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ARTICLE INFO ABSTRACT

Handling Editor: Suleyman I. Allakhverdiev An industrial plastic deformation method involving large strain induction, known as ring rolling (RR), was
applied after initial upsetting to produce an ultra-fine-grained Mg ring part with superior hydrogen storage
capabilities at industrial scale. The microstructure evolution and hydrogen storage characteristics of the
Mg-3Zn-1Ca-0.5Mn alloy (ZX31) were analyzed to establish a correlation between grain structure and hydrogen
storage behavior. The enhanced hydrogen storage performance of the ring-rolled material was compared to the
upset-only condition using Sievert testing. Results revealed that hydrogen absorption and desorption kinetics are
governed by the level of plastic strain and the associated microstructure/substructure modifications induced
during processing. Grain refinement achieved through hybrid hot upsetting-ring rolling promoted the formation
of effective interfaces, leading to improved hydrogen uptake kinetics. Transmission electron microscopy (TEM)
of the severely deformed samples showed the development of dislocation substructures, highlighting their critical
role in controlling hydrogen storage performance. Finally, the relationship between hydrogen storage and release
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kinetics and the microstructure-substructure features was discussed.

1. Introduction

With growing concerns over reducing carbon emissions and adopting
hydrogen as a clean, renewable energy source, the field of hydrogen
storage has gathered significant research interest. Among various metal
hydrides, magnesium hydride (MgHj) has emerged as a promising solid-
state hydrogen storage medium due to its relatively high storage ca-
pacity and cost-effective production [1-4]. However, the kinetics of
hydrogen absorption and desorption in magnesium alloys with coarse
grains are often suboptimal, posing challenges from both kinetic and
thermodynamic perspectives [5].

In such cases, the onset of hydrogen absorption in magnesium is
hindered by operational complexities and financial constraints arising
from the simultaneous need for elevated temperatures and pressures in a
safe environment [6]. Alternatively, utilizing ultrafine-grained or
nanostructured magnesium alloys as hydrogen hosts offers significant
advantages. These materials provide a higher density of preferred re-
action sites, leading to enhanced hydrogen absorption and desorption
kinetics.

Methods for achieving such structural refinement typically involve
high-energy and large-strain approaches, which can be broadly

categorized into powder metallurgy and bulk severe plastic deformation
(SPD) techniques. For example, Nivedhidha et al. [7] incorporated
multi-walled carbon nanotubes (MWCNTSs) into Mg-Ti binary systems
via high-energy ball milling. Their findings indicated concurrent in-
creases in crystal size and dislocation density, together with a reduction
in lattice strain, all of which influence the hydrogen storage properties of
the alloy.

However, while powder metallurgy offers certain advantages, it also
presents notable limitations, such as surface contamination, extended
processing times, fire hazards, and health risks. Moreover, activation of
magnesium alloy powders through mechanochemical techniques is
often economically and practically unviable due to the risk of unwanted
surface oxidation and potential explosion hazards, which interfere with
hydrogen storage performance [8,9].

On the other hand, bulk metal deformation techniques that induce
severe plastic strains have been considered effective methods for pro-
cessing hydrogen storage materials. Asselli et al. [10] studied the
hydrogen storage performance of severely deformed ZK60 alloys pro-
cessed via equal-channel angular pressing (ECAP) and accumulative roll
bonding (ARB), both in bulk and crushed forms, and investigated their
microstructure and morphology. Similarly, Floriano et al. [11] explored

* Corresponding author. Department of Materials Science and Engineering, Engineering Faculty, Ferdowsi University of Mashhad, Azadi Square, Mashhad, Iran.
E-mail addresses: h_vafaeenezhad @alumni.iust.ac.ir, hvafaeinezhad@um.ac.ir (H. Vafaeenezhad).

https://doi.org/10.1016/j.ijhydene.2025.04.122

Received 28 January 2025; Received in revised form 22 March 2025; Accepted 7 April 2025

Available online 27 April 2025

0360-3199/© 2025 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.


https://orcid.org/0009-0008-2219-5618
https://orcid.org/0009-0008-2219-5618
https://orcid.org/0009-0005-7331-1816
https://orcid.org/0009-0005-7331-1816
mailto:h_vafaeenezhad@alumni.iust.ac.ir
mailto:hvafaeinezhad@um.ac.ir
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2025.04.122
https://doi.org/10.1016/j.ijhydene.2025.04.122
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2025.04.122&domain=pdf

H. Vafaeenezhad et al.

Maln rall Mandrel Axlal rall
e .-—

p m,} e e~

S T o>

!fx

. J

]
=1

Guide rall " Doughnut

Fig. 1. Schematic illustration of a typical radial axial ring rolling machine.

the effect of rolling temperature and contamination on the hydrogen
storage performance of the AZ91 alloy, correlating the extent of grain
refinement to the alloy’s absorption kinetics using in-depth SEM and
XPS evaluations. Hout et al. [12] examined the hydrogen storage
properties of AZ91 and MRI 153 magnesium alloys after cold rolling and
forging, focusing on precipitation behavior and production methods,
and compared the results with pure magnesium. However, these severe
plastic deformation (SPD) methods cannot be considered practical for
industrial applications as operational hydrogen storage solutions due to
their batch processing nature and the size limitations of the final prod-
ucts. Wu et al. [13] studied the catalytic effect of in-situ formed MgyNi
and Mg,Cu intermetallic compounds (IMC) in Mg-CugAj4 composite
considering the temperature-dependency and interface effect of
hydrogen storage kinetics, thermodynamic properties, cyclic stability.
Chen et al. constructed a Ni-reinforced 3D powder metallurgy carbon
structure which was variegated with Mg to yield the Mg-based hydrogen
storage system. Based on experimental and numerical simulation data, it
was revealed that Ni deteriorates the Mg bonding to hydrogen, while
carbon cell structure improves the effective hydrogen diffusion [14].
Aguilar et al. [15] produced an as-cast Mg-based hydrogen storage
systems by adding Ni and Mishmetal which yield Mg,Ni IMC within Mg
matrix with superior chemical and oxidative resistance. Such alloying
system can achieve high gravimetric storage performance and quick
hydrogenation-dehydrogenation kinetics. [15]. Deng et al. [16] inves-
tigated the hydrogen storage properties of a series of Mg-Ti—V-Nb-Cr
high entropy alloy and focused on the impact of Mg addition on the
dehydrogenation temperature of developed alloy. Hu et al. [17] devel-
oped a rapidly solidified MggyNi,Y; alloy through melt-spinning which
is with fiber with submicron-sized as reinforcement within «-Mg grains.
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The fine uniform amorphous microstructure formed can be considered
as the main parameters for improved hydrogen storage [17]. Gorbel
et al. [18] studied the catalytic effect of the CaNix IMC as the bed for
extra inter-phase boundaries and crystal defects, which yield enhanced
hydrogen diffusion throughout Mg-based solid solution matrix and
lower its absorption and desorption temperatures. In contrast, the ring
rolling process, which is classified as a forging method, has been widely
used in the manufacturing of seamless metallic rings for various in-
dustries, including railways, gas turbine bearings, and jet engine com-
ponents [13].

As illustrated in Fig. 1, a typical ring rolling mill consists of three
main sets of rolls: radial rolls (mandrel and main roll) that control and
set the radial thickness, axial rolls that maintain and limit the height of
the forming ring, and guide rolls that preserve the round shape of the
ring during the process while ensuring the required geometric tolerances
[14]. This process offers several advantages, such as high production
rates, consistent quality, superior surface finishes, and efficient use of
materials and human resources [15].

Understanding the ring rolling process is challenging due to the
complexity and diversity of parameters involved, which lead to inho-
mogeneous strain distributions throughout the deformation process
[16]. Some of the critical factors influencing this process include the
working temperature, friction effects, reduction ratios [17], initial ma-
terial dimensions [13], idle roll feed rate [18] and the rotational speed of
the main roll [19]. Improper configuration and control of these pa-
rameters can lead to defects in the final product, such as tilting geom-
etries or the well-known fishtail defect [20]. Over the past decades,
numerous experimental, numerical, and theoretical investigations have
been conducted to analyze and optimize the ring rolling process for
magnesium alloys [21-23].

Various process factors, such as rolling force, induced torque, tem-
perature distribution, and damage probability, have been analyzed
using physical models, the upper bound method, and integrated
numerical-thermo-physical approaches [20,24,25]. Additionally, the
material flow, plastic deformation behavior during forming, and the
coupled influence of operational and metallurgical parameters have
been investigated for both cold and hot ring rolling [16,24,26] Several
studies have also focused on technological aspects and operational
phenomena of this forming process, including side spread, pressure
distribution, unwanted distortions in rings during post-process cooling,
and even the crystallographic texture and plasticity of alloys in hot
rolling [17,25-27].

This study focuses on the Mg-3Zn-1Ca-0.5Mn magnesium alloy and
explores how hot upsetting followed by ring rolling influences its
microstructural evolution and hydrogen storage performance. By
applying these plastic deformation techniques, the primary aim is to
improve the alloy’s hydrogen absorption and desorption kinetics, which

Fig. 2. The hot radial-axial ring rolling machine used in this research.
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Fig. 3. (a) Ring rolled alloy in the final step of deformation, and (b) final
product after cooling.

are critical for efficient hydrogen storage applications. The investigation
examines the synergistic effects of upsetting and ring rolling on grain
refinement, surface morphology, and the formation of crystallographic
defects, all of which play critical roles in hydrogen diffusion and reac-
tion kinetics. A comprehensive analysis links these microstructural
modifications to the observed hydrogen storage behavior, providing
insights into optimizing the alloy for practical use.

2. Experimental procedures

The starting material used in this study was ZX31 + 0.5Mn (Mg —3
wt. % Zn-1 wt. % Ca- 0.5 wt % Mn) supplied in the form of extruded bars.
The extruded rods, with a diameter of 125 mm, were cut into billets of
100 mm length. These billets were initially upset using a 1000-ton hy-
draulic press operating at a constant ram speed of 2 mm/s at 400 °C. The
upsetting process, carried out using solid upper and lower dies, imposed
a strain of approximately 0.5 on the material.

Following the upsetting process, the Mg alloy billets were pierced in
two passes at 400 °C and subsequently air-cooled. The resulting
doughnut-shaped blanks were then subjected to final radial-axial ring
rolling at 430 °C using a ring rolling mill (Wagner- Dortmund) located at
BF Steel Company, Iran (Fig. 2). The seamless rings produced had an
outer diameter (OD) of 250 mm, an inner diameter (ID) of 200 mm, and
a height (H) of 120 mm. The tooling material for all deformation rolls in
the ring rolling mill was 55NiCrMov7 quenched and tempered tool steel.

During the ring rolling process, the main roll actively rotated, while
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Fig. 4. The XRD patterns of ZX31 alloy in unprocessed state, after upsetting,
and after upsetting followed by the ring-rolling process.

the idle roll rotated freely, driven solely by the contact force exerted
through sliding friction. The idle roll fed outward and approached the
main roll. Guide rolls and axial rolls were employed to prevent ring
vibration and to eliminate fishtail defects along the axial path. Before
the hot ring rolling (HRR) process, the ring blanks were preheated to
400 °C for 2 h, while the idle roll was preheated to 300 °C. The final
dimensions of the seamless rings showed negligible changes in height, as
shown in Fig. 3. The mandrel radial force was monitored to serve as a
criterion for finite element method (FEM) validation. The main roll
speed was set to 200 rpm, and the idle roll feed rate was maintained at
10 mm/s. The total strain imposed during the process was approxi-
mately 1.35, calculated based on the initial and final dimensions of the
ring.

Before the hot ring rolling (HRR) process, the ring blanks were
preheated to 400 °C for 2 h, while the idle roll was preheated to 300 °C.
The final dimensions of the seamless rings showed negligible changes in
height. The mandrel radial force was monitored to serve as a criterion
for finite element method (FEM) validation.

For phase analysis and quantitative micro-state variable, X-ray
diffraction (XRD) analysis was performed using a Bruker D8 Advance
with Cu-K, radiation. Microstructural evolution was studied using op-
tical microscopy (OM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). SEM micrography was per-
formed using a KYKY E8000 microscope, while TEM analysis was con-
ducted using a ZEISS LEO912 microscope operating at 120 kV.

Hydrogen absorption and desorption kinetics were measured using
an in-house Sieverts apparatus. Samples weighing approximately 100
mg were heated to 350 °C under vacuum, and hydrogen absorption and
desorption were recorded under pressures of 2 MPa and 100 kPa of H,
respectively.

3. Results and discussions
3.1. XRD pattern analysis
The XRD patterns of the ZX31 magnesium alloy for the un-processed,

upsetted, and ring-rolled samples are shown in Fig. 4. The primary phase
in all samples was indexed as a hexagonal close-packed (hcp) structure,
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which is the crystal structure of magnesium. The relative intensity of the
peaks associated with the hcp crystals provides insight into the domi-
nant active deformation mechanisms in the material. For a typical pre-
deformed material, the relative intensity ratio of the basal plane to the
pyramidal plane is approximately 0.36 [10]. However, when the alloy is
deformed under upsetting conditions, a preferred orientation develops
along the basal plane of the hcp crystals (0001). Specifically, the in-
tensity ratio of the basal plane to the pyramidal (101 1) increases
significantly to 1.8, which is substantially higher than the unbiased
preference observed in raw magnesium material.

In contrast, under ring-rolling deformation conditions, the orienta-
tion along the pyramidal (101 1) and prismatic ((101 0) and (112 0))
planes becomes more pronounced, facilitating the material’s ability to
accommodate deformation. This indicates that in the ‘upsetted + ring-
rolled’ sample, the basal plane remains dominant, while the pyramidal
and prismatic planes are effectively contributing to accommodate the
imposed strain. This texture-weakening phenomenon is commonly
observed in Ca-containing Mg alloys subjected to hot deformation pro-
cesses [28] and is associated with improved mechanical properties,
including higher fracture elongation and reduced yield asymmetry [29].

Additionally, contraction twinning {101 2}(101 1) is activated under
tensile loading causing a 86.3° lattice reorientation and an extension
along the c-axis of the twinned grains [1].

Fig. 4 also reveals the presence of low-intensity peaks corresponding
to secondary phases along with the a(Mg) phase. Previous studies [28,
30,31] have identified these secondary phases as the ternary interme-
tallic compound CayMggZns (JCPDS Card No. 12-0266) and CaMgy
(COD ID: 1,536,923, Crystallography Open Database). The relatively
weak diffraction peaks of these phases are relatively weak, commonly
observed in similar research [30,32-34], can be attributed to the low
alloying content and the limited volume fraction of this phase [33].
Furthermore, the structural and compositional characteristics of these
phases are significantly influenced by the alloy’s nominal composition,
the Zn-to-Ca ratio, and its processing history [30].

3.2. Deformation and restoring mechanisms

The thermomechanical processing enhances hydrogen storage per-
formance through three primary mechanisms. First, grain refinement
plays a critical role by increasing the density of grain boundaries, which
act as high-energy sites for hydrogen absorption and provide shorter
diffusion paths for hydrogen atoms. Additionally, continuous dynamic
recrystallization (CDRX) at high strain rates generates subgrain bound-
aries around newly formed grains, further facilitating hydrogen diffu-
sion within the grains. This microstructural refinement ensures that
hydrogen atoms can penetrate more efficiently, improving both ab-
sorption and desorption kinetics.

Second, mechanical twinning and anti-phase boundaries (APBs)
introduced during deformation provide additional high-energy path-
ways for hydrogen diffusion. Although the energy of these features is
lower than that of primary grain boundaries, they significantly
contribute to enhancing hydrogen transport. Mechanical twins, in
particular, create localized regions of high strain, which act as prefer-
ential sites for hydrogen absorption and desorption. Similarly, APBs
formed during deformation provide additional interfaces that facilitate
hydrogen diffusion, further optimizing the alloy’s hydrogen storage
performance.

Third, the strain distribution within the processed samples creates a
gradient of high-energy sites, particularly in the central regions of the
upsetted samples. This gradient enables hydrogen atoms to penetrate
more effectively from the surface to the interior, ensuring uniform
hydrogen distribution throughout the material. The combination of
these mechanisms—grain refinement, twinning/APBs, and strain dis-
tribution—demonstrates that the thermomechanical processing param-
eters (temperature, strain rate, and deformation mechanisms) directly
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Fig. 5. Optical micrograph of the as-received material.

influence both microstructure and hydrogen storage performance.

3.2.1. Initial material characterization

The initial microstructure of the unprocessed material is shown in
Fig. 5 The micrograph reveals equiaxed grains with an average size of 54
+ 7 pm. Variations in corrosion behavior during etching are likely due to
differences in the crystallographic orientation of the grains relative to
the sectioned surface. Mechanical twins are observed in some grains,
often extending across their entire width.

3.2.2. Hot deformed structures

The microstructure of the sample after 50 % height reduction by
upsetting is presented in Fig. 6a.

The deformation process has clearly induced dynamic recrystalliza-
tion (DRX) near grain boundaries, where the compressive force is most
intense. This resulted in the replacement of elongated grains with
smaller, newly formed DRXed grains. The higher magnification in
Fig. 6b reveals additional details, including ultrafine precipitates
dispersed within the recrystallized grains and along grain boundaries.
These precipitates are likely a result of dynamic precipitation during
thermomechanical processing, as they align with the expected behavior
of alloy systems undergoing severe plastic deformation [31]. Grains with
distinct boundaries and evidence of significant refinement are also
noticeable. The average DRXed grain size after upsetting is reduced to
approximately 1 pm, although some elongated grains remain visible.

The ring-rolling process further refines the microstructure, as shown
in Fig. 6¢, with an enlarged view in Fig. 6d. The ring-rolling operation
promotes additional DRX, as indicated by the emergence of very fine,
uniformly distributed grains throughout the matrix. The microstructure
in Fig. 6d highlights a further reduction in grain size, with a higher
fraction of DRXed grains compared to the upset sample. The density of
precipitates is also more prominent. These ultrafine precipitates are
uniformly distributed, which suggests enhanced dynamic precipitation
during the ring-rolling process.

A noteworthy feature observed in both processes is the formation of
mechanical twins. These twins are visible in Fig. 6b and d, traversing
entire grains in some cases. Twinning activity is particularly pronounced
in the ring-rolled sample, as confirmed by the XRD patterns. The higher
energy levels associated with twin boundaries, compared to the matrix
grains, makes them effective pathways for hydrogen diffusion, much like
grain boundaries.

Moreover, deformation-induced cracking in the bulk sample exposes
rough surfaces. These rough interfaces increase the exposed surface
area, further facilitating hydrogen sorption. Such structural character-
istics play a crucial role in determining the material’s performance
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Fig. 6. Optical micrographs of the processed Mg-3Zn-1Ca-0.5Mn alloy showing microstructural evolution during thermomechanical processing; (a) overall
microstructure after 50 % height reduction by upsetting; (b) higher magnification of (a) showing ultrafine precipitates within recrystallized grains and along grain
boundaries (arrows); (c) microstructure after the ring-rolling process, highlighting further grain refinement and dynamic recrystallization; and (d) higher magni-
fication of (c), revealing an increased density of ultrafine precipitates and deformation twins.

Fig. 7. (a) TEM bright-field image highlighting the microstructural features at the interface between the DRXed region and a coarse deformed grain. (b) High-

magnification image.
under hydrogen-rich environments.

3.2.3. TEM characterization

Fig. 7a presents a TEM bright-field image of the processed alloy
confirming and expanding upon the observations made via optical mi-
croscopy (Fig. 6d). Closer examination validated the formation of fine
intermetallic precipitates (highlighted with green arrows) and a
remarkable grain refinement achieved through hybrid hot deformation
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processing, i.e., upsetting and ring rolling. These well-dispersed pre-
cipitates, only a few nanometers in size, are located both within the
grain interiors and along grain boundaries, as observed in the optical
microscopy. This supports the hypothesis of dynamic precipitation
occurring during the thermomechanical processing stages, including
upsetting and ring rolling, which aligns with the XRD findings [31]. It is
widely recognized that the addition of microalloying elements, such as
Zn, Ca, and Mn, to Mg alloys promotes dynamic precipitation. Among
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Fig. 8. The hydrogen sorption schematic of Mg hydrogen storages.

these, Ca and Zn are prone to forming Ca-Zn clusters due to the
significantly negative enthalpy of mixing between Ca and Zn, which is
lower than that of Mg-Zn or Mg-Ca [35]. This segregation creates an
energetically favorable condition for the nucleation of dynamic pre-
cipitates during deformation [28,36].

Of the box in (a) depicting dislocation tangles, precipitates (green
arrows), dislocation substructures (red dashed lines) and Orowan loops
(yellow dashed ovals).

These precipitates enhance hydrogen absorption and desorption ki-
netics by reducing the activation energy required for hydrogen uptake
and release. Additionally, they contribute to the structural stability of
the alloy during hot deformation, directly influencing its final me-
chanical properties [10].

Grain refinement is another key factor enhancing the alloy’s
hydrogen storage properties. The reduction in average grain size in-
creases the density of grain boundaries, which act as energetically
favorable sites for hydrogen absorption. Moreover, these grain bound-
aries facilitate the nucleation of hydride phases [31].

The high density of dislocations, as observed in the TEM image,
provides additional diffusion pathways, further accelerating hydrogen
transport kinetics. This dislocation density also contributes to the for-
mation of dislocation substructures (indicated by red dashed lines in
Fig. 7b) during severe plastic deformation. Recent studies [37,38]
confirm that dislocation networks not only facilitate hydrogen diffusion
but also reduce diffusion barriers, thereby enhancing absorption and
desorption kinetics. Additionally, the presence of dislocation sub-
structures stabilizes the hydride phases and promotes uniform hydrogen
distribution during repeated absorption and desorption cycles [10].

Notably, the presence of fine second phases triggers dislocation
multiplication (illustrated by Orowan looping in dashed ovals). The
resulting increase in dislocation density, in turn, further enhances dy-
namic precipitation [39].

Another noteworthy feature in Fig. 7 is the heterogeneous micro-
structure characterized by both recrystallized regions and coarsely
deformed grains, plays a critical role in enhancing the alloy’s hydrogen
storage capabilities. This structure not only provides energetically
favorable sites for hydrogen absorption but also facilitates improved
hydrogen transport kinetics.
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Fig. 9. Hydrogen storage performance of a conventional undeformed Mg alloy.

The combined effects of grain refinement, dislocation substructures,
and precipitates create a synergistic relationship between thermo-
mechanical processing and microstructural optimization, significantly
improving the alloy’s hydrogen storage properties. Moreover, this het-
erogeneous microstructure effectively reduces the kinetic barriers that
typically hinder reversible hydrogen storage, thereby enhancing the
efficiency and durability of the material in practical applications.

3.3. Hydrogen sorption behavior

The reaction between magnesium and hydrogen consists of several
distinct steps. During hydrogen absorption, the process involves phys-
isorption, dissociation of hydrogen molecules, chemisorption, and
diffusion into subsurface and bulk lattice sites, ended with hydride
formation through nucleation and growth. For desorption, magnesium
hydride decomposes, and hydrogen atoms diffuse to the surface,
recombine into hydrogen molecules, and physically desorb (Fig. 8).

The hydrogen absorption and desorption rates in magnesium-based
hydrides are controlled by the slowest step in the reaction sequence.
This rate-limiting step can be identified using sorption kinetics modeling
[39]. Enhancing sorption kinetics can be achieved through several
strategies. One critical factor is the microstructure. Grain boundaries,
characterized by lower atomic packing density, facilitate faster diffusion
than the lattice and serve as favorable nucleation sites for hydride for-
mation and decomposition [40]. Moreover, recent studies [37,38] have
demonstrated that a high dislocation density creates additional fast
diffusion pathways, modulate local strain fields, and alter hydrogen
binding energies, effectively reducing the diffusion barrier.
First-principles calculations have further shown that microstructural
defects like dislocations and grain boundaries enhance hydriding/de-
hydriding kinetics by modifying the local electronic structure [41]. The
in-situ formed precipitates such as CaMg, catalyze Hy dissociation at
interfaces through destabilizing MgH, and lowering the hydriding
enthalpy [42]. These microstructural features synergistically enhance
hydrogen absorption and desorption kinetics.

Another key parameter is the material’s outer dimension, analogous
to particle size in powdered materials. Smaller dimensions increase the
surface area available for surface reactions and reduce the diffusion path
length for hydrogen within the material. Finally, the addition of suitable
catalysts or additives significantly improves sorption kinetics. These
catalysts can act as nucleation sites, influence grain and particle size,
and catalyze surface reactions.

To optimize absorption kinetics, it is crucial to minimize the
hydrogen diffusion path length, which can be achieved by reducing both
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Fig. 10. Kinetic curves showing the initial hydrogen (a) absorption and (b) desorption behaviors of the upsetted and ring-rolled samples. The blue dash-dot curve
corresponds to the sole upsetting process, while the red curve represents the upsetted and ring-rolled samples. Panels (c) and (d), respectively, depict the corre-
sponding hydrogen absorption and desorption curves after the samples were crushed. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

grain and particle sizes [43]. According to Barkhordarian et al. [39],
desorption kinetics are primarily limited by surface reactions. Therefore,
increasing the surface area (e.g., through smaller particle sizes) and
using catalysts can enhance desorption performance. In this study, all
controlling factors, including grain size, particle size, and the presence
of catalysts, are assessed to comprehensively evaluate the sorption
behavior of the modified ZX31 alloy.

3.3.1. Effect of thermomechanical process

To evaluate the effect of thermomechanical processing on hydrogen
storage performance, the hydrogen absorption and desorption kinetics
of the undeformed (original) sample were measured and compared with
those of the upsetted and ring-rolled samples. Fig. 9 shows the kinetic
curves for the undeformed sample, which exhibits a hydrogen absorp-
tion capacity of 0.2 wt% and 0 wt% within 30 min and desorption
temperatures of 300 °C and 400 °C, respectively. These values are
significantly lower than those of the upsetted and hybrid-processed
samples, highlighting the critical role of thermomechanical processing
in enhancing hydrogen storage performance [44].

Fig. 10a illustrates the kinetic curves for the initial hydrogen ab-
sorption (activation curve) of the upsetted and ring-rolled samples. The
absorption tests were conducted at room temperature (25 °C), while the
desorption tests were performed at a constant temperature of 325 °C.
This desorption temperature is notably lower than the typical temper-
atures reported for similar Mg-based alloys, which is attributed to the
addition of Mn to the alloy composition. Mn acts as a catalytic agent,
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significantly reducing the desorption temperature. At higher concen-
trations, Mn has been reported to further reduce the hydrogen desorp-
tion temperature, reaching values as low as 250 °C, as reported in a prior
study [45].

Conducting hydrogen absorption and desorption experiments at a
constant temperature provides a controlled environment to directly
compare the kinetics of these processes in the alloy. However, incor-
porating variable temperature tests in future studies would offer a more
comprehensive understanding of the thermodynamic properties and
help optimize the hydrogen storage performance of the alloy.

In the sole upsetting process, represented by the red dash-dot curve,
the maximum hydrogen absorption reaches 8 wt% within 30 min. The
ring-rolled sample, shown by the blue dashed curve, achieves a slightly
higher absorption level within the same timeframe. Interestingly, the
7ZX31 alloy samples processed solely through upsetting demonstrate
higher absorption performance compared to other proposed hydrogen
storage materials, such as ZK60 processed via equal-channel angular
pressing (ECAP) and accumulative roll-bonding (ARB) [46], as well as
the AZ91 alloy [11].

It is worth mentioning that a slight delay in hydrogen absorption is
observed in the hybrid processed (upsetted + ring-rolled) samples,
hindering sorption kinetics during the first 10 min. This delay is likely
due to the higher surface area of the ring-rolled sample, which promotes
rapid oxidation, forming a magnesium oxide (MgO) layer that obstructs
hydrogen penetration. Although the increased strain from the ring-
rolling process refines grain size and creates more crystallographic
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Fig. 11. SEM micrograph of the ring-rolled sample surface. The detected Mg
and O (inset table) at the marked location suggest the presence of magnesium
oxide (MgO).

Fig. 12. SEM micrographs of crushed samples processed by (a) upsetting and
(b) upsetting followed by ring rolling.

defects—both favorable for hydrogen absorption—the MgO layer on the
surface must first be disrupted. In the ring-rolled sample, this disruption
process took approximately 10 min, after which the fine-grained inner
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structure enhanced hydrogen absorption.

Although ring-rolling processing improves hydrogen absorption
overall, the hydrogen capacity remains below the maximum absorption
potential during the first 15 min. This limitation can be attributed to the
samples’ morphology, particularly the low surface-to-volume ratio. To
address this drawback, the upsetted + ring-rolled samples were crushed
into smaller pieces.

To evaluate the influence of the surface oxide layer on hydrogen
absorption, energy-dispersive X-ray spectroscopy (EDS) was performed
on the ring-rolled sample surface (Fig. 11). The analysis confirmed the
presence of a surface oxide layer, with 61 wt% magnesium (Mg) and 39
wt% oxygen (O).

Fig. 11 shows that the oxide layer is distributed uniformly across the
surface, with localized regions of higher oxygen concentration. These
oxide layers will act as a barrier to hydrogen permeation during the
initial stages of absorption, explaining the lower absorption rate
observed in the ring-rolled sample during the first 10 min (Fig. 10a).
Once the oxide layer is disrupted, either through mechanical cracking or
chemical reduction during hydrogen exposure, the underlying micro-
structure (e.g., grain boundaries, dislocations, and intermetallic phases)
becomes accessible, leading to enhanced hydrogen absorption kinetics.

These findings highlight the critical role of surface conditions in
controlling hydrogen absorption behavior and provide direct evidence
of the oxide layer’s influence on the initial absorption kinetics.

3.3.2. Effect of crushing

While microstructural refinement improved the sorption behavior of
the alloy, further enhancement in hydrogen storage capacity and
transfer kinetics can be achieved by increasing the exposed surface area.
To this end, the deformed alloy was subsequently crushed into smaller
particles.

Fig. 12 shows SEM micrographs of the crushed samples following (a)
the upsetting process and (b) the upsetting combined with ring-rolling
process. The particle surfaces in both samples predominantly exhibit
ruptures along grain boundaries. These ruptures primarily occur in
newly recrystallized grains, which formed alongside the original high-
angle grain boundaries. A critical feature influencing the absorption
capacity of the crushed samples is the roughness of the ruptured sur-
faces, which enhances the material’s exposure to the hydrogen atmo-
sphere and significantly improves hydrogen sorption behavior.

Kinetic curves of the post-crushed hydrogen absorption and
desorption behaviors of the upsetted and ring-rolled samples are pre-
sented in Fig. 10c and d, respectively. Here, the blue curve corresponds
to the sample processed through the sole upsetting process, while the red
one represents the upsetted + ring-rolled sample. The absorption curve
reaches its maximum potential after approximately 15 min of hydrogen
exposure. However, the maximum hydrogen release within a 30-min
timeframe is measured at 3 wt%, which is considerably lower
compared to prior studies on AZ31 and ZK60 alloys [11,46].

The desorption curves of the crushed sample exhibit a declining
trend without reaching a plateau within the first 30 min. This behavior
contrasts with that of the non-crushed sample, which plateaus after
approximately 20 min, indicating near-complete desorption. The
continued decline in the crushed sample’s desorption curve suggests that
extending the desorption time could enable the alloy to release signifi-
cantly more hydrogen than measured within the 30-min timeframe.
While the current data do not include extended desorption measure-
ments, the observed trend highlights the potential for further hydrogen
release beyond the studied duration, consistent with findings in prior
studies [39,46]. Future work will focus on extending the desorption time
to fully characterize the total hydrogen release capacity of the crushed
samples.

The results (Fig. 10a and b) demonstrate the potential of the
“upsetted + ring-rolled” sample as a promising option for hydrogen
storage applications. This hybrid-processed sample, when further
crushed (Fig. 10c and d), displays improved hydrogen sorption kinetics



H. Vafaeenezhad et al.

800

— e |

30

0

a0 [ el

Fig. 13. Alloying elements solubility into the Mg matrix of ZX31 material.

and capacity, primarily due to the enhanced surface roughness and
reduced grain size resulting from the combined processing methods.

Overall, the crushed particle morphology plays a significant role in
improving hydrogen absorption by increasing the material’s exposure to
the hydrogen atmosphere. The hybrid processing method enhances this
effect, making the upsetted + ring-rolled sample a competitive candi-
date for advanced hydrogen storage applications.

It is worth mentioning the development of a kinetic model for this
SPD-processed alloy is complicated by its multiphase microstructure and
defect-rich architecture. Heterogeneous reaction pathways, arising from
competing processes such as Hy dissociation at catalytic interfaces and
hydrogen diffusion through phase-segregated precipitates, invalidate
simple kinetic models [47]. Furthermore, localized pressure gradients
within the DRXed microstructure may dynamically change rate-limiting
mechanisms [48]. These complexities highlight the need for hybrid
models integrating phase-specific diffusion barriers and defect-driven
nucleation terms, which will be explored in future work.

3.3.3. Effect of alloying elements

Thermomechanical processing is an effective method to enhance the
hydrogen sorption performance of magnesium-based alloys. Beyond
this, alloying magnesium (Mg) with selected elements presents an
additional strategy to improve its hydrogen storage properties. Incor-
porating alloying elements that do not form hydrides can significantly
influence the stability of the hydride MgH; phase. By substituting
magnesium with elements that form less stable hydrides, the overall
enthalpy of the hydriding reaction is reduced, enabling hydrogen to be
released at lower temperatures [49,50].

Furthermore, alloying can introduce new high-energy diffusion
pathways that facilitate the movement of hydrogen atoms within the
material. These pathways enhance hydrogen transport to inner regions,
improving both the kinetics and capacity of hydrogen sorption. This
dual benefit of reduced desorption temperatures and accelerated
hydrogen diffusion underscores the critical role of alloying in advancing
the performance of magnesium alloys for hydrogen storage applications.

For the ZX31 alloy, the synergistic coexistence of CaMg, and MgH;
phases plays a crucial role in enhancing hydrogen storage capacity and
kinetics. The CaMg, phase destabilizes MgH,, effectively lowering the
enthalpy of the hydrating reaction, which facilitates hydrogen release at
lower temperatures. Moreover, CaMg; acts as a catalyst by accelerating
hydrogen absorption and desorption rates through the creation of
additional diffusion pathways for hydrogen atoms [37]. The formation
of CaMg; also contributes to the refinement of the alloy’s microstruc-
ture, increasing the available surface area for hydrogen absorption while
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reducing diffusion distances for hydrogen atoms [38]. This refined
microstructure not only improves the hydrogenation kinetics but also
enhances the material’s overall efficiency. Furthermore, CaMg5 supports
the structural integrity of the alloy during repeated hydrogenation and
dehydrogenation cycles, significantly improving cycling stability and
extending the material’s lifespan [37]. These combined advantages
underscore the potential of alloying magnesium with calcium as an
effective strategy for optimizing hydrogen storage performance, making
ZX31 a promising material for advanced hydrogen storage applications.

Another effective strategy for destabilizing magnesium hydride
(MgHy) systems, as incorporated in the current alloy, is the formation of
an Mg-based solid solution [49]. This method significantly enhances the
hydrogen sorption performance of the ZX31 alloy. According to the
Mg-Zn binary phase diagram (Fig. 13), zinc exhibits high solubility in
magnesium, starting at 3 wt% at room temperature and increasing to
6.2 wt% at 340 °C [39]. This solid solution strategy involves introducing
minor modifications to the structure and composition of magnesium,
which adjusts its thermodynamic stability while maintaining its
hydrogen storage capacity.

This approach is particularly advantageous because it improves the
kinetics of hydrogen absorption and desorption, addressing one of the
key challenges associated with Mg/MgH, systems [50]. The XRD pattern
of the processed samples shows several weak peaks corresponding to the
Mgo.971Zn¢,029 solid solution. The formation of this solid solution con-
tributes to the enhanced hydrogen sorption kinetics observed in both
bulk and crushed samples during absorption and desorption. Addition-
ally, the activation of mechanisms associated with the solid solution
further improves the sorption behavior, making this strategy a valuable
tool for optimizing the hydrogen storage performance of the ZX31 alloy.
FactSage version 7.2 was used in this study which is an integrated
thermodynamic database of chemical thermodynamics. After perform-
ing a variety of thermochemical calculations and for the studied phase
diagrams and chemical equilibria for these multiphase systems, the
solubility of different solutes in Mg matrix was calculated (Fig. 13).

The inclusion of Mn in the Mg-3Zn-1Ca-0.5Mn alloy is motivated by
its role as a transition metal (TM) additive, which is well-documented to
enhance hydrogen sorption behavior in Mg-based systems [51]. Tran-
sition metals, including Mn, form intermetallic phases with Mg (e.g.,
MgsMn) during alloy preparation. These phases act as catalytic sites that
lower the activation energy for hydrogen dissociation and recombina-
tion, thereby accelerating absorption/desorption kinetics [1,2]. While
binary Mg-TM alloys (e.g., MgyNi, MgoFe) exhibit reduced hydrogen
storage capacity compared to pure MgH; (7.6 wt% theoretical), their
improved thermodynamic and kinetic properties make them indis-
pensable for practical applications [3].

Mn, in particular, contributes to the destabilization of MgH, by
introducing lattice strain and defects, which lowers the enthalpy of
hydrogen desorption. This effect is synergistic with Zn and Ca, which
independently refine the microstructure and inhibit oxide formation.
For instance, Knotek and Vojtéch [14] demonstrated that ternary
Mg-Ni-TM alloys (TM = Mn, Co, Cu, etc.) exhibit enhanced hydrogen
diffusion rates due to the catalytic activity of TM additives. In their
work, Mn-containing alloys showed improved hydriding/dehydriding
kinetics even in as-cast states, emphasizing the importance of TM ad-
ditives in overcoming kinetic limitations.

Furthermore, Mn improves cyclic stability by mitigating particle
agglomeration during repeated hydrogenation cycles, a common issue in
pure Mg systems. Its low solubility in Mg promotes the formation of
secondary phases at grain boundaries, which serve as hydrogen diffusion
pathways. This mechanism aligns with our observations of reduced
desorption temperatures and faster kinetics in the Mn-modified alloy.
Thus, the addition of Mn complements the roles of Zn and Ca, collec-
tively optimizing the alloy’s hydrogen storage performance.

In addition to the CaMgs phase, the CasMggZn3 phase plays a critical
role in the microstructure and hydrogen storage performance of the
ZX31 alloy. During solidification, CasMgeZns forms first and acts as a
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Fig. 14. SEM images of the surface morphology of the Mg-3Zn-1Ca-0.5Mn alloy during hydrogenation; (a) before immersion, (b) after 5 min immersion, (c) after 30

min immersion, (d) the magnified image of (c).

grain refiner by inhibiting excessive dendritic growth, resulting in a
finer as-cast microstructure [52]. This refined structure enhances the
effectiveness of subsequent thermomechanical processing, such as hot
upsetting and ring rolling, in achieving an even finer grain size [53].

During hot deformation, the brittle CasMggZng and CaMg, phases,
which segregate at grain boundaries, fracture and become preferential
sites for dynamic recrystallization (DRX). This ensures that these phases
are distributed not only at grain boundaries but also within the grain
interiors. When the alloy undergoes hydrogen absorption/desorption
cycles, the surfaces of the grains that are in direct contact with the
hydrogen atmosphere develop microcracks after dehydrogenation [52].
These microcracks enhance hydrogen absorption in subsequent cycles
by increasing the surface area and providing additional pathways for
hydrogen diffusion.

Furthermore, the presence of CasMggZng throughout the micro-
structure (as confirmed by SEM images in Fig. 14) ensures that the entire
structure, rather than just the grain boundaries, participates in hydrogen
absorption and desorption. This phase, along with CaMgs, weakens the
covalent bonding between hydrogen and magnesium atoms, thereby
reducing the desorption temperature and improving the overall
hydrogen storage performance [53].

The synergistic effect of these phases highlights the importance of
microstructural control in optimizing the hydrogen storage properties of
Mg-based alloys. Future work will focus on further investigating the role
of microcracks and phase distribution in enhancing hydrogen absorp-
tion/desorption kinetics.

4. Summary and conclusions

A commercial ZX31 magnesium alloy, enhanced with 0.5 wt% Mn,
was subjected to thermomechanical processing via industrial scale
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upsetting and ring rolling to investigate its hydrogen storage behavior.

1. The hydrogen sorption performance of the alloy improved signifi-
cantly as a result of the processing. Specifically, upsetting and up-
setting combined with ring-rolling increased the hydrogen
absorption capacity to 8 wt% and 10 wt% within 30 min,
respectively.

. Both the sole upsetting and the hybrid upsetting + ring-rolling pro-
cesses noticeably enhanced the hydrogen desorption behavior. The
hybrid-processed alloy was able to release 6 wt% of its hydrogen
content within 20 min.

. Further processing, such as crushing, if applied, can enhance the
hydrogen absorption kinetics in both the solely upset and hybrid-
processed samples, providing an additional boost to the sorption
performance.
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