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Abstract

Ti-based hydrogen storage alloy is one of the most common solid-state hy-
drogen storage materials due to its high hydrogen absorption capacity, low
dehydrogenation temperature and rich resources. This paper mainly presents
the influence of several different preparation methods of Ti-based hydrogen
storage alloys on the hydrogen storage performance including traditional
preparation methods (smelting, rapid quenching and mechanical alloying)
and novel methods by plastic deformation (cold rolling, equal channel angu-
lar pressing and high-pressure torsion). The microstructure analysis and hy-
drogen storage properties of Ti-based alloy are summarized thoroughly cor-
responding with the preparation processes mentioned above. It was found
that slight introduction of lattice defects including dislocation, grain boun-
dary, sub-grain boundary and cracks by severe plastic deformation (SPD) was
beneficial to improve the hydriding/dehydriding kinetic characteristic. How-
ever, the nonuniform composition and residual stress of the alloy may be
caused by SPD, which is not conducive to the improvement of hydrogen sto-
rage capacity. In the future, it would be expected that new methods and
technologies combined with dopant and modification are applied to Ti-based
hydrogen storage alloys to make breakthroughs in practical application.

Keywords

Ti-Based Alloy, Preparation Methods, Hydrogen Storage Performance,
Severe Plastic Deformation, Lattice Defects

1. Introduction

Hydrogen energy is considered as a promising alternative energy in the future
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due to its low cost, high energy density, eco-friendly and renewable characteris-
tics [1] [2] [3] [4]. Compared with gaseous and liquid hydrogen storage, solid
hydrogen storage has the advantages of high hydrogen storage capacity, conve-
nient transportation, high energy density and excellent security [5] [6]. A US
Department of Energy (the US Doe) funded project in recent years intends to
develop metal hydride compressors for high pressure (>875 bar) hydrogen deli-
very to refuel fuel-cell-powered vehicles. In addition, many companies and in-
stitutions around the world are also involved in the development of metal hy-
dride compressors including HYSTORE Technologies Ltd. (Cyprus), HySA Sys-
tems Centre of Competence, HYSTORSYS AS (Norway), South African Institute
for Advanced Materials Chemistry, both hosted by the University of the Western
Cape (South Africa) as well as SKTBE OAO (Russia) [7]. Studies have shown
that metal hydride hydrogen storage and compression technology have been
proved to be effective in small and medium-sized energy storage systems [8].
Therefore, the development trend of hydrogen energy in the future is bright and
promising, but it still faces serious challenge on how to achieve safe and efficient
storage of hydrogen energy. Currently, hydrogen storage systems are mainly di-
vided into two types involving physical storage and materials-based storage (as
shown in Figure 1). This paper focuses on Ti-based hydrogen storage alloys in
materials-based storage system.

Hydrogen storage alloy is composed of two elements. The A site element has a
strong affinity with hydrogen and is mainly distributed in IA-VB group metals,
such as Ti, Zr, Ca, Mg, V, Nb, Hf, Re (rare earth elements); the B site element is
scarcely hydrogen absorption capacity, which controls the reversibility of ab-
sorption/dehydrogenation cycle and regulates enthalpy change and decomposi-
tion pressure, such as Fe, Co, Ni, Cr, Cu, Al, etc. At present, a variety of hydro-
gen storage alloys have been developed, according to the main elements of hy-

drogen storage alloy classification: rare earth series, magnesium series, titanium
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Figure 1. (a) Compressed hydrogen and materials-based hydrogen storage [10]. (b) Schematic representation including various

nanomaterials as potential candidates for solid-state hydrogen storage, and some methods to enhance their storage capacity [9].
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series, vanadium based solid solution and zirconium series, etc. In terms of the
intermetallic compounds, hydrogen storage alloys are classified as AB, (CaCu,
structure), AB, (Laves phase) [11], AB (CsCl structure) and A,B (AlB, structure)
[5].

Ti-based alloys are widely used in the field of hydrogen storage. Except TiFe,
all of them are AB, type (A = Ti, Zr, B = Cr, Mn, Ni, V), which are likely to form
BCC structure and C14 laves phase. Compared with AB,/AB,/AB alloy, Ti-based
alloy has higher hydrogen storage capacity at room temperature. Compared with
magnesium-based hydrogen storage alloys, Ti-based alloy has lower working
temperature and enthalpy change value [12] [13]. It is commonly used as sol-
id-state hydrogen storage, Ni-MH rechargeable battery as well as metal hydride
compressor [14]. For a long time, Ti-based hydrogen storage alloys was prone to
activation difficulty, surface poisoning, be poor kinetic characteristic and low
dehydrogenation capacity at room temperature [15] [16]. In recent years, studies
have shown that samples undergo mechanical deformation such as high-pressure
torsion (HPT), forging, ball milling (BM) and cold rolling (CR), which can boost
the first hydrogenation (activation) of metal hydrides by making defects and re-
ducing the size of microcrystal to nanocrystalline [17] [18]. Furthermore, the
electrochemical properties of the alloy can be enhanced by BM method coated
with porous film. So far, some extensive attempts have been made on the prepa-
ration direction of Ti-based hydrogen storage alloy with following main ap-
proaches. Firstly, the comprehensive properties were investigated through the
combination of element doping and preparation method. Secondly, organic cat-
alytic materials were combined with the preparation technology to form a spe-
cial structure so as to facilitate hydrogen absorption. Third, different preparation
methods were compared and analyzed to obtain the best preparation scheme.
This paper summarizes and analyzes the preparation methods in recent years to
further understand the influence of the preparation methods on the hydrogen
storage properties of the sample (kinetic performance, cyclic stability, hydrogen
absorption/dehydrogenation capacity, etc.). It is expected to provide beneficial
information to the researchers and promote the development of hydrogen sto-

rage alloys in the future.

2. Preparation Methods
2.1. Smelting

At present, the smelting methods are generally used in Ti-based hydrogen sto-
rage alloys involving arc smelting, induction melting and maglev melting,
among which arc smelting under vacuum condition is a traditional method to
prepare Ti-based alloys. Ti-Mn-V system alloy prepared by arc smelting, which
was found that proper addition of vanadium increased hydrogen absorption and
reduced platform pressure [19]. [3] and [20] fabricated Ti-V-Cr system alloys by
vacuum arc melting combined with heat treatment, discovering that the kinetic

properties of hydrogenation/dehydrogenation were significantly improved when
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the two preparation processes were combined. Compared with arc melting, in-
duction smelting was mostly employed for the smelting of volatile elements (La,
Mg, Y, Ni, Mn, etc.). [21] obtained high purity Ti,;Zr;Ni,, alloy by induction
smelting. [22] produced Ti-V system alloy under vacuum condition using in-
termediate frequency induction furnace. However, its hydrogen absorption ca-
pacity was only 1.25% and hydrogen dehydrogenation capacity was 0.85%,
which was attributed to the chemical reaction between Ti-V alloy and crucible
during the preparation. Therefore, it is necessary to ensure that the fused alloy
do not react with copper crucible under high temperature environment during
smelting and consider that volatile elements may cause uneven chemical compo-
sition of the alloy. Levitation melting technology is suitable for active metals, re-
fractory alloys, high-purity materials and highly contaminated samples. [23]
prepared high-purity Ti-V based alloys by levitation smelting to explore the mi-
croscopic phase composition of the samples. Moreover, uniform and high-purity
Ti;Cr,,Vy, alloy was also gained by levitation smelting and the initial hydrogen
storage capacity only decreased by 1.4% after 500 cycles, which exhibited excel-
lent cycling stability [24]. Arc smelting is extremely conventional method to ap-
ply to Ti-based hydrogen storage alloys by comparing with the remaining two
smelting methods, because it is more suitable for the requirements of practical

application such as low cost, high efficiency as well as simple operation.

2.2. Rapid Quenching

Rapid quenching (RQ) as a rapid cooling way could obtain thin belt of uniform
mass from amorphous to microcrystalline state, and then acquired nanocrystal-
line after heat treatment. Amorphous samples with high strength, high hardness
and excellent corrosion resistance could be formed through RQ [21] [25] [26]
and [27] made Ti-Zr-Ni icosahedral quasicrystals (I phase) with the rotational
symmetric phase of icosahedral point group by RQ, which could provide more
tetrahedral gap positions occupied with hydrogen atom to significantly improve
the hydrogen storage capacity of Ti-based alloy [28] [29]. Meanwhile, I phase
could be used as a negative material for NiMH batteries due to its high discharge
capacity [30]. In addition, [31] adopted the segmented quenching process at
800°C - 950°C, which reduced the strain softening performance and caused the
dynamic phase transition from S phase to a phase. In the process of sample
preparation, RQ is mainly used to improve grain size, grain boundary and phase
composition [32]. Lattice defects provide more channels for hydrogen diffusion
and optimize the kinetic performance of alloy. However, the brittleness of the
material increases after RQ, resulting in the formation of deformation, cracks
and oxidation. For hydrogen storage alloys, a few cracks are beneficial to hydro-
gen diffusion to improve the kinetic properties of hydrides, but it can reduce
hydrogen storage capacity of the sample. Meanwhile, surface oxidation is not
conducive to hydrogen penetration. Therefore, RQ should be used reasonably in

the preparation process.
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2.3. Mechanical Alloying

Mechanical alloying (MA) is also known as the mechanical ball milling. Differ-
ent ways of MA are shown in Figure 2. After MA treatment, the alloy particles
realize the transformation from large size to nanometer level, which is accompa-
nied with the generation of lattice defects involving lattice strain, dislocation
density and cracks, etc. The scanning electron microscope (SEM) of TiFe alloy
was shown in Figure 3. The SEM displayed clearly that TiFe grain size decreased
with the increase of the milling time and the cracks of TiFe alloy appeared defi-
nitely in 6 hours. Furthermore, the influence of different BM conditions on hy-
drogen absorption capacity was summarized in Table 1. [34] mentioned that the
formation of defects after MA treatment for Ti-Al-Si ternary alloy were caused
by the slip system of TiAl, (FCC) or Ti;Si; (HCP) phase, which was essentially
attributed to grain refinement and the generation of surrounding intermetallic
compounds.

In the process of hydrogenation/dehydrogenation, it was definitely found that
the appearance of a few cracks accelerated the rate of hydrogen absorption. [35]
and [36] have reported that hydrogen diffusion channels increased with the en-

largement of grain boundary ratio and hydrogen absorption kinetics was boosted
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Figure 2. Different types of ball milling and its working principles: (a) Planetary ball mil-
ling, (b) Tumbler ball milling, (c) Attrition ball milling, and (d) Vibration ball milling
(where f is vibration frequency, A is vibration amplitude, and w is angular velocity) [33].
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Figure 3. The SEM images of TiFe alloy by BM: (a), (b) for 2 h, (c), (d) for 6 h [37].

Table 1. The hydrogen absorption capacity under different ball milling conditions.

Ball milling time (h) HYdl‘(éilelI;ia;jz:PﬁOH
2 295 K, 400 bar
10 295 K, 50 bar
2 295 K, 40 bar
2 295 K, 20 bar
2 308 K, 60 bar
20 298 K, 250 bar
36 303 K, ~80 bar
38 RT? ~27 bar
40 RT, ~19 bar
90 298 K, 50 bar
2 RT, 20 bar
6 RT, 20 bar

Hydrogen absorption
capacity (wt%)

14

1.09

~1.0

1.3

1.5

~1.1

0.94

0.9

1.0

References

(44]
(45]
(44]
(44]
[46]
(47]
[18][18]
(48]
(49]
(50]
(37]

(37]

‘Room temperature.
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in the wake of the diminution of grain size after BM. However, it is a fact that
grain boundary without absorbing hydrogen atom is only used as hydrogen dif-
fusion channel. Thus, the increase of grain boundary proportion has a negative
impact on hydrogen storage capacity of Ti-based alloy. At present, it can be
achieved the purpose of hydrogen fixation by doping elements with strong hy-
drophilic ability (V, Fe) further to overcome the shortcoming of low hydrogen
storage capacity. [38] fabricated I phase by combining MA with annealing process.
However, the second discharge cycle capacity (130 mAh/g) of Ti,gZr,(Ni,;_Pd (X
= 3.6) alloy was significantly lower than the first discharge capacity (220 mAh/g)
with the increase of Pd content, which was inconsistent with the laboratorial
finding of [27]. Therefore, it was inferred that the discharge performance of
Ti-Zr-Ni-Pd system alloy after RQ was better than that of MA method, which
could be on account of the more stable I phase formed by RQ. The maximum
discharge capacity of Ti-based alloy under different preparation methods were
shown in Table 2. It was discovered that Ti,Zr,Ni,,Pd, alloy combined MA
with annealing process could achieve the maximum discharge capacity of 220
mAh/g. MA is not only used to refine internal grain size and also applied to sur-
face coating of Ti-based hydrogen storage alloy. As is known, Ti-based alloy
tends to be contaminated by impurity gas. It is facile to lose the activity of hy-
drogenation/dehydrogenation when the activated alloy comes into contact with
impurity gases such as O,, CO, and H,O in the air. Studies have shown that they
may form metal oxides, hydroxides, carbohydrates and water if gaseous impuri-
ties interact with the alloy surface, which hinder the dissociation of hydrogen
molecules and the penetration of hydrogen atoms, thus significantly reducing
the hydrogen absorption rate [39] [40] [41]. The surface coating of Ti-based hy-
drogen storage alloy via BM is favored by researchers. Liu et al. coated porous
polyaniline (P-PANI) on the surface of TiuZr,Ni,; alloy by BM to form a com-
posite material [42]. As shown in Figure 4. P-PAN formed a unique sea urc-
hin-like morphology and porous structure on the surface of the composite ma-
terial. The perfect pore structure increased the specific surface area of sample,
accelerating the electron transfer between the alloy and electrolyte during
charging/discharging. Meanwhile, the increase of specific surface area promoted
the diffusion of hydrogen atoms and enhanced the corrosion resistance of hy-
drogen storage alloy, which improved the electrochemical activity and reaction
kinetics of the electrode [43]. Liu ef al had also obtained the porous a-Fe,O,
coated TiwZr,Ni, alloy with unique surface texture by BM method, and found
that the discharge capacity of the composite material with 5% a-Fe,O, reached
259.6 mAh/g, which was better than the discharge capacity of pure alloy [30].
MA had a wide range of application among the material processing. In the study
of magnesium-based hydrogen storage materials, programmable logic controller
(PLC) control technology was combined with MA technology, which not only
increased the purity of the alloy also improved the maximum discharge capacity

as well as capacity retention rate.
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Table 2. The maximum discharge capacity of Ti-based alloy by different preparation

methods.
Maximum discharge capacity
P ti N 1 Reft
reparation ample Crmax (mAh/g) eferences
TiysZr3sNiy, 79
Ti,sZr;:Ni,sPd 105
MS® Ti,sZ1;:Ni,, Pd, 122 [27]
Ti,sZ1;:Ni,sPds 130
TiysZt;:Ni Pd, 148
TiysZtssNiyy 30
MS + MA® [26]
TiysZ15oNiys 86
TiyoZ1,eNiys 130
MA + Anneal (38]
TigZr,Niy,Pd; 220

“Melt-spinning, "Mechanical alloying.

Ti Ni
& # mechanical alloying

’ annealing
Zr

40

———————
ball milling

Ti,Zr,Ni,, alloy

Figure 4. SEM images of the alloys: (a) Schematic diagram for the fabrication of Ti,yZr,\Ni; + P-PANI, (b)
TigZryNi,s, (€) TigZr,Niy, + Coated 3% P-PANI by BM [42].
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2.4. Cold Rolling

Cold rolling (CR) was utilized as a kind of cold plastic deformation whose grains
were elongated along the deformation direction and properties tended to be
anisotropic after CR. The cold-rolled samples generated smaller grain and more
cracks with the number of CR increasing, which was shown in Figure 5. The
occurrence of cracks resulted in the reduction of tetrahedral and octahedral po-
sitions that led to decreasing the hydrogen storage capacity of sample. [51] have
adopted a roller with a diameter of 6.4 cm and a length of 8 cm to obtain a long
and thin strip of Ti-Fe samples by CR (The crystal structure Ti-Fe samples is
shown in Figure 6). [52] has minished the cross-sectional area of groove rolling
samples from 5.8 x 5.8 mm”® to 4.4 x 4.4 mm” to produce sub-grains with high
density dislocation and cracks. It was found that the cold-rolled Ti-Fe samples
had better hydrogen absorption capacity than those after mechanical ball mil-
ling. Generally, the average grain size after CR was 100 pm - 300 pm, while the
average grain after BM was 100 nm - 100 pm [53]. The hydrogen absorption rate
was not only related to the platform pressure also involved to the grain size [54].
Therefore, the kinetics of the sample after BM was slightly faster than that of CR,
while its hydrogen storage capacity was slightly lower than that of CR samples,
which was consistent with the conclusions of [17] and [35]. Research showed

that the incubation period of hydrogenation reaction effectively reduced when

the number of rolling increased from 5, 12 to 25 turns [17]. It has also been re-
ported that the kinetics of STi-40Nb alloy increased with cold-rolling turns

Figure 5. SEM diagram of TiFe sample: (a) Backscatter electron diagram of as-cast sample, (b) (c) secondary electron diagram of
cold rolled for 20 times, (d) (e) (f) secondary electron diagram of cold rolled for 40 times [51].
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) 4 o

Figure 6. The crystal structure Ti-Fe samples.

increasing. At room temperature, samples deformed with 80 cycles absorbed
~2.0 wt% of H, after 15 min, while samples deformed with 40 cycles absorbed
~1.8 wt% during 2 h. The cold-rolled samples showed excellent hydriding result
compared with undeformed samples hydrogenated at 300°C that acquired a ca-
pacity of ~1.7 wt% after 2 h (as shown in Figure 7) [55]. Therefore, it is proved
that the increase of rolling cycles is capable of improving the hydrogen absorp-
tion capacity of Ti-based alloy. The fine powder particles can promote the hy-
drogen absorption ability after BM, while its anti-oxidation ability is not as
strong as that of the cold-rolled thin strip.

As mentioned before, the CR process plays a significant role in the activation
performance and hydrogen storage capacity for Ti-based hydrogen storage alloy.
However, there is still residual stress in local position of sample during cold
rolling, which causes crack, deformation, impact strength, bending strength,
tensile strength, torsional strength as well as other shortcomings. Generally, the
slight defects are conducive to activate alloy, but the presence of residual stress
can stimulate the formation of amorphous structure to affect hydrogen absorp-
tion kinetics. Conventional heat treatment methods or vibration aging treatment

can be adopted to eliminate the residual stress.

2.5. Equal Channel Angular Pressing

Equal channel angular pressing (ECAP) process was a shear deformation process
in which polycrystalline samples were pressed into a specially designed mold to
achieve a large amount of deformation. It was mainly through near-pure shear
action during the deformation process to achieve grain refinement, thus signifi-
cantly reinforcing the mechanical and physical properties of the material [56].
The schematic diagram of ECAP was shown in Figure 8. The principle of ECAP
was substantially that the metal sample underwent deformation without chang-

ing the cross-sectional area and cross-sectional shape of the sample.
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Figure 7. (a) Hydrogen absorption kinetics curve of Ti-40Nb alloy at 300°C, (b) TGA
desorption curves of Ti-40Nb alloy hydrogenated samples [55].
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\goJ I 180 I

Figure 8. Schematic diagram of equal channel angular extrusion [56].

ECAP was a kind of effective severe plastic deformation (SPD) technique for
producing ultrafine crystalline materials. Studies have shown that the average
grain size of the ultrafine alloy prepared by ECAP was close to 330 nm and the
alloy synthetical performance was higher than that of hot-rolled [57]. ECAP is
now widely used in Mg-based hydrogen storage materials, while in Ti-based mate-
rials it is mostly applied to the preparation of materials for aerospace, biological
and medical devices, etc. There are few reports in the application of Ti-based
hydrogen storage alloys about ECAP. [58] reported that Mg-based alloys ob-
tained fine grains and reached the maximum hydrogenation/dehydrogenation
rate after 8 times of ECAP treatment and the maximum hydrogen storage capac-
ity reached 6.2 wt%. Meanwhile, the hydrogen absorption rate of the alloy was
accelerated with the increase of Mg,,Al,, phase in AZ61 magnesium alloy. It was
indicated that ECAP technology efficaciously improved the hydrogen storage
behavior of the alloy and promoted the formation of hydrogenabsorbing phase.
[59] reported the phase transition of Ti-15Mo alloy treated via ECAP, and found
that the hardness of the material increased from metastable S phase to w phase,
but no further explanation was given on its hydrogen storage property. Addi-
tionally, [60] found that transient hydrogenation did not improve ductility and
low cycle fatigue life of CP titanium over the levels achievable by straight ECAP.
As mentioned before, it was confirmed that ECAP could stimulate hydrogen
storage property of hydrogen storage alloys. Therefore, the application of ECAP
process in Ti-based hydrogen storage alloys should be further explored.
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2.6. High Pressure Torsion

High-pressure torsion (HPT) was also a type of SPD process in which a torque
was applied to the cross section while axial compression occurred. The frictional
resistance could be changed into frictional force to achieve the dual effects of
torsional deformation and simple compression deformation. The grain size of
the sample could reach the nanometer level and the strength was abnormally
high after HPT treatment [61] [62]. A schematic diagram of the boundary con-
ditions of the disk sample during HPT processing was shown in Figure 9. Con-
straint conditions were set in order to strictly limit the sample geometry size and
the friction force on the sample surface, so that the sample geometry shape did
not change during HPT.

In the initial stage of HPT, dislocation accumulation and low angle sub-grain
boundary was formed, which was gradually transformed into high angle grain
boundary and nanocrystalline (NC < 100 nm) with the increase of stress. Re-
search showed that grain size decreased from 67 um to 53 nm after 10 cycles of
HPT process and micro hardness value increased to the saturation value of 600
Hv when effective strain value reached 20 [63]. At the same time, it was indi-
cated that that local dislocation could accelerate the phase transition with the
increase of the number of HPT [64]. For Ti-based hydrogen storage, the occur-
rence of laves phase was beneficial to improve hydrogen absorption and elec-
trochemical performance. Ti,y,Nis,,Hf,, alloy was synthesized via HPT under
the pressure of 6.0 Gpa by [65], generating the mixture of amorphous phase and
remaining nanocrystalline and causing the alternate belt of amorphous phase as
well as nanocrystalline with high dislocation density by three rotations. Grain
sizes of Ti-Al-NbD alloys prepared by different preparation methods was shown in
Table 3. It was confirmed that HPT could increase the dislocation density and
obtain ultrafine nanometer grains (100 nm < UFG < 1000 nm), which was fa-
vorable for enhancing the activation behavior of the alloy. Unfortunately, it was
inclined to cause the uneven composition of samples after HPT, so the subsequent

heat treatment process should be taken for composition homogeneousness.

No constraint Complete constraint Semi-convergence
(c)

Y Q¥ Y

Figure 9. Schematic diagram of boundary conditions of disk samples during HPT processing

(a) no constraint, (b) complete constraint, and (c) semi-convergence [61].
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[52] studied the influence of HPT and groove rolling on TiFe alloy. It was
pointed out that the hydrogen absorption capacity of sample was approximately
1.7 - 2 wt% in all hydrogenation cycle after HPT process, while the hydrogen
absorption was 0.3 - 1.7 wt% in the first four cycles of groove rolling. It’s indi-
cated that the hydrogen absorption ability is better after HPT, which may be at-
tributed to grain refinement and the generation of defects (as shown in Figure
10). Compared with heat treatment, it was demonstrated that TiFe samples
treated with HPT were less likely to be oxidized when the sample exposed to air
for a long time. Moreover, [65] has also mentioned that HPT was more effective
for microstructure refinement compared with ECAP.

In recent years, HPT is increasingly used in Ti-based hydrogen storage alloys.
It is mostly reported that the influence of microstructure and mechanical prop-
erties, while is rarely introduced on the kinetic and thermodynamic properties of
the Ti-based alloys treated by HPT. In fact, HPT as an effective preparation
technique can facilitate kinetic characteristics of hydrogen storage and is more

applied to small bulk materials.

Table 3. Grain sizes of TiAIND based alloys prepared by different preparation methods.

Materials Preparation Grain size References
Ti-22A1-25Nb HP? ~167 um [66]
Ti-22A1-25Nb SPS® + HT® ~80 um [67]
Ti-22A1-24Nb-0.5Mo HIP! + RR® ~30 pum [68]
Ti-22A1-25Nb MA + SPS ~6.2 um [69]
Ti-20.3A1-22.1Nb-1.2Zr-1.3V-0.9Mo-0.3Si MIFf ~300 nm [70]
Ti-22A1-25Nb HP + HPT ~53 nm [63]

“Hot pressing, "Spark plasma sintering, “Heat treating, “Hot isostatic pressure, ‘Ring rolling, ‘Multistep iso-
thermal forging.

HPT+
Hydrogenation

Figure 10. (a) Appearance of TiFe samples before HPT, (b) after HPT for 10 turns, (c)
after HPT and 4 hydrogenation cycles [52].
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2.7. Other Methods

(FeV80),4Ti,,,Cr,s (x = 0 - 4) alloy was synthesized via hydride powder sintering
(HPS) method, which obtained the lower hydrogen adsorption/desorption abili-
ty compared with traditional induction melting [71]. The hydrogen absorp-
tion/dehydrogenation capacity were 2.8 wt%/1.5 wt% (x = 0) and 3.3 wt%/2.0
wt% (x = 4). However, the hydrogen absorption and dehydrogenation capacity
at x = 4 was consistent with the smelting method, which was mainly attributed
to Ti-rich oxide phase formed during HPS. The appearance of Ti-rich oxide
phase reduced the content of Ti in the BCC phase, thus further affecting the re-
duction of lattice constant and hydrogen position [72].

3. Applications

Up to now, hydrogen energy as a renewable energy resource has been studied for
nearly 60 years [73]. It has always been the goal of researchers to apply hydrogen
storage alloys from laboratory to practical applications. Compared with magne-
sium-based alloy and rare earth series alloy, Ti-based alloy is more comprehen-
sive, economical and safe in practical application. At present, some institutions
and enterprises are developing and researching a complete power generation
system by combining solid state hydrogen storage with fuel cell, desiring to real-
ize the commercialization of hydrogen energy industry. At the same time, sol-
id-state hydrogen storage alloys synthesized with the above preparation methods
are now mostly used as the negative electrode materials for secondary batteries
[43]. Meanwhile, hydrogen storage alloy not only is applied to provide hydrogen
sources for small electric vehicle, bicycles and pony batteries, also utilized to mi-
cro-fuel cells [74] [75] and hydride compressors [8] (as shown in Figure 11).
Now, the international hydrogen energy industry is facing a crucial problem that
a safe and effective hydrogen storage system is still not found to satisfy large-scale
practical applications for human being due to high cost and technical con-

straints.

4. Summary and Outlook

Currently, the major challenge for large-scale application of hydrogen storage
systems is on how to achieve the requirements of safe and efficient hydrogen
storage and supply. Ti-based hydrogen storage alloy as a promising candidate in
the future has a very bright future and broad market in the field of batteries,
energy vehicles, military industry, blasting materials and so on. In this paper,
different preparation methods are summarized to provide guidance for obtain-
ing Ti-based hydrogen storage alloys with excellent properties. From the above
several preparation methods, melting and BM can promote the uniformity of the
internal composition and contribute to the industrialization of Ti-based alloy.
Meanwhile, the plastic deformation (CR, ECAP, HPT), BM and RQ play a mo-
mentous role in grain refinement and the introduction of microstructure defects.

It is concluded that the uniform structure, refined grain, slight cracks and the
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SAIAMC H,
consuming
facilities

Primary energy
source

PEM MH H, H, cylinder
electrolyser

compressor

Electricity (230 VAC, 4.5 kW) q) Medium-pressure H, (30-80 bar)

Low-pressure H, (<20 bar) # High-pressure H, (200 bar)

Figure 11. Schematic representation of hydrogen production, storage and distribution system at HySA Systems/South African
Institute for Advanced Materials Chemistry (SAIAMC) research facility [8].

generation of hydrogen absorption phase are indeed conducive to the improve-
ment of hydrogen storage performance involving kinetic characteristic and ab-
sorption/dehydrogenation capacity. However, the development of Ti-based hy-
drogen storage alloy from qualitative to quantitative change needs further ex-
ploration, because it is difficult to obtain alloys with outstanding comprehensive
hydrogen storage performance simply by improving the preparation method. It
is expected to acquire the ideal sample by the combination of preparation me-
thod with composition optimization and surface modification. At the same time,
new methods and technologies are desired to be applied to Ti-based hydrogen
storage alloys to make new breakthroughs.
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