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Abstract: Synthesis of NiTiSn by a mechanical alloying process followed by a high temperature
thermal annealing was studied. Experiments were conducted varying parameters like the provided
energy, the mechanical alloying reaction time, as well as the annealing temperature and duration.
Based on the careful investigation of the phases present in the samples by systematic X-ray diffraction
(after mechanical alloying and after annealing) and selected microscopy analyses, a reaction
mechanism is proposed supported by theoretical calculations at the DFT (Density Functional Theory)
level. An energy window to prepare directly NiTiSn has been evidenced. Highly pure NiTiSn
has also been obtained by conversion from a multicomponent precursor obtained by low energy
mechanical alloying.

Keywords: mechanical alloying; annealing; thermoelectric compounds; enthalpy of formation;
Heusler alloys

1. Introduction

As the worldwide energy demand continuously increases, finding new efficient materials to
respond to always higher requirements, but also to improve properties of already known materials,
remains challenging. Numerous and interesting researches have been reported up to now in the field of
energy storage and conversion, aiming to limit the dependence on fossil fuels and the global warming
effects. Thermoelectric (TE) materials, able to reversibly convert thermal energy into electricity,
have acquired recently new popularity and renewed and increasing interest. The thermoelectric
efficiency of a material depends on its ZT value expressed as o>T/px where « is the Seebeck
coefficient (or thermopower), p the electrical resistivity, x the thermal conductivity, and T the absolute
temperature. The higher the figure of merit (ZT) value, the better the performances of the TE module.
Among TE materials, the class of Heusler compounds is remarkable for its multifunctional character [1],
and therein, NiTiSn is probably the most widely studied half-Heusler compound. High abundance
of its elements and potentialities for its use in intermediate (450-500 °C) temperature ranges make
this compound attractive and have motivated scientists to understand its behavior and to interpret
and improve its properties [2-11]. Available literature data, considered at the beginning of this study,
was mainly dedicated to NiTiSn prepared by arc-melting and submitted to additional treatments.
In a recent paper, a team of scientists has compiled the various treatments commonly used after the
synthesis by arc-melting half-Heusler alloys [12]. High temperature annealing and mostly hot-pressing
spark plasma sintering (SPS) consolidation, which not only densifies, but homogenizes the material
and reduces the amount of side phases, have been used [13]. It is usually admitted that materials
prepared in this way mainly contain NiTiSn, but also side phases as Ni;TiSn, TigSns, and Sn which
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are hard to eliminate even through annealing. The difficulty to obtain a single-phase NiTiSn material
was well underlined in a recent paper reporting a significant spread of the results due to residual
phases that affect the transport properties. It is clearly specified that little attention has been paid to
the influence of minority phases on the TE performances, a major drawback in the design of improved
and stable TE modules [14]. Influence on microstructure and TE properties of the initial preparation
method and the pressing conditions, is also evidenced in a recent work reporting on the microwave
synthesis of NiTiSn [13].

Alternate routes remain very scarce in the literature and some recent reports present thin films
obtained by DC (direct current) magnetron sputtering [15] or materials prepared with a levitation
furnace or microwave heating [13,16,17]. Interestingly, these latter samples are close in composition
with the arc-melted samples, which is rather consistent since they are both obtained by solidification
of a melt. The presence of NizSny has been found in a few percent in the consolidated materials [8].
An earlier work focused on mechanical alloying (MA) followed by SPS densification, stated that NiTiSn
cannot be obtained by MA, even after long reaction times [5].

Mechanical alloying is a simple method whose usage started to increase considerably several
decades ago to synthesize a broad range of materials [18]. Its greatest advantage is the ability to
mix reactive components at the nanoscale and to induce chemical reactions in powder mixtures
at room temperature (or at temperatures much lower than normally required). Since kinetics
predominate over thermodynamic constrains, the limitations imposed by the phase diagram do
not hold for such a solid-state processing technique. This renders accessible non-equilibrium or
even equilibrium compounds that are difficult or impossible to obtain by conventional melting
techniques [19]. Nevertheless, MA is a complex process that involves many parameters as the type
of mill, milling containers and balls, milling atmosphere, milling speed and time, etc., that are not
always independent. During MA, energy is transferred to particles due to frequent collisions that cause
plastic deformation, breakage and particle size reduction increasing the reactive surface, enabling the
existence of composite materials and enhancing diffusion. The energy provided to the sample depends
on various parameters such as the rotation speed, the hardness of the grinding bowls, the nature
and number of balls, the ball-to-powder ratio, etc. All the parameters being preserved, the energy
directly depends on the rotation speed. Even if a direct relation is not easy to formulate, rotation
speed and energy are highly correlated and vary in the same direction. Trials to model this complex
relation remain scarce and limited to a single ball problem [20,21]. A recent work describes a stochastic
model to investigate the kinetics of gradual mechanical reactions in simple conditions (shaker mill and
single-ball), which is suitable to obtain helpful and valuable microscopic parameters [22].

Resulting materials are most of the time metastable and expected to transform in thermodynamically
stable products. Then subsequent annealing may be needed to achieve the alloying process [23].
It should be stressed that in some cases the material is hold in a metastable state (otherwise named
activated material) prior to further reaction [24]. Detailed information on this method is available
in comprehensive reviews in which the role of the various parameters is well discussed and where
many examples are provided [25-27]. It is also interesting to report the numerous uses of MA for the
manufacture of advanced engineering materials [26], for example, steels with high boron content for
nuclear technology materials [28].

The present work reports the preparation of NiTiSn by mechanical alloying followed by high
temperature thermal annealing. Parameters like energy and reaction time as well as annealing
temperature and duration have been varied in this study. A reaction mechanism is proposed, based on
the analysis of experimental results, and supported by theoretical calculations.

2. Experimental Techniques and Calculation Methods

Commercial powders (~150 microns) have been used in stoichiometric proportion for this study:
Ni (Sigma-Aldrich, 99.99%), Ti (Acros-Organics, 99.7%), and Sn (Alfa-Aesar, 99.85%). To remain critical
on this work, powders used in this study have a relatively high, but not the highest purity level.
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It should be checked in future works that this weak impurity level does not modify the behavior of the
main elements during the reaction and does not have important consequences on the results.

2.1. Classical Routes (Arc Melting, Diffusion ... )

NiTiSn has been prepared by arc-melting [29] in a home-made apparatus (the stainless steel
chamber is connected to secondary vacuum and argon supply systems, the copper holders of the
tungsten electrode and of the sample are water-cooled). The fused ingot was submitted to two
additional fusion steps for homogenization.

Trial to obtain NiTiSn by “solid state” diffusion at 850 °C, better described as a solid-liquid
reacting method since Sn is liquid at this temperature, was realized by thermal treatment for 30 days
of a pellet placed in an evacuated (10~2 mbar) and sealed silica tube.

Self-propagating high-temperature synthesis (SHS) [30] was conducted (Ar atmosphere, 8 bars)
by varying the tension applied to a tungsten wire placed very close to the sample; the produced heat is
transferred to the sample and initiates the exothermic reaction of elements.

2.2. Mechanical Alloying (MA)

Experiments were performed with a total powder amount of 2 g placed together with 18
silicon nitride (Si3Ny4) balls of 10 mm in diameter into an airtight silicon nitride bowl of 80 mL.
The grinding bowls equipped with the Self LOCK technology and silicon seal ring were filled with
pure argon and tightly closed avoiding any leak. The ball-to-powder ratio of 14:8 was kept constant
(see in Reference [25-27] for details on this parameter) in all the experiments conducted using a
high-performance Fritsch GmbH planetary Micro Mill Pulverisette 7 premium line. MA takes place
through high-energy impacts (and friction) mainly between the grinding balls, but also between the
balls and the walls of the bowl. For that, the grinding bowl rotates around its own axis on a main
disk rotating in the opposite direction (transmission ratio 1:—2). The rotation speed of the main disk
was taken from 300 to 800 rpm, thus rotation speed of the grinding bowls went from 600 to 1600 rpm.
The bowl temperature, evaluated in preliminary experiments after 30 min of rotation, was found to
remain almost constant even at the highest speeds (energies). Consequently, experiments were carried
out using sequences of 30 min rotation followed by 10 min standby to prevent any heating of the bowls.
The actual reaction time was varied from 1.5 to 43 h. In our experiments, all the parameters being
fixed, except the rotation speed, the provided energy depends only on the rotation speed. These two
quantities vary in the same way but it is difficult to find a clear relationship between them even if a
cubic dependence of the energy on the speed has been proposed in Reference [31]. Nevertheless it is
worth mentioning that this model remains limited to the dynamics of a single ball in a vial.

2.3. X-ray Diffraction

All the samples prepared in this work were analyzed by powder X-ray diffraction (XRD) shortly
after synthesis. Powders (calibrated at 20-30 pm) were analyzed using the Bragg—Brentano technique
within, at least, the 20 angular range 20-70°. It is worth mentioning that no visible change in
the pattern was noted after aging the final material (checked for a few samples) at an ambient
atmosphere up to several months. Powders were subsequently pressed into pellets (13 mm in diameter,
10 tons) and inserted into silica tubes sealed under vacuum for annealing. Three temperatures, 750,
850, and 950 °C, have been regularly used for thermal treatments during 5-15 days in a tubular
furnace (temperature was measured near the sample). After annealing, the product was ground
in an agate mortar before its XRD pattern was recorded again. An analytical X'Pert diffractometer
(Philips, Panalytical, France), equipped with a hybrid monochromator (parabolic multilayer mirror and
two-crystal monochromator, Cu-Ka radiation) and the Xcelerator detector (Philips, Panalytical, France),
was used. Profile refinements and Rietveld analyses were performed using program Jana 2006 [32].
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2.4. Electron Microscopy

Energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM) were
performed using an Oxford Instrument Environmental Scanning Electron Microscope, equipped with
an X-Max large area SDD sensor that allows excellent sensitivity, precision, and resolution. Powdered
samples were pressed into pellets and polished prior to analysis. Typically, two specimens and at least
three chemical analyses focused on each component were performed.

2.5. Calculation Methods

Our studies have been performed at the Density Functional Theory (DFT) level, which is a
computational quantum mechanical modeling method used in materials science to investigate the
electronic structure (principally the ground state) of many-body systems, in particular the condensed
phases. Using this theory, the properties of a many-electron system can be determined by using
functionals, which in this case is the spatially dependent electron density [33]. Calculations were
carried out simultaneously with the codes CASTEP (CAmbridge Sequential Total Energy Package) and
VASP (Vienna Ab-initio Simulation Package) within the Generalized Gradient Approximation (GGA)
and the Perdew-Burke-Ernzerhof (PBE) parameterization was applied [34,35]. The first Brillouin zone
was integrated using Monkhorst-Pack k-point meshes [36].

For each compound, starting from the experimental structure data (Table 1), the geometry was
optimized by relaxing both the lattice parameters and the atomic positions. The converged total
energies have been used to calculate the formation enthalpy of the different compounds.

Table 1. Crystallographic data for elements and compounds in the Ni-Ti-Sn system.

Compound System Space Group Lattice Parameters (A,°) Ref.
Ni, TiSn Cubic Fm3m a=6.10 [37]
NiTiSn Cubic F43m a=>593 [38]

Ni, Ti,Sn Tetragonal P4, /mnm a=6.81,c=643 [11]
NiTisSns Hexagonal P63 /mcm a=28.18,c=5.56 [11]
NizSny Monoclinic C2/m a=1220,b=4.05,c=5.21, 3 =105.03 [39]
NiSn Orthorhombic Pbam a=5.20,b=24.45,¢c=4.09 [40]
Ni3Sn, Orthorhombic Pnma a=712,b=520c=8.16 [41]
NizSn Hexagonal P63 /mmc a=527,¢c=423 [42]
TirSng Orthorhombic Cmce a=>595b=19.96,c=7.03 [43]
TigSns Hexagonal P63 /mmc a=9.25¢c=5.69 [44]
TisSng Hexagonal P63 /mcm a=8.05c=545 [45]
TipSn Hexagonal P63 /mmc a=4.63,c=5.67 [46]
TizSn Hexagonal P63 /mmc a=592,c=476 [47]
NiTi, Cubic Fd3m a=11.28 [48]
NiTi Monoclinic P2;/m a=2.89,b=4.11,c=4.66,  =98.10 [49,50]
NiyTiz (m) Rhombohedral R3 a=11.24,c=5.08 [51]
NizTi Hexagonal P63 /mmc a=>5.11,¢=8.30 [52]
Ni Cubic Fmm a=3.54 [53]
Ti Hexagonal P63 /mmc a=294,c=472 [53]
Sn Tetragonal 14 /amd a=5.84,c=315 [54]
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CASTEP uses plane-wave basis sets to treat the valence electrons and pseudo potentials to
approximate the potential field of ion cores [55,56]. For each element, USPP (Ultra-Soft Pseudo
Potentials) were taken as generated according to the Vanderbilt scheme [57]. The electronic states
3d84s? for Ni, 3d24s? for Ti and 5s25p? for Sn are treated as valence states in the chosen pseudopotentials.
The k-point separation was set to 0.04 A1 in each of the lattice directions. Kinetic cutoff energies
for the plane wave expansion of the wave functions were set at 550 eV. Geometry optimizations
were carried out at ultrafine quality using the BFGS (Broydon-Fletcher-Goldfarb-Shanno) algorithm.
Tolerances were 5 x 107 eV/atom for energy, 0.01 eV /A for forces and 5 x 10~* A for maximal
atom displacements.

Alternately, VASP [55,56] uses the PAW (projector augmented waves) technique [58,59]. Standard
versions, Ni, Ti_sv, and Sn_pv, of the PAW potentials have been used. Ten electronic states are included
in the valence shell for Ni (3d%4s?), twelve for Ti (3523p63d2452) and four for Sn (5525p2). The “accurate”
precision setting was used to avoid wrap-around errors (energy convergence for the cell: 1072 eV;
force convergence: 10~* eV /A). The reciprocal space mesh was set so0 as to obtain a number of k-points
multiplied by the number of atoms higher than 500. The cutoff energy was systematically set to 450 eV.
For the Ni-containing phases, the GGA+U method of Dudarev et al. has been also used [60]. The need
to use a GGA+U description for the Ni-containing phases, described in Reference [61], is motivated
by a better description of the experimental ternary phase diagram compared to the standard GGA
description. The parameter U, for the Ni atoms was set to 3.5 eV as detailed in Reference [61].

3. Results and Discussion

In our work, NiTiSn was primarily prepared by mechanical alloying but for comparison, samples
were also prepared by classical fusion methods (arc-melting, induction furnace, or self-propagating)
and by solid-liquid reaction from the elements. It is useful to recall here that, in agreement with the
phase diagram, direct preparation of NiTiSn from the melt is impossible because the first phase to
crystallize is the full Heusler NiyTiSn compound [62]. A neutron diffraction study even concludes that
arc-melted NiTiSn naturally incorporates a ~6% Ni-excess leading to a very weak increase of the lattice
parameter [63]. Furthermore, in agreement with the sudden decrease by ~20% of the total energy per
atom (shown by our DFT calculations) when the composition comes close to NiTiSn, the transformation
from Ni, TiSn (Fm3m) to ordered NiTiSn (F43m) does not proceed through a continuous process as a
consequence of the symmetry change [9].

3.1. Preparation by Classical Fusion Methods

Analyses of the arc-melted material prepared in this work confirm the presence of NiTiSn and of
the secondary phases Ni; TiSn, TigSns, and Sn, easily visible as grey and white domains in typical SEM
images (Figure 1), while black regions account for the porosity of the sample before annealing.

The Rietveld fit of the XRD pattern leads to an approximate ratio NiTiSn:Ni; TiSn:TigSns:Sn of
62:24:10:4. After annealing for 10 days either at 750 or 850 °C, these minority phases remain in lower
quantities with proportions converging to 97.2:1.6:0.2:1.0. Interestingly, trials to synthesize NiTiSn
by self-propagating high-temperature (SHS) or induction furnace led to similar results with a final
material displaying equivalent or even poorer quality.
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Figure 1. SEM micrograph of an arc-melted sample and profile fitting of its XRD pattern (CuK,
4-components TigSns, Nip TiSn, Sn, and NiTiSn, from top to bottom, Rp = 3.4, wRp = 4.7, GoF = 1.9)
after 10 days of annealing at 750 °C.

As commonly reported [13,14,62], NiTiSn is always supplemented by small quantities of secondary
phases when obtained by fusion. In such a method, and especially in arc-melting, the sample necessarily
passes by the liquid state (all the elements are liquid above 1670 °C). According to the calculated
and experimental ternary diagrams [64,65], cooling this liquid mixture leads to the formation of solid
NiTiSn but also NiyTiSn, TigSns and Sn. On this matter, a certain emphasis has to be put on the
peritectic decomposition of NiTiSn at 1182 °C and the congruent melting of Ni,TiSn at about 1450 °C.
Subsequent thermal treatments, even long-time annealing, fail in homogenizing the material, complete
elimination of metallic tin being most likely limited by its poor diffusion ability. NiTiSn prepared
by fusion methods is characterized by a good crystallinity, and after the necessary suitable thermal
treatments, by a rather good purity, but always containing a more or less great quantity of impurities
that may affect its properties.

3.2. Preparation by Solid—Liquid Reacting Methods

A pellet made of a stoichiometric NiTiSn mixture homogenized by ball milling at low energy,
was sealed under vacuum in a silica tube, heated to 850 °C and maintained at this temperature for
30 days to realize the “solid state” synthesis of NiTiSn. Actually, the reaction does not truly take place
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in the solid state, but between liquid tin and solid Ni and Ti components. This clearly shows that the
reaction may occur at a temperature remaining far below the Ni and Ti melting temperatures of 1455
and 1668 °C and is rather limited by diffusion processes. Even if NiTiSn was the major component in
the sample (a little less than 80 wt % according to the XRD pattern refinement), amounts of secondary
phases (confirmed by EDX) remain very important, with ~6% of NiyTiSn and ~15% of unreacted tin
(Figure S1, Supplementary Material). This synthesis route is comparable with the reactive sintering
at 1000 °C [9] between Sn and a NiTi powder (previously obtained by arc-melting) followed by an
additional hot pressing treatment to prepare NiTiSn, still containing Ni, TiSn nano-domains.

3.3. Preparation by Mechanical Alloying (MA)

The alternative path through MA deserves greater attention. Since it involves processes in which
kinetics predominate, the nature of the intermetallic phases in the material should be different from
that resulting from the solidification of a melt by classical fusion methods [19]. This also applies to the
secondary phases likely to form during the synthesis.

In order to better understand the reactions that occur in the MA processes, a series of samples
have been prepared in this work. Apart from the reaction time and the rotation speed, experimental
conditions such as chemical composition (1:1:1 stoichiometry), total weight of reactants, grinding balls,
ball-to-powder ratio, and argon atmosphere were kept strictly identical for all the experiments.

As MA can provide contamination, we checked by an attentive examination of the SEM images
and by EDX chemical analysis that no Si trace coming from the SisN4 coating was present in the
samples. On the other hand, it is likely that titanium grains used for our experiments are covered with
a very thin oxide film, although the powders were submitted to primary vacuum (desorption) before
handling under argon atmosphere prior to MA experiments. Yet, no titanium oxide was detected
in our MA samples by careful examination of the SEM images contrarily to what was observed in
the aforementioned experiments [5]. It can reasonably be assumed that the special locking system
enables a very effective and hermetic closing of the Si3zNy bowls, thus avoiding any further oxidation
of titanium. Even if EDX is not a fully suitable method to precisely quantify the content of light
elements, the relative oxygen proportion in MA samples remains within classical limits, as low as in
arc-melted samples. Moreover, no contaminated domains can be detected by contrast differences in the
SEM images. SEM/EDX microscopy techniques were additionally used to characterize our samples,
since small fractions of a phase cannot not be resolved with XRD analyses. Products were systematically
analyzed using powder XRD shortly after MA reaction and later after annealing. Their composition
at the end of milling was found strongly dependent on the experimental conditions, which is not
too surprising since materials can reach different alloying degrees depending on the reaction time.
This has been useful to interpret the phase formation along the MA process and the obtention of the
“fully alloyed” state after annealing.

3.3.1. Influence of the Provided Energy

To investigate the influence of the provided energy on the compounds formation, MA experiments
were performed at various rotation speeds in the range 300-800 rpm. Preliminary tests indicated that
no significant reaction occurs below 300 rpm and rotation speeds above 800 rpm were avoided to
protect the bowls and balls from damage.

The XRD patterns of samples milled for 5 h are represented in Figure 2, comparatively, with
the pattern recorded for a stoichiometric mixture of elemental powders that would correspond to a
treatment at null rotational speed. Note the weakness of the Ti diffraction lines compared to the ones of
Ni and Sn, probably due to a poorer crystallinity. At first glance, a difference clearly appears between
samples obtained at the highest and lowest energies. The transformation is easily noticeable in the low
26 angular domain with the apparition of a diffraction peak centered at nearly 26° and assigned to the
NiTiSn (111) plane.
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Figure 2. XRD patterns for samples prepared by MA during 5 h. Energy provided to samples varies
with rotation speed taken from 300 to 800 rpm. The pattern for the stoichiometric Ni:Ti:Sn mixture
before MA is drawn at the bottom, and the simulated pattern for the cubic NiTiSn half-Heusler
compound at the top.

At low rotation speeds, typically below 500 rpm, patterns display relatively sharp diffraction lines
and no characteristic peak of NiTiSn is observed. These patterns are characteristic of a multicomponent
material in which we identified the phase Ni3Sny and in smaller quantities Ni3Sn and NiySns. Note that
the full indexation of the pattern is not possible since the main diffraction lines of several compounds
may occur in the same angular domain. Moreover the mechanically alloyed powders are highly
divided and poorly crystallized leading to weak and large peaks.

For samples obtained with the highest rotation speeds, the patterns display large peaks centered
onto the angular positions expected for cubic NiTiSn. Line broadening is characteristic of a highly
disordered and divided powder as is the case for this mechanically alloyed intermetallic compound.
The lattice parameter refined by profile fitting of the patterns converges to ~6.00 A, a value which is
rather close to the lattice parameter of NiTiSn, generally given at 5.93 A [38]. Nevertheless, it is not
possible to unambiguously identify NiTiSn in the final product on the basis of only XRD, because
peak broadening could mask the presence of other phases such as cubic Ni,TiSn (a = 6.10 A). Actually,
the two compounds display structural similarities and very close lattice parameters so that Ni, TiSn
diffraction lines would appear close to those of NiTiSn (Table 51, Supplementary Material).

Subsequent EDX analyses have later proven these samples to be mainly formed of NiTiSn
(Figure S2, Supplementary Material) and no occurrence of NipTiSn was detected. Diffraction patterns
recorded for samples alloyed for 14 h (Figure S3, Supplementary Material) are comparable to those
shown in Figure 2, and NiTiSn was not obtained for speeds lower than 500 rpm.

On the contrary, samples reacted for 43 h at 400-700 rpm are of greater interest because of
the changes in their XRD patterns (Figure 3) when alloying is operated at the highest energies.
The important feature is that, when the rotation speed is increased up to 700 rpm and beyond,
NiTiSn is no longer the major component of the final material, which also contains large amounts of
binary compounds, like for example, Ni3Sny, but also elemental Sn.



Metals 2018, 8, 835 9 of 21

Y
* VNI
* o Ti
* » Ni3Sn
* A * Ni3Sng
| Y "NiTiSn"
* * *
— 700 rpm
3
2
5
k= 600 rpm
Y Y *
| Y
- . Y v Y 500 rom
* *
* * X )
> ¢
[N * 400 rpm
‘ | J . simulated NiTisn |
A A e .
U [T e [T I
30 40 50 60 70 80

Position [°2Theta] (Copper (Cu))

Figure 3. XRD patterns for samples prepared by MA during 43 h. Provided energy varies with rotation
speed taken from 400 to 700 rpm.

Thus, it can be stressed that the total energy provided to the sample during the reaction is the
driving force that determines which phases will form. The main result is the existence of a threshold at
500 rpm in the rotation speed, which must be crossed to form NiTiSn.

It can be asserted that, below this speed limit, the minimal impact energy needed to initiate a
chemical change into the ternary alloy is not reached [22] and that the energy which is provided to the
sample only leads to the formation of binary compounds. On the other hand, a too high energy is not
favorable to form NiTiSn during the longest reactions. This leads to the fact that an optimal energy
window exists for the direct formation of NiTiSn by mechanical alloying.

3.3.2. Influence of the Reaction Time

To investigate changes in the final material with reaction length, we have selected samples alloyed
with the same energy but for increasing durations. Our choice is to discuss here the results obtained
for samples reacted at 700 rpm (rather than 500 rpm) during 5, 14, and 43 h (Figure 4) because the
higher intensity of the phenomena better illustrates our findings.

Keeping in mind that NiTiSn only forms at the beginning of the reaction as the almost unique
component when the rotation speed is greater than 500 rpm, it is obvious that the pattern after 5 h
of alloying is that of NiTiSn. Continuing the reaction up to 14 h does not considerably modify the
nature of the final material, as shown by the diffraction lines at the same positions. Nevertheless, the
diffracted intensity is lowered, the signal-to-noise ratio degraded and small bumps emerge in the
30-40° domain, which are signs of a loss of quality of the material. A longer reaction up to 43 h leads
to the disappearance of NiTiSn, with no more characteristic peak in the 20-30° 20 range, for the benefit
of a compound that could be identified as Ni3Sny from pattern treatments. Moreover, the presence of
peaks at the characteristic angular positions of Sn proves that some metallic tin has been released in
the material.
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Figure 4. XRD patterns for samples mechanically alloyed at 700 rpm during 5, 14, or 43 h.

Analogously, a considerably slower degradation phenomenon was observed for products
prepared with a lower energy at 500 rpm (Figure S4, Supplementary Material). Small diffraction
peaks associated to degradation phases and metallic tin are visible, even if in this case NiTiSn still
remains the main component after 43 h of reaction. Below 500 rpm, NiTiSn does not form during
the reaction and a multiphasic material mostly composed of binary Ni-Sn compounds is obtained.
This is in agreement with a minimal impact energy needed to initiate the chemical changes evidenced
in kinetic measurements [22] also showing that the number of collisions can be used, instead of the
reaction time, as a kinetic parameter. An increase of the reaction time has no visible impact on the
nature of the formed phases, and in no case, NiTiSn was observed even after long reactions extended
up to 43 h.

Duration of the MA reaction affects the quality and the nature of the material. Binary Ni-Sn
phases seem to be the easiest to form in MA processes with low energy contributions. Above the
energy threshold corresponding to 500 rpm, it is NiTiSn that forms in the first stages and then gradually
disappears when the reaction is continued (it is worth noting that the higher the energy, the faster
this disappearance).

3.3.3. The Special Case of MA Experiments at 400 rpm

The results of experiments carried out at 400 rpm, which were briefly mentioned above, deserve an
additional discussion. Quite similar materials were obtained whatever the milling time. Nevertheless,
products from long experiments are only obtained as powders while those from short experiments
(5 h) also contain aggregates with curious shapes (Figure S5). Initially, these aggregates were ground
with the rest of the product for further analyses and because of their relative hardness, it can be stated
that they are not made of pure tin.

From there, new experiments were carried out to check the reproducibility of this phenomenon
and in each case, aggregates were found in the final product. Patterns collected respectively from the
powder part and the aggregate part are very informative. They all display similar profiles and contain
the diffraction lines of Ni-Sn binary phases formed in the MA reaction. However, in the patterns of the
aggregates, intense lines at Sn positions reflect the presence of free tin in high content, which causes an
overall pattern flattening. An in-depth analysis allowed the identification in the recovered products of
three Ni-Sn binary phases in addition to rather large amounts of unreacted elements (Figure 5).
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Figure 5. Phase identification in a typical XRD pattern for a sample alloyed at 400 rpm for 5 h.
The pattern of a stoichiometric Ni:Ti:Sn non-alloyed mixture is given at the bottom and the patterns of
the powder and the aggregates are given in the inset.

Thereafter, extra experiments were conducted at 400 rpm for shorter durations of 1.5, 3, and 4 h
to understand the phenomenon and to propose a mechanism for the alloying reaction. Aggregates
were always found in the final products and treated separately from the powder. After 1.5 h of
reaction, the analogy between the patterns of the aggregates and the powder (Figure 6) is remarkable,
clearly showing that Ni3Sn is formed in the first stages of the reaction, as indicated by the presence
of its characteristic diffraction line at about 29°. After alloying for 3 h, products still contain NizSn,
but the difference between the aggregates (in which remains a high-content of Sn) and the powder
(which contains both Ni3Sn; and NizSny) is more important. Up to 5 h of alloying, rather similar
features are observable. On the contrary, longer reactions of 14 and 43 h led to the disappearance of
the aggregates, therefore the whole product was recovered as a powder whose pattern is comparable
to that of a powder alloyed for 5 h.

According to the results of the short experiments, the main information is that Ni3Sn is detected in
the reactionary medium as soon as the reaction starts, and then the phases NizSn, and NizSny appear.
The particular feature is that these phases, which are formed in the powder state at the beginning of
the reaction, agglomerate themselves, sticking around the very malleable tin grains which could locally
reach 232 °C (the melting temperature of Sn) due to the impacts with the grinding balls. Tin grains are
then trapped inside the aggregates, acting as binding agents in such structures. The long reactions
are likely to provoke the fracture and the division of these large aggregates in smaller grains, better
suited to react, and to allow the reaction to continue. Finally, the product is typically characterized
as a multicomponent material mainly composed of binary Ni-Sn phases, but which always contains
substantial amounts of elemental powders.
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Figure 6. XRD patterns for the powder and the aggregates collected in samples alloyed at 400 rpm.
It is important to note that no aggregates are found after long reaction times (1443 h*).

3.3.4. Comment on Previous Results

To finish this section, let us tackle the MA experiments carried out by Zou et al. [5,66] only differing
from our work by the SPS post-processing step (not done in our work). They concluded that direct
synthesis of NiTiSn is not possible even for long milling times due to the easy formation of NizSny.
Nevertheless, they stated that starting with a consequent Ti-excess (NiTij 4Sn) and a subsequent SPS
step (800/850 °C), they had obtained NiTiSn (90% pure) displaying n-type semiconducting behavior.

First of all, it is important to note that the comparison with previous works is fairly difficult since
the experimental conditions and more precisely the provided energy does not only depend on the
rotation speed, but also on the planetary mill, the hardness of the balls, the coating of the bowls, etc.

Regardless of this, it is easy to understand that Zou et al.’s experiments at 300 rpm with a
“pulverisette 6” involved lower energies than our experiments at 400 rpm, and this is true even with a
“pulverisette 7 premium line” qualified by the manufacturer as an equipment “more powerful” than
the older generations. This is why at that time (2009), Zou et al. could affirm that it is impossible to
form directly NiTiSn by ball milling even after long milling times [5]. Anyhow, our experiments at the
weakest energies (300 and 400 rpm) partially confirm their results, validating the formation of NizSny
as the major component in materials prepared from a stoichiometric mixture of elements.

3.4. Formation Enthalpies from DFT Calculations

The formation enthalpies have been calculated for the compounds in the Ni-Ti-Sn system,
their relative values can be helpful to understand the phenomena occurring during the alloying
process. Actually, the standard formation enthalpy AfH298K at room temperature (T = 298 K) permits
a good evaluation of the stability of a compound. The thermodynamic stability refers to the reverse
of a formation reaction, depending on the energy required to dissociate a compound into elements.
The more negative the formation enthalpy, the more stable the compound. Entropic effects can
be neglected at low temperatures and AfHZ%K can be approximated by AfHOK calculated from the
minimized total energies computed via DFT geometry optimizations. Indeed, a classic thermodynamic
cycle calculation can transpose all the results to a common 298 K reference temperature by knowing

the heat capacity at 298 K of the elements and of the phase. These values are well-known for the
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elements from thermodynamic tables and the heat capacity has been determined for NiTiSn by ab initio
calculations [10] and compares well with experimental data. Such a thermodynamic cycle calculation
leads to a difference of about 0.8 k] /mol between AfH298K and AfHOK, which represents 1.5%.

The formation enthalpy AfHOK is then defined as the total energy of the compound minus the total
energies of the elements, calculated in their solid-state reference structures. The formation enthalpy for
a compound Ni,TiySn; is thus obtained using the following equation:

ArHNi Tiysn, = ENi,Tiysn, — X X ENi — Y X Erj —2 X Egy.

The reference structures of the compounds in the Ni-Ti-Sn system and of the elements are given
in Table 1 and the calculated formation enthalpies are reported in the ternary diagram in Figure 7.
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Figure 7. Calculated formation enthalpies (in kJ/mol of atom) for binary and ternary compounds in
the Ni-Ti-Sn ternary diagram.

For a given compound, the small variations in the enthalpies between the values calculated
with CASTEP and VASP may be due to differences in the parameterization (k-point grid size,
pseudo-potentials and wave-functions). However, the trend in the relative stability of the compounds
remains the same between the two series of results. VASP calculated enthalpies considering an
additional Hubbard term for the Ni-containing compounds are given in the figure; those omitting the U
term are given in Table S2, Supplementary Material with the available experimental values [65,67-75].
Note that all the results are in good agreement even if the GGA+U values are found elsewhere
significantly to be more negative for NiTiSn and Ni, TiSn [62]. This can be due to a different choice of
U (+5 eV) and to the fact that this U has also been applied to the titanium atoms in [60].

Whatever the method, the Ni-Sn binary compounds are characterized with the highest formation
enthalpies (less negative values) of about —20 to —30 kJ/muol of atom. They are the less stable
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compounds in the Ni-Ti-Sn ternary system and consequently those which require the weakest energy
to be formed. The binary phases Ti-Sn and Ni-Ti, with enthalpies ranging respectively from —29
to —38 and —22 to —50 kJ/mol of atom, exhibit medium stabilities whereas ternary phases display
the most stable character with highly negative enthalpies ranging between —37 and —54 kJ/mol of
atom. Noteworthy is the formation enthalpy of NiTiSn, the most stable compound of the system.
Similar formation enthalpies of —52.76 and —45.60 k] /mol of atom for NiTiSn and Ni, TiSn, respectively,
have been obtained by other DFT based calculations [65].

In fact, it is easy to conceive that the energy provided to the elemental powders at the lowest
rotation speeds remains smaller than the energy of formation of the compounds. As soon as the
energy reaches 20 kJ /mol of atom, NizSny can form, explaining its presence at the beginning of the
reactions. With weak energy needs, Ni3Sn and Ni3Sn;, also occur in materials prepared at low speeds.
On the contrary, NiTiSn is much more difficult to form as indicated by its highly negative experimental
formation enthalpy of —52.6 kJ/mol of atom [74] as well as the calculated values ranging from —50
to —70 kJ/mol of atom. The energy provided to a sample in the most energetic MA reactions (500 to
800 rpm) reaches values close to 54 kJ /mol of atom, which allows the formation of NiTiSn. This was
confirmed by our experiments, which proved that NiTiSn is not accessible at rotation speeds lower
than 500 rpm. It is also in agreement with previously reported results [5].

Given that only two parameters are varied in our study, the rotation speed and the duration,
the comparison of our MA experiments is possible and meaningful. Operating at higher energy
undoubtedly leads to the formation of NiTiSn, which was proven both by diffraction and microscopy
analyses. We were indeed able to identify NiTiSn as the main component in experiments carried out
between 500 and 800 rpm.

3.5. Influence of Thermal Treatments

Whatever the synthesis method of NiTiSn, later heat treatments have always been used to
improve its purity. Only thermal annealing was used in this work as SPS is not commonly available
in laboratories. The necessary densification to produce materials usable in TE modules can be
accomplished later using SPS on a national platform. Looking at the literature, thermal treatments are
carried out in very different conditions: Annealed at 400 °C for 30 days [76], at 800 °C for 30 days [11],
at 900 °C for 10 days [62], treated by SPS at 1000 °C [8,13]. Sometimes, the two treatments are
consecutively applied as for example SPS at 927 °C followed by annealing at 800-900 °C for several
days [7,77] or inversely at 3 days annealing at 800 °C before SPS treatment at 1050 °C [14]. One can
remark that these temperatures are far from the decomposition temperature of NiTiSn, known to
melt incongruently at 1180 °C to finally give Ni;TiSn, Sn, and TiSn [7] or elsewhere Ni;TiSn, Sn,
and TigSns [62] after solidification. It is unlikely that such a temperature is reached in MA processes,
but the alloys that are formed can be far from their equilibrium state and able to decompose readily.
The presence of Ni3Sny in some instances in the final material supports a decomposition process,
which could rather differ from the incongruent melting.

In contrast to arc-melted products, MA materials are expected to be highly divided and poorly
crystallized, due to the repeated and localized impacts to which are submitted the powder grains
during the experiments. This is why MA is sometimes used as a mechanical activation step to prepare
precursors characterized by nano-distributions of reactants [23,78-81]. In some cases, an extra energy
supply (provided by ball milling or temperature) may initiate self-propagated reactions which converts
the activated reactant powders into intermetallic phases [24,82]. For the present study, there is no
reason to believe that such an exothermic reaction may occur during alloying since the process was
conducted with rotation/pause sequences to “control” the temperature and because no increase in
the temperature was detected. Therefore, powders collected after a MA process are likely to be in a
non-equilibrium state with high internal disorder, substantial strains, and inhomogeneous distribution
of defects. Relaxation of physical strains, homogenization by atomic diffusion within the solid and
eradication of the defects should be achieved through subsequent high temperature thermal treatments,
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like annealing, that contribute to bringing the material towards its equilibrium state while improving
its crystallinity and purity.

3.5.1. Annealing Temperature

Let us analyze several fractions of a same sample separately annealed at various temperatures to
evaluate the influence of the temperature level on the final material. A sample from MA at 600 rpm for
5 h was chosen to illustrate this effect and characterized, prior to annealing, as mainly composed of
NiTiSn. Sample fractions were annealed for 10 days at temperatures from 750 to 1000 °C, lower than
the peritectic decomposition of NiTiSn [7,62]. The XRD patterns of the annealed samples (Figure 8) are
characterized by sharp and intense diffraction lines pointing out the good crystallinity of the material.

N
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§ % Ni2TiSn
:; » Ni3Sng
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[
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A X * 950 °c_*
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Figure 8. XRD patterns for samples prepared by MA at 600 rpm for 5 h and annealed for 10 days at
temperatures from 750 to 1000 °C (25 °C corresponds to the non-annealed sample).

At first glance, the material annealed at 750 °C displays the highest quality. Actually, Rietveld
analyses bring the confirmation that it is composed of NiTiSn at 97%, but also contains traces of Ni, TiSn
and Sn (in equivalent quantities). The samples annealed at higher temperatures are characterized by
weaker amounts of NiTiSn.

As the annealing temperature level increases, the material becomes more and more multiphasic,
decomposing progressively into binary phases, and releasing free Sn. Some oxygen incorporation,
most probably from the silica container (a very local reaction could have been initiated at the contact
point between the sample and the silica tube during the heat treatment), has even been observed for
samples annealed at 1000 °C in which some diffraction lines have been assigned to the ternary oxide
Ni3TizO [83,84]. This result is partially consistent with a previous theoretical work predicting the
decomposition of NiTiSn in the presence of oxygen to give oxides and nickel stannides [61]. However,
titanium oxides like TiyO3 are expected rather than Ni3TizO (not considered in the study and which
may be formed at high temperature).

For all the samples prepared by high energy MA (500 rpm and beyond) and later annealed, results
are very similar. For a given energy, 750 °C is the temperature of annealing which leads to the highest
purity of the final material. The best quality is obtained for samples prepared with the shortest reaction
time of 5 h.

Likewise, the best annealing temperature is 750 °C for samples prepared at 400 rpm. Reminding
that these samples are multiphasic and mainly composed of Ni3zSny, it is quite surprising that the
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annealed material is fairly pure NiTiSn with only traces of free Sn (composition was evidenced from
XRD and confirmed by EDX measurements). As described above, the Sn amount also increases in
samples annealed at 850 °C where the degradation is even more important, with the occurrence again
of binary phases in samples annealed at 950 °C and oxides (diffraction lines of Ni3Ti3O) in samples
annealed at 1000 °C. In this case, the annealing treatment proceeds through conversion of a multiphasic
solid into a nearly single-phase material. Interestingly, such a conversion occurs for all the samples
alloyed at 400 rpm regardless of the MA time (Figure 9) and the annealed materials still mainly contain
NiTiSn with a purity of ~85% for the longest alloying reaction of 43 h.

4+ Sn

I mixture of elements

+ + SHS + annealing

Intensity (a.u.)

é , ,arc-melting + annealing
é MA + annealing
25 30 3s 40 ‘
N N - T L
_ L Iy l b 14h
H 1 -k i
B 1k |

Position [°2Theta] (Copper (Cu))

Figure 9. XRD patterns of samples prepared by MA at 400 rpm and annealed for 10 days at 750 °C.
A comparison with other synthesis methods is given in the inset.

3.5.2. Annealing Duration

Parallel annealing of sample fractions have proved that a thermal treatment for only 5 days is
not long enough to obtain a high quality material. As indicated by the XRD patterns of the annealed
samples, a quality improvement is obvious after 10 days, whereas no main quality modification could
be detected for longer annealing periods (up to 15 days).

The influence of the annealing time is illustrated by the XRD patterns of fractions annealed
at 800 °C for 5, 10, and 15 days starting from a sample alloyed at 700 rpm for 5 h (Figure S6,
Supplementary Material).

The analysis of annealed materials from samples shortly alloyed at 400 rpm (parted into
aggregates and powder) is of interest to improve our comprehension of the reaction mechanism.
Thermal treatment of the aggregates led to fairly pure NiTiSn in which, however, remains residual
Sn both observed by XRD and EDX. Instead, the annealing of the powder provided a highly pure
NiTiSn material (Figure 10) in which no tin could be detected in spite of a thorough analysis of the SEM
images because it has been trapped inside the aggregates (powder around tin seeds) at the beginning
of the reaction.
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Figure 10. Experimental XRD pattern (A = 1.5418 A) of the powder from a sample prepared by MA at
400 rpm and annealed for 10 days at 750 °C. Full Rietveld refinement (lattice and atom positions) to
Rp = 4.5, wRp = 6.2, GoF = 2.0, and Rpyagg = 0.4 confirms NiTiSn as the unique component (black marks:
Bragg positions, black dots: Measured intensities, blue and red lines: Calculated and difference
intensity plots).

4. Concluding Remarks

To conclude this study, let us summarize the major results.

The main finding is the existence of an energy window to directly obtain the half-Heusler NiTiSn
compound by mechanical alloying. This energy window corresponds to rotation speeds of the ball
mill between 500 and 700 rpm. After a subsequent annealing, the material reaches similar purity levels
as materials prepared by arc-melting methods, still containing traces of tin. This means that direct
preparation of NiTiSn through MA is not necessarily the best way to obtain a high purity material.

Outside of this window, materials do not contain NiTiSn anymore but a mixture of binary
compounds, which can be subsequently converted into NiTiSn by thermal treatment. The best path
towards pure NiTiSn consists in such a conversion process from a multiphasic precursor into a
single-phase material. After removal of the aggregates, highly pure NiTiSn without residual tin,
was obtained this way.

From the post processing of samples mechanically alloyed in various conditions, the optimal
annealing treatment to obtain pure NiTiSn was found to be 750 °C for 10 days.

The short peculiar experiments conducted at 400 rpm have been very useful to interpret the
phenomena during the early stages of alloying and enabled us to propose a mechanism of formation
of the multicomponent precursor which is supported by the calculated (DFT) formation enthalpies.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2075-4701/8/10/835/s1,
Figure S1: XRD for a mixture of Ni, Ti, Sn powders after thermal treatment at 850 °C for 30 days; Figure S2: SEM
image of a sample alloyed at 800 rpm for 5 h; Figure S3: XRD for samples prepared by MA for 14 h; Figure S4:
XRD for samples alloyed at 500 rpm; Figure S5: SEM image of the aggregates recovered in samples alloyed at
400 rpm; Figure S6: XRD for samples prepared by MA at 700 rpm for 5 h and subsequently annealed at 800 °C;
Table S1: Indexation of the diffraction lines for NiTiSn and Ni, TiSn Table S2. Formation enthalpies calculated for
the compounds in the NiTiSn system.
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