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Abstract

TiFe is a potential candidate for the stationary hydrogen storage systems, but it requires initial
activation to absorb hydrogen. This study shows that TiFe processed by highpressure torsion (HPT)
absorbs and desorbs 1.7 wt.% hydrogen at room temperature without activation. The absorption
pressure decreases from 2 MPa in the first hydrogenation cycle to 0.7 MPa in the latter cycles. The
HPT-processed TiFe exhibits heterogeneous microstructures composed of nanograins, coarse-grains,
amorphous-like phases and disordered phases with a high hardness of ~1050 Hv.
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1. Introduction

Iron-titanium intermetallic with B2-type crystal structure, TiFe, is a potential candidate for
stationary hydrogen storage applications because of its low price, high storage capacity per unit
volume, low hydrogenation temperatures and reversible hydriding dehydriding features [1-3]. A
main drawback of the TiFe is the surface oxidation and thus the difficulty in hydrogenation [1-7].
The material usually requires exposure to H; atmosphere under high pressures as several
Mega-Pascals at elevated temperatures as 673 K for the activation before hydrogenation. Although
there are several approaches for easier activation such as setting compositions to Ti-rich from the
stoichiometric value [8], addition of Mn [9], Ni [10] and Pd [2], addition of O, to the H, atmosphere
[11], and nanostructuring by ball milling [12,13], the material usually needs the activation process
before hydrogenation.

Processing using severe plastic deformation (SPD) [14,15] may be a solution to activate the
TiFe for hydrogenation. The influence of SPD on hydrogen storage in several materials was studied
and improvement on the hydrogenation kinetic [16-27] and formation of strain-induced hydrides
[28] have been reported. Among different SPD methods which are mainly used to achieve ultrafine
grains [29-34], high-pressure torsion (HPT) provides an opportunity for processing hard and brittle
intermetallics such as NizAl [35], TiNi [36], ZrsAl [37], CusAu [38], FeAl [38], AINi [39] and TiAl
[40]. In the HPT method, a disc is placed between two anvils under high pressure and shear strain,
(7 =2arN/h, r: distance from disc center, N: number of turns, h: disc thickness), is introduced by
rotating the anvils with respect to each other [41].

In this study, and for the first time, TiFe is severely deformed by HPT and hydrogen storage
performance is demonstrated without activation before hydrogenation.

2. Experimental materials and methods

A TiFe (50.7 atom% Ti, 49.3 atom% Fe) ingot having dimensions of 20x40x110 mm® was
purchased from Japan Metals & Chemicals Co., Ltd. in Tokyo after casting in an argon atmosphere
but without processing for activation. Discs with 10 mm diameter and 0.8 mm thickness were cut
from the ingot, annealed for 24 h at 1273 K under an argon atmosphere, and subjected to HPT
processing at room temperature in the air under a pressure of 6 GPa for 0.25-10 turns with a rotation
speed of 1 rpm. The HPT-processed discs were evaluated using Vickers microhardness, X-ray
diffraction (XRD), optical microscopy (OM), transmission electron microscopy (TEM) and
hydrogen storage analysis.

First, the discs were polished and the Vickers microhardness was measured with an applied
load of 300 g for 15 s at 3.5 mm away from the disc center. Second, XRD analysis was performed
using the Cu Ka radiation with a scanning step of 0.01° and a scanning speed of 0.5°/min. Third,
the polished discs were etched for OM in a solution of 2% HNO3, 2% HF and 96% H,O. Fourth,
thin foils for TEM were prepared from 3.5 mm away from the disc center with a focused ion beam
system followed by ion milling. TEM was then performed at 300 kV for microstructural
observation including selected-area electron diffraction (SAED) analysis. Fifth, the hydrogen
pressure-composition (P-C) isotherms were measured using three discs having a total weight of ~1



g in a Sieverts-type gas absorption apparatus at 303 K. Since the samples were left in the air for
long time after the annealing and after the HPT processing, they were evacuated by a rotary pump
and kept at 423 K for 2 h before the measurements to remove the moisture.

3. Results

Fig. 1 shows P-C isotherms for (a) the annealed sample and (b) the HPT-processed sample
after N = 10. Note that the 4th hydrogenation cycle in (b) was terminated after absorption. Several
important points are derived from Fig. 1.
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Fig. 1 P-C isotherms at 303 K for samples processed by (a) annealing at 1273 K for 24 h under
argon and (b) HPT processing for 10 turns in air. 4th cycle in (b) was terminated after absorption
for conducting XRD analysis.



First, hydrogen absorption is negligible in the annealed sample, indicating that an activation
process is necessary in consistency with Refs. [1-13]. Second, after HPT processing, the sample
absorbswl.7 wt.% of hydrogen without any activation process, and this value is fairly close to the
maximum capacity of hydrogen storage in TiFe (1.9 wt.%) [1]. Third, for the HPT-processed
sample, the absorption pressure decreases and the absorption/desorption hysteresis becomes smaller
in the 2nd, 3rd and 4th cycles than the 1st cycle. It is most probable that this is due to generation of
cracks and lattice defects during the 1st cycle as reported in Ref. [3]. Fourth, in the HPT-processed
sample, the P-C isotherms after 1st cycle exhibit three distinct regions: (i) from 0.3 to 0.7 MPa,
H/M gradually increases to ~0.1, corresponding to solid solution of H in TiFe (a phase), (ii) from
0.7 to 1 MPa a plateau-like behavior appears with a significant increase of H/M to ~0.5,
corresponding to TiFeH formation (8 phase), (iii) at higher pressures more than 1 MPa, a second
plateau-like behavior appears with an increase of H/M to ~0.9, corresponding to TiFeH, formation
(y phase) [1]. It is noted that the second plateau was not completed because of the pressure
limitation (8 MPa) in the gas absorption apparatus, and this is the main reason that the complete
hydrogen absorption of 1.9% could not be achieved in this study.

XRD patterns of the sample after annealing, after compression but without rotation (N = 0),
after HPT for different numbers of turns and after hydrogen absorption (4th cycle in Fig. 1(b)) are
shown in Fig. 2(a). Inspection of Fig. 2(a) indicates four important points. First, no visible peak is
detected for Ti, Fe and TiFe, after HPT. Second no visible peak is detected for TiFeH and TiFeH;
after HPT followed by hydrogen absorption. This interestingly indicates that the HPT-processed
samples are not deactivated in the air, and thus, the hydrides decompose quickly under the ambient
pressure, as known from Fig. 1(b), whereas the TiFe samples activated by heat treatment are
deactivated quickly in the air [1]. Third, the peak intensity of (211) plane which was prominent in
some annealed samples becomes very weak after HPT but instead the (110) peak intensity increases.
This suggests that a texture develops such that the slip plane tends to be parallel to the disc surface
by HPT. Fourth, the full width at half maximum (FWHM) of the (110) plane, as evaluated
quantitatively in Fig. 2(b), increases with straining but saturates to a constant level at large strains.
This peak broadening indicates the occurrence of lattice strain, formation of lattice defects and grain
refinement, which all can contribute to improvement of the hydrogen storage performance [16-27].

The microhardness variations are shown in Fig. 3 with the shear strain for the samples after
HPT processing including the hardness level for the annealed sample. The hardness increases with
increasing shear strain at early stages of straining but saturates to a constant level. It should be noted
that this hardness behavior is similar to the behavior of metals with high melting temperatures such
as Hf [28]. The hardness level at the saturation is as high as ~1050 Hv and it is the highest reported
in SPD-processed materials [14-41]. Measurements showed that the difference between the
hardness on the disc surface and the hardness at the midpoint of thickness was ~10%. Similar
differences across the disc thickness were also reported in several other materials [33,36,38].
Finally, it should be noted that the hardness values were measured using two different pairs of HPT
anvils: one pair is made of a tool steel and the other pair of WC-11% Co. As shown in Fig. 3, there
is no significant difference in the hardness behavior between the two pairs of the anvils.
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Fig. 2 (a) XRD profiles for samples processed for various turns including annealed sample and
sample processed by HPT for 10 turns and subjected to hydrogen absorption. (b) FWHM for (110)
peak of TiFe plotted against shear strain and number of turns.

Fig. 4 shows an OM micrograph of (a) the annealed sample and TEM micrographs including
SAED patters after processing for (b-d) N = 0.25 (early stages of straining) and (e-h) N = 10
(saturated state). In Fig. 4, micrographs (c) and (d) are dark-field images of (b) and micrographs (f)
and (g) are dark-field images of (e) taken from the upper surface of discs and (h) is a dark-field
image taken from the mid-point of thickness. All dark-field images were taken with diffracted
beams indicated by arrows in the SAED patterns. Observation shows several important points. First,
the microstructure after annealing in (a) consists of large grains with an average grain size of ~750
um. Second, after N = 0.25, a heterogeneous microstructure develops, which consists of coarse
grains as in (c) and nanograins as in (d). Third, the microstructures after N = 10 consist of coarse



grains, as marked A in (e-g), and nanograins, as marked B in (e-g). It should be noted that the
microstructures after N = 0.5 and 10 were reasonably similar but, when compared with the
microstructures after N = 0.25, the nanograin size now becomes smaller. Fourth, the microstructure
at the mid-point of thickness in (h) appears to be more homogenous than that at the disc surface
shown in (e-g). Fifth, the ring-shape halo in the SAED patterns in (f-h) indicates the presence of
amorphous-like or medium-range ordered phases at the saturated state. Sixth, the absence of
superlattice diffraction corresponding to (100) plane in the SAED patterns in (f-h) indicates that
disordering have also occurred during the HPT processing. Local disordering after HPT was also
reported in several other intermetallics such as TiNi [36] and CusAu [38]. Finally, it should be
noted that the heterogeneous evolution of microstructure after processing with HPT was reported in
pure magnesium [20], pure titanium [42] and several other intermetallics [35-38], and the
formations of nanograins and amorphous phase were reported in TiFe after processing by ball
milling [12,13].
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Fig. 3 Microhardness plotted against shear strain and number of turns for samples processed by
HPT using tool steel and WC-11% Co anvils.

4. Discussion

A question arises from the current investigation why TiFe absorbs hydrogen after HPT. Since
an oxide layer forms on the surface of TiFe, it does not absorb hydrogen without an activation
process. Different mechanisms were suggested for the activation of TiFe. One is due to the
elemental segregation on the surface and the formation of active catalysts for hydrogen uptake such
as Fe clusters [5,6,11], TiO, [7] and TiFe, [7]. Another one is due to dissolution of surface oxides
and the formation of catalytically active TiFeOy [7]. However, the formation of such active catalysts
seems to be inconsistent with the present study because neither of Fe, TiO,, TiFe, and TiFeOy,
could be detected in the HPT-processed samples within the sensitivity limits of XRD and SAED
analyses. It is noted that the precise compositions of thin oxides and intermetallics on the surface
and subsurface, which are under investigation in ongoing experiments, should be examined using
surface analysis such as X-ray photoelectron spectroscopy (XPS). The other mechanism for the



activation of TiFe may be due to an enhanced diffusion of hydrogen as the incubation timefor
activation corresponded to the time required for the diffusion of hydrogen through the oxide layer
[4]. This seems consistent with the fact that the diffusivity can strongly be enhanced by SPD
processing [43,44] because of high concentration of vacancies [45], high dislocation density [29,30]
and large fractions of grain boundaries [14,43]. Therefore, it is probable that the enhanced
diffusivity can be a reason for the activation of TiFe after HPT processing. Furthermore, there may
be two additional probable reasons for the activation arising from (i) a structural change of surface
oxides due to the formation of nanograins through HPT processing [12], and (ii) partial
amorphization and disordering occurred during HPT. The proper mechanism underlying the
activation of TiFe after processing by HPT is under investigation in ongoing experiments.

Fig. 4 (a) OM micrograph for annealed sample, and TEM micrographs and SAED patterns taken

from surface of discs processed by HPT for (b-d) 0.25 and (e-h) 10 turns, where micrographs (c)

and (d) are dark-field images of (b), micrographs (f) and (g) are dark-field images of (e). (h) is

dark-field image taken from mid-point of thickness after 10 turns. Dark-field images were taken
with diffracted beams indicated by arrows in SAED patterns.



5. Conclusions

TiFe processed by HPT absorbed and desorbed 1.7 wt.% hydrogen at room temperature for
several cycles without any activation process. A heterogeneous microstructure including nanograins,
coarse-grains, amorphous-like phase and disordered phase is observed after processing by HPT with
a steady-state hardness of w1050 Hv.
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