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Magnesium (Mg) is a light metal with relatively low cost. Its hydride (MgH2) is interesting for the 
safe hydrogen storage in solid state and has a high gravimetric capacity of 7.6%. Practical application of 
Mg is still hampered by high reaction temperatures and slow kinetics. In order to improve it and focus 
on more viable industrial processing conditions, Mg plates, with or without iron (Fe) addition, in the 
form of wires and powders, were submitted to severe plastic deformation (SPD) in air, starting with 
extensive cold rolling (ECR), followed by repetitive rolling (ARB). The samples were characterized 
by X-ray diffraction (XRD), optical microscopy (OM), scanning (SEM) and transmission electron 
microscopy (TEM). H2 storage properties were evaluated by differential scanning calorimetry (DSC) 
and Sievert's volumetric method. Mg processed by ECR+ARB resulted in larger grain refinement 
and densities of cracks than ECR. In addition, Fe in the form of continuous wires was fragmented 
and resulted in a better distribution of particles than powders, which agglomerated. Thus, finally, the 
synergetic effect of microstructural features and Fe as catalyst and its distribution improved activation, 
kinetics and hydrogen storage capacity.

Keywords: MgH2, severe plastic deformation, hydrogen storage materials.

* e-mail: fantiqueira@ppgcem.ufscar.br

1. Introduction

Adverse effects of pollution around the world may be 
strongly attributed to the continued use of fossil fuels. Even 
with the current scientific and technological progress, such 
fuels continue being a significant emitter of greenhouse gases, 
which promotes climate changes that harmfully, influences the 
quality of life and general conditions for survival on Earth1.

Hydrogen can play a key role as a vector to generating 
clean energy. However, for its efficient use in stationary power 
generation devices or for fuelling automotive vehicles, it is 
necessary creating technological solutions for the entire production 
chain. One of the major limitations for using hydrogen in a safe, 
efficient, and economically viable way lies in the question of its 
more adequate storage and handling means2 than in compressed 
gas cylinders and liquid tanks available nowadays.

As an alternative for such limitations, hydride-forming 
materials have been developed and extensively studied and 
tested by various research groups. MgH2 is one of the most 
attractive hydrides for application as a solid state hydrogen 
storage material. However, its slow kinetics, due to the 
low hydrogen diffusion rate3,4 and also due to oxides and 
hydroxides formed on its surface, may bring difficulties to 
the hydrogen diffusion and even blocking it5,6.

Several studies have been conducted to generate alternatives 
to overcome the limitations mentioned above. Regarding 
hydrogen diffusion, solutions include: nanostructuring of 
materials; use of catalysts/additives to improve H2 absorption/
desorption kinetic; production of Mg binary metallic alloys 
(Mg2Ni, Mg2Al, and Mg2Si), or chemical destabilization 
of MgH2 with addition of reactive compounds, such as 
borohydrides, amides and alanates; and nanoconfining of 
MgH2 in porous carbon or in polymers7.

Among available processing routes for the hydride synthesis, 
one can mention high energy ball milling (HEBM) and, more 
recently, severe plastic deformation (SPD) techniques, which 
are presented in diverse application forms. HEBM has been 
used successfully to prepare Mg-based nanocomposites8-13. 
However, HEBM is hampered by powder surface contamination 
and oxidation, processing time, and the need for controlled 
atmosphere for powder manipulation.

In turn, SPD techniques are presented as alternatives 
for producing materials with ultrafine or even nanosize 
grains, under a high hydrostatic pressure and relatively low 
deformation temperatures without significant crossectional 
changes of the material14-16. SPD processing may produce 
multiple defects in the crystalline lattice, such as vacancies 
and dislocations, which have a positive effect on the kinetics 
of hydrogen diffusion17-21. Among the SPD techniques, equal 
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channel angular pressing (ECAP)22-25, accumulative roll 
bonding (ARB)26 and high-pressure torsion (HPT)27,28 are 
the most intensively studied to process Mg-based materials 
for hydrogen storage applications.

Samples used in this work were processed by extensive 
cold rolling (ECR) and ECR+ARB.

In short, ARB is a technique that repeatedly rolls stacked 
metal sheets to a high reduction ratio (50%), sectioned into 
two halves, then piled again and rolled. It can introduce 
an ultra-high plastic deformation without considerable 
geometric changes in the material's cross-section, which may 
be occurring with small number of passes26. Some studies 
have shown that MgH2 powder processed by ARB leads to 
nanoscale grain refinement and improved H2 absorption/
desorption kinetics29,30. In addition, ARB is effective to 
synthesize nanocomposites by the addition of catalysts 
such as transition metals31 and oxides32 in the MgH2 matrix 
of milled powder. ARB was also investigated as a mean to 
improve the activation of magnesium and its alloys24,33,34,35,36.

Even though ECR does not refine the grain size at the 
same level, it may lead Mg-alloys to have good H2 storage 
properties because of the presence of preferential texture 
in the direction of the (002) basal plane of Mg24,37,38,39. The 
deformation of metals by ECR occurs under high friction 
and in a non-homogeneous way through their thickness 
because of the introduction of large amounts of redundant 
shear-strain on the material's surface40. Ueda et al.38 were one 
of the first to investigate ECR in the synthesis of materials 
for hydrogen storage when producing Mg-Ni using stacked 
sheets of Mg and Ni, followed by heat treatment. Dufour 
and Huot33 investigated the Mg-Pd system, showing that 
ECR samples have higher resistance to the air contamination 
than their counterparts prepared by HEBM. Other Mg-based 
materials, such as Mg-Ti41,42 Mg-Al43, Mg-Cu44,45, Mg-Fe24,46 
and commercial Mg-Zr-Zn alloys were also investigated34.

Based on the limited information available, the objective 
of the present investigation was to analyze the processing 
routes of ECR and ECR followed by ARB in commercial 
coarse-grained magnesium with the addition of Fe in the 
form of wires or powders. For comparison, plates of pure 
Mg were also processed by ECR and ECR+ARB. Therefore, 
the effect of processing routes and the influence of Fe as an 
additive in different forms on hydrogen sorption properties 
were systematically investigated.

2. Materials and Methods

The experiments were conducted using commercial 
coarse-grained magnesium supplied by NORMAG company 
in the form of an ingot (99.8% purity). Specimens for rolling 
processes were cut from the ingot in the longitudinal direction 
and machined to produce small plates of about 1.5 x 11 x 
32 mm. The plates were ground manually to standardize 
dimensions and flatness. Iron was added in the form of wires 

or powders. Iron wires (98.8% purity) were obtained from 
commercial steel wool (0.03 mm in diameter). The wires were 
used in the form of continuously unwound wool (LCNT) or 
as pieces (LFRG) randomly cut from the continuous wool. 
Both kinds of specimens were compacted in a hydraulic press 
using 2 Tf and then cut and weighed in the proper ratio with 
respect to the Mg plates. Fe in the form of powders (PWDR) 
was supplied by Alfa Aesar (99.998% purity, # 22 Mesh). 
Powders were inserted within a cylindrical tube with 8 x 32 
mm (outer diameter x length) machined out from the Mg 
ingot. Both sides of the tubes were closed, and then slightly 
compacted in a hydraulic press before processing.

ECR and ECR+ARB processing were performed in 
air under ambient conditions. Sample plates were stacked 
before processing in the following sequences: (i) Mg + Mg 
(for Pure Mg) and (ii) Mg + 8 mol% Fe (16.6 wt% Fe) + 
Mg. After stacking, the samples were inserted between two 
0.8 mm thick AISI 304 stainless steel plates and then rolled 
horizontally in a conventional double-reversible rolling mill 
(FENN/ 55DC02-02A). Six passes were used for ECR and 
4 additional passes were applied for ARB. Between each 
ARB pass, the surfaces of the samples were manually ground 
with sandpaper and then cleaned with isopropyl alcohol PA 
(99.5%). The reduction in each ARB pass was 50% of the 
initial thickness. The samples were cut in half length in each 
pass, stacked, cleaned, and rolled up to a final thickness of 
~0.2 mm. After rolling process, the samples were stored in 
air and left for 30 days in the normal laboratory environment 
without any special control.

The phases were identified by X-ray diffraction (XRD) 
using monochromatic Cu-Kα radiation with 0.154056 nm 
wavelength and angular pass of 0.032º/sec in a Rigaku/
Geigerflex diffractometer equipped with a C-monochromator.

The microstructure was characterized by scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM). SEM analysis was performed using a FEI/Inspect-S50 
and also in a FEG/Philips XL-30, both coupled to an X-ray 
energy dispersive spectroscopy (EDS) microanalysis system. 
SEM samples were embedded in bakelite resin, sanded and 
polished automatically with 1/4 inch diamond paste in a 
Buehler/MiniMet TM-1000 automatic polishing.

TEM analysis was performed in a FEI /TECNAI G2 
F20 HRTEM microscope. TEM samples were ground to a 
thickness of about 50 µm, then ion-polished in a GATAN/
Model 691 precision ion polishing system.

The desorption analysis was performed in a Netzsch 
Simultaneous Thermal Analyzer (STA) 449 Jupiter calorimeter 
which takes simultaneous differential scanning calorimetric 
(DSC) and thermogravimetric (TG) measurements and 
quadrupole mass spectrometer (QMS) Aeolos equipment. 
Hydrogen desorption temperatures were measured during 
continuous heating during DSC, using purified and dried 
argon gas in an overflow regime. The buoyancy effect was 
considered due to the use of argon as a carrier gas and the 
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necessary background treatment was performed as usual. 
Samples weighting 10-15 mg were placed in Al2O3 crucibles 
and heated under a rate of 10 ºC/min up to 500 ºC.

The hydrogenation and kinetic measurements of hydrogen 
absorption were carried out using a Sieverts apparatus with 
the samples hydrogenated at 623 K (350ºC) under a hydrogen 
pressure of 20 bar for absorption and 0.4 bar vacuum for 
desorption.

3. Results and Discussion

Figures 1a to 1f show XRD patterns taken on the 
longitudinal plane of Mg-8 mol% Fe samples, with different 
morphologies of Fe, after processing by ECR (left hand 
side) and ECR+ARB (right hand side). These patterns reveal 
the presence of α-Mg and Fe but, when one compares the 
theoretical and observed relative intensities, it is apparent 
that the α-Mg phase has preferred orientations in different 
conditions of Fe morphology and processing routes. Table 1 
resumes all the relative intensities for the three main peaks 
of α-Mg. From Table 1 is possible to observe that phase 
α-Mg has changed preferred orientations between ECR and 
ECR+ARB only for LCNT and PWDR Fe morphologies 
along the pyramidal (101) plane, prismatic (100), which 
are activated at high temperatures, and basal (002) plane. 
However, in any condition the orientation become more 

pronounced in the (002) plane. One can also observe that, 
except for LFRG morphology, after ECR+ARB textures 
increased and became higher for the LCNT condition, which 
grows at the expense of all other orientations. Pure Mg (Not 
shown here), had the same behavior as for other samples 
regarding the (002) orientation. The (002) orientation is the 
main slip plane of α-Mg and, as observed earlier47,48,49,50, is 
one of the best orientation for hydrogen absorption.

Figures 2a to 2f show backscattered electrons (BSE) SEM 
micrographs for samples of Mg-8 mol% Fe, with different 
morphologies of Fe (LCNT, LFRG, PWDR), after ECR+ARB 
processing. From these pictures, one can observe that there 
was fragmentation of iron wires and that particles are well 
distributed for samples with LCNT morphology. However, it 
appears that there was agglomeration of particles of Fe with 
the LFRG and PWDR morphologies and the distribution of 
Fe particles are not as good as for the LCNT one, being worst 
for the PWDR. Obviously, cracks appeared after ECR+ARB 
processing. Nevertheless, as all the samples were processed 
in the same way, it is correct supposing that cracks' densities 
are similar for any condition, but (not shown here) having 
smaller densities after ECR processing only.

In addition, Figure 2 shows that there is the presence 
of Mg oxide around Fe particles, characterized by the dark 
contrast around them. It is worth remembering that samples 
were exposed to the air for 30 days and oxide layers are 

Figure 1. XRD patterns of longitudinal section of Mg-8 mol% Fe samples, comparing samples processed by ECR (left hand side) and by 
ECR+ARB (right hand side) with the folowing morphologies for Fe: (a,b) LCNT, (c,d) LFRG and (e,f) PWDR.
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Table 1. Summary of normalized relative intensities for the three main peaks of α-Mg observed in Fig.1.

Sample Condition

ECR ECR+ARB

Relative Intensities (%) Relative Intensities (%)

(1 0 0) (0 0 2) (1 0 1) (1 0 0) (0 0 2) (1 0 1)

LCNT 2.7 84.5 12.8 0 92.5 7.5

LFRG 2,4 90 7.6 2.5 89.7 7.8

PWDR 2.6 87.4 10 2.5 90 7.5

expected to be formed. However, it is interesting that the 
concentration of oxides was larger around Fe particles. 
This behavior is in accordance with another work51, where 
impurities on the surface of Mg were studied after exposure 
to ambient conditions. The results evidenced by Secondary 
Ion Mass Spectrometry (SIMS) imaging showed also 
localized oxidation occurring around Fe inclusions. This 
intensified local reactivity in the vicinity of the inclusions 
was attributed to the galvanic coupling in the presence of 
adsorbed humidity.

Figures 3a to 3d show TEM micrographs for the sample 
of Mg-8 mol% Fe with the LCNT morphology, taken at the 
longitudinal section of the sample after ECR+ARB processing. 
It is also evident that there are large numbers of dislocations 
within the grains, evidencing that the sample was not totally 
recrystallized and subgrains may be still present. In these 
images one can see clear evidence of a bimodal distribution of 
grains/subgrains. Measurements gave average grain/subgrain 
sizes of ~1.0 µm. Similar results for grain/subgrain sizes were 
obtained for other Fe morphologies. However, as expected, 
for samples processed only by ECR (not shown here) grain 
sizes were found to be ~10 µm on average.

Figure 4 shows XRD patterns taken on the longitudinal 
plane of samples of Mg-8 mol% Fe with the LCNT morphology 
processed by ECR and ECR+ARB after 3 cycles of hydrogen 
absorption and desorption. XRDs were normalized based 
on the maximum intensity of each spectrum. As one can 
observe, after absorption samples processed either by ECR 
or ECR+ARB show the existence of remaining unreacted 
α-Mg phase with a high content of preferential texture in the 
(002) plane. Additionally, the H2 absorption promoted the 
formation of the β-MgH2 hydride with a preferential texture 
in the (110) plane. In fact, this behavior was anticipated 
in an investigation of the structural and hydrogen storage 
properties in nanostructured thin films of Mg deposited on 
Si (001) substrates, where Singh et al52 showed by X-ray 
diffraction that the conversion of Mg to MgH2 follows a 
martensitic-like orientation relationship with Mg (002) // 
MgH2 (110). In this way, it is expected that a high textured 
Mg will produce a high textured hydride, as also observed 
elsewhere48.

After hydrogen desorption, all other peaks of β-MgH2 
decrease to a minimum, followed by the return of the α-Mg 
texture fiber in the (002) plane, showing not only that the 
reaction of hydride formation is by nucleation and growth, 

but also the reversibility of the above martensitic-like 
orientation relationship52 and their close relationship during 
the absorption/desorption47,52.

Figures 5a to 5d show BSE-SEM micrographs for the 
center of the sample of Mg-8 mol% Fe with the LCNT 
morphology, taken at the longitudinal section of the sample 
processed by ECR+ARB after 3 cycles of hydrogen absorption 
and desorption. From Figs.5 (a and b), it is clearly observed 
the presence of fragmented Fe particles (white contrast), the 
Mg matrix with a light gray contrast and MgH2 with a darker 
contrast. In the interior of sample, MgH2 is concentrated in 
regions near cracks exposed on the surface and Fe particulate. 
After desorption, same contrasts are observed in Figs 5 (c 
and d). However, as observed in Fig. 4, the sample is not 
completely desorbed. Thus, Figs 5 (c and d) confirms that, 
even in small quantities, MgH2 is preferentially located 
close to cracks and Fe particulate. These observations are in 
accordance with the literature36,41 where it is found that, in 
general, there are a number of preferred sites for the nucleation 
of MgH2, i.e., in the vicinity of particles incorporated as 
additives, near cracks, in contact of processing interfaces, 
other defect sites within the Mg matrix, and, obviously, also 
on the free outer surface of the compound.

Figure 6 shows the DSC thermograms of Mg-8 mol% Fe 
samples with different morphologies of Fe and processed by 
ECR and ECR + ARB after 3 cycles of hydrogen absorption. 
All curves are composed by a single endothermic peak. Just 
for comparison, pure Mg processed only by ECR presents 
smaller enthalpy, meaning a smaller amount of desorbed 
hydrogen, and the highest onset and peak desorption 
temperatures, being 433 ºC and 445 ºC. On the other hand, 
additional ARB processing of pure Mg caused a decrease in 
the onset and peak desorption temperatures to 418 °C and 
437 °C, respectively, and an increased amount of desorbed 
hydrogen, which is given by the increased enthalpy of 
the peak, thus showing the effectiveness of the ARB in 
improving the desorption kinetics of pure Mg. This effect 
may be ascribed to the very large difference in grain sizes 
resulted from one kind of processing to another (~10 µm 
for ECR and ~1 µm for ECR+ARB) and densities of cracks 
also resulted from the different processing routes, which was 
smaller in the case of just ECR.

On the other hand, all samples with Fe addition processed 
by ECR or ECR+ARB presented lower onset and peak 
desorption temperatures than pure Mg processed either by ECR 
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Figure 2. BSE-SEM micrographs (25 kV/9.8 mm - work distance/5.0 - spot) of Mg-8 mol% Fe samples after processing by ECR + ARB, 
with the folowing morphologies for Fe: (a, b,) LCNT, (c,d) LFRG and (e,f) PWDR.
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Figure 3. TEM Micrographs (200 kV) for the sample of Mg-8 mol% Fe with the LCNT morphology, taken at the longitudinal 
section of the sample after ECR + ARB processing. (a, b) Bright Field (BF) images and (c, d) Dark Field (DF) images.

Figure 4. XRD patterns of longitudinal section of Mg-8 mol% Fe samples with LCNT 
morpholofy after the third cycle of H2 absorption and desorption, comparing samples 
processed by ECR and ECR + ARB.
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Figure 5. BSE-SEM micrographs (25 kV/10.1 mm - work distance/3.0 - spot) for samples of Mg-8 mol% 
Fe, with the LCNT morphology processed by ECR + ARB after 3 cycles of hydrogen absorption and 
desorption: (a, b) after absorption; (c, d) after desorption

Figure 6. DSC thermograms of Mg-8 mol% Fe samples with 
different morphologies of Fe processed by ECR and ECR+ARB 
after 3 cycles of hydrogen absorption.

Figure 7. Knetic curves of pure Mg and Mg-8 mol% Fe (LCNT, LFRG and PWDR) processed by ECR and ECR+ARB, (a) for 
absorption @ 350 ºC/20 bar H2 and (b) desorption @ 350 ºC under vacuum.

or ECR+ARB, showing that Fe played a role acting as a catalyst. 
However, it is also possible to emphasize that the distribution of Fe 
also influenced. In other words, onset and peak temperatures are 
directly related to the observed distribution of Fe (Fig. 2), which 
was in the sequence of LCNT, LFRG and PWDR. The same trend 
was observed for enthalpies, whose intensities changed according 
the above sequence. Furthermore, grain sizes and density of cracks 
also influenced in the desorption behavior, following the same 
trend as for pure Mg.

Figure 7 show the kinetic curves belonging to the first 
cycle (activation) at 350 °C and 20 bar H2 at absorption and 
350 °C and vacuum at the desorption, for pure Mg and Mg-8 
mol% Fe (LCNT, LFRG and PWDR) processed by ECR and 
ECR+ARB. From these curves, it was possible to observe 
that absorption or desorption were influenced by the same 
factor as observed in the DSC curves presented in Fig. 6, 
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i.e., the positive effect of iron and its distribution, the large 
difference in grain sizes resulted from one kind of processing 
to another and also densities of cracks also resulted from 
the different processing routes. In this sense, ECR+ARB 
processing produced different distribution of iron (Fig. 2). 
The best one led to a faster kinetics and larger capacities of 
absorption and desorption, which varied in the same sequence 
observed in Fig. 2, for LCNT, LFRG and PWDR, respectively. 
In addition, ARB decreased grain sizes and increased the 
amounts of cracks, which also assisted kinetics, improved 
capacities and even avoided incubation times.

In the case of this work, textures were very similar for 
both processing routes ECR and ECR+ARB. Therefore, its 
influence is impossible to be discernible for any processing 
condition.

4. Summary

ECR+ARB processing produced relative intensities for 
the (002) texture, similar to as for samples processed only by 
ECR. Thus, its influence in the hydrogen sorption properties 
was not apparent in the results. In turn, iron played a role in the 
acquired hydrogen sorption properties by improving kinetics 
and the reversible capacity over unprocessed magnesium. 
ARB+ECR processing fragmented Fe wires in the LCNT 
morphology and promoted redistribution of Fe particles in all 
Fe morphologies, leading to agglomeration of particles in the 
LFRG and the PWDR morphologies. ARB+ECR processing 
led to a very high grain refinement, producing grain sizes of 
~1 µm, while ECR processing produced grain sizes of ~10 
µm. In addition, a higher density of cracks appeared after 
ARB+ECR, when compared to ECR. Thus, the above set 
of features led to the best hydrogen sorption properties for 
ECR+ARB processing due to grain size reduction, increased 
density of cracks and promoting redistribution of Fe, which in 
turn improved sorption properties in the following sequence 
of iron morphologies: LCNT, LFRG and PWDR.
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