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Mechanical alloying is widely used for the synthesis of hydrogen storage materials. How-
ever, amorphization and contamination triggered by long-time milling are serious draw-
backs for obtaining efficient hydrogen storage. In this work, short-time ball milling
synthesis is explored for a representative hydride forming compound: TiNi. Through
structural, morphological and chemical characterizations, we evidence that formation of
TiNi is complete in only 20 min with minor Fe contamination (0.2 wt%). Cross-sectional
analysis of powder stuck on milling balls reveals that alloy formation occurs through the
interdiffusion between thin layers of co-laminated pure elements. Hydrogenation ther-
modynamics and kinetics of short-time mechanically alloyed TiNi are similar to those of
coarse-grained compounds obtained by classical high-temperature melting. Mechanical
alloying is a suitable method for fast and energy-efficient synthesis of intermetallic com-
pounds such as TiNi.
© 2019 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

Among the different types of AB hydride-forming com-
pounds, TiNi-type alloys are the most promising electrode
materials for Nickel-Metal Hydride (Ni-MH) batteries [7—10].

Mechanical alloying (MA) is a popular method to produce
hydride-forming AB,, compounds such as LaNis, ZrV, TiFe,
and Mg,Ni with n =5, 2, 1 and 0.5, respectively. MA is a solid-
state powder processing technique, which involves repeated
welding, fracturing and re-welding of powder particles in a
high-energy ball mill [1,2]. The so-obtained hydride-forming
compounds have fast absorption and desorption kinetics,
even at relatively low temperatures [3]. However, their
reversible hydrogen storage capacity is often reduced due to
alloy amorphization [4—6].

* Corresponding author.
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TiNi-type alloys have also been extensively investigated due
to its shape memory characteristics [11,12] and hydrogen
storage performance [13—15]. As concerns hydrogen storage, it
is known that both TiNi and Ti,Ni intermetallics in the Ti—Ni
system absorb hydrogen at room temperature [16]. TiNi alloy
has a reversible hydrogenation capacity of 0.7 hydrogen per
metal atom (H/M). Ti,Ni alloy absorbs up to 0.83 H/M but
formed hydrides have high thermodynamic stability and poor
kinetics [17,18]. It was reported that amorphization and
contamination during a long MA process may reduce the
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hydrogen capacity and kinetics [19]. Consequently, reports on
hydrogenation properties of TiNi alloy synthesized by MA are
scarce [20,21].

This work aims to study the alloying process of TiNi by high
energy ball milling. Besides clarifying the alloy formation
mechanism, the target is to reduce the milling time in order to
avoid amorphization and minimize contamination from the
milling tools. The hydrogenation properties of short-time
mechanically alloyed TiNi are determined and compared to
those of coarse-grained TiNi reported in the literature.

Experimental procedure

High purity elemental powders of titanium (99.5%, <37 um,
CERAC) and nickel (99.9%, <44 pm, NEYCO) were used. The Ti
and Ni powder mixture (3.0 g) in stoichiometric amount was
mechanically milled to obtain TiNi intermetallic compound
using 86 stainless steel balls (diameter: 7 mm, ball-to-powder
ratio: 40:1) in a hardened stainless-steel vial. The vial was
sealed in a glove box under argon atmosphere. The high-
energy planetary ball milling equipment (Premium line P7,
Fritsch) was run at 800 rpm for different periods of time
following the timeline displayed in Fig. 1. At each milling-time
step, the powder was scraped from the balls and the vial wall.
The agglomerated material was crushed, and intermediate
picking of the sample was carried out for analysis. Milling
balls were also taken after 6, 12 and 56 min, cut in the equa-
torial plane, embedded in resin and polished for subsequent
analysis. Inspired by other works [22—24], 1-h stop between
milling steps was defined to reduce sample heating and to
dissipate the heat.

An Optical Microscope (OM, ZEISS Axio Observer Z1m) and
a Field Emission Scanning Electron Microscope (FE-SEM/EDX
MERLIN Gemini 2, ZEISS) was used to analyze the morphology
and chemical composition of the MA powder stuck to the
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Fig. 1 — Timeline showing the different steps of the MA
synthesis. A sample was removed at each step to carry out
analysis.

milling balls. For morphological studies, Back-Scattering
Electron (BSE) images of the milling ball cross sections were
monitored. Elemental chemical analysis was obtained Energy-
Dispersed X-rays (EDX). Average Fe contamination of milled
powders was determined by Inductively Coupled Plasma Op-
tical Emission Spectroscopy (ICP-OES, Varian VistaPro). The
phase identification of the powder samples was carried out
using X-ray diffraction (XRD) analysis with a Bragg—Brentano
0-0 diffractometer (D8 Advance Bruker) using Cu-Ka radiation
operated at 40 mA and 40 kV. Phase identification and
refinement of lattice parameters were carried out by the
Rietveld Method using FullProf software [25].

Hydrogenation properties of the synthesized alloy were
measured using a homemade manometric Sieverts-type
apparatus. The sample weight was about 0.3 g. The mea-
surements were performed at 100, 150 and 200 °C for hydrogen
pressure comprised between 0.01 and 100 bar.

Results and discussion
TiNi synthesis by mechanical alloying

The XRD results at different milling time are presented in
Fig. 2. From the peaks indexation, the B2—TiNi phase appears
after 12 min of milling. After 20 min, the TiNi formation is
complete since neither diffraction peaks of fcc Ni nor hep Ti are
detected. For longer milling time, the only modification
observed is the peak-broadening attributed to both crystallite
size reduction and the increase of strains.

The sample after 30 min of milling has been measured by
XRD with a longer acquisition time to improve diffraction
statistics and perform Rietveld analysis as displayed in Fig. 3.
The refined lattice parameter a = 0.3014 nm agrees with
literature data [26]. Such a Rietveld analysis was also carried
out on the other milled samples (not shown). Phase amounts
were obtained from this analysis and are shown in Fig. 4. The
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Fig. 2 — XRD diffraction patterns at different milling time
during TiNi synthesis by MA.


https://doi.org/10.1016/j.ijhydene.2019.02.203
https://doi.org/10.1016/j.ijhydene.2019.02.203

10772

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 10770—10776

5000 - } .

Intensity (counts)

20 40 60 80 100 120
20(°)

Fig. 3 — Graphical output of the Rietveld analysis after
30min of MA. Observed (points), calculated (line) and
difference (line below) curves are shown. The vertical bars
indicate the peak position of TiNi phase with B2 type
structure.
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Fig. 4 — Phase abundance from Rietveld analysis of Ti—Ni
powders as a function of milling time.

mechanochemically-induced reaction Ti + Ni — TiNi takes
place between 6 and 20 min of milling time.

Optical microscope images of the interface between a
milling ball and Ti—Ni powder at different milling time are
displayed in Fig. 5. After 6 min, a layered structure stuck on
the entire ball surface was observed. The thickness is around
100 pm, i.e. much larger than initial powder size of Ti or Ni.
After 12 min, the structure is less homogeneous reaching
200 um thickness in some places while in other places no
material is stuck on the ball. Finally, after 56 min, only very
few and very thin (20 pm) islands of material are still attached
to the ball.

The same samples were examined by SEM using BSE im-
ages and EDX elemental mapping as well as EDX point

analysis (Fig. 6). After 6 min, the sample has a multilayered
structure. The observed contrast is attributed to the difference
in the electronic density between Ti (darker) and Ni (brighter).
Very thin in some places, wider in some other places, Ti and Ni
layers are always observed confirming that, at this step, no
intermetallic compound has been formed. The analysis points
no3 and 4, giving close to equi-atomic TiNi composition are an
average between the different layers of pure Ti and Ni whose
thickness is much lower than the resolution of the measure-
ment (typically 1 pm). After 12 min, Ti and Ni layers are still
observed on both the interface between the ball and the stuck
powder as well as on the outer surface. Between this, a ho-
mogenous region is seen whose composition matches the
expected TiNi equiatomic composition (45 wt% Ti, 55 wt% Ni)
indicating the formation of the intermetallic compound. After
56 min, homogeneous TiNi composition is observed at some
locations. Fe contamination is also detected by EDX. To
determine the global Fe contamination in the milled powders,
ICP-OES chemical analysis was done. Fe content as a function
of milling time is displayed in Fig. 7. Fe content gradually in-
creases from 0.01 to 0.29 wt% for milling time ranging from
0 to 56 min. When TiNi formation is complete, i.e. after 20 min
of milling, Fe-content is rather low: 0.20 + 0.01 wt%.

The previous SEM results are not only in perfect agreement
with the phase identification and quantification obtained by
XRD (Figs. 2—4) but also elucidate the mechanism of TiNi
synthesis by mechanical alloying. TiNi synthesis proceeds by
the formation and interdiffusion between thinner and thinner
layers of co-laminated pure elements. In the initial period,
flaked Ni and Ti elements are fixed to the surface of the balls.
Then, between 6 and 12 min, the elongated flaked elements
were layered and grew up by cold welding through ball colli-
sions yielding thinner and thinner layers. Below a given
thickness limit, the two-phase lamellar structure collapse into
a single TiNi phase for milling time longer than 20 min.
Analogous solid-state reaction mechanism on decreasing the
Ti/Ni layer thickness has been observed in Ti—Ni multi-
layered thin film structures [27]. This mechanism is a typical
behavior of alloy formation by mechanical milling in ductile-
ductile systems such as Ag-Cu [2] and Al-Fe [28]. The occur-
rence of an intimate two-phase lamellar structure as precur-
sor of TiNi formation concurs with previous studies of Zhao
et al. by mechanical alloying [29]. However, the milling con-
ditions used in our experiment are much more energetic than
those used by Zhao et al. leading to dissimilar outcomes on
TiNi formation. Indeed, we used much higher vial rotation
speed (800 rpm) and ball-to-powder ratio (40:1) as compared to
those employed by Zhao et al. (250 rpm and 20:1, respectively).
TiNi formation here reported takes only in 20 min whereas
100 h were needed by Zhao et al.. Moreover, by using our high-
energy milling conditions, TiNi is obtained in crystalline form
whereas it forms an amorphous phase at low-energy milling
[29]. Such a difference is evidenced by the fact that three
distinct diffraction peaks belonging to B2 structure are here
observed within the angular range 20 < 20 < 80° (Fig. 4),
whereas a unique and very broad diffraction bump at ~45° was
observed by Zhao et al.. This discrepancy may tentatively be
assigned to higher local temperature at impact between metal
powders and balls with increasing milling energy, which
might lead to recrystallization processes.
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Fig. 5 — Cross-section optical microscope images of the interface between stainless-steel ball and MA Ti—Ni powder at
different milling time.
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Fig. 6 — Cross-section SEMEDX analysis of the interface between stainless-steel ball and MA Ti—Ni powder at different
milling time.

Hydrogenation properties of MA TiNi hydrogenation properties of this sample were measured with

a Sieverts apparatus. The sample was first activated by doing
The previous structural, morphological and analytical char- three hydrogenation cycles. Each cycle consists of hydrogen
acterization of mechanically alloyed Ti—Ni powders demon- absorption (Py, = 80 bar for 1 h at 300 °C and cooling down to

strates that complete and chemically homogeneous TiNi room temperature RT) and desorption (primary vacuum at
formation is achieved at 30 min of milling. As a next step, the 300 °C for 0.5 h) sweeps. Then, Pressure-Composition-
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Fig. 7 — Iron content as a function of milling time
determined by ICP-OES. Dashed line is a guide for the eye.

Temperature (PCT) isotherms were measured at 100 °C, 150 °C
and 200 °C and are displayed in Fig. 8. No pressure plateau is
observed. The capacity is significantly higher at low temper-
ature where a considerable hysteresis is noticed and attrib-
uted to the failure to reach equilibrium during the desorption
due to the slow kinetics. At high temperature (T > 150 °C)
hysteresis effects diminish and a good reversibility is
observed upon hydrogen absorption and desorption. The
comparison with literature reference data [13] obtained for a
cast and annealed alloy show that quite similar properties in
terms of capacity and stability are obtained with our alloy
synthesized by MA. This suggests that the reduced crystal-
linity of MA sample does not modify significantly the ther-
modynamics of the H-TiNi system. The hydrogenation
kinetics were then measured upon hydrogen absorption at
100 bar after dehydrogenation treatment (200 °C, overnight,
primary vacuum). They are shown in Fig. 9 at 100 °C and
200 °C. At 200 °C, the reaction is pretty fast but is significantly
slower at 100 °C. Indeed, hydrogenation kinetics of TiNi are
reported to be as fast as those of TiFe at high temperatures [30]
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Fig. 8 — Pressure-Composition-Temperature isotherms
both on absorption (solid symbols) and desorption (empty
symbols) and their comparison with literature data of
Coarse-grained TiNi on desorption [13].
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Fig. 9 — Hydrogen absorption under 100 bar as a function of
time at 100 °C and 200 °C. The half-time for complete
absorption is indicated.

(T > 500 °C) but it slows down when approaching RT condi-
tions [14,31].

After all previous hydrogenation measurements, the
sample was fully charged with hydrogen at 100 °C and 100 bar
of hydrogen pressure for 72 h. It was then cooled down to RT,
evacuated and extracted from the sample holder to be char-
acterized by XRD. Fig. 10 shows the Rietveld analysis of this
sample. The diffraction pattern is perfectly indexed using the
structure of TiNiH as published by Soubeyroux et al. with
space group I4/mmm [14]. The refined lattice parameters
(a =0.6234 nm, ¢ = 1.2416 nm) are higher than those reported
for TiNiH (a = 0.6217 nm, ¢ = 1.2326 nm). Indeed, they are
much closer to those reported for the same authors for deu-
teride TiNiD; 4 (a = 0.6236 nm, ¢ = 1.2424 nm) suggesting full
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Fig. 10 — Rietveld refinement of fully hydrogenated TiNi
alloy synthesized by short-time (30 min) MA. Observed
(points), calculated (line) and difference (line below) curves
are shown. The vertical bars indicate the peak positions of
TiNiH phase [ref 14].
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saturation in hydrogen at the imposed thermodynamic con-
ditions. It is important to note the much better crystalline
quality of the hydride (sharper diffraction peaks) compared to
the as-milled material (see Fig. 3) showing the influence of
hydrogen on the reduction of inhomogeneities and strains of
the initial material. This concurs with recent studies on
hydrogen-induced accelerated grain growth in metals [32],
though thermal annealing effects during the measurement of
hydrogenation properties cannot be ruled out.

Conclusions

We successfully synthesized TiNi compound by mechanical
alloying of the metallic elements and measured its hydroge-
nation properties. A milling time of 20 min was enough to
obtain single-phase TiNi while minimizing Fe contamination.
The mechanical alloying mechanism, i.e. solid-state reaction
between thin Ti and Ni multilayered structure, could be evi-
denced through an original approach which consists in char-
acterizing the microstructure and composition of the milled
materials attached to the balls as a function of milling time.
Hydrogenation thermodynamic properties and kinetics were
comparable to literature data for coarse-grained alloys pre-
pared by classical melting techniques. Mechanical alloying
can be therefore considered as a fast and energy efficient
synthetic route for the synthesis of TiNi powders of high pu-
rity with remarkable hydrogenation properties.
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