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Magnesium alloys take a special place among the hydrogen storage materials, mainly due
to their high gravimetric (7.6 mass %) and volumetric (110 kg m~2) hydrogen storage
capacity. Unfortunately, the kinetics of hydrogenation and hydrogen release are rather
slow, which limits practical use of magnesium-based materials for hydrogen and heat
storage. Refining the microstructure of magnesium alloys, ideally down to nanoscale,
is known to accelerate the hydrogenation/dehydrogenation kinetics. A possible way to
achieve that is by severe plastic deformation. Our first demonstration of this effect through
processing of a Mg alloy (ZK60) by equal-channel angular pressing prompted a stream of
further studies employing severe plastic deformation techniques to improve the hydrogen
storage-relevant properties of Mg alloys. The present article provides an overview of the
literature on the subject, with a natural focus on our own data.

Keywords: hydrogen storage, hydrogenation kinetics, magnesium alloys, magnesium-based composites, severe
plastic deformation

INTRODUCTION

Hydrogen storage is a key element of hydrogen economy, and a lot of effort goes into developing
viable solutions to this critical need. A particularly attractive answer to the challenging quest is
solid-state storage, whereby hydrogen is embedded in the bulk of a host solid (Schlapbach and
Zittel, 2001; Jena, 2011; Walker, 2011; Graetz, 2012). Magnesium could be regarded as a perfect
host for hydrogen due to its high gravimetric (7.6 mass %) and volumetric (110 kg m~*) hydrogen
storage capacity (Shao et al., 2018), abundance in sea water and the Earth’s crust, and low cost
(US$2-3 per kilogram). Furthermore, hydrides it forms with hydrogen (MgH,) are highly efficient
in terms of the stored energy density (2.6 kWh/kg—about twice the energy density of liquid
hydrogen) (Luo et al.,, 2019). Problem is that the targeted equilibrium hydrogen pressure of 1
atm (0.1 MPa) cannot be achieved at temperatures that would be acceptable for mobile (notably
automotive) hydrogen storage applications. The problem is rooted in a high enthalpy of magnesium
hydride formation (Huot, 2010) and is further exacerbated by a sluggish kinetics of absorption
and desorption of hydrogen in magnesium-based materials (Schlapbach and Ziittel, 2001; Huot,
2010; Jena, 2011; Walker, 2011; Shao et al., 2018; Luo et al., 2019; Yartys et al., 2019). In one of his
last publications (Birnbaum, 2005), the nestor of research on hydrogen in metals, Prof. Howard
Birnbaum, gave a rather pessimistic outlook on the prospects of overcoming the thermodynamics
handicap of magnesium hydrides. He wrote: “While it is always dangerous to predict the course
of science, I am not particularly optimistic about our ability to develop a hydride having the
desirable properties.” Despite his concerns, researchers have been exploring various pathways to

Frontiers in Materials | www.frontiersin.org

1 October 2019 | Volume 6 | Article 240


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00240
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00240&domain=pdf&date_stamp=2019-10-04
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yuri.estrin@monash.edu
https://doi.org/10.3389/fmats.2019.00240
https://www.frontiersin.org/articles/10.3389/fmats.2019.00240/full
http://loop.frontiersin.org/people/688474/overview

Rabkin et al.

Magnesium Alloys for Hydrogen Storage

outsmart the disadvantageous thermodynamics and kinetics
of hydride-forming magnesium alloys, and nanostructuring
appears to be one of the promising avenues to achieving that, cf.
(Hardian et al., 2018; Schneemann et al., 2018; Yartys et al., 2019;
Zhang et al,, 2019). A popular technique for grain refinement
down to nano scale is high energy ball milling (HEBM)
of Mg powders which, indeed, was shown to accelerate the
hydrogenation/dehydrogenation kinetics in several Mg alloys—
with or without catalysts (Luo et al,, 2019). Unfortunately, the
cost of production of Mg alloys with sufficiently good hydrogen
sorption properties by HEBM in terms of the processing time,
energy input, and labor involved is prohibitively high, which
limits the application of this technology at industry scale.

In 2004, we proposed an alternative route to mechanically-
driven nanostructuring of hydride forming Mg alloys (Skripnyuk
et al, 2004). It was a first ever attempt to employ severe
plastic deformation of bulk metallic specimens to improve their
hydrogen absorption/desorption properties. The term severe
plastic deformation (SPD) refers to a group of techniques
in which a gigantic shear deformation, combined with high
hydrostatic pressure, gives rise to extreme grain refinement—
down to a deep submicron scale and in some cases to nano
scale [see e.g. (Valiev et al., 1999, 2016; Estrin and Vinogradov,
2013)]. Combined with a high density of crystal lattice defects
generated, SPD-induced grain refinement was seen as a potent
mechanism of accelerated hydrogen sorption of Mg alloys. The
encouraging results of that study in terms of faster reversible
hydrogenation/dehydrogenation prompted other researchers to
pursue this processing route, and a significant number of
publications reporting their results ensued. While these studies
still constitute a niche research area, the interest in the
potential of SPD as a means of combating the unfavorable
thermodynamics and kinetics of hydrogenation of Mg alloys is
great, and we feel that a “mini-review” of this area would be
conducive for promoting it to a broader research community. In
what follows, such an overview is provided.

ACCELERATED HYDROGEN SORPTION
KINETICS IN MAGNESIUM ALLOYS
ACHIEVED BY SEVERE PLASTIC
DEFORMATION

Alloys Processed by Equal-Channel

Angular Pressing

We begin by summarizing the results of the mentioned study
(Skripnyuk et al., 2004), as they are representative of the
research in this field heralded in that publications. The material
investigated was Mg—4.95 wt% Zn—0.71 wt% Zr (ZK60)—
a common commercial magnesium alloy broadly used for
structural applications. The SPD technique employed was equal
channel angular pressing (ECAP), in which a billet is pressed
through an angular die and experiences a large shear strain
when it passes through a plane at which the entry and the exit
channels meet. For a 90° die, this shear strain is of the order of
100%. As in this process the cross-sectional dimensions of the
billet remain unchanged, pressing can be repeated several times,

so that the cumulative strain can reach levels not achievable
in conventional metal forming. The outcomes of processing of
many alloys in terms of microstructure variation are astounding:
the grain size drops typically well below 1pm, and in many
cases reaches a 100nm range (Valiev et al, 1999, 2016;
Estrin and Vinogradov, 2013), and Mg alloys are no exception
(see e.g., Orlov et al., 2011).

To compare the effect of various processing routes on the
microstructure and the ensuing thermodynamic and kinetic
properties of alloy ZK60, it was modified by HEBM, ECAP,
or a combination of both methods. To that end, pressure-
composition-temperature (PCT) diagrams and the kinetics of
hydrogen desorption in a closed volume system were determined
for the alloy in the initial (annealed) condition and upon
mechanically-driven nanostructuring. A special ECAP schedule
used involved eight passes through a 120° angular die at elevated
temperatures (250 or 300°C) followed by a final pass through
a 90° die at room temperature. Route A (in which the billet
is not rotated between the passes) was used. Microstructure
characterization by transmission electron microscopy revealed
a drop in the average grain size from 46 pm in the initial
condition to 0.5-2um in the ECAP-processed one. HEBM
processing was carried out using a standard procedure described
in Skripnyuk et al. (2004). Before hydrogenation tests, annealed
and mechanically processed specimens were comminuted by
filing with a rasp. The particles produced in this way, <1 mm in
size, were hydrogenated at 300°C and hydrogen pressure of 25
atm, and then underwent desorption-absorption cycles.

Representative PCT diagrams for alloy ZK60 processed by
ECAP and HEBM are shown in Figurel vis-a-vis the PCT
diagram for the annealed reference alloy (Skripnyuk et al., 2004).
As seen from Figurel, both straight ECAP and combined
ECAP/HEBM processing affect the PCT diagrams. Both raise
the equilibrium hydrogen pressure at the left flank of the
pressure plateau and tilt the entire plateau region of the PCT
diagram toward a horizontal direction. A further important
observation was the disappearance of pressure hysteresis for the
ECAP/HEBM processed material.

The beneficial effect of ECAP on the hydrogenation properties
was enhanced when the ECAP processing temperature was
raised from 250 to 300°C, causing a doubling of the hydrogen
desorption pressure in the plateau region of the PC isotherm.
A substantial increase of the hydrogen desorption rate was also
found, especially in the low temperature range. The difference
in hydrogenation behavior can be correlated with the degree
of uniformity and the morphology of dehydrogenated powders.
Indeed, the powders produced from the samples deformed at
300°C were more homogeneous and finely dispersed, and their
morphology was less faceted than those obtained from the
samples deformed at 250°C (Skripnyuk et al., 2009).

The effects observed can be associated with the ECAP-induced
changes in the microstructure and the defect structure of the
alloy. It is believed that a fairly uniform microstructure with a
low number of twin boundaries and a large volume fraction of
small grains was conducive for better hydrogenation kinetics. The
chemistry, morphology and distribution of finely dispersed zinc-
zirconium precipitates in the ECAP-processed alloy are further
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FIGURE 1 | PCT diagrams for annealed and mechanically processed alloy ZK60: (A) ECAP-treated vs. annealed condition; (B) ECAP vs. combined ECAP/HEBM
conditions. The hydrogen absorption/desorption measurements were conducted in a Sievert’s apparatus at 300°C. Reproduced from Skripnyuk et al. (2004) with
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FIGURE 2 | Time dependence of hydrogen desorption from ZK60 specimens
treated by ECAP, HEBM, and combined ECAP/HEBM at 300°C. The data for
HEBM-processed pure Mg are included for comparison. Reproduced from
Skripnyuk et al. (2004) with permission from Elsevier.

factors specific for alloy ZK60, which may have contributed to
the increase of hydrogen desorption pressure.

A result of the study (Skripnyuk et al., 2004) most significant
for practical hydrogen storage applications was a marked
acceleration of the hydrogen desorption kinetics due to ECAP
or ECAP+HEBM treatment, which is seen in Figure2. The
effect of ECAP conducted according to the schedule outlined
above was on par with that of 15h of HEBM. The benefits of
grain refinement by any of these processing techniques in terms
of the enhancement of the desorption rate are obvious. ECAP
has a definite advantage over HEBM as it allows processing of
bulk billets within a shorter time than HEBM. In addition to
higher productivity, ECAP has an advantage of being a much
safer process, as it does not require handling of potentially
hazardous powder materials. More detailed data on hydrogen
storage properties of ECAP-processed alloy ZK60, including the
temperature dependence of the sorption kinetics were provided
in Skripnyuk et al. (2009).

Encouraged by these results, other researchers have
followed suit and adopted ECAP as a means to improve
the hydrogenation/dehydrogenation kinetics of Mg alloys.
Thus, Krystian et al. (2011) used a different schedule of
ECAP processing of alloy ZK60 and were able to reduce the
average grain size to 250 nm and achieve a higher hydrogen
uptake and further acceleration of the desorption kinetics, cf.
Figure 2 in Krystian et al. (2011). Comparison of these results
with the effect of other mechanical processing routes on the
hydrogenation/dehydrogenation behavior of alloy ZK60, such as
cold rolling (Wang et al., 2010), shows that ECAP outperforms
the latter.

Other authors (Soyama et al., 2016) using ECAP for the same
purpose, yet for an alloy with a somewhat different composition
(ZK60 with added 2.5% Mischmetal) were not able to achieve
similar levels of improvement of hydrogen sorption kinetics by
ECAP treatment, however. An important observation made by
them was that by combining ECAP with cold rolling a higher
hydrogen uptake and faster sorption kinetics were attained,
which was associated with a favorable (002) texture produced
at the cold-working stage (Crivello et al, 2016). A similar
observation was made by Asselli et al. (2015) who showed that
ECAP alone (6 passes using a die with a channel angle of 110°)
was not efficient and that it took extra processing by Accumulated
Roll Bonding (ARB), with subsequent pulverization of the billet
into small platelets, to achieve reasonably high level of hydrogen
uptake and accelerated hydrogenation kinetics of ZK60.

Conditioning by ECAP processing for better hydrogen
sorption performance proposed in Skripnyuk et al. (2004) was
adopted for a range of other Mg alloys. While in our first
exercise with ZK60 an “off the shelf” alloy was used, our next
approach (Skripnyuk et al., 2007) was to use a smart alloy design.
The material of choice was a eutectic Mg-Ni alloy with the
MggoNij; composition. The motivation behind this choice was
two-fold: first, Ni was known for its positive catalytic effect on
hydrogen sorption properties of Mg; second, it was hoped that
the fine lamellar structure of the eutectic would be conducive
for further microstructure refinement by ECAP that would boost
the hydrogenation/dehydrogenation kinetics. As a matter of fact,
earlier work on cold rolling of Mg and Ni sheets with subsequent
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Reproduced from Skripnyuk et al. (2007) with permission from Elsevier.

FIGURE 3 | Bright field TEM micrographs of the as cast (A,B) and ECAP-modified (C-F) MgggNiq1 alloy: after a single ECAP pass (C,D) and 10 ECAP passes (E,F).

MgNi

hydrogenation produced Mg-Ni laminates containing nano scale
magnesium hydrides with good electrochemical properties (Ueda
et al., 2004; Pedneault et al., 2008). Our alternative ECAP-
based approach (Skripnyuk et al., 2007) presumed that the
lamellar eutectic structure, with brittle Mg;Ni phase encased in
ductile lamellae of Mg-based solid solution, would lead to in
situ nanostructuring of the Mg;Ni phase without disintegration

of the alloy during processing. This effort did pay off both in
terms of the extreme microstructure refinement (Figure 3) and
the hydrogen sorption behavior. Specifically, 10 ECAP passes
lifted the equilibrium pressure by about 50%. Most importantly,
the desorption kinetics was improved substantially, to a larger
extent than by any other known processing method. Thus,
at 300°C 5% of hydrogen were desorbed within <5min. It
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is interesting to note that a significantly higher level of size
refinement of the Mg, Ni phase achieved by rapid solidification of
a series of Mg-rich Mg-Ni alloys did not lead to any appreciable
improvement of hydrogen storage properties (Bendersky et al.,
2011). This demonstrates that in addition to the grain and
precipitate size refinement, intrinsic defects introduced by severe
plastic straining (such as non-equilibrium grain boundaries
and dislocations in the Mg matrix) play an important role in
improving the hydrogenation properties.

Other authors investigated the effect of ECAP on the hydrogen
sorption properties of such magnesium alloys as AZ31 (Leiva
etal., 2009; Chiu et al., 2018; Skryabina et al., 2019), AZ61 (Huang
et al,, 2018), Mg-Mm-Ni (Mm = mischmetal) (Loken et al.,
2007), and Mg-Gd-Y-Zn-Zr (Lapovok et al., 2018)—with various
degrees of success. Useful summaries of the results obtained by
employing ECAP as a tool for tuning the hydrogen sorption
properties of Mg alloys was recently provided by Wang et al.
(2017) and Huot et al. (2012).

Alloys Processed by High Pressure Torsion
While the high efficacy of equal-channel angular pressing in
terms of the ease of material handling and throughput is a
great benefit of this method, other SPD techniques are of
interest as well. High-pressure torsion (HPT) takes a special
place among these techniques, as the degree of grain refinement
it provides is exceptionally high, the grain sizes attainable in
metallic materials often falling in the 100 nm range, cf. (Zhilyaev
and Langdon, 2008; Estrin and Vinogradov, 2013). Accordingly,
several research groups hold high expectations of HPT as a
technique for improving hydrogen sorption in Mg alloys. A
recent review of the effect of HPT on hydrogen sorption of
Mg alloys was published by Edalati et al. (2018a). This work is
part of a concerted effort of Japanese researchers in the area of
SPD-enabled hydrogen storage material, which started with a
contribution by Kusadome et al. (2007) who successfully applied
HPT to enhance the hydrogenation of a Mg;Ni intermetallic.
HPT, along with ECAP and cold rolling, was also employed
in an attempt to enhance the hydrogen sorption kinetics of
ball-milled nanocrystalline Mg, Ni powders (Révész et al., 2010).
The use of HPT processing for improving the hydrogen storage
performance of Mg;Ni intermetallic by Hongo et al. (2015) at
Kyushu University, Fukuoka, Japan was guided by the idea that
deformation-induced stacking faults may play a role similar to
that of grain boundaries, thus accelerating the hydrogen sorption.
To elucidate the effect of the stacking faults, the authors of Hongo
et al. (2015) used two processing routes: casting and HPT (10
anvil revolutions, N = 10). In both cases, subsequent annealing
at 673K was used to produce a coarse-grained structure. The
imprint of HPT was the presence of deformation-induced
stacking faults that were retained after annealing. The superior
hydrogen sorption kinetics of the material containing the HPT-
induced stacking faults is evident in Figure 4.

The Kyushu University group conducted a systematic study
of the HPT-driven synthesis of binary and tertiary Mg-based
alloys (Edalati et al., 2018a). It was shown that by mechanical
mixing of Mg powders with powders of various elements and
further processing these blends by means of HPT, nanograined

T T T
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FIGURE 4 | Hydrogenation kinetics of an Mg, Ni intermetallic with and without
HPT-induced stacking faults. The processing and test conditions are indicated
within the diagram. Reproduced from Hongo et al. (2015) with permission from
Elsevier.

intermetallics, metastable phases, or amorphous phases can be
obtained, depending on the composition (Kusadome et al., 2007).
An excellent potential of HPT for producing a broad range of Mg-
based alloys and compounds for hydrogen storage applications
was thus demonstrated.

A particular result of note is the successful fabrication by HPT
of a Mg alloy with good hydrogen sorption properties at room
temperature (Edalati et al., 2018b). What is quite remarkable is
that the alloy was first designed in silico using first principle
calculations and then synthesized by HPT. The compound they
designed, MgyNiPd, is characterized by a low hydrogen binding
energy, which is the reason for its favorable hydrogen storage
properties. It was produced by casting and subsequent HPT to
a very large number of anvil revolutions (N = 1,500) under a
pressure of 6 GPa, which resulted in a homogeneous distribution
of the constituent elements in a body-centered cubic lattice of
the CsCl type (Figure 5). Also shown are the hydrogen pressure
vs. hydrogen content diagrams, which demonstrate reasonably
good hydrogen sorption properties of the material at room
temperature (305 K).

The last decade saw a marked growth of activities in HPT
processing of Mg and magnesium alloys for hydrogen storage
applications, the Kyushu University group and other teams
(Leiva et al., 2010; Botta et al., 2013; Panda et al., 2017) being
the major drivers of this research. A report on HPT processing
of Mg alloys (including hydrogen sorption results) published
recently by Figueiredo and Langdon (2019) complements the
review by Edalati et al. (2018a). Together they provide a
comprehensive picture of research activities in this field. One can
anticipate further developments in two directions: broadening
the compositional base of HPT-induced synthesis of Mg-based
alloys in a search for those with favorable thermodynamic
and kinetic properties and perfecting the processing. A way to
transcend the limitations of HPT with regard to the specimen size
and the process throughput by employing its semi-continuous
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FIGURE 5 | SEM-EDS elemental mapping of HPT-processed Mgy NiPd for different numbers of anvil revolutions [frames (a) to (e)] (left) and hydrogen pressure vs.
hydrogen content diagrams at room temperature (right). Reproduced from Edalati et al. (2018b) with permission from Elsevier.
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version, the so-called High-Pressure Torsion Extrusion (HPTE),
was recently proposed in Omranpour et al. (2019). It was
demonstrated for the case of Nb that HPTE gives rise to faster
hydrogenation kinetics than ECAP. The efficacy of the process as
applied to Mg based materials is yet to be evaluated.

Mg-Based Composites

One of the promising strategies to lower the reaction enthalphy
of Mg-based hydrides is to combine them with other metal
hydrides to composites (Dornheim et al., 2007; Crivello et al.,
2016; Yartys et al,, 2019). Due to their capability of enabling
mixing and compaction of powders, SPD techniques are well-
suited for processing composite materials targeting hydrogen
storage applications. As an example, Mg-based nanocomposites
were produced by HPT of stacks of disks of different
materials (Figueiredo and Langdon, 2019). Another option is to
produce Mg-based composites (notably, nanocomposites) with
carbonaceous materials (Ruse et al., 2017; Yartys et al., 2019).
With the high hydrogen storage capacity of carbon nanotubes
and their expected catalytic effect on hydrogen sorption in
magnesium in sight (Ruse et al., 2017), we synthesized a Mg-
based composite with 2 wt.% of multiwall carbon nanotubes
(MWCNT). The as-sintered composite was processed by one or
two ECAP passes. The hydrogen storage properties of the as-
sintered and the ECAP-processed composites were determined
by volumetric method and compared with those of pure Mg. The
observed effects of the addition of MWCNTs to Mg consisted
in an appreciable enhancement of hydrogen desorption rate, the
disappearance of the pressure hysteresis, and an increase in the
slope of the pressure plateau in the PCIs measured at 573 K.

Compared with pure Mg, the hydrogen desorption pressure for
the as-sintered composite was by some 50% higher. Against
our expectations based on earlier observations of the effect
of ECAP on the hydrogen sorption/desorption, the hydrogen
desorption pressure was lowered by ECAP processing of the as-
sintered composite. Based on transmission electron microscopy
observations, it was conjectured that this negative effect owes
to ECAP-induced defects in MWCNTs and changes in the
morphology of Mg-MWCNT interfaces.

A recently obtained insight into hydrogenation mechanisms
of Mg-MWCNT composites processed by HEBM can be useful
for understanding some aspects of the effect of SPD on
hydrogen storage properties of Mg alloys (Popilevsky et al,
2017). It was found that prolonged milling transforms the
MWCNTs into chains of carbon nanoparticles. The latter serve
as preferential sites for the nucleation of hydride phase, resulting
in its oblong morphology and a microstructure consisting
of interpenetrating networks of metal and hydride phases
(Popilevsky et al., 2017). This network allows rapid supply of
hydrogen to the metal-hydride interface during the late stages
of hydrogenation, since the diffusion coefficient of hydrogen
in the Mg metal phase is several orders of magnitude higher
than in the hydride phase. Also, a percolating network of
the metal phase retained up to the late stages of the metal-
hydride transformation ensures high thermal conductivity of
the composite, which is essential for rapid removal of heat
generated by the exothermic hydrogenation reaction. This
example demonstrates that detailed studies of the microstructure
of the SPD-processed Mg-based alloys at various stages of
hydrogenation may hold a key to understanding the positive
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effects of SPD. For example, the SPD-induced crystal lattice
defects may lower the barriers for nucleation of the hydride phase
and change its growth morphology.

CONCLUSION

In summary, while the SPD has only a moderate effect on the
thermodynamics of Mg-hydrogen interaction, its influence on
the kinetics of hydrogenation is substantial and is comparable
with that of HEBM. Also, the SPD-based methods can
significantly shorten the time needed for initial activation of the
Mg-based alloys, or eliminate it altogether (Botta et al., 2013).
This is a very important factor that can significantly reduce
the overall cost of a commercial hydrogen storage system. As
for the thermodynamics of Mg-H interaction, realistic estimates
indicate that its significant change by crystal lattice defects,
surfaces, interfaces, and internal stresses is unlikely (Berube et al.,
2008; Chung et al., 2012). We are of the opinion that the most
promising way of improving the thermodynamics of the Mg-H
system is to combine the SPD techniques with multicomponent
alloying, preferably with light elements. The effect of alloying
on the thermodynamics of the Mg-H system is well established
(Chung et al., 2012; Skripnyuk and Rabkin, 2012), and
employing the computational thermodynamics methods (such as
CALPHAD) may be helpful in identifying the most promising
alloying elements and alloy compositions. While the detailed
mechanisms underlying the improved kinetics of hydrogen
absorption and desorption of SPD-processed Mg alloys still need
to be unraveled, it is undoubtable that they are associated with
a high concentration of crystal lattice defects (or even partial
or full amorphisation of the material), cf. (Skripnyuk et al.,
2004; Edalati et al., 2018a). Dislocations and grain boundaries
generated as a result of severe plastic deformation provide fast
diffusion pathways for hydrogen and alloying elements that
may have a catalytic effect on the hydrogen sorption properties.
The role of these defects in facilitating the nucleation of the
hydride phase and in optimizing its growth morphology is to
be considered as well. It should also be mentioned that SPD
processing may generate channels for ultra-fast diffusion, which
is more rapid than what could be expected from an increased
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