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MgH
2
 was processed by short time high-energy ball milling (BM) and cold rolling (CR). A 

new alternative processing route (CR + BM) using the combination of CR followed by short time 
BM step was also applied. The effects on the final morphology, crystalline structure and H-sorption 
properties were evaluated. The CR + BM processing (compared to BM and CR process) resulted in an 
inhomogeneous particle size distribution and the biggest crystallite size of MgH

2
, showing that there 

is a clear dependence between the size/shape of the particles which compose the starting material and 
the efficiency of crystallite size reduction during the BM process. On the other hand, we observed that 
a short BM step improved the kinetic properties of the cold rolled material. It shows that the particle 
size reduction of MgH

2
 obtained by CR combined with the increase in specific surface area attained 

by short BM step could be key factors to allow the use of the CR + BM route.
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1. Introduction
In spite of its high desorption temperature and slow 

kinetics, MgH
2
 is still considered a good candidate for 

hydrogen storage applications due its high hydrogen storage 
reversible capacity, 7.6 wt. (%), and low cost1.

Many studies2-5 have shown that processing of MgH
2
 

by high-energy ball milling techniques can result in 
nanocrystalline structures with relatively low desorption 
temperatures and good H-sorption kinetics. These results 
are easily enhanced with elemental or compound additives, 
such as, transition metals and their fluorides and oxides.

However, the high consumption of energy, the high 
cost and longer processing times involved in ball milling 
techniques are still drawbacks from the upscale point of 
view. Furthermore, the poor air-resistance to oxidation 
associated with the fine powder product produced requires 
a complex and expensive handling process.

In this scenario, severe plastic deformation (SPD) 
techniques such as High Pressure Torsion (HPT), Equal 
Channel Angular Pressing (ECAP), Cold forging (CF) 
and Cold rolling (CR) have recently been explored to 
process/synthesize metal hydrides resulting in materials 

with hydrogen storage properties as good as ball milling 
techniques6-9.

In addition to the refined nanocrystalline structure and 
presence of selective catalyst elements, the remarkable 
improvements on hydrogen storage properties have also 
been related to the presence of metastable phases (such 
as γ-MgH

2
), introduction of a high density of defects and 

modification of the texture in the processed materials.
More recently it has been shown that cold rolling could 

be successfully performed on the fully hydrided MgH
2
 

resulting in a nanocrystalline structure and reduction of 
crystallite size similar to the one obtained by ball milling10-12.

Other remarkable aspects of cold rolling processing of 
MgH

2
 are the important reduction in processing time and 

energy and the possibility of handling the material under 
air atmosphere during all processing without negative effect 
on the hydrogen storage capacity or the kinetic properties.

In the present study, MgH
2
 has been processed by a 

new alternative processing route involving cold rolling and 
short time high energy ball milling. The crystal structure, 
morphology and hydrogen storage properties from the MgH

2
 

samples have been investigated.
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2. Experimental

2.1. Samples preparation

Commercial MgH
2
 (Alfa Aesar, 98%) powders were 

processed by cold rolling (CR), ball milling (BM), and 
cold rolling followed by a short-time ball milling step 
(CR + BM). For the CR sample, the MgH

2 
powder was 

confined between two stainless plates and processed in a 
commercial powerful duo-reversible FENN rolling mill, 
applying up to five passes with 75% of reduction in each 
pass. The number of passes was limited to five due to close 
distance between the rolls. The CR process was done in air. 
In the case of the BM sample, the MgH

2 
powder was inserted 

in a stainless crucible with stainless steel balls in a glove 
box under argon atmosphere. The ball milling experiment 
was carried out in a SPEX mill for 20 minutes with a 
ball-to-powder weight ratio of 40:1. The balls diameter of 
10 mm and material mass of 1 g were used. The CR + BM 
sample was prepared using the same conditions applied to 
the other samples separately, namely, cold rolled five times 
followed by short ball milling step for 20 minutes.

2.2. Characterization techniques

Microstructural characterization of the samples was 
carried out by X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). XRD patterns were recorded 
with a Siemens diffractometer (Model D5005) equipped 
with a C-monochromator using monochromatic Cu Kα 
radiation (40 kV and 40 mA). The XRD data was also 
used to calculate the mean crystallite size through Scherrer 
analysis13. For that, the contribution of the instrumental 
broadening was deconvoluted using a known pattern 
(Corundum). SEM images were obtained in a Philips 
XL-30 TMP Microscope.

The hydrogen desorption behavior of the samples 
was investigated by differential scanning calorimetry 
(DSC) coupled with a quadrupole mass spectrometry 
(QMS), performed in a NETZSCH assembly (STA 449C 
and QMS403C, respectively). Samples with mass around 
10 mg were used. The measurements were performed with 
a heating rate of 10 K/min.

The H-sorption properties after the first desorption were 
evaluated with a volumetric PCT apparatus built in-house 
at Institute for Energy Technology (IFE), using samples 
with mass of around 140 mg. Absorption and desorption 
curves were recorded at 623 K, with pressures of 2 MPa 
and 0.05 MPa, respectively. The procedures to measure the 
absorption/desorption kinetic curves and to calculate the 
hydrogen capacity using a volumetric apparatus are found 
in Léon17.

3. Results and Discussion

3.1. Scanning electron microscopy

Figure 1 presents the SEM micrographs of as-received 
MgH

2
, CR, BM and CR + BM samples. The as-received 

sample has worm-like shaped particles with a width of about 
10-20 μm and length of the order 200 μm. In the micrograph 
for the CR sample, the MgH

2
 powders are transformed 

into very well consolidated small plates, showing that cold 
rolling is a good method for powder agglomeration. This was 
shown also by Lang and Huot11 using a different (vertical) 
rolling mill. For the BM and CR + BM samples, the SEM 
micrographs show a random size distribution of particles 
with average size around 1-20 μm, hence smaller than the 
particles in the as-received sample. Furthermore, the size 
distribution seems to be coarser for the CR + BM sample 
than for the BM sample. This indicates that short-time 
BM applied after CR was not enough to homogeneously 
break all small plates consolidated from the cold rolling, 
resulting in an irregular particle size distribution. As these 
consolidated plates coming from the cold rolling process 
are much harder than the as-received material, different 
morphological products are obtained which is strongly 
related to the hardening level of the starting material.

During the BM process, the big MgH
2 

particles are 
constantly broken into smaller particles as shown in Figure 1.

3.2. Crystalline structure

The XRD pattern of as-received MgH
2
 (Figure 2) shows 

the predominant β-MgH
2
 and remaining Mg. Furthermore, a 

small contamination with Mg(OH)
2
 is observed, appearing 

also in the processed samples (Figure 3). Figure 3 presents 
XRD patterns of the CR, BM and CR + BM samples. The 
Bragg peaks of these samples are much broader than for the 
as-received sample (Figure 2). A closer inspection shows that 
the Bragg peaks of the BM sample are even broader than the 
other samples. The peak broadening is a clear indication of 
the presence of a nanocrystalline microstructure, resulting 
from the formation of defects and the crystallite size 
reduction processes.

Values for the average crystallite size were estimated 
using the Scherrer formula and are given in the Table 1. The 
angle 2θ used to calculate the crystallite size is around 36°. 
The processed samples (Figure 3) show a significant 
reduction in the crystallite size compared to the as-received 
sample (>100 nm). The average crystallite size for the BM 
sample is 11 nm while for the CR sample is 22 nm. The value 
of the average crystallite size for the BM sample is much 
smaller than the value found in Imamura18 (~23 nm). While 
in Lang and Huot11, the value found for the average crystallite 
size (~13 nm) can be considered equivalent to our value. 
Although the slight differences in the BM conditions, our 
results indicate that, under the conditions used in this work, 
BM is more effective to reduce the crystallite size than CR.

However, the nature of starting material and, most of 
all, the initial crystallite size of the MgH

2
 particles can exert 

an important role in the efficiency of the crystallite size 
reduction during ball milling. As observed in the Table 1, 
the CR + BM sample has the largest crystallite size around 
29 nm even after being submitted to both processes (cold 
rolling followed by ball milling). An acceptable explanation 
for this result is the occurrence of recrystallization 
phenomenon during ball milling step. The stored energy due 
to the high number of crystalline defects in the deformed 
state after cold rolling and the combination of the increase 
in temperature during ball milling and attempt to create new 
defects act as driving force for the nucleation and growth 
processes of stress-free grains14.
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Figure 1. SEM micrographs for commercial MgH
2
 (As received), cold rolled five times (CR), ball milled for 20 minutes (BM) and cold 

rolled + ball milled (CR + BM).
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A significant preferred orientation along the (011) 
direction is observed only in the XRD pattern for the CR 
sample (2θ ≈ 36°). We have previously reported this effect8.

The XRD patterns of all processed samples show that 
the β-MgH

2
 phase has partially been converted to the high 

pressure γ-MgH
2
 phase. The formation of γ-MgH

2
 during CR 

and BM of MgH
2
 has previously been discussed by Lang and 

Huot11. They pointed out that, compared to the BM process 
performed in 30 minutes, its formation after five passes of 
CR process requires shorter activation times and less energy.

MgO was identified in the XRD patterns after ball milling 
(that is, for both BM and CR+BM samples), whereas it was 
not observed in the CR sample. The formation of MgO is a 

very common and is related with the large specific surface 
area available in the samples when processed by ball milling2.

3.3. DSC measurements

Figure 4 shows DSC curves for CR, BM and CR + BM 
samples compared with the as-received powder. Table 2 
presents data from the DSC (Onset temperature; T

onset
) and 

the qualitative QMS analysis. The peak temperature is 
indicated in each curve.

The DSC curves for all processed samples show a 
significant decrease in the desorption temperature compared 
with the as-received powder. For the CR sample, the 
reduction in desorption temperature is observed despite the 
large reduction in the specific surface area caused by the cold 
rolling process. This was attributed to the grain (sub-grain) 
refinement produced by the cold rolling process8.

It should be noted that the BM and CR + BM samples 
show double DSC peaks while the CR sample presents 
only one asymmetric peak. The double peak is more 
distinct for the CR + BM sample than for the BM sample, 
but the peak temperature observed in the low-temperature 
DSC peak are similar in both samples. The existence of 
double peak in the DSC curves can be associated with the 
total decomposition of the high pressure γ-MgH

2
 phase 

(identified in the XRD patterns) and the simultaneous partial 
decomposition of β-MgH

2
 in the low-temperature DSC 

peak, whereas the high-temperature DSC peak corresponds 
to β-MgH

2
 decomposition to Mg[15]. At the same time, the 

presence of the double DSC peak can also be attributed 
to the inhomogeneous distribution in the particle size, as 
seen in the micrographs of the samples16, especially for 
the CR + BM sample. The QMS analysis indicated that all 
endothermic events detected by DSC are related to hydrogen 
desorption from MgH

2
.

3.4. Hydrogen sorption properties

The hydrogen absorption and desorption kinetic 
curves for the BM, CR and CR + BM samples are shown 
in Figures 5 and 6, respectively. The as-received sample 
displayed a very slow absorption and desorption kinetics 
during the time interval that was studied and therefore these 
curves are not shown here. Some general features can be 
observed in Figures 5 and 6: all samples show very good 
H-sorption properties with hydrogen storage capacities 
around 5.3 wt. (%) and sorption times in the range of 
minutes. However, some differences in the kinetic behavior 
and shape between the curves are observed.

The absorption and desorption kinetics started faster for 
the samples in the following sequence: BM, CR + BM and 
CR. At absorption, the storage capacity of the BM sample is 
slightly higher than for the CR + BM and CR samples, the 
latter samples showing the same storage capacity.

For the CR + BM sample, the kinetics during the first 
4 minutes of desorption is slightly faster than the BM sample 
as can be seen in the inset graph of the Figure 6. In addition, 
the kinetic of the CR+BM sample is better than for the CR 
sample, which means in a faster kinetic than CR sample. 
This shows the importance of short ball milling after the 
cold rolling process in order to produce more surface area 
which is one of the key factor for good kinetics behavior.

Figure 2. X-ray diffraction pattern for commercial as-received MgH
2
.

Figure 3. X-ray diffraction patterns for MgH
2
: Cold rolled five 

times (CR, bottom), ball milled for 20 minutes (BM, top) and cold 
rolled + ball milled (CR + BM, middle).

Table 1. Values for the average crystallite size.

Samples Crystallite size (nm)

As-received >100

CR 22(4)

BM 11(5)

CR + BM 29(3)
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and scalable application, but also, the ability to produce 
materials with a very refined structure with a homogenous 
particle size distribution.

4. Conclusions

A significant decrease of desorption temperature range 
was observed in the DSC analysis of all processed samples 
compared to as-received sample. The BM and CR + BM 
samples presented double DSC peak both with lower 
temperature compared to the CR sample.

We observed that short-time BM improves the kinetic 
properties of the cold rolled material. At the same time, the 
efficiency of particle size reduction during BM is strongly 
dependent of the size and shape of the particles which 
compose the starting material. This result could be noticed 
when the short BM step was applied in a MgH

2
 sample 

already processed by CR whose initial product submitted 
to the BM step is a deformed material with size and shape 
of particles different of a MgH

2
 sample only processed by 

BM, that in this case, the initial state of the sample is a 
homogenous powder. Nanocrystalline γ-MgH

2
 was found 

in all MgH
2
 processed samples.

Thus, these results indicate that a combined route for 
SPD processing, which includes a short ball milling step, 
can be a key factor for achieving better kinetic properties 
of cold rolled sample.

We also believe that the reduction of processing 
time achieved by the combination of cold rolling and an 
additional short milling step can be interesting processing 
routes for producing materials with enhanced hydrogen 
properties compared to materials processed separately by 
cold rolling or ball milling.
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Figure 4. DSC curves for MgH
2
: As received, cold rolled five times 

(CR), ball milled for 20 minutes (BM) and cold rolled + ball milled 
(CR + BM). The values for the peak temperatures are included in 
the figure.

Figure 5. Absorption kinetics at 623 K and under 2 MPa hydrogen 
pressure for MgH

2
: cold rolled five times (CR), ball milled for 

20 minutes (BM) and cold rolled+ball milled (CR + BM).

Table 2. Onset temperature (T
onset

) and QMS analysis from the 
DSC peaks.

Samples Tonset (°C) QMS

As-received 449,5 H
2

CR 409,0 H
2

BM 347,8 H
2

CR + BM 350,3 H
2

The kinetic behavior showed by the CR sample is 
in agreement with our previous papers8,10, and could be 
explained considering two possible reasons: a) the nanoscale 
grain (sub-grain) refinement; b) the better heat transfer due 
to the consolidation of particles in small plates.

In general, these results indicate that there is an 
important compromise between the particle size distribution, 
surface area and the kinetic behavior. For this reason, the 
processing route chosen should take into account not only 
the optimization of factors such as processing time, cost 

Figure 6. Desorption kinetics at 623 K and under 0,05 MPa 
hydrogen pressure for MgH

2
: cold rolled five times (CR), ball 

milled for 20 minutes (BM) and cold rolled+ball milled (CR + BM).
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