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INTRODUCTION

Magnesium is considered to be a good can-
didate for hydrogen storage technologies mainly
because of its large hydrogen storage capacity
(7.6 mass %), reversibility and low cost. How-
ever, magnesium hydride has to be at a tem-
perature of at least 280 °C to be able to desorb
hydrogen under a pressure of one bar. This
puts high constraints on the applicability of
magnesium for practical applications. Another
constraint is the cost to produce and process
magnesium hydride. Even if magnesium itself
is relatively inexpensive,  the first hydrogena-
tion of magnesium could be very expensive
because the material has to be either exposed
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Abstract

It has recently been shown that Severe Plastic Deformation (SPD), and particularly cold rolling, tech-
niques could be used to obtain nanostructured metal hydrides with enhanced hydrogen sorption properties.
Cold rolling is a particularly interesting technique because it is easily scalable to industrial level. We present
here the effect of cold rolling on hydrogen storage properties of magnesium and magnesium hydride (MgH2).
Commercial magnesium and magnesium hydride were processed in a vertical cold rolling apparatus. For pure
magnesium,  a highly textured material was obtained after only one roll and first hydrogenation was faster
than unprocessed magnesium. In the case of magnesium hydride, after only five rolling passes hydrogen
sorption kinetics at 623 K were greatly enhanced without noticeable loss of capacity. The improvement in
sorption kinetics is attributed due to the nanocrystalline structure and number of  created defects. Investiga-
tion of the powder morphology and crystal structure indicates that cold rolling is equivalent to ball milling.
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to high hydrogen pressure at high temperature
for a long time or cycled many times. In either
case, the process is slow and greatly increases
the production cost of magnesium hydride.
Therefore, researches have been targeted to
improve the hydrogenation properties of  mag-
nesium, such as appropriate alloying of mag-
nesium [1�3], adding catalyst, and manufac-
turing nanocrystalline powder.

The technique of ball milling has been ex-
tensively used to synthesize and process metal
hydride in order to get nanocrystalline struc-
tures and nanocomposites [6�9]. However,  high
energy milling may be difficult to scale up to
industrial level due to capital and operational
costs.  Cold rolling is an attractive alternative
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to ball milling because it is already used by the
industry and, under specific conditions, has sim-
ilar mechanical effect as ball milling. In the last
few years a series of papers have shown that
repeated cold rolling (CR) produces enhance-
ment of hydrogen storage properties in metal
hydride, particularly for magnesium and mag-
nesium-based alloys [10�23].

Amongst the numerous severe plastic defor-
mation (SPD) techniques, we report here just
one technique: cold rolling. This technique was
selected because it could be easily scaled up to
industrial level. In this paper, we report the
effect of cold rolling on the crystal structure
and hydrogen storage properties of magnesium
and magnesium hydride. In the case of mag-
nesium, the main subject of investigation was
the first hydrogenation,  the so-called activa-
tion step.  It is well known that activation of
magnesium is a very slow process and has to
be carried out at high temperature and pres-
sure and/or many hydrogenation/dehydroge-
nation cycles. For commercial products activa-
tion should be as easy as possible in order to
reduce the production cost of the hydride. Our
proposition is that, by inducing strain and in-
creasing the number of defects, severe plastic
deformation techniques could be a way to im-
prove the activation rate in magnesium-based
alloys. We also studied the effect of cold rolling
on hydrogen sorption properties of magnesium
hydride. Similarly to ball milling, we expected
that cold rolling could change the hydrogen
sorption properties of magnesium hydrides.

EXPERIMENTAL

The magnesium used in this study was com-
ing from a Norsk-Hydro ingot that was cut in
small pieces. The magnesium plates were insert-
ed between two Stainless Steel (316) plates of
0.8 mm thickness and rolled in air in a Durston
DRM 100 modified in order to have the sample
pass vertically through the rolls. This configu-
ration enables easy processing of  magnesium
hydride powders. The apparatus� stainless steel
rolls have a diameter of 6.5 cm and a length
of 13 cm. Magnesium foils were rolled in air
and after each roll, the foil was folded in two
and rolled again thus giving a 50 % thickness

reduction on each roll. The final thickness of
the foil was 0.3 mm.

Magnesium hydride powder of 300 mesh
and 98 % purity was provided by Alfa Aesar.
New stainless steel plates were cleaned with al-
cohol prior to each experiment in order to pro-
tect our rolls and samples from cross-contami-
nation. Cold rolling magnesium hydride powder
consolidates the powder and changes its mor-
phology to thin plates. The MgH2 plate thick-
nesses varied from 0.3 to 0.8 mm. They were
collected and rolled again to the desired num-
ber of rolling passes. Cold rolling under argon
atmosphere was performed with the rolling ma-
chine inside a home-made glove box. From a light
bulb method, the oxygen concentration inside
the glove box was estimated to be 100 ppm and
moisture level 1000 ppm [24]. A picture of the
experimental set-up is shown in Fig. 1.

For microstructure characterization of the
powders, we used a FEI Titan 80-300 (scan-
ning) transmission electron microscope,
equipped with a Gatan Image Filter (GIF) elec-
tron energy-loss spectrometer (EELS). A cryogenic
holder was used in order to hinder in situ dehy-
drogenation. The STEM images were acquired
using a high-angle annular dark-field (HAADF)
detector. Low-loss EEL spectra were acquired at
selected regions along with the HAADF signal
(spectrum imaging). Characteristic plasmon exci-
tation peaks of various phases (EMg = 10.6 eV,
EMgH2

 = 14 eV, EMgO = 21 eV) were used for
mapping the location of each of the existing

Fig. 1. Picture of the experimental set-up for cold rolling
under argon.
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phases. Complete description of  the experimen-
tal technique used is given in reference [25].

Hydrogen absorption and desorption mea-
surements were done on a homemade Sievert
type PCT apparatus. Sample temperature was
623 K with a hydrogen pressure of 2 MPa in
absorption and 0.06 MPa in desorption.  The crys-
tal structures were investigated by X-ray dif-
fraction on a Bruker D8 Focus apparatus with
CuKα1 radiation. The samples cold rolled under
argon were measured by using a special sam-
ple holder that prevents air exposure. Crystal-
lite size and microstrain were evaluated from
Topas software [26] and using the volume
weighted mean column height based on inte-
gral breath while micro strain was computed
using broadening modelled by a Voigt function
as recommended by Balzar et al. [27].

RESULTS AND DISCUSSION

Cold rolling of magnesium

Figure 2 shows the diffraction patterns of
magnesium plates cold rolled 1, 5, 50, and 100
times in air compare to the as-received ingot.
For easier comparison, just the three strongest
peaks are shown. The ingot patterns shows the
characteristics (100), (002) and (101) Bragg
peaks. The peak position are shifted which in-
dicates a change in lattice parameters. Figure 3
shows the variation of lattice parameters as a
function of number of rolling passes. We see
that the first rolling pass induces an important

change of  lattice parameters but the nominal
values are recovered after 5 rolling passes. The
reason for such important change after just one
rolling pass is not understood at this moment.
The other important change in the diffraction
patterns is the relative intensities of the peaks.
It is clear that after only one rolling pass a
strong texture along (002) is induced. This tex-
ture changes only marginally with further roll-
ing. Crystallite sizes and microstrains evaluated
from Rietveld refinement are shown in Table 1.
We see that the crystallite size actually increas-
es after the first rolling. This surprising result is
explained by the fact that the crystallite size
evaluated from Rietveld refinement is the vol-
ume weighted mean column height of the par-
ticles. In the ingot sample the crystallites size is
the average grains having all possible orienta-
tions. After one cold rolling pass, the crystallites
are mainly oriented along (002) and thus what
is effectively measured is the average volume
of these oriented columns of Mg crystals.

TABLE 1

Crystallite size and microstrain of cold rolled magnesium

Samples Crystallite size (nm) Microstrain (%)

Ingot 113(3) 0.047(2)

CR1X 148(7) 0.049(8)

CR5X 150(5) 0.058(2)

CR50X 127(3) 0.068(1)

CR100X 89(3) 0.106(2)

Note. Number in parentheses is the uncertainty on the
last significant digit.

Fig. 2. X-ray diffraction patterns of magnesium as-received
and cold rolled.

Fig. 3. Lattice parameters (a and c) of cold rolled magnesium.
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It is well known that the first hydrogena-
tion of magnesium is very difficult. In order to
get magnesium hydride, pure magnesium has
to be exposed to high pressure of hydrogen at
high temperature and for a long time. Activa-
tion at 623 K under 2 MPa of hydrogen of as-
received magnesium as well as cold rolled 1,
25 and 50 times are shown in Fig. 3. It is clear
that the as-received magnesium as well as cold
rolled one time do not absorb hydrogen even
after 80 000 s. As rolling number increases the
activation is getting faster. This means that cold
rolling has a positive effect on the activation
behaviour. This could be explained by the de-
crease of crystallite size and the increases of
defects as the number of rolling passes increas-
es. However, such a high number of rolling pass-

TABLE 2

Crystallite size and microstrain of cold rolled MgH2 in argon

Samples Crystallite size (nm) Microstrain (%)

As-received 116(2) 0.066(1)

CR1X 34.9(6) 0.067(4)

CR5X 17.1(3) 0.114(7)

CR75X   6.6(1) 0

Note. Number in parentheses is the uncertainty on the
last significant digit.

Fig. 4. First hydrogenation (activation) at 623 K under
2 MPa of hydrogen of; magnesium ingot as received,
cold rolled one time, and cold rolled one time followed
by a doping with 5 mass % MgH2 by ball milling 30 min.

Fig. 5. X-ray diffraction patterns of magnesium hydride
as-received and cold rolled in argon.

Fig. 6. Hydrogen sorption kinetics at 623 K of magnesium
hydride cold rolled in argon: A � desorption under 0.06
MPa of hydrogen; B � absorption under 2 MPa of hydrogen.
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es may not be practical for an industrial process.
A potentially simpler method was recently shown
[28]. In this method, the cold rolled magnesium
is doped with 5 mass % of MgH2 and the mix-
ture is ball milled for 30 min. The sample then
absorbs hydrogen very quickly and reaches a
high hydrogen capacity as seen in Fig. 4.

Cold rolling of magnesium hydride

Usually, cold rolling is performed on metals
or alloys. However, for hydrogen storage ap-
plications it may be interesting to directly cold
roll the fully hydride material and study the
effect on the hydrogen sorption behaviours,

Fig. 7. (A) STEM-HAADF image of MgH2 cold rolled in argon for 75 times along with energy-filtered maps corresponding
to the various phases present. The energy range used for each map is given in the brackets. (B) EEL spectra from three
locations, marked on the maps shown in (A).
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especially sorption kinetics. The goal here is to
see if cold rolling could replace ball milling as
a way to obtain nanocrystalline structures in
metal hydrides. As ball milling of magnesium
hydride has been extensively studied, this hy-
dride is a good candidate for this investigation.

Cold rolling in argon. Cold rolling of mag-
nesium hydride was first performed in argon.
Figure 5 shows the diffraction patterns of MgH2

in the as-received state and rolled in argon at-
mosphere for 1, 2 and 75 times. The pattern of
as-received material shows that there is a small
amount of unreacted magnesium but all other
peaks belong to the rutile type β-MgH2. After
only one roll the peaks are broadened which is
an indication that the crystallite size is reduced.
The pattern of the hydride rolled 5 times has
broader peaks but also the relative intensities
of the peaks are different. This means that a
texture has been induced in the β-MgH2. More-
over, close inspection of the pattern indicates
that the remaining magnesium phase is also
textured.  Table 2 shows the crystallite sizes and
microstrains as determined from Rietveld re-
finement. We see that cold rolling is very effi-
cient to reduce crystallite size. The microstrain
increases for the first few rolls but when the
crystallites are very small then microstrain is
essentially zero. The pattern of the sample rolled
75 times shows a broad peak associated to the
presence of magnesium oxide. Even if the sam-
ple was processed in a glove box under argon
after many rolling passes the materials is quite
reactive and could easily be oxidized even un-
der an atmosphere with low oxygen content.
The hydrogen sorption kinetics of as-received
and cold rolled in argon samples are shown in
Fig. 6. The as-received sample presents a long
incubation time in desorption. Cold rolling al-
most totally eliminates the incubation time and
increases desorption kinetic.  We see that just
one cold rolling in argon drastically improves
the sorption kinetics. Five rolling passes only mar-
ginally improves the sorption kinetics but the ca-
pacity is a little lower. Further rolling to 75 times
greatly reduces the capacity due to the formation
of magnesium oxide but even with the presence
of oxide, the intrinsic desorption kinetic is faster
than for the samples rolled one and five times.
Thus, presence of a significant amount of oxide
does not seem to reduce the sorption kinetics.

In order to get a better knowledge of the
microstructure of the rolled sample we per-
formed TEM investigation. Figure 7A shows a
STEM-HAADF image along with energy-fil-
tered mappings of Mg, MgO and MgH2 phases
acquired by spectrum imaging (STEM/EELS)
technique. These maps show that the particles
are mainly MgH2, with a small amount of Mg
and a surface layer of MgO. Representative EEL
spectra from the three locations of the sample
is presented in Fig. 7B. Variation in brightness in
the MgH2 map is due to changes in thickness.
This is a confirmation that even if the cold roll-
ing was performed in argon atmosphere there is
still formation of oxides and that these oxides
are mainly on the surface of the particle.

Cold rolling in air. We have established that
cold rolling magnesium hydride in argon im-
proves the sorption kinetics but only for a few
rolling passes. Performing cold rolling in pro-
tected atmosphere could be complicated and
costly for industrial processes therefore we test-

TABLE 3

Crystallite size and microstrain of cold rolled MgH2 in air

Samples Crystallite size (nm) Microstrain (%)

As-received 116(2) 0.066(1)

CR1X 49(1) 0.093(3)

CR5X 18.3(3) 0.184(5)

CR75X 6.6(1) 0

Note. Number in parentheses is the uncertainty on the
last significant digit.

Fig. 8. X-ray diffraction patterns of magnesium hydride
as-received and cold rolled in air.
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ed the effect of rolling in air. Figure 8 shows
the diffraction patterns of MgH2 rolled in air
for 1, 2 and 75 times. The diffraction patterns
are almost identical to the ones shown in Fig. 3.
In fact, the crystallites sizes and microstrain
deduced from Rietveld refinement and shown
in Table 3 are essentially the same as the ones
presented in Table 2. This could be expected
because the rolling parameters were the same
for the processes under air and argon.

Figure 9 shows the hydrogen absorption and
desorption kinetics of magnesium hydride cold
rolled in air. As in the case of rolling under
argon atmosphere, the capacity decreases with
the number of rolling. This is expected because
rolling in air could easily produce oxides which
will decrease the hydrogen capacity of the
material. However, the surprising result is that,
for each rolling number, the kinetics is faster
than the corresponding material processed un-

der argon. For small number of rolls the hy-
drogen capacity is only slightly reduced. When
the number of rolls is high we see an impor-
tant reduction of capacity.

CONCLUSIONS

In this investigation we showed that cold
rolling of magnesium combined with a doping
by MgH2 by ball milling drastically reduces the
first hydrogenation. However,  for a better in-
dustrial process it would be preferable to per-
form all steps by cold rolling. We also showed
that cold rolling of magnesium hydride is a good
way to increase the hydrogen sorption kinetics
as long as the number of rolling passes is lim-
ited. Rolling in air and in argon was performed
and from a structural point of view both at-
mosphere produced similar materials. Even un-
der protective atmosphere some oxidation takes
place when the number of rolls is too large.
The surprising result was that rolling in air is
in fact better than rolling in argon in terms of
hydrogen capacity and kinetics. The exact rea-
son for this behaviour is still unknown and deep-
er investigation is needed.
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