) on the thermoelectric properties of
a matrix (phase 1) can be estimated according to different models. On the basis
of the effective medium theory (EMT) [46], electrical conductivity (c) and thermal
conductivity (k) of the phase mixture are, respectively, defined on the basis of the

following equations:

01—0, 02—0,
P+ @, —~—==0 (1)
o1+20, o,+20,
K1—K Ko—K
01— 2——==0 )
K1+2Ke K2+2Ke

where ¢1 and ¢2 are the volume fractions of phase 1 and phase 2, the
subscripts 1, 2 and e refer to phase 1, phase 2 and the effective medium (i.e. the
composite constituted by the mixture of phase 1 and phase 2).

An extension of the EMT is represented by the general effective medium
theory (GEMT) [47], where elements of the percolation theory are considered,

leading to the following equations for the electrical conductivity (c) and thermal

conductivity (x), respectively
et =0 3
1 1/ o'l/t () 1/ 1/t - ( )
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where 4 =

(oc is the percolation threshold) and t is a constant related to

the microstructure asymmetry in terms of connection between the grains. In the
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particular case of spherical particles oc = 1/3 and t = 1, and equations (3) and (4)
reduce to equations (1) and (2), respectively.
On the basis of the EMT, Webman, Jortner and Cohen (WJC) developed the

following equation for the thermopower of a two phases mixture [48]

01(Qe—aq) 02 (Qe—at3) _
#1 (20¢+01)(2Ke+K1) T $2 (20¢+0,)(2Ke+K3) - (5)

where a1, a2 and oe are the Seebeck coefficients of phase 1, phase 2 and the
effective medium. All the other terms of equation (5) are same of equations (1)
and (2).

The combination of the WJC and GEMT models leads to the following
eqguation for the thermopower of a two phases mixture
a

e et o egale_ g

=0 (6).

C o tra Dt e by by )

In the equations (3) and (4), related to the percolation model, the constants A
and t can be determined by a fitting procedure, if the thermoelectric properties of
the effective medium (ce oOr ke) are experimentally available over a wide range of
the phase fraction ¢. The same constants are then used in Eq. (6) to determined
Q.

On the basis of models described above, we calculated the temperature
dependence of electrical conductivity and Seebeck coefficient, using the
properties of the pure phases and the volume ratio of the phases in AM-AN and
ODP samples, as determined by Rietveld refinement of the XRD patterns. Values
for electrical conductivity and Seebeck coefficient for secondary phases have
been taken from the literature or experimentally determined in this work. In

particular, a sample of single phase NisSns was prepared (the corresponding
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XRD pattern is shown in Figure 2-S in the Supplementary Material). Figure 3-S
in the Supplementary Material shows the temperature dependence of the
measured Seebeck coefficient (a) and electrical conductivity (b), respectively, for
NisSna (this work), TiNi2Sn [27] and Sn [49, 50]. The low values of |a| and the
decreasing trend of o with temperature indicate that all these phases have, as
expected, a metallic behavior. In addition, a sample with composition TiNi1.03Sn
containing a Ni-rich half-Heusler phase (a = 5.931 A) was prepared (the
corresponding XRD pattern and temperature dependence of thermoelectric
properties, o and o, are reported in Figure 4-S and Figure 5-S, respectively, in
the Supplementary Material). For AM-AN sample, the thermoelectric properties
of pure TiNiSn [27] and TiNi2Sn [27] were considered. In the case of the ODP
sample, the thermoelectric properties of a Ni-rich matrix (i.e. TiNiz.03Sn) and
NisSn4 were considered.

The electrical conductivity of the phase mixtures was calculated according to
EMT model, Eqg. (1), and results are shown in Figure 7(a), both for the AM-AN
sample (thick green line) and the ODP sample (thin red line). For the AM-AN
sample, containing 2 % of TiNi2Sn as secondary phase, EMT model allows to
follow the experimental values, while for the ODP sample, containing 6 % of
NisSns as secondary phase, the EMT model fails to fit the experimental data. The
backscattered electron micrograph of ODP sample, reported in Figure 6(b),
shows that the secondary phase (NisSna) is segregated at the grain boundaries
of the half-Heusler phase matrix and tends to form a connected network. On the
basis of this observation, the electrical conductivity of ODP sample was

calculated considering percolation with the GEMT model, using Eq. (3). In our
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case, the A and t parameters cannot be obtained by fitting because the
experimental value of ce is available only for a single value of ¢. Thus, arbitrary
values, A = 5.25 (corresponding to ¢c = 16 %) and t = 2 (non spherical particles)
[51], were used to find the solution of Eq. (3). The same values of the parameters
A and t were also used to find the solutions of Equations (4) and (6). The
calculated electrical conductivity is reported in Figure 7(a) (dashed thick red line).
It turned out that calculated values assuming the GEMT model are closer to
experimental data with respect to those calculated with the EMT model.

The Seebeck coefficient of the phase mixtures was calculated according to
the WJC-EMT model, Eg. (5), as shown in Figure 7(b), both for the AM-AN
sample (thick green line) and the ODP sample (thin red line). As in the case of
the electrical conductivity, when percolation is neglected (WJC-EMT model), only
the AM-AN sample shows a good agreement between the calculated and the
experimental values. Calculated values closer to the experimental ones are again
obtained for the ODP sample when percolation is assumed (WJC-GEMT model)
using Eg. (6), as shown in Figure 7(b) (dashed thick red line).

Figure 8(a) and Figure 8(b) show the values of the Seebeck coefficient and
electrical conductivity at 328 K, respectively, for stoichiometric TiNiSn as a
function of the secondary phases fraction, as estimated by quantitative analysis
of the XRD patterns both from this work and in the literature [26, 27, 29, 35]. The
different secondary phases (Sn, NisSns4 and TiNi2Sn) in the samples considered
are represented by different symbols (diamonds, circles and squares,
respectively) and colors (blue, red and green, respectively). The selection of the

literature data was limited to samples showing values of the lattice constant
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(Table 2) close to that of stoichiometric TiNiSn [27, 29], so that the possible
presence of a significant variation of the interstitial Ni content could be neglected.
Figure 6-S in the Supplementary Material shows that there is not a clear
dependence of the Seebeck coefficient and electrical conductivity of TiNiSn from
the lattice parameter in the case of the samples selected from the literature.

The absolute value of the Seebeck coefficient clearly decreases as the total
amount of secondary phases increases, due to their metallic behavior, as shown
in Figure 8(a). Accordingly, the electrical conductivity raises as the total amount
of secondary phases increases, Figure 8(b), even if the relationship between
these two quantities is apparently less evident than the corresponding trend of
the Seebeck coefficient, Figure 8(a). The larger spread of the data in Figure 8(b)
can be explained by the significant difference in density of the samples (from 80
% to almost 100 %), that strongly affects the results of measurement of the
electrical conductivity reported in the literature.

In Figure 8(a) and Figure 8(b), the experimental values of the Seebeck
coefficient and electrical conductivity as a function of the amount of secondary
phases are compared with the values calculated applying the EMT and WJC-
EMT (continuous lines), GEMT and WJC-GEMT (dashed lines) models. For
values of secondary phase fraction lower than 40%, the GEMT and WJC-GEMT
models predict larger values of o and lower values of |a|, respectively, with
respect to the EMT and WJC-EMT models, due to the percolating effect of the
metallic secondary phases. At ~ 40% of secondary phase fraction the values
calculated with the different models for each property tend to converge because

the percolation threshold (¢c = 1/3) of the EMT and WJC-EMT models was also
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overcome. For both properties, the experimental values are better approximated
when percolation is considered in the corresponding model (i.e., WJC-GEMT and
GEMT for Seebeck coefficient and electrical conductivity, respectively). As
already reported above, in the ODP sample the secondary phase NisSns
segregates at the grain boundaries of the half-Heusler matrix, forming a
connected network. In the case of the samples containing Sn [29, 35], no
information about the microstructure is given by the authors. However, since Sn
has a low melting point (505 K) we can consider that it segregated at the grain
boundaries “decorating” the grains of the matrix and creating a percolating path.

3.3.2 Thermal conductivity, power factor and figure of merit

Figure 7(c) shows the temperature dependence of thermal conductivity of AM-
AN and ODP samples. The total thermal conductivity, ktwt, was obtained from the
measurement of thermal diffusivity, specific heat and density. The electronic
contribution was obtained by applying the Wiedemann-Franz law (k.,; = LoT,
where L=2.48-108 WQK is the Lorenz’s constant, ¢ is the electrical conductivity,
T is the absolute temperature), while the lattice contribution, kiat, was estimated
as the difference between «tt and «el.

The ODP sample shows a slightly larger electronic contribution to the thermal
conductivity, kel, with respect to AM-AN sample, as a consequence of its larger
electrical conductivity. On the other hand, AM-AN sample shows a significantly
larger lattice contribution to the thermal conductivity, k;,; = k:or — K, that leads
to a larger total thermal conductivity with respect to ODP sample. The values of
kot Measured for AM-AN are among the largest reported in literature for TiNiSn

samples prepared with analogous processing routes (i.e. arc/induction melting
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plus annealing) [26, 52] and can be taken as a reference for a “defect-free’
sample with a coarse microstructure. The lattice thermal conductivity at room
temperature of the ODP sample (with an average grain size around 1 pm)
normalized by the one of the AM-AN sample is about 0.62 for the as sintered
sample and raises to 0.65 after thermal cycling (not shown). Bhattacharya et al.
[31] estimated the effect of grain boundary scattering on the lattice thermal
conductivity of TiNiSn-based half-Heusler compounds applying the model
proposed by Sharp et al. [36]. It was shown that phonon scattering by grain
boundaries becomes relevant only when the average grain size is below 50 um.
Considering a grain size around 1 um, that is comparable with the one estimated
for the ODP sample, the predicted lattice thermal conductivity is about 0.68 times
the value of a coarse grain sample (average grain size above 50 um), in good
agreement with the experimental values obtained for the ODP sample.

The power factor of the two samples is reported in Figure 7(d) (left axis). In
the AM-AN sample, the larger values of the Seebeck coefficient compensate the
lower values of electrical conductivity, leading to a larger power factor with
respect to ODP sample.

The overall thermoelectric performance is represented by the figure of merit,
ZT, as reported in Figure 7(d) (right axis). Around 850 K the figure of merit of the
AM-AN sample shows a maximum value of 0.3, that is larger than the maximum
value (0.2) observed for the ODP sample. The larger value of ZT for the AM-AN
sample is due to the larger power factor, that compensate the larger thermal

conductivity. The maximum values of ZT obtained for the AM-AN sample is in
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agreement with typical values reported in literature (about 0.30-0.35) for nearly
single TiNiSn phase [26, 52].

3.3.3 Thermal cycling

Thermoelectric properties (Seebeck coefficient, electrical conductivity and
power factor) of the AM-AN sample were measured upon thermal cycling from
room temperature up to 900 K under helium flow, as shown in Figure 9.

Between room temperature and about 750 K, the absolute value of the
Seebeck coefficient during the second cycle decreases with respect to the first
one, while electrical conductivity increases. Above 750 K, both Seebeck
coefficient and electrical conductivity of the second cycle overlap the values
measured during the first cycle.

The structure of crystal phases present at the surface of the AM-AN sample
after the first cycle of measurement was characterized by parallel beam XRD,
using a constant angle of incident beam o = 3°. The obtained diffraction pattern
is reported in Figure 7-S in the Supplementary Material and it shows only the
reflections of TiOz and NisSns phases, that cannot be detected when the
measurement is performed with Bragg-Brentano geometry (not shown),
indicating the formation of a surface layer of titanium oxide and NizSn4. According
to the TGA measurement (see Figure 8-S in the Supplementary Material), the
oxidation onset can be set around 700 K, since above this temperature the
sample starts gaining weight. It should be noted that oxidation occurs also under
inert gas flow (He and N2 in the thermoelectric and TGA measurements,
respectively) likely due to the presence of residual oxygen in the measurement

apparatus.
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In accordance with the XRD results, the backscattered electrons SEM image,
Figure 9-S in the Supplementary Material, shows a thin layer of titanium oxide on
the sample surface and the metallic phase NisSns just below the oxide layer.
According to Ref. [24], TiNiSn cannot dissolve oxygen, so titanium tends to
oxidize leaving, below 963 K, an excess of Ni and Sn, forming the NisSn4 phase.
It must be noted that oxidation during the thermoelectric measurements occurs
even if these are performed under inert gas flow, indicating the extreme sensitivity
of TiNiSn to the presence of residual small amounts of oxygen. As suggested in
Ref. [24], oxidation of Ti can be the cause of the presence of secondary phases
in different samples of TiNiSn, explaining the extreme wide dispersion of the
thermoelectric properties in the literature, as shown in Figure 8.

After polishing the surface, both the Seebeck coefficient and the electrical
conductivity, measured during the third cycle, return to the values of the first
cycle, indicating that the original thermoelectric properties were restored by
removing the altered layer on the surface (TiO2 and NizSna).

The role of the thin conductive layer of NisSna on the electrical conductivity of
the oxidized pellet can be evaluated by considering the presence of the two
phases (i.e. NisSna layer and TiNiSn bulk) as electrical resistances in parallel.
The relative difference between the electrical conductivity measured in cycle 2
(om) and the electrical conductivity of the thermoelectric material (oTe), measured

in cycle 1, is given by:

Om—O0TE ,._ ONi Ani
m ~ YNi3Sn4 A £Ni3Sn4 (7)

Om Om Am
where onissn4 is the electrical conductivity of pure NisSn4, Anissna and Am are

the cross sections of the NisSns layer and the whole pellet, respectively; for a
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NisSns layer 0.5 uym thick, the ratio between the cross sections (Anissna/Am) is
about 7-104. Using the measured values of the electrical conductivity for NizSna
(onissna) and of the oxidized pellet (om), the relative difference is about 91% at
300 K and drops to 4% at 623 K (see Figure 10-S in the Supplementary Material),
well below the oxidation onset. In other words, the parasitic contribute of NizsSn4
becomes negligible in the temperature range (T > 700 K) where oxidation occurs
and the metallic layer forms. For this reason, the electrical measurement of the
oxidized pellet at high temperature can be considered reliable.

Finally, it is interesting to observe that thermal cycling does not lead to a
significant variation of the power factor, Fig. 10(c), due to the opposite effect of
the altered layer (TiO2 and NisSns) on the Seebeck coefficient and electrical
conductivity. However, oxidation and the consequent formation of secondary
phases must be taken in account when designing module based on TiNiSn,
because of the possible degradation of the contacts and embrittlement of the
legs.

4. Conclusions

In this work, dense TiNiSn bulk samples were obtained using two different
processing routes (i.e. arc melting plus annealing and rapid solidification followed
by sintering). The solidification of the arc melted (AM) sample can be described
by the Scheil model, that assumes complete miscibility in the liquid phase and
absence of diffusion in the solid phases. Stable and metastable isopleth Ni-TiSn,
obtained maintaining and suspending the TiNi2Sn phase, respectively, showed
that a liquid undercooling of at least 70 K is necessary to avoid the primary

solidification of TiNi2Sn and obtaining almost TiNiSn single phase, in accordance
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with the experimental results of the rapidly solidified (RS) samples. Annealing of
the AM sample and open die pressing of the RS sample allow to obtain
homogenous and dense massive specimens (AM-AN and ODP, respectively) for
thermoelectric characterization. The different thermoelectric properties of the two
samples were correlated to the corresponding structural and microstructural
features in the framework of a literature survey. The more metallic behavior of the
ODP sample (i.e. lower absolute value of thermopower, larger electrical
conductivity) with respect to the AM-AN sample was explained by the larger
amount of residual metallic secondary phases. A more general analysis of
selected literature data showed that electrical conductivity and Seebeck
coefficient scales with the secondary phase fraction on the basis of the
generalized effective medium theory (GEMT), that considers percolation of the
secondary phase in the half-Heusler matrix. The lower thermal conductivity of the
ODP sample with respect to the AM-AN sample was explained by the increased
phonon scattering, induced by the finer microstructure obtained by rapid
solidification and maintained during sintering by ODP. The AM-AN sample shows
larger values of the ZT figure of merit, with a maximum of 0.3 at 850 K, with
respect to the ODP sample, as a consequence of the larger power factor that
compensates the larger thermal conductivity. Finally, it has been evidenced that
thermal cycling upon thermoelectric measurements induces surface oxidation

around 700-750 K with formation of TiO2 and NizSna.
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Tables Captions

Table 1. AM, RS, AM-AN and ODP samples: density, crystalline phases,

relative amount and lattice parameters of the phases.

Table 2. Selected samples from the literature [26, 27, 29, 35]: relative density,

secondary phases, relative amount and lattice parameters of the phases.
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Table 1

Density Relative Lattice parameter
Sample Phases
(g/cm?) amount (wt.%) (A)
TiNiSn 62 5.949(1)
TiNi2Sn 26 6.075(2)
AM B
TieSns 9 -
Sn 3 -
TiNiSn 85 5.950(6)
RS (20 m/s) _ TiNi2Sn 11 6.061(3)
Sn 4 -
TiNiSn 98 5.928(4)
AM-AN 6.78
TiNi2Sn 2 6.103(7)
TiNiSn_1 58 5.926(8)
ODP 6.82 TiNiSn_2 36 5.943(4)
NizSna 6 -
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Table 2

Ref. | Relative density | Secondary phase | Relative amount | TiNiSn lattice
(%) (Wt.%) parameter (A)

26 93 TiNi2Sn 2 5.9292

27 80 - 0 5.9297

29 88 Sn 2 5.9304

35 - Sn 8 5.9285
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Figures Captions

Figure 1. X-ray diffraction patterns of arc melted (AM) ingot (a) and rapidly
solidified (RS) ribbon obtained with a wheel speed of 20 m/s (b). The black dots
represent the experimental patterns, the red line represents the fitted pattern, and
the blue line represents the difference between the experimental and fitted
patterns. The inset in (b) shows the relative amount of the TiNiSn half Heusler

phase as a function of the wheel speed.

Figure 2. Backscattered electrons SEM micrographs of the arc melted (AM) ingot
(a) and the rapidly solidified (RS) ribbon obtained with a wheel speed of 20 m/s
(b). The labels indicate the phases identified by EDS analysis: TiNiSn (1), TiNi2Sn

(2), TieSns (3), NisSnas (4), TisSnz (5), Ti (6) and Sn (7).

Figure 3. (a) Phase fraction as function of the temperature below the liquidus.
The points represent the experimental values obtained at room temperature by
Rietveld refinement of the X-ray diffraction pattern of the AM ingot in Figure 1(b).
The lines represent the calculated values on the basis the Scheil model. (b) Molar
fraction of the pure components in the liquid as a function of temperature

according to the Scheil model.

Figure 4. (a) Stable (red line) and metastable (blue line) isopleths Ni-SnTi

obtained by maintaining and suspending the TiNi2Sn phase, respectively. (b)
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Driving force for nucleation (free energy) of TiNi2Sn and TiNiSn phases from the

liquid as a function of temperature.

Figure 5. X-ray diffraction patterns of the annealed arc melted ingot, AM-AN, (a),
and the as sintered ODP sample (b). The black dots represent the experimental
patterns, the red line represents the fitted pattern, and the blue line represents

the difference between the experimental and fitted patterns.

Figure 6. Backscattered electrons SEM micrographs of the annealed arc melted
ingot, AM-AN, (a) and the as sintered ODP sample (b). Secondary electrons SEM
micrographs of the etched annealed arc melted ingot, AM-AN, (c) and the as
sintered ODP sample (d). The labels indicate the secondary phases identified by

EDX analysis: TiNi2Sn (2), NizSna (4), Ti (6).

Figure 7. Temperature dependence of the electrical conductivity (a), Seebeck
coefficient (b), thermal conductivity (c), power factor and figure of merit (d).
Symbols represent the experimental values of the different thermoelectric
properties measured for AM-AN (green circles) and ODP (red stars) samples.
Lines represent the calculated electrical conductivity, (a), and Seebeck
coefficient, (b), for AM-AN (thick green continuous lines) and ODP (thin red
continuous lines and thick red dashed lines) samples on the basis of different

models, as describe in the text.
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Figure 8. Seebeck coefficient (a) and electrical conductivity (b) as a function of
the secondary phase amount at 328 K. Symbols represent experimental values
of the thermoelectric properties taken from the literature and this work. Solid
symbols with different shapes and colors refer to samples containing different
types of secondary phases. Open symbols refer to pure reference samples (i.e.
TiNiSn and TiNizosSn). Continuous lines with different thickness and colors
represent the calculated thermoelectric properties as a function of the amount of
each secondary phase, on the basis of the effective medium theory (EMT, Eq. 1,
WJIC-EMT, Eq. 5). Dashed lines with different thickness and colors represent the
calculated thermoelectric properties as a function of the amount of each
secondary phase, on the basis of the generalized effective medium theory

(GEMT, Eqg. 3, WIC-GEMT, Eq. 6) considering percolation.

Figure 9. Temperature dependence of the Seebeck coefficient (a), electrical
conductivity (b) and power factor (c) measured during three thermal cycles. Black
open circles and red open triangles represent the thermoelectric properties
measured upon two consecutive cycles. The green crosses represent the same
thermoelectric properties measured in the third cycle after polishing the sample

surface.
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Figure 9
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Elemental composition (at. %)

Element Ti Ni Sn
Average 33.5 33.0 33.5
Standard deviation 0.5 0.5 0.5

Table 1-S. EDX results for AM-AN sample.
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experimental pattern
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Figure 1-S. Experimental XRD pattern of ODP sample (black dots) and fitted
pattern (red line) obtained considering two half-Heusler phases with different
lattice parameters (magenta and purple lines) to simulate the inhomogeneous

distribution of interstitial Ni in the Wyckoff position 4d in the unary cell.
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Figure 2-S. XRD pattern of NisSns alloy prepared by ECAE and subsequently

annealed at 873 K for 60 h.
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Figure 3-S. Experimental values of the Seebeck coefficient (a) and electrical
conductivity (b) as a function of temperature for NizSna (red circles) [this work],
TiNi2Sn (green squares) [27] and Sn (blue diamond) [49, 50]. References to the

literature are the same of the main text.
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Figure 4-S. XRD pattern of TiNi1.03Sn alloy.
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Figure 5-S. Temperature dependence of Seebeck coefficient (a) and electrical

conductivity (b) for the TiNi1.o3Sn alloy.
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Figure 6-S. Seebeck coefficient (a) and electrical conductivity (b) at 328 K as a
function of the lattice parameter of the half-Heusler phase for the samples
selected from the literature, as reported in Table 2 and Figure 9 of the main text.

References to the literature are the same of the main text.
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Figure 7-S. Parallel beam X-ray diffraction pattern of the AM-AN sample after the

w

first cycle of the measurement of electrical conductivity and Seebeck coefficient.
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Figure 8-S. TGA trace of the AM-AN sample showing the temperature

dependence of the relative weight under N2 flow.
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Figure 9-S. Backscattered electrons SEM micrograph of the AM-AN sample after

the first cycle of the measurement of electrical conductivity and Seebeck
coefficient. The phase contrast shows an altered surface layer containing TiO2

and NizSna.
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Figure 10-S. Temperature dependence of the relative difference between the

electrical conductivity measured in cycle 2 (om) and the electrical conductivity of

the thermoelectric material (oTte), measured in cycle 1.
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