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TiFe is a very interesting material for hydrogen storage in the solid state, due to its

hydrogen capacity of 1.9 wt % and to the fact it can be absorb/desorb hydrogen at room

temperature. However, the TiFe produced by casting does not absorb hydrogen, unless a

procedure called activation is applied, which is based on a repetition of several thermal

cycles. This study evaluates the effects of a mechanical activation route for the TiFe

intermetallic compound, namely, cold rolling (CR) under inert atmosphere. Stoichiometric

TiFe was prepared from elementary powders by arc melting. Ingot was grinded and then

cold rolled for 20 and 40 passes under argon inside a glove box, with moisture and oxygen

contents below 0.1 ppm. Cold rolled samples consisted of two parts: powder particles and

thin cracked flakes. The results showed that mechanically activated samples by CR

exhibited rapid absorption of hydrogen at room temperature, without using a thermal

activation process. In general, the average storage capacity of hydrogen was 1.4 wt% H2 for

the first absorption, regardless of the number of passes for both flake and powder samples.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The development or adaptation of more effective processing

techniques is an important research question, in order to

allow the applications of the hydrogen storage materials [1,2].

TiFe is an attractive AB intermetallic compound of practical

interest for hydrogen storage due to its hydrogen capacity
.R. Leiva).

ons LLC. Published by Els
(theoretically 1.9 wt %) at room temperature, along with the

low cost of the constituent elements [3e6]. In spite of forming

two hydride phases (TiFeH and TiFeH2), bulk TiFe (prepared by

casting) needs to be thermally activated in order to begin to

absorb hydrogen [7]. To avoid this step, different authors have

used different processing routes, such as: Mechanical Alloying

(MA) from elementary powders aiming to produce TiFe in
evier Ltd. All rights reserved.
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short time and with high grain refinement [8e13], Mechanical

Milling (MM) orMechanical Grinding (MG) of TiFe processed by

arc melting to decrease particle size and increase surface area

[8,11,14]. However, a thermal activation process is still

required which can be related with oxidation that may occur

during or after High Energy Ball Milling (HEBM), reducing the

reactivity of TiFe with hydrogen [8].

In search of processing TiFe with low oxygen content and

good ability to absorb hydrogen, techniques based on severe

plastic deformation (SPD) such as high-pressure torsion (HPT),

equal channel angular pressing (ECAP) and cold rolling (CR),

could be an alternative. These techniques can produce

materials with nanocrystalline structures, with increased

defects density, as dislocations and grain boundaries, thus

facilitating the synthesis of metal hydrides [15].

Recent studies showed that TiFe compound with good

hydrogen absorption capacitywas produced byHPT and groove

rolling (GR) in the presence of air. However, it was necessary to

use a heat treatment to reactivate the as-deformed material

[16,17]. Decreasing the oxygen intake during the SPD processes

could be a solution to avoid thermal reactivation of TiFe before

hydrogenation step, aswe reported before forMg [18] andMgH2

[19].

Therefore, the main objective of this study was to process

TiFe by arc melting followed by CR under inert atmosphere.

With the application of this new route, the aim was to obtain

nanostructured TiFe; similar to that obtained by HEBM, but in

shorter periods, and simultaneously enhance hydrogen ab-

sorption in the TiFe without the need for a thermal activation

process.
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Fig. 1 e XRD patterns of the TiFe ingot (as-melted), cold

rolled powder and flake samples after 20 (CR 20) and 40 (CR

40) passes.
Materials and methods

Ti (�100 mesh, 99.4%, Alfa Aesar) and Fe (�20 mesh, 99%, Alfa

Aesar) powders were weighted with the stoichiometric ratio

50:50 and mixed in a planetary mill (Fritsch Pulverisette 6)

without balls at a rotation speed of 200 rpm for 10 min. Pow-

ders were handled inside a glove box (MBRAUN LAB Master

130) with purified argon, with H2O and O2 levels below

0.1 ppm. The mixture was then compacted up to 95 MPa in air

with a hydraulic press using a cylindrical die with 16.2 mm

diameter. After compaction, pellets were arc melted (Arc

MelterD72379 EdmundBühler GmbH) under inert atmosphere.

The ingot produced was remelted eight times to promote a

better homogeneity.

After characterization, the TiFe ingot was first ground in a

home-made vertical rolling machine located inside the glove

box. The ground fragments were submitted to 20 and 40 roll-

ing passes at a fixed roll rotation frequency of 50 rpm. The rolls

dimensions were 6.4 cm in diameter and 8 cm length with a

narrow “minimum allowed” spacing between the rolling

cylinders. The rolled material after each pass was collected

directly below the mill and was placed again on top of it. The

process was repeated until the desired amount of passes was

achieved. Rolled material consisted of two distinct parts:

powder particles and flakes fragments. These parts were

separated from each other by sieving (mesh size of 0.177mm),

in order to investigate the morphological effects on the

hydrogen storage properties.
The TiFe ingot and the cold rolled samples were examined

through X-ray diffraction (XRD) analysis in a Siemens D 5005

diffractometer using Cu Ka radiation at 40 kV and 40 mA. The

crystallite size was estimated through the Scherrer equation

using the description presented by Lu and Lai [20]. Scanning

electronmicroscopy (SEM) was carried out in a FEI Inspect S50

microscope, equipped with energy dispersive X-ray spec-

trometry (EDS). Metallographic sample of the TiFe ingot was

prepared by conventional means. Etching was accomplished

in a solution of 67% H2O, 3% HF and 30% HNO3 before SEM.

Transmission electron microscopy (TEM) was conducted in a

FEI TECNAI G2 F20 HRTEM. The oxygen levels of samples were

measured using a LECO ONH836 elemental analyzer. To

minimize the air contamination of the samples during their

transport from the glove box to the oxygen analyzer, the

sample holder was hermetically closed under the inert

atmosphere of the glove box. Hydrogen storage properties

were measured at room temperature under initial hydrogen

pressure of 2 MPa using a homemade Sievert's type apparatus.
Results and discussion

Fig. 1 shows XRD patterns from TiFe ingot, powder and flakes

after CR passes under inert atmosphere. Peaks of oxide phases

were not observed in the XRD patterns, even after 40 rolling

passes. In addition, an oxygen content of 0.23 ± 0.02 wt% was

measured in the sample submitted to 20 rolling passes. This

level of contamination is lower than those reported for TiFe

processed by high energy ball milling (0.95e1.4 wt %) [8,13],

evidencing that the use of this processing route has succeeded

in minimizing contamination with oxygen. In previous

studies from our group [18,19], it was also reported that Mg or

MgH2 when cold rolled under inert atmosphere did not pre-

sent oxide phases, even for high number of passes as e. g. 50.

XRD analysis of the cold rolled powder and flake samples

showed that the estimated crystallite sizes (Table 1) decreased

accordingly to the number of passes. The estimated crystallite

sizes are in the nanoscale and are comparable to those
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Table 1 e Estimated crystallite sizes of TiFe submitted to
CR under inert atmosphere.

Sample CR20
powder

CR20
flakes

CR40
powder

CR40
flakes

TiFe crystallite

size (nm)

11 11 9 7
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reported in the literature for TiFe processed by high energy

ball milling [8,9,13], which is a very interesting result consid-

ering the much shorter time and lower energy cost of the CR

process when compared to HEBM. The nanostructure forma-

tion is known to considerably improve the hydrogen storage

of the material [21]. A possible explanation for not having a

significant change in crystallite size after 20 rolling passes is
Fig. 2 e SEM micrographs of TiFe samples: melted ingot ((a) - ba

electrons), CR 20 (b, c), CR 40 (d, e, f).
the attainment of a steady-state, inwhich there is a saturation

of the decrease in the crystallite size [22]. This saturation was

also reported in TiFe processed by HPT [16].

Fig. 2 shows SEMmicrographs of the TiFe ingot, before and

after rolling. As expected, it is observed that the as-cast

microstructure is composed of coarse columnar grains

(Fig. 2a) [16,17].

After 20 rolling passes, the sample consisted of small

cracked flakes (Fig. 2b) and particles (Fig. 2c). After 40 passes,

the amount of particles increased (Fig. 2d) in relation to the

number of flakes. Fig. 2e shows the detail of the particles. In

addition, flakes with higher number of cracks were observed

(Fig. 2f) as the number of rolling passes increased. It is

important to mention that the formation of particle agglom-

erates is common in the TiFe processed by HEBM [10,11,23]

and in the cold rolled TiFe. On the other hand, crack
ckscattered electrons), and cold rolled material (secondary
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formation was also observed in TiFe submitted to high pres-

sure torsion and groove rolling, which can act as pathways for

the transport of hydrogen from the surface to the interior of

the samples [16,17]. Chemical composition of the ingot and

cold rolled samples were evaluated by EDS. The average

atomic percentage compositions of Ti and Fe elements are

around 1:1, as expected (50.2 ± 0.12 at. % Ti and 49.8 ± 0.12 at.%

Fe). It was shown for other systems, as is the case for Mg,

that crystallographic texture can affect significantly the

H-absorption behavior [24]. This effect cannot be easily

analyzed for TiFe after CR, due to the shape and size of the

samples, as seen on Fig. 2.

Fig. 3 shows TEM images of the cold rolled powder after 40

passes. The SAEDP (selected area electron diffraction pattern)

shows only TiFe reflections, Fig. 3b, with ring format, which is

typical for nanocrystalline materials. The dark-field image for

the TiFe (110) planes, Fig. 3c, indicates that the sample has

very low crystallite size, of around 10 nm, which is compatible

with the crystallite size of 9 nm estimated by the analysis of

XRD peaks. The TEM analysis confirms the ability of the CR

process to refine the grain size of TiFe to a few nanometers, as

shown before for Mg or MgH2 [18,19]. The utilization of the

combined techniques of XRD (Table 1) and TEM (Fig. 3) is an

interesting strategy for the evaluation of the level of refine-

ment of the microstructure [25]. However, the estimation of

the crystallite size in each case may result slightly diverse,

since the principles used in these methods are obviously

different.

Fig. 4 shows kinetic curves for the first hydrogen absorp-

tion of the cold rolled samples, measured under initial 2 MPa

of H2 at room temperature. Samples resulting from 20 and 40

rolling passes consisted of powder and flakes, which were

separated, in attempt to better understand the effects of these

distinct morphologies on the hydrogen storage properties.
Fig. 3 e TEM of TiFe CR40 powder (a) bright-field image, (b) elec

with reflections from the TiFe (110) planes.
No absorption of hydrogenwas detected in the as-cast ingot

of TiFe, in agreement with other reports [7,11,14,16,17,26]. On

the other hand, after themechanical activation provided by CR

under inert atmosphere, samples reacted rapidly with

hydrogen without the need of additional thermal activation

process. CR20 and CR40 powder samples attained a maximum

absorption capacity of 1.4 wt % H2 after 4 h (Fig. 4a). Fig. 4b

shows that CR20 and CR40 flakes samples had after 4 h a

maximum absorption capacity of about 1.4 and 1.3 wt% H2,

respectively. CR40 powder and flakes samples exhibited faster

kinetics at the beginning of hydrogen absorption, compared to

the CR20 powder and flakes samples, which is possibly due to

the increased surface area reached after more rolling passes

[19]. However, at this point we cannot fully explain why the

final capacity of the sample CR20 flake is a little bit higher than

the CR40 flake, Fig. 4b. This can be due to structural or

morphological reasons, as well as due to instrumental errors,

since the difference is reasonably low (around 0.1% of

hydrogen capacity).

It is important to mention that in the reports available to

date, there is no information about studies on hydrogen

storage properties of TiFe compound submitted to CR under

inert atmosphere. However, there are studies on severe plastic

deformation techniques HPT and GR applied to TiFe for

hydrogen storage [16,17]. In these studies the research were

focused on the PCI curves (equilibrium pressure x H2 con-

centration measured isothermally) and not on the kinetic

behavior.

Table 2 compares the reported hydrogen storage capacities

from PCI curveswith those found in the present study through

kinetic curves. Different references mentioned in Table 2

reported the need of a heating process (423 K for 2 h under

continuous vacuum) to make possible the hydrogenation of

TiFe at room temperature. This need of activation could be
tron diffraction pattern, and (c) dark-field image obtained
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Fig. 4 e Kinetic curves of the first absorption of hydrogen

(2 MPa) at room temperature of TiFe cold rolled samples:

powder (a) and flake (b) after 20 and 40 passes under inert

atmosphere.
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associated to the formation of an oxide layer in the TiFe due to

its processing in air [16,17]. In the present study, the adopted

processing route allowed TiFe to react rapidly with hydrogen

at room temperature, eliminating the need of a heat treatment

step. The introduction of defects by cold rolling, which

mechanically activated the melted TiFe, and the reduced

oxygen contamination provided by the control of the working

atmosphere provided good hydrogen absorption capacity,

with the benefit of using a lower hydrogen pressure.

In an attempt to make a comparison of the hydrogen

storage properties of the samples processed in this study with

those presented in the literature for TiFe processed by HEBM,
Table 2 e Hydrogen absorption capacities obtained
literature.

Sample Absorption conditions

TiFe HPT 303 K, 8 MPa

TiFe GR 303 K, ~10 MPa

TiFe CR20 powder Room temperature, 2 MPa

TiFe CR20 flakes Room temperature, 2 MPa

TiFe CR40 powder Room Temperature, 2 MP

TiFe CR40 flakes Room Temperature, 2 MP
it was found that there is more information about PCI curves

[8e10,12e14] than about kinetic curves [11]. So the kinetic

curves reported for TiFe processed by HEBM was plotted with

TiFe CR40 powder sample curve of this study in Fig. 5.

It is observed that the powder resulting from 40 passes of

cold rolling under inert atmosphere (TiFe CR40 powder)

showed a higher absorption capacity of hydrogen (~1.4 wt%

H2) after 3000 s, in comparison to TiFe processed by

mechanical alloying in 90 h (TiFe MA 90 h, 0.9 wt % H2).

Moreover, the rolled sample presented approximately the

same absorption capacity of hydrogen after 3000 s in relation

to the TiFe processed by mechanical grinding in 2 h (TiFe MG

2 h). It is important to mention that the samples processed by

Haraki et al. [11] required a heat treatment before the

hydrogen absorption process (573 K for 2 h under continuous

vacuum). This could be considered an activation process

related to the oxidation phenomenon that can occur in HEBM

[8]. In the case of this study, the use of a controlled atmo-

sphere during CR provided enough protection against oxygen

contamination and the activated state reached after defor-

mation was sustained.

Another point evidenced by Fig. 5 is the significant differ-

ence in the hydrogen absorption capacity between the sam-

ples processed by CR under inert atmosphere and by

mechanical alloying. This can be explained by different

hydriding behaviors between TiFe processed by mechanical

alloying (i.e. by HEBM of the elementary powders) and by

mechanical grinding (i.e. milling of the TiFe intermetallic). It
in this study compared to those observed in the

Wt. % H2 Reference

1.7 [16]

1.7 [17]

1.4 This study

1.4 This study

a 1.4 This study

a 1.3 This study
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was reported that TiFeH2 (g phase) was difficult to be achieved

by hydriding TiFe produced by mechanical alloying, due to

highly-disordered amorphous regions present at the grain

boundaries. This difficulty is reduced when TiFe is produced

by mechanical grinding, since amorphous phase formation as

well as lattice deformations are induced mainly in surface

regions of a TiFe particle [11]. The results from the present

work suggest that the effect of CR of the TiFe alloy is some-

what similar to the obtained for mechanical grinding.
Conclusions

TiFe processed through arcmelting can be easilymechanically

activated by CR under inert atmosphere after 20 or 40 passes.

Hydrogen absorption rate is high, demonstrating that the use

of this processing route successfully activated the material,

minimizing oxygen contamination and introducing efficiently

crystalline defects in the microstructure of the compound. By

doing so, no additional thermal processes as reported by other

authors are necessary for hydrogen absorption.

All the samples reached similar hydrogen absorption

capacities after 4 h, of 1.4 wt %.This shows that there is no

significant difference in the hydrogen storage properties of the

powder and the flakes parts produced. On the other hand, the

increase in the number of passes (from 20 to 40) generated an

improvement in the hydrogen absorption rate, which is

possibly due to the increase of the surface area.

The cold-rolled TiFe investigated here showed a higher

hydrogen absorption capacity than the TiFe produced by me-

chanical alloying, and the same hydrogen absorption capacity

compared to the TiFe processed by mechanical grinding. This

demonstrates that the CRprocess under inert atmosphere is an

alternative route to produce TiFe compared to the high energy

ball milling process: much simpler, with less time and energy

consumption and better absorption properties.
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