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TiMn,-BASED INTERMETALLIC ALLOYS
FOR HYDROGEN ACCUMULATION:
PROBLEMS AND PROSPECTS

The main advantages of hydrogen as an energy carrier in comparison with cur-
rently used hydrocarbons are determined. By comparing the advantages and disad-
vantages of available methods of hydrogen storage, it was proved that storage of it
in a bound state (hydrides) provides the largest amount of stored hydrogen per unit
weight of the container and is the safest method. As shown, the alloys based on AB,-
type intermetallics are the most promising materials for safe storage and transpor-
tation of hydrogen in the bound state.

Keywords: hydrogen, hydrides, Laves phase, hydrogenation, dehydrogenation, hy-
drogen capacity.

1. Introduction

The basis of modern world power production is non-renewable energy
sources (oil, gas, and coal) whose reserves are limited, which requires
the search for new alternative sources and technologies for energy pro-
duction. Thanks to scientific and technological progress, humanity has
already entered a transition period from energy based on organic natu-
ral resources to renewable sources, which are virtually inexhaustible.
The main reasons for the importance of the fastest transition to alterna-
tive energy sources are environmental, economic, and social factors.
Alternative energy sources are based on the use of natural resourc-
es, such as solar energy, wind and sea waves; hydrogen energy also
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takes an important place in this list. Hydrogen economy favourably dif-
fers from other alternative methods, since today only it can be most
effectively used ‘on board’ in vehicles. The choice of hydrogen [1, 2] as
an energy source is due to a number of significant advantages over hy-
drocarbons (see Table 1). According to Ref. [2], in addition to the ben-
efits listed in Table 1, one should also take into account virtually unlim-
ited stocks of raw materials if hydrogen production from water is con-
sidered (the hydrosphere contains 1.39-10® +tons of water).
Environmental safety of hydrogen (the product of its combustion is wa-
ter) and its low viscosity are also very important at transportation
through pipelines [2].

However, today, there are a number of problems in the hydrogen
economy, that constrain its practical implementation, and their solution
has significant economic and environmental importance. One of the
main tasks is to find scientific and technological solutions for conven-
ient storage and transportation of hydrogen. Solution of this problem
will give impetus to the further development of the use of hydrogen
energy sources [3, 4]. Conventional storage methods developed for liq-
uid and gaseous hydrogen are unacceptable in a wide range of cases for
a number of reasons: high pressure, significant mass and volume of
containers per unit mass of hydrogen stored, high energy consumption
for liquefaction [5—7].

According to the literature [2, 4, 8-15], it is now proven that it is
more profitable and safer to store hydrogen in the bound state than in
the liquid or gaseous state (Table 2). There are two main types of hydro-
gen storage in the bound state: (i) adsorption methods, and (ii) storage
in the form of metal hydrides.

In adsorption methods, the accumulation of hydrogen occurs in zeo-
lites and carbon materials of different morphology (activated carbon,
nanotubes, nanofibres and polymers), as well as in highly porous metal—
organic frameworks [2]. However, the main disadvantage of these mate-
rials as hydrogen sorbents is that they can only work at low tempera-
tures 70 K. Besides, their hydrogen absorption properties largely de-
pend on the surface roughness, so the amount of absorbed hydrogen
does not exceed 2.0 wt.%.

Despite the fact that all the proposed methods of hydrogen storage
have already found their application in production, the majority of re-
searchers [16—18] came to the conclusion that the most promising solu-
tion is still the use of solid compounds (metal hydrides) as convenient
materials for the accumulation, release, storage and transportation of
hydrogen [19—-23]. For this class of metallic materials, the volume of
hydrogen absorbed is several orders of magnitude higher than the vol-
ume of the original alloy; however, they should meet a number of re-
quirements. Metallic materials used as hydrogen accumulators should
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provide the inversion of hydrogen absorption and desorption and an
easy control of these processes by changing thermal or pressure condi-
tions, have high hydrogen capacity and rate of reaction with hydrogen.
In addition, an important characteristic of these materials, especially
for the use as mobile energy sources, is their low specific weight.

According to the literature [8, 24], the process of interaction of
metallic materials with hydrogen (Fig. 1) is quite complex and can be
divided into the following main stages:

e contact of molecular hydrogen with metal surface;

e accumulation of hydrogen molecules on the surface and their dis-
sociation (physical adsorption, dissociation and chemical adsorption
(chemisorption) of hydrogen molecules);

e redistribution of H atoms in the volume of metal (diffusion);

e ordered arrangement of hydrogen atoms in the interstices of the
metal matrix with progressive formation of hydride.

The absorption (dissolution, absorption) of hydrogen by metal usu-
ally means the transition of hydrogen from the gaseous state into the
metal. The term ‘absorbed hydrogen’ means all the absorbed hydrogen

Table 1. Characteristics of different types of fuel [2]

Parameter Hydrogen Methane Petrol
Lower heating value, kW-h/kg 33.33 13.9 12.4
Autoignition temperature, ‘C 585 540 228-501
Flame temperature, ‘C 2045 1875 2200
Flammability limits in air, vol.% 4-T5 5.3—-15 1.0-7.69
Lower flammability energy, mV/s 0.02 0.29 0.24
Flame propagation velocity in air, m/s 2.65 0.4 0.4
Coefficient of diffusion in air, cm?/s 0.61 0.16 0.05
Toxicity — — high
Table 2. Comparison of different ways of hydrogen storage [2]
ifi i .
Hydrogen state Specific capacity ten(l);)eerr;ﬁ?eg . Pr;z;ire,
kg H,/dm® | kW-h/kg | kW-h/dm? ’

Liquid 71 33.3 2.36 20.4 0.1-0.4
Gaseous in cylinders:

steel 9-18 33.3 0.15-0.3 210-330 10-20

reinforced alumin- 9-18 33.3 0.15-0.3 210-330 10-20

ium

composite materials 30 33.3 0.3 210-330 70
Hydrides:

low-temperature 96 0.58 3.2 260-370 0.1-3

high-temperature 81-101 | 1.05-2.3 | 2.7-3.4 >500-600 0.1-3
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Fig. 1. Scheme of reactions on the hydrogen/metal interface [24]

in both solid solution and in the form of a chemical compound (hydride).
The hydrogen capacity is the maximum amount of hydrogen that a cer-
tain metallic material is able to absorb.

As noted in work [24] based on the data of Ref. [25], there are no
specific forces that cause hydrogen adsorption. Nevertheless, it was ex-
plained that the adsorption of hydrogen molecules by the metal surface
occurs due to attractive forces between molecular hydrogen and the sur-
face atoms of the adsorbent. Hydrogen molecules can be adsorbed on the
metal surface due to physical or chemical adsorption. The authors of [24]
claim that physical adsorption is caused by the Van der Waals interac-
tion between molecular hydrogen and adsorbent atoms, and a hydrogen
molecule simultaneously interacts with several atoms of the adsorbent
(Fig. 1). The potential energy of a hydrogen molecule has a minimum at
a distance of approximately one radius of the adsorbent molecule
(0.2 nm) [26, 27]. The energy of physical adsorption is usually negative,
and its modulus does not exceed 20 kdJ/mol H (0.2 eV). For many met-
als, the energy of physical adsorption is close to —5 kdJ/mol H (—0.05 eV)
[26], so significant physical adsorption occurs only at low temperatures
(<273 K) [27, 28].

The next stage in the metal-hydrogen interaction (Me—H) is the dis-
sociation of a hydrogen molecule into atoms, since only atomic hydrogen
is able to overcome the energy barrier and get into the volume of the
metal from its surface. This process is called chemisorption; its energy
is usually negative in the range from —20 to —400 kJ/mol H, and for
many metals, it equals —50 kdJ/mol H [26]. According to the authors of
[24], at the last stage, an ordered arrangement of hydrogen atoms in the
interstices of the metal matrix with the formation of a hydride of a
certain stoichiometry occurs. In Ref. [29], it was clarified that this is
possible only in cases when the interstice radius is greater than 0.4 A
(which is related to the size of a hydrogen atom that should fit there),
and the distance between hydrogen atoms located in adjacent interstices
is more than 1.8 A.
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Fig. 2. Pressure—temperature phase diagram of a metal-hydrogen system [2]

Fig. 3. Hysteresis and slope of the pressure plateau on the (pressure—concentration)
p—C isotherms [2]

However, the process of hydride formation is rather complex. Ac-
cording to the data presented in [2, 30], the process of hydride phase
formation can be explained based on experimental pressure-composition
isotherms (Fig. 2).

As shown in Fig. 2, at the initial stage ‘a’, the pressure as a func-
tion of the hydrogen content in the metal increases quite rapidly, which
corresponds to the formation of a-solid solution of hydrogen in the
metal. Upon further interaction with hydrogen, a-solid solution becomes
saturated at certain pressure and concentration, and subsequent disso-
lution of hydrogen leads to the formation of pB-hydride phase. In this
diagram (Fig. 2), the stage of hydride formation corresponds to the
horizontal section ‘b’, which corresponds to the o<«>B-transformation
plateau. This is because, according to the Gibbs phase rule, the forma-
tion of B-hydride is an invariant equilibrium and should ideally occur at
constant pressure [2]. The end of the horizontal section corresponds to
the completion of the hydride formation process. Further increase in
pressure with hydrogen concentration corresponds to the dissolution of
hydrogen in the hydride phase (section ‘c’). That is why, in real sys-
tems, an increase of the pressure on the plateau leads to longer times
needed for the formation of supersaturated o-solid solution, reducing
the overall rate of interaction with hydrogen, and requires higher reac-
tion pressures.

Many authors [8—15] note that the process of hydride formation
described above is rather speculative, while in real systems a pressure
hysteresis is always observed (see Fig. 3).

Hydrogen absorption always occurs at a higher pressure than its
desorption that is explained by residual plastic deformation caused by
rapid changes in the crystal lattice volume during the reverse transition
from saturated o-solid solution to B-hydride [2]. In real systems, the
horizontal plateau corresponding to the a<«>B-transformation is often
absent (Fig. 3), and the degree of deviation from the horizontal can be
significant, depending on the material. The increase in hysteresis leads
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Fig. 4. Classification of hydrogen—material compounds in the
periodic table [24]

to a deterioration of the process of hydrogen desorption, which is an
important issue in the practical use of hydrides as hydrogen sorbents.

In Ref. [29], the metals capable of forming metal hydrides were
considered (Fig. 4), and the changes in their structure upon the interac-
tion with hydrogen were investigated. As found, the dissolution of hy-
drogen in the metal lattice can lead to the following:

« fundamental restructuring of the metal lattice, for example, the
transition from body-centred cubic (b.c.c.) to face-centred cubic (f.c.c.)
structure in the hydride sublattice;

* no significant changes in the structure can occur; in this case, the
type of metallic lattice in the hydride zones does not differ from that of
the initial metal (except the deformation of the unit cell).

However, the important question was whether all metallic materials
are equally capable of interacting with hydrogen and forming chemical
compounds with it (hydrides). In Refs. [24, 31], all Me—H (hydrogen—
material) compounds were divided into three main classes, based on the
nature of the formed chemical bonds according to the common classifi-
cation (Fig. 4): (i) ionic (saline) hydrides, (ii) metal hydrides, and (iii)
covalent hydrides (molecular compounds).

As clearly seen in Fig. 4, only part of the metals in the periodic
table of the elements is able to interact with hydrogen and form metal
hydrides (marked in blue). According to Ref. [2], elements such as man-
ganese, iron and cobalt do not interact with hydrogen, whereas, as noted
[24, 31], the possibility of interaction with hydrogen is currently un-
known for a large group of metals (white). According to the literature
[2, 4], it is proved that by the combination in certain crystal-chemical
compounds (e.g., intermetallics) of two (or even more) metals which have
significantly different activity with respect to hydrogen (Fig. 4) (e.g.,
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Fig. 5. Change of dihydride formation energy for 3d- and 4d-metals [36]

titanium and manganese) it is possible to create compositions that signi-
ficantly outperform the source metals in hydrogen absorption properties.

Based on the data presented of [32—35] and the calculations of the
electronic structure of hydrides (monohydrides), the changes in the free
energy of dihydride formation for 3d- and 4d-metals was determined in
Ref. [36] using calculations from the first principles (Fig. 5). The au-
thors claim that this reaction is thermodynamically beneficial for the
system only in the cases when the interaction of 3d- or 4d-metals with
hydrogen is accompanied by negative changes in the free energy (Fig. 5).
Accordingly, the elements with a negative change in energy are able to
form a stable chemical compound with hydrogen (hydride) (Figs. 4 and
5). The results obtained in [36] coincide with the data of [24] in that the
ability of 3d- and 4d-metals to form stable chemical compounds with
hydrogen sharply decreases when we shift in the table of elements from
left to right.

2. The Main Types of Materials
for Storing Hydrogen in Bound State
and Prospects for Their Application

The current level of development of hydrogen materials allows selecting
appropriate materials with properties needed for concrete technical
problems: temperature and pressure of synthesis and decomposition of
hydrides, thermodynamic and kinetic characteristics of hydride forma-
tion processes [37—39]. Table 3 classifies the known hydrogen absorbing
metallic materials, basing on their structure, the amount of absorbed
hydrogen, and the characteristics of the hydrogenation and dehydro-
genation processes [2, 4].
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Such materials primarily include magnesium and magnesium-based
alloys, titanium and titanium-based b.c.c. solid solutions, as well as in-
termetallic compounds. Each type of currently existing hydrogen accu-
mulating materials has both some advantages and disadvantages, which
are described below.

The main advantages of magnesium as a hydrogen-accumulating
material include the possibility of obtaining a hydride by hydrogenating
this metal in a hydrogen gas environment, as well as the highest amount
of sorbed hydrogen (7.67 wt.% ) among the known materials [40]. How-
ever, the process of obtaining magnesium hydride is difficult and re-
quires the use of stringent thermobaric conditions for its implementa-
tion, and complex activation treatment. In addition, the stability of
magnesium hydride is insufficient upon multiple cycles of sorption—
desorption, which leads to gradual loss of the required characteristics.

As a material for storing hydrogen, magnesium has a very low rate
of interaction with hydrogen, especially upon the first hydrogenation,
which is the most problematic moment. This is due to the formation of
a thin layer of magnesium hydride on the surface of the particles, which
inhibits the diffusion of hydrogen atoms into the metal volume. Accord-
ing to [41], the first hydrogenation of magnesium at a temperature of
340-350 °C and hydrogen pressure up to 3 MPa can be completed with-
in 6—336 hours. These large differences in the time of interaction with
hydrogen are explained by the high sensitivity of the reaction rate,
varying particle size, surface conditions of the initial metal, activation
conditions, and purity of hydrogen gas. The reaction can be accelerated
by increasing the hydrogenation temperature up to 400—-450 °C and hy-
drogen pressure up to 10—-20 MPa, in combination with some catalysts.
However, instead of the effect of pressure and temperature on the Kki-
netics of the sorption process, mechanical activation treatment (e.g.,

Table 3. Characteristics of different types of hydrogen absorbing alloys [2, 4]

T Capacity Operating Dissociation Hydr.o- Activation
'ype Alloy temperature genation o
H/Me wt. % range, °C pressure, atm rate conditions

AB, LaNi, 1.4 [0.8-1.2 Ambient 0.5-15 high mild
MnNi,

AB, ZrMn, 1.3 |1.5-2.0 Ambient 0.5-20

(Iflaves TiMn,

phases) ZrvV,

AB TiFe 1.2 {1.4-1.81| Ambient 0.5-15 low severe

(b.c.c.) Ti—-V 2.0 |3.9-4.0 400-600 1-15 " "

(Mg) Mg-Ni | 2.0 |6.5-7.67| 350-450 1-10
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grinding of magnesium in a ball mill) under hydrogen pressure is wide-
ly used that is also an effective method for enhancing the absorption
kinetics of hydrogen [42].

As found [40], some other methods of plastic deformation of mag-
nesium and magnesium-based alloys allow to enhance significantly the
kinetics of the first hydrogenation. Particularly, equal-channel angular
pressing of large ingots of magnesium alloys with their subsequent dis-
persion into powder was as effective as prolong grinding in a ball mill
for accelerating the kinetics of hydrogenation [43, 44]. The positive ef-
fect of torsion under high pressure on the kinetics of the hydrogenation
process and on the decrease in the temperature of the beginning of ac-
tive absorption was also demonstrated [45]. The main problem of the
proposed methods of enhancing the kinetics of hydrogenation of magne-
sium is their technological complexity, high cost and, especially, diffi-
culties in producing large amounts of material with the necessary prop-
erties in moving from laboratory scale to production [40]. According to
the literature [46], magnesium-based hydride has a high thermal stabil-
ity, which is a negative feature for practical use. For example, it is
necessary to heat magnesium hydride to rather high temperature of
~300 °C to provide a hydrogen pressure of 0.1 MPa.

Beside the above-mentioned shortcomings associated with the kinet-
ics of sorption—desorption processes, magnesium and magnesium-based
alloys have poor cyclic stability, which results in the degradation of
hydrogen absorption properties with hydrogenation-dehydrogenation
cycles. Although the literature data on the cyclic stability are quite con-
tradictory (most likely due to different experimental conditions), the
effects of degradation during cycling have been recorded, which were
associated with partial irreversible loss of absorbed hydrogen [47] and
the deterioration of the kinetics of hydrogen sorption—desorption, espe-
cially at lower temperatures [48]. Given all these advantages and disad-
vantages, magnesium and magnesium-based alloys are currently very
strictly used as sorbent materials in autonomous or stationary hydrogen
storage systems.

The main advantages of titanium or b.c.c. titanium-based solid solu-
tions as hydrogen-accumulating materials are the possibility of forming
a hydride by a direct hydrogenation reaction in a hydrogen gas environ-
ment and a fairly high amount of absorbed hydrogen (up to 4 wt.%) [49,
50], but the process of obtaining titanium hydride and its decomposi-
tion, as for magnesium, has a number of shortcomings.

According to the literature [49-51], titanium hydride can be ob-
tained by heating the metal in pre-evacuated furnaces under hydrogen
pressure, followed by exposure at temperatures of 400—-600 °C in a gas
atmosphere. However, as the authors note, this process of titanium hy-
drogenation takes several hours, which is associated with the gradual
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diffusive saturation of the crystal lattice by hydrogen, and therefore
requires significant energy costs. Besides, the significant duration of
the process noticeably increases the risk of contamination of the hy-
drides with impurities (oxygen, nitrogen) from the residual atmosphere
in the vacuum furnace, which negatively affects both the amount of
hydrogen absorbed and the sorption—desorption kinetics.

As shown in works [562, 53], the process of decomposition of titani-
um hydride, as well as the process of its production, require significant
energy costs. The authors claim that at a relatively slow (7 °C/min)
heating at the initial pressure of 10* Pa in the chamber titanium hy-
dride starts to desorb hydrogen above 300 °C, and this process completes
at 600 °C. In addition, they also noted that the completion temperature
of the process of hydrogen desorption from titanium hydride was sig-
nificantly affected by the heating rate. It was shown that at high heat-
ing rates (20 °C/min and more) the completion temperature of the hy-
drogen desorption process shifted towards higher values, and the proc-
ess ended at hydrogen content of 0.01 wt.% at the temperatures of
1250-1350 °C. The processes of forming titanium hydride and its de-
composition require heating to high temperatures and long-term expo-
sure; therefore, titanium or titanium-based b.c.c. solid solutions are
practically not used as sorbent materials for hydrogen accumulation in
autonomous and mobile hydrogen storage systems.

In contrast to titanium and magnesium, intermetallics are charac-
terized by a relatively low amount of absorbed hydrogen—up to 2.0 wt.%
[64, 55]; nevertheless, they are able to interact at high rates with hy-
drogen at room temperature without the use of pre-activation thermal
vacuum or mechanical treatment. The process of decomposition of the
formed hydrides does not require large energy costs (in intermetallics,
it is possible to desorb all absorbed hydrogen at a temperature of 350 °C
[66]). However, the main disadvantage of intermetallics, which limited
their practical use in vehicles for a long time, was their low hydrogen
capacity compared to magnesium and titanium-based b.c.c. solid solu-
tions [67, 58]. At present, this disadvantage has been used as an advan-
tage in practical use in freight transport (replacement of the standard
counterweight with a hydrogen battery) [59, 60].

The importance of the rate of interaction of the material with hy-
drogen and the temperatures of hydrogen sorption—desorption in com-
parison with the hydrogen capacity is explained by the fact that, in
practical use in transport, it is very important to minimize time and
energy to recharge a hydrogen battery.

According to the data listed in Table 3, intermetallics used in mobile
or stationary hydrogen storage systems are divided into three main
types AB;, AB, and AB,, where the main representative compounds are
as follow: LaNi, [61, 62], TiFe [63, 64], and TiMn, [65, 66], respec-
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practical application.

It was shown in Ref. [67] that the practical application of AB-type
intermetallics (TiFe), in comparison with the intermetallics of types AB;
and AB,, is limited due to the complex activation process of the first
hydrogenation. The authors claim that although the process of interac-
tion with hydrogen can occur at room temperature and a pressure of
5 MPa, the rate of absorption reaction is very low. To activate the proc-
ess of hydrogen absorption during the first hydrogenation in TiFe inter-
metallic compound, the alloying was proposed in [68, 69] that can sig-
nificantly affect the rate of interaction with hydrogen. In the study of
alloys based on intermetallic compounds TiFe (TiFeZr,;, Ti,FeZr, s,
and TiFe, .71, ,5), the authors of Ref. [68] showed that the addition of
zirconium can affect the rate of hydrogen absorption during the first
hydrogenation. They also claimed that the alloy TiFe, Zr,,, (as com-
pared to the intermetallic TiFe and other investigated alloys of this se-
ries) had a significantly higher hydrogen capacity. Despite some en-
hancement in hydrogen absorption characteristics due to alloying, AB-
type intermetallics are still not used as sorbents in the hydrogen
batteries.

An analysis of the literature [70—73] showed that recently for the
practical application of hydrogen batteries, especially in transport, the
alloys based on the intermetallics of AB; or AB, type are more promising
as hydrogen sorbents.

The authors of Ref. [7T1] used as a hydrogen sorbent alloy in a met-
al hydride battery for a forklift an AB,-type intermetallic compound,
and proved that it has significant advantages over the first created for
this purpose battery based on an AB,-type alloy in Ref. [61]. The main
advantages of AB,-based intermetallics are the compactness of the bat-
tery and increased operating time without recharging, due to signifi-
cantly different specific weights of AB, and AB,-type intermetallics and
the amount of hydrogen absorbed per unit mass of sorbent material
(Fig. 6). In addition, based on previous studies [74], in Ref. [75], the
authors showed that in the AB,-type alloys the rate of interaction with
hydrogen is 20—50% higher as compared to the AB,-type alloys (LaNiy),
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which reduces the time required to recharge a hydrogen battery, that is
especially important in practical use.

Due to the advantages of materials for hydrogen batteries based on
AB,-type intermetallics, the development and production of new metal
compositions based on this type of compounds is especially important.

3. Hydrogen Absorption Properties of AB,-Type Intermetallics

Among many intermetallics of AB,-type (Laves phase), the TiMn, is cur-
rently the most widely used in reversible hydrogen storage systems.
This is explained by the fact that the TiMn, intermetallic occupies a
special place among the analogues in its class (ZrMn, and ZrV,) [2, 4,
30] due to the rapid and simple activation, acceptable kinetic parame-
ters of hydrogen sorption—desorption, a significant amount of absorbed
hydrogen 1.0 H/Me [76, 77] (it was shown in [78] that the unit cell of
Laves phase can contain 6 H atoms), high hydrogenation rate [79, 80],
a homogeneity region of 11 at.%, and relatively low cost. Another very
important advantage, especially when used in transport: in comparison
with analogues, TiMn, has lower specific weight. According to the lit-
erature [81-83], TiMn, (Fig. 7) (Laves phase of C14 type) has a hexago-
nal crystal lattice with the structural type MgZn, of the spatial group
P6,/mmc (hP12 in Pearson symbols). According to [84—86], the lattice
parameters in the TiMn, intermetallic compound linearly change: for a,
from 0.4812 to 0.4880 nm, and for ¢, from 0.7892 to 0.7992 nm with
increasing titanium content from 30 to 41 at.%, respectively.

In Ref. [87], the authors investigated the interaction with hydrogen
for binary Ti—Mn system alloys in a region of compositions (59-70 at.%
Mn), which correspond to the region of homogeneity of the TiMn, com-
pound (Fig. 7) [83]. The authors found out that in this region the amount
of absorbed hydrogen increased significantly with titanium content. The
best kinetic properties of sorption—desorption processes, as well as the
maximum possible amount of absorbed hydrogen, were achieved [83] for
the alloy Ti—59 at.% Mn, whose composition corresponded to the lower
margin of the region of existence of this intermetallic (Fig. 7).

In the work [83], the hydrogen adsorption properties of annealed
alloys of the Ti—Mn binary system at 56.4-66.8 at.% Mn were studied,
and the results of Ref. [87] were proved: the ability to interact with
hydrogen, as well as the amount of absorbed hydrogen in TiMn,-based
alloys, strongly depend on their chemical composition. The investiga-
tions of the microstructure and phase composition of annealed alloys in
this region showed that all the studied alloys were multiphase, and their
structure comprised both the intermetallic compounds TiMn, and TiMn.
The presence of the TiMn in the annealed alloys was explained in [83]
by the partial decomposition of the TiMn, intermetallic compound upon
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Fig. 9. Dependence of Mn concentration in TiMn, phase on its content in the as-cast
(o) and annealed (®) alloy [83], where SEM—-EDS is energy dispersive x-ray spectros-
copy in scanning electron microscope (SEM)

heat treatment. Besides, as noted, the volume fraction of the TiMn,
compound for the studied compositions increased with manganese con-
tent (Fig. 8). For example, for the Ti—56.4 at.% Mn alloy, the TiMn,
volume fraction was 60%, while, in the Ti—66.8 at.% Mn alloy, it in-
creased up to 97%.
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0 5 10 15 20 25 30 though the authors did not men-

The number of hydrogenation cycle 45,1 the reasons for the increase in
TiMn, volume fraction, it can be attributed to the increase of manga-
nese content in this phase, which retards its decomposition upon the
thermal treatment.

Hydrogen absorption properties of alloys in the composition range
of 56.4-66.8 at.% Mn were investigated at a hydrogen pressure of
3.2 MPa and room temperature. It was shown in Ref. [83] that, at these
hydrogenation parameters, the alloys with manganese content from 56.4
to 59.8 at.% absorbed hydrogen at a high rate during the first hydro-
genation, whereas the alloys Ti—-62.0, Ti—64.0, and Ti—66.8 at.% Mn
did not interact with hydrogen at all. Besides, the amount of hydrogen
absorbed also differed significantly. For example, in the alloys Ti—56.4
and Ti—59.4 at.% Mn, the amount of absorbed hydrogen increased from
H/Me ~ 0.8 to 1.0, respectively, while, when the manganese content
increased to 61.2 at.% H/Me, there was a sharp decrease to H/Me ~ 0.2.
These data correlate well with the results of [88]. This difference in the
absorption kinetics and the amount of absorbed hydrogen was attributed
by the authors to the increase in the amount of manganese in the Laves
phase from 60 to 66 at.% in the alloys range from Ti—59.4 to Ti—
66.8 at.% Mn. Thus, the authors noted that to achieve in the TiMn,-
based alloys both high rate of interaction with hydrogen and hydrogen
capacity, these alloys should contain the maximum possible volume frac-
tion of this phase, and, most importantly, the minimum possible man-
ganese content in this phase.

The authors of Ref. [83] also compared the amount of hydrogen ab-
sorbed after the first and the second cycle of sorption—desorption proc-
ess and found that the difference in hydrogen capacity may appear al-
ready upon the second hydrogenation. However, they noted that the
difference in the amount of hydrogen absorbed during the first and the
second cycle decreased with manganese content in the alloy. For exam-
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ple, in the Ti—56.4 at.% Mn alloy, the difference in H/Me was 0.2,
whereas, in the alloys with 59.4-62.0 at.% Mn, it was already absent
(Fig. 10). This confirms the authors’ conclusion that the amount of hy-
drogen absorbed during the second hydrogenation cycle increases at
higher volume fraction of TiMn, intermetallic phase and at lower man-
ganese content in the alloy.

In Ref. [88], Ti—60 at.% Mn alloy was studied in a cast state, and
the reduction of the amount of absorbed hydrogen with increasing
number of sorption—desorption cycles, which was found out in Ref. [83],
was investigated in more detail. The experiments were performed by
comparing the amount of hydrogen absorbed after the first hydrogena-
tion and after 30 sorption—desorption cycles. The authors noted that, in
as-cast state, the alloy consisted mainly of intermetallic TiMn, phase
and of a small amount of intermetallic TiMn phase, which coincides
with the data of Ref. [83]. The hydrogenation was performed at a pres-
sure of 3.2 MPa and room temperature, while desorption of hydrogen
was investigated by reducing the hydrogen pressure from 3.2 to
0.01 MPa. The authors showed that the amount of absorbed hydrogen
abruptly decreased with the number of sorption—desorption cycles
(Fig. 10). The authors attributed this to several factors: lattice expan-
sion and its inhomogeneous deformation; Ti-based 6-hydride present in
the alloy after hydrogenation. According to [88], complete hydrogen
desorption can be achieved only by heating up to 400 °C and 1 h expo-
sure at this temperature.

The appearance 6-hydride (it starts to decompose with hydrogen
desorption above 300 °C [52, 53]) leads to higher amount of hydrogen
which is not released upon the decomposition of hydride based on TiMn,
intermetallic phase, and thereby residual hydrogen accumulates in the
material with each subsequent cycle of sorption-desorption. This leads
to decreasing the amount of absorbed and desorbed hydrogen with each
subsequent cycle.

Summarizing all the above, we conclude that the main disadvan-
tages of the alloys based on intermetallic TiMn, compound in binary sys-
tem Ti—Mn are the high equilibrium pressure plateau, and the hysteresis
effect (i.e., the difference between the pressures of hydrogen sorption
and desorption) [76].

As shown above, all attempts to improve the sorption—desorption
kinetics, as well as to significantly increase the amount of absorbed H
in the TiMn,-based intermetallic compounds (the maximum amount of
absorbed hydrogen was 1.8 wt.% H/Me ~ 1.0), via increasing the number
of sorption—desorption cycles, changes in the initial state (as-cast or an-
nealed), or variations in the titanium/manganese ratio (the whole re-
gion of TiMn, on the Ti—Mn binary diagram was investigated [83]) did
not lead to a significant improvement in the hydrogen absorption pa-
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that indicates a significant

potential to increase experi-

mentally achieved values of hydrogen capacity in the alloys of this class,
and requires further search for ways to enhance hydrogen capacity.

Basing on the data of [2, 76, 83, 88], most researchers concluded
that the enhancement of sorption—desorption kinetics and significant
increase in the amount of absorbed hydrogen (closer to the theoretical
value 3.9 wt.%) will be possible in the TiMn,-based alloys only by ad-
ditional alloying of this phase [2, 89-91].

Therefore, at present, ternary or even more complex alloying sys-
tems on the base of AB,-type intermetallic compounds are used as hy-
drogen sorbent materials for transport batteries. In Ref. [2], it was
noted that a potential way to increase the hydrogen capacity consists in
adding into the material one or even several alloying elements, and at
the same time preserving the AB,-type intermetallic lattice. Potentially,
this will allow changing the hydrogen absorption properties of the mate-
rial in a wide range. This idea determines the importance of the search
for chemical elements that can positively affect the kinetics of hydrogen
sorption-desorption processes in Ti—-Mn alloys with intermetallic AB,-
type lattice, as well as the amount of hydrogen absorbed, and reduce
degradation of the properties during sorption-desorption cycling. In
Ref. [92], other methods of affecting the amount of hydrogen absorbed
were identified in addition to alloying, which are schematically shown
in Fig. 11. All these factors are considered separately to determine the
most effective of them.

4. Effect of Alloying on Hydrogen
Absorption Properties of TiMn,~-Based Alloys

In Refs. [93—96], the authors proposed to substitute partially titanium
for zirconium (as the component A) in the TiMn, intermetallic phase.
They noted that the choice of zirconium as an alloying component is
explained by the following factors. First, zirconium has a slightly high-
er affinity for hydrogen than titanium, so the presence of zirconium in
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Fig. 12. Quasi-binary section T, °C
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solutions between the isostructu-

ral compounds TiMn, and ZrMn, (Fig. 12), i.e., the introduction of zirco-
nium into the TiMn, intermetallic compound should not cause the for-
mation of new phases; therefore, the three-component material Ti—Zr—
Mn will retain the desired type of lattice in a certain concentration range.

The kinetics of sorption—desorption processes were investigated,
and the amount of hydrogen absorbed by Ti, ,Zr ,Mn, alloys (x = 0.4; 0.6;
0.8) with AB, intermetallic structure at a pressure of 7 MPa and room
temperature were determined in Ref. [99]. The amount of absorbed hy-
drogen H/Me gradually increased from 0.9 to 1.2 with zirconium con-
tent in the whole range. Besides, the amount of absorbed hydrogen de-
creased, and the hydrogenation products became pyrophoric due to pow-
dering after six sorption—desorption cycles. The decrease in the amount
of hydrogen absorbed was most likely due to the formation of titanium-
based 6-hydride after hydrogenation, as shown in [83]. The process of
hydrogen desorption was investigated at room temperature by reducing
the hydrogen pressure from 7 MPa to 0.01 MPa; it was found that only
a certain chemical composition allowed to obtain a sufficiently high
amount of desorbed hydrogen.

The results obtained in [99] on the kinetics of sorption—desorption
processes and the amount of absorbed hydrogen (at the H/Me level of
0.9-1.2) in Ti, ,Zr Mn, (0 < x < 1) alloys coincided with those presented
in [77] for the same hydrogenation parameters, hydrogen pressure of
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7 MPa and room temperature. However, the authors noted that significant
changes in hydrogenation parameters led to higher hydrogen absorption.
As shown, reducing the hydrogen pressure from 7 MPa to 4 MPa and
reducing the hydrogenation temperature from 293 K to 80 K in with
0 < x £ 0.6 allow to increase the amount of absorbed hydrogen up to
H/Me ~ 1.32, whereas, at 0.6 < x <1, the achieved maximum practically
did not change. Comparative investigations were also carried out at pres-
sures in the range of 7-30 MPa and at two temperatures, 80 and 293 K,
but the amount of absorbed hydrogen H/Me did not exceed ~1.32.

The results of Refs. [77, 99] on the effect of zirconium additions on
the hydrogen absorption properties of alloys based on TiMn, intermetal-
lic compound were obtained exclusively on the alloys with the stoichio-
metric composition of the AB, phase. However, the question of how the
deviation from stoichiometry will affect the sorption—desorption kinet-
ics and the amount of absorbed hydrogen in the alloys of the Ti—Zr—Mn
system with AB,-type structure remained important. The effect of de-
viation from stoichiometry on the hydrogen absorption properties of
(Ti, gsZr, os)Mn,_, alloys (where x = —0.05, 0, 0.05, 0.15, 0.35) was inves-
tigated in Ref. [76]. Regardless of the selected chemical composition, all
the alloys in the studied range were single-phase and comprised of the
hexagonal Laves phase of C14 type. The process of interaction with hy-
drogen was investigated at a pressure of 5 MPa and at 150 °C. It was
found out that, at manganese concentrations in the range of
—0.05 < x < 0.05, the amount of absorbed hydrogen increased from H/
Me ~ 0.97 up to 1.02; and on the contrary, further increase in x from
0.05 to 0.35 (reduction of manganese content) led to a decrease in the
hydrogen capacity H/Me from 1.02 to 0.88. Nevertheless, the equilib-
rium plateau of pressure and hysteresis effect decreased with x in the
entire range of —0.05 < x < 0.35. As mentioned above (see Figs. 2 and
3), lowering the pressure plateau significantly accelerates the formation
of hydride, and reducing hysteresis enhances the hydrogen desorption.

The decrease in the amount of absorbed hydrogen in the range of
0.05 < x £ 0.35, as well as the lowering of the equilibrium pressure pla-
teau and less pronounced hysteresis effect were explained in [76] by the
distortion of interstices, in which dissolved hydrogen is located; this
coincides with the data of [100, 101].

The idea proposed in [76] that some reduction of manganese content
in the TiMn,-based alloys has a positive effect on the amount of absor-
bed hydrogen was used in Ref. [96] where the powders of Ti, Zr Mn, ,
alloys (x = 0, 0.1, 0.2, 0.3, 0.4) were investigated. It is shown that the
alloys had single-phase structure (hexagonal Laves phase of C14 type)
in the whole concentration interval. However, increasing zirconium con-
tent led to an increase in the lattice parameters from a = 0.48620 nm
and ¢ = 0.79777 nm at x = 0 to a = 0.49837 nm and ¢ = 0.81719 nm
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librium pressure plateau lowered at higher zirconium content, whereas
the amount of absorbed hydrogen increased (Fig. 13).

For example, for the TiMn, , alloy (x = 0), the amount of absorbed
hydrogen was H/Me = 0.92, whereas, in the Ti, Zr, ,Mn,, alloy (x =
= 0.4), it increased up to H/Me ~ 1.22. Based on the literature data
[102], the authors of Ref. [96] associated this increase in hydrogen ab-
sorption both with larger lattice parameters and, accordingly, with the
radius of interstices for hydrogen atoms, and with different affinities
of zirconium and titanium to hydrogen. The process of hydrogen des-
orption was carried out in the same way as in the previous studies [83,
88] by reducing the hydrogen pressure from 3 to 0.01 MPa. For exam-
ple, in the TiMn, , (x = 0) alloy, the amount of desorbed hydrogen was
H/Me =~ 0.79, whereas, for the Tij Zr, ,,Mn, , (x = 0.1) alloy, it increased
to H/Me ~ 0.91. On the contrary, a significant decrease was observed at
zirconium content 0.1 < x < 0.4: for the Ti, (Zr, ,Mn, , alloy (x = 0.4), the
amount of desorbed hydrogen was only H/Me ~ 0.35. The decrease in
the amount of desorbed hydrogen with zirconium content was associated
in Ref. [96] with greater affinity of zirconium for hydrogen as com-
pared to titanium. Therefore, we can conclude that there are optimal
concentrations in the ternary system Ti—Zr—Mn, which provide both
high hydrogen absorption and acceptable stability of the hydrogenated
material (in other words, acceptable kinetics of hydrogen sorption—des-
orption under certain thermobaric conditions).

In Ref. [56], based on the data of [76, 96, 99, 103], the simultaneous
effect of zirconium additions and deviation from stoichiometry on the
hydrogen absorption properties of the alloy based on AB, intermetallic
phase was investigated on the example of the (Tij;,Zr,q)Mn, , alloy.
This alloy comprises of the hexagonal Laves phase of C14 type. Based
on the data on the phase composition of the alloy, the authors noted

ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 3 325



V.A. Dekhtyarenko, D.G. Savvakin, V.I. Bondarchuk, V.M. Shyvanyuk et al.

that, due to the partial replacement of titanium with zirconium, it was
possible to expand the range of the Laves phase to 54.4 at.% Mn (for
the binary TiMn,, limit is of 59 at.% [87]) and to get somewhat larger
lattice parameters, which is promising for increasing the hydrogen capa-
city. According to [84—86], the lattice parameters in binary TiMn, inter-
metallide were a =0.4812-0.4880 nm and ¢ =0.7892-0.7992 nm, where-
as, the lattice parameters in the (Ti, ,Zr,,)Mn, alloy were a = 0.5029 nm
and ¢ =0.8265 nm [104], and in the (Ti, ;,Zr, 4c)Mn, , alloy, a = 0.5051 nm
and ¢ =0.8297 nm [56].

The interaction of the (Ti,,,Zr,)Mn,, alloy with hydrogen was
studied at room temperature and hydrogen pressure of 0.6 MPa in as-
cast bulk condition. It was found that the incubation period (time from
contact of the sample with hydrogen to the start of active interaction)
was only a few minutes, and the process of interaction with hydrogen
occurred at high rates; it is possible to achieve the amount of absorbed
hydrogen H/Me = 1.2 (for the binary TiMn, compound, H/Me ~ 1.0
[83—88]). As noted in [105], the incubation period is caused by the oxide
scale, which is always present on the surface of titanium and Ti-based
alloys and is a barrier to the penetration of hydrogen into the bulk. Bas-
ing on the data of Refs. [106, 107], the author of Ref. [105] unexpect-
edly claims that the oxide scale with a thickness of less than 0.45 pum
can even be useful, promoting the dissociation of hydrogen molecules
into atoms and, accordingly, enhancing the interaction with hydrogen.
However, the interaction process is significantly slowed down usually at
an oxide scale thickness of 0.5-1.0 um, and at a thickness of more than
1.0 pum, it stops altogether [108]. Typically, vacuum annealing above
600 °C is applied to activate the interaction of titanium with hydrogen,
because at these temperatures, the surface oxide layer dissolves, and the
barrier disappears, which leads to the instantaneous onset of metal in-
teraction with hydrogen.

The hydrogen desorption was carried out, as in Refs. [83, 88], by
means of reducing hydrogen pressure from 0.6 to 0.002 MPa; as the
authors noted, it allowed to reduce the amount of absorbed hydrogen H/Me
from 1.2 to 1.0. Desorption of all absorbed hydrogen in the (Ti, ;,Zr, )
Mn, , alloy required heating at an initial pressure of 4-103 Pa to 350 °C,
whereas, in Ref. [88], it was shown that for binary TiMn, intermetal-
lide, this temperature was 400 °C, and there was a need to apply 60-
minute exposure.

The differences in the parameters of hydrogenation (reduction of
hydrogen pressure from 3.2 MPa [83] to 0.6 MPa) and dehydrogenation
(drop of the temperature of complete dehydrogenation from 400 °C [88]
to 350 °C), as well as the increase in the amount of absorbed hydrogen
to H/Me ~ 1.2, were explained in Ref. [566] by the following factors.
First, it is reduction of the minimum manganese content needed for the
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Fig. 14. Unit cell volume and tetrahedral interstice radius of Laves
phase of C14 type in TiMn, (1) [83] and (Ti,,;,Zr,¢)Mn, , (2) [56]
alloys

Laves phase stabilization [83, 88]. Second, it is a significant increase of
the unit cell volume and the radius of the tetrahedral interstice in the
(Ti, ;,Zr, ¢¢)Mn, , alloy as compared to the binary TiMn, compound
(Fig. 14). The radius of the tetrahedral interstice was calculated from
the hard spheres approximation by formula R,,,, = 0.074475a, where a
is the lattice parameter taken from the literature [109, 110].

The data in Fig. 14 confirm the assumptions made in [2, 30, 93—-96]
that partial replacement of titanium with zirconium leads to an increase
in the lattice parameter, and therefore, increases the radius of inter-
stices, which enhances the total amount of absorbed hydrogen.

In the above-mentioned works, the positive effect of alloying and
deviation from the stoichiometric composition AB, on the hydrogen ab-
sorption properties of the alloys based on intermetallic AB, compound
was proved. However, the investigations were performed only for a par-
tial replacement of titanium with zirconium (the component A). In Refs.
[74, 111-113], the authors proposed to determine the effect of partial
replacement of component B (i.e., to substitute manganese that does not
interact with hydrogen for vanadium that is able to interact with hydro-
gen) in the intermetallic AB,-based alloys.

This idea was developed in Ref. [111]; the simultaneous effect of
partial substitution of component A (titanium for zirconium) and com-
ponent B (manganese for vanadium) on the hydrogen absorption proper-
ties of AB, intermetallides was studied on the example of (Ti, Zr,,)
(Mn,V)) alloys, where x = 1.1-2.2 and y = 0.1-0.7. Referring to the lit-
erature [83], the authors of Refs. [74, 111] noted that the binary inter-
metallic TiMn, compound can contain up to 25 at.% V without affecting
the phase composition, which allows to expand the homogeneity of the
intermetallic phase to 38—-63 at.% Mn (for binary intermetallics, the
concentration limits are of 59-70 at.% Mn [83]). It was shown in [85]
that the simultaneous introduction of two elements (zirconium and va-
nadium) in the TiMn, allowed to increase vanadium content up to
26 at.% V and, thereby, to expand the homogeneity region to 36—65 at.%
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Mn. The interaction of (Ti,Zr,,)(Mn,V ) alloys with hydrogen was in-
vestigated at 20—100 °C and hydrogen pressure of 1 MPa. It was noted
that for activation these alloys require preliminary long-term exposure
at 850—-900 °C for 240 hours. It was determined that after such treat-
ment the interaction with hydrogen occurred at a fairly high rate that
allowed to achieve the amount of absorbed hydrogen at the level of
1.8-2.0 wt.% that corresponds to the composition H/Me ~1.0-1.2. The
amount of absorbed hydrogen was slightly higher than for the binary
TiMn, intermetallics (H/Me = 1.0 [83]), but the material did not exceed
the performance of alloys whose hydrogen absorption properties were
studied in [96, 99].

As shown in Refs. [66, 74, 76, 96], the partial substitution of ele-
ments A and/or B for zirconium and vanadium in the binary TiMn,
compound allowed to expand the region of its homogeneity to 36—65 at.%
Mn (for TiMn,, it is 59-70 at.% Mn [83]). An explanation of this fact
was given in [111], based on the data previously presented in [112]. The
authors of Ref. [111] experimentally proved that under the lack of compo-
nent B (less than needed for stoichiometric AB, composition) some atoms
of component A (for these alloys it is titanium, because the size of its
atom is closer to manganese) shift to unfilled positions of component B
(manganese), and as a result, it is possible to obtain stoichiometry AB,.

As shown above, the introduction of zirconium and/or vanadium
into the binary TiMn, compound led to an increase in the amount of
hydrogen absorbed and affected in some way the kinetics of the sorp-
tion-desorption processes. As noted in the above-mentioned works, the
improvement of properties occurred due to the differences in atomic
radii (atomic radius of titanium is of 0.147 nm, and for zirconium, is of
0.160 nm), as well as in hydrogen activity (unlike manganese, vanadium
is a hydride-forming element).

The investigations of the effect of alloying on the hydrogen absorp-
tion properties of the TiMn,-based alloys were extended in Refs. [114,
115] on the example of the (Ti, ;,Zr, s)Mn, sV, ;,Cr, ;; alloy. The authors
proposed the simultaneous partial substitution of component B for two
elements, which interact with hydrogen. Based on the literature data
[116], the authors of Refs. [114, 115] chose chromium which can effec-
tively influence the kinetics of both sorption and desorption of hydro-
gen, as well as the hydrogen capacity of the TiMn,-based alloys. The
authors of Refs. [114, 115] noted that in contrast to the previously con-
sidered alloys, the studied (Ti, ,;,Zr, ¢)Mn, o6V, 1.Cry 1, alloy consisted of
two phases: hexagonal Laves phase of C14 type, and cubic phase of C15
type. The authors explained the appearance of the second intermetallic
phase by the fact that there is the Laves phase of C15 type in binary
zirconium—chromium and titanium—chromium systems at room temper-
ature (see Refs. [117, 118]).
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The interaction of the (Ti, ,Zr, c)Mn, sV, 1,Cry ;; alloy with hydrogen
was investigated at room temperature and hydrogen pressure of 0.23 MPa
on bulk samples without preliminary heat treatment. Under these condi-
tions, the active absorption of hydrogen by the alloy during the first
hydrogenation started after an incubation period of 2—-10 minutes and
lasted about 10 minutes; the hydrogen capacity was H/Me ~ 1.36 that is
significantly higher as compared to the binary TiMn, compound (H/
Me ~1.0 [83, 88]).

The hydrated (Ti,,,Zr,¢)Mn, 6V, 1.Cr 1, alloy started to release hy-
drogen at an initial pressure of 4.10°® Pa at room temperature, but it
was possible to remove no more than 4% of the absorbed hydrogen in
these conditions. Heating was necessary to resume the hydrogen desorp-
tion from the mixture of hydrides: the maximum desorption rate was
observed at 115 £ 5 °C, and at 300 °C, all hydrogen was desorbed. The
authors of Refs. [114, 115] explained some decrease in the temperature
of complete hydrogen desorption as compared, for example, to the
(Ti, 3,21, ¢¢)Mn, , alloy [56] and the binary TiMn, compound [83, 88], by
the presence of the Laves phase of C15 type, which has both types of
interstices: tetrahedral and octahedral.

This explanation was drawn in Refs. [114, 115] from the analysis of
literature data [119, 120], according to which, the decrease in thermal
stability of the hydrides based on intermetallics of AB, type (Laves
phase) is caused by partial substitution of A or B atoms by other ele-
ments due to electron or chemical effects [121, 122]. The authors of
Refs. [114, 115] suggested that hydrogen atoms in the Laves phase of
C15 type with f.c.c. lattice are located in the octahedral interstices, be-
cause these interstices are almost twice as large as tetrahedral; this re-
duces the thermal stability of the hydride based on the (Ti,;,Zr, )
Mn, 46V, 1,Cr, 1; alloy. However, in Ref. [110], it was proved that, regard-
less of the type of crystal lattice of the Laves phase (h.c.p. or f.c.c. one),
hydrogen is located exclusively in the tetrahedral interstices (Fig. 15).
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Thus, the authors of [110] provided data that the hydride obtained by
them on the basis of the C15-type Laves phase had a lower thermal sta-
bility than that based on C14-type phase. The authors explain this dif-
ference by geometric factors (the change of lattice from h.c.p. to f.c.c.
one), accompanied by the decrease in the number of atoms per unit cell
(from 12 atoms in h.c.p. lattice to 6 in f.c.c. lattice), and the reduction
of the radius of tetrahedral interstices where dissolved hydrogen atoms
are located.

Based on the previous studies [74, 111-115, 123], the investiga-
tions of the simultaneous effect of partial replacement of components A
and B, as well as deviations in the concentration of elements from the
stoichiometric AB, composition, were continued in Ref. [124]. In con-
trast to the previous studies, the deviation of stoichiometry was not due
to a decrease in the amount of component B (manganese), but due to
increased amount of A (titanium and zirconium); besides, four elements
already played the role of component B. Therefore, the authors of Ref.
[124] described the chemical composition of the alloys studied by the
following formula: (Ti, g,Zr, ;) 0sMn, ,Cr,V,,Me,,; (where Me = Ni, Fe,
Cu). The authors experimentally proved that the three alloys studied
(separately with nickel, cobalt and copper) were single-phase with the
structure of the hexagonal C14-type Laves phase but these alloys had
slightly different lattice parameters. For example, in the (Ti, 4;Zr, ;5); 5
Mn, ,Cr,:V,Ni, ; alloy, the lattice parameters were a = 0.48937 nm and
¢ = 0.80324 nm, so, they were larger than for the binary TiMn, com-
pound (a = 0.4812-0.4880 nm, ¢ = 0.7892-0.7992 nm [84-86]). The
authors noted that the addition of alloying components in the sequence
Ni-Fe—Cu led to a gradual increase of the lattice parameters, and ac-
cordingly larger radius of the tetrahedral interstice [92], i.e., favourable
for enhanced hydrogen capacity. For example, after substitution of Ni
for Fe, the parameters increased to a = 0.48940 nm and ¢ = 0.80331 nm,
and after using copper, they were a = 0.48954 nm and ¢ = 0.80353 nm,
and the unit cell volume increased from 165.591 to 166.771 A3, respec-
tively. The increase of the lattice parameters and, accordingly, the vol-
ume of the unit cell caused by the transition from nickel to copper, was
explained in Ref. [124] basing on the data of Ref. [125] by the different
atomic radii of these elements (0.125 nm and 0.128 nm, respectively),
as the content of all other components was constant.

The interaction of the Ni-, Fe-, and Cu-containing alloys with hy-
drogen was carried out in Ref. [124] at room temperature and hydrogen
pressure of 4 MPa. The authors noted that there was required an activa-
tion sorption—desorption cycle in these alloys to achieve the high amount
of absorbed hydrogen and the rate of interaction. The highest amount
of absorbed hydrogen in alloys containing Ni, Fe, and Cu equalled 1.79—
1.81 wt.%. The increase in the content of absorbed hydrogen upon the
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transition from nickel to copper as alloying element the authors associ-
ated with different lattice parameters. The authors noted that they achie-
ved somewhat higher concentration of absorbed H as compared, e.g., to
(Tiy g5Zry 15); 1Crg 925 MnFe .- alloy used in high-pressure tanks [126] (ref-
erence alloy), despite the larger number of alloying components, compa-
rable with (Ti,¢Zr,,)(Mn,V ) alloys considered in Ref. [74].

Therefore, summarizing the results of the above-mentioned works
on the study of the effect of alloying on the hydrogen absorption prop-
erties in the binary TiMn, intermetallics, it is clearly seen that the tran-
sition from the binary Ti—Mn system to more complex systems, includ-
ing up to 6 components, allowed to increase the amount of absorbed
hydrogen H/Me from 1.0 to 1.36, but in some cases the sorption-desorp-
tion kinetics were significantly deteriorated.

Therefore, some researchers suggested more integrated approach
with aim to achieve a more significant increase in the amount of ab-
sorbed hydrogen and, most importantly, not to lose the positive param-
eters of the sorption—desorption kinetics in the alloys based on AB,-type
intermetallics [127-131]. The idea is to deviate from the stoichiometric
AB, composition with simultaneous alloying and changing the general
phase and structural state of the material. Thus, it was proposed to use
another factor affecting the hydrogen capacity as shown in Fig. 11,
namely, the phase composition.

5. Effect of Phase and Structural Changes
on Hydrogen Absorption Properties of TiMn, Intermetaillics

The authors of Refs. [127, 128] studied the hydrogen adsorption proper-
ties of the alloys of Ti—V—Mn and Ti—Zr—-Mn—-V systems based on the
AB,-type intermetallics and experimentally found out the second phase,
along with the Laves phase. Later, this phase was identified as the b.c.c.
Ti-based solid solution. Using the Rietveld method, the authors [127,
128] determined the volume fractions of two phases: 85 and 15% (in
some cases even more) of AB,-type intermetallics and the b.c.c. solid
solution, respectively. Figure 16 shows a typical microstructure for this
class of materials, where the dark areas correspond to the Laves phase,
and the light ones, to the b.c.c. solid solution.

B.c.c. titanium-based solid solutions have rather high (4 wt.%) hy-
drogen capacity [30] compared to the intermetallics. However, titanium
alloys with b.c.c. lattice have never been considered as commercial ma-
terials for hydrogen storage [132—134] because of the need for their
technologically complex preliminary thermal activation, low hydrogena-
tion rate even at so high temperatures as 400-600 °C, and high tem-
perature range of desorption (Table 3). Therefore, it has long been be-
lieved [135—138] that the presence of even a small amount of the b.c.c.
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Fig. 16. Typical microstructure for
two-phase Laves-phase-based alloys
[131]

phase in the alloys based on the
AB,-type intermetallics would
deteriorate their hydrogen sorp-
tion—desorption kinetics. How-
ever, an interesting fact was
found out in Refs. [127, 128]:
there were no inflections or
steps on the dependences of
pressure on the amount of hydrogen absorbed by the material (pressure—
concentration diagrams) plotted for the hydrogenation process. This in-
dicates that the process of hydrogen sorption is single-stage, i.e., two-
phase alloys interact with hydrogen as single-phase ones. In Refs. [129—
131], a one-stage process of hydrogen sorption was also observed in the
alloys with a volume fraction of b.c.c. solid solution up to 385%. Thus,
it was proved that the b.c.c. solid solution in combination with AB,
phase could interact with hydrogen under the thermobaric conditions
needed for the hydrogenation of intermetallics.

In Refs. [127-131], it was shown varying the ratio between the AB,
and b.c.c. phases in the two-phase alloys allowed to change the amount
of absorbed hydrogen in a wide range. Besides, an important fact for
practical use was found out: the kinetics of both sorption and desorption
of hydrogen in the two-phase alloys remained the same as for single-
phase alloys comprised only of the AB,-type intermetallic phase. Based
on this, the authors of Refs. [127, 128] proposed a new concept for de-
veloping materials with high hydrogen capacity, namely, ‘Laves phase-
related b.c.c. solid solution’.

The mechanism of hydrogenation of the b.c.c. solid solution at room
temperature and at high rates was experimentally clarified on the exam-
ple of Ti,, ;.Zr,;Mn,,,.V,, alloy in Ref. [139]. The authors showed that
the facilitated interaction of b.c.c. Ti-based solid solution with hydro-
gen in the presence of the Laves phase occurred at room temperature
with high rates similar to the kinetics of hydrogen sorption by interme-
tallic due to the following factors. Firstly, there is no need to create spe-
cial conditions on the surface of the b.c.c. solid solution for facilitated
dissociation of hydrogen molecule into atoms, because the dissociation
occurs rapidly on the surface of intermetallic crystallites. Secondly, the
cast alloy (as a bulk material) has the highest density of contact between
the phases, which facilitates the diffusion of hydrogen through the inter-
phase boundaries. Finally, after the start of the hydrogenation process,
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Fig. 17. Schematic diagram of hydride formation in two-phase al-
loys [139]

the cracking of the surface of intermetallic crystallites increases the
surface area for absorption and faster hydrogen penetration into the
material volume. According to the above mentioned, the authors of
[139] proposed a schematic diagram of hydride formation for these two-
phase materials, based on the example of the alloy studied (see Fig. 17).

According to Refs. [127, 128], the positive effect of a certain amount
of b.c.c. solid solution in the AB,-based alloys on the amount of ab-
sorbed hydrogen was found out, and this was used in Ref. [140] to de-
velop new alloys for hydrogen storage. The authors investigated
Ti V,.Mn,, . alloys (where x = 20, 25, 30, 35, 40 at.%) which, in con-
trast to those studied in Refs. [127, 128], should have had a much
larger volume fraction of b.c.c. solid solution [141, 142]. As has been
expected, all alloys were two-phase and comprised of b.c.c. solid solu-
tion and intermetallic AB, phase. According to Ref. [140], higher con-
tent of titanium in this range leads to increased volume fraction of
b.c.c. solid solution and titanium content in it, as well as larger lattice
parameters, that correlates well with the data of [143, 144].

The interaction of the Ti V,.Mn.. . alloys (x = 20, 25, 30, 35, 40 at.%)
with hydrogen was investigated at room temperature and hydrogen
pressure of 4 MPa. The authors noted that these alloys require rather
complex preliminary activation, as well as at least three activation cy-
cles of hydrogen sorption—desorption to achieve the highest possible
hydrogen capacity and the ability to interact with hydrogen at room
temperature at a high rate. The increase in x in this range leads to a
significant higher absorption of hydrogen. For example, at x = 20, the
amount of absorbed hydrogen was 2.63 wt.% (H/Me ~ 1.4), whereas, at
x = 35, it was 3.35 wt.% (H/Me ~ 1.76), but this significantly worsened
the kinetics of hydrogen desorption. The increase in the total amount of
absorbed hydrogen, in comparison with the single-phase AB, state, was
explained (in Ref. [140] according to [145]) by the higher volume frac-
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Fig. 18. Typical microstructure of eu-
tectic alloy [146]

tion of b.c.c. solid solution and
titanium content in it.

The hydrogen desorption was
studied under the hydrogen pres-
sure reduced from 4 to 0.002 MPa.
In these conditions, only a part
of the accumulated hydrogen was
removed: 0.93 wt.% (H/Me =
~ 0.49) at x = 20, and 1.18 wt.% (H/Me ~ 0.6) at x = 35, and the
authors emphasized that the desorption of all absorbed hydrogen
required rather stringent thermobaric conditions.

Comparing the data on the interaction of two-phase alloys com-
prised of b.c.c. solid solution and AB,-phase with hydrogen, one can
draw an important conclusion. The use of multiphase alloys makes it
possible to replace effectively single-phase intermetallics as hydrogen
sorbents due to the possibility to obtain much higher amounts of ab-
sorbed hydrogen, but it is important to preserve the kinetic parameters
of fast sorption—desorption, which are characteristic for the single-
phase alloys of AB,-type.

Based on the previous studies [127, 128], a new approach to the
development of AB, + b.c.c. solid solution materials for H sorption were
proposed in Refs. [146—152]. The authors proposed to use the eutectic
alloys (natural composites) comprised of AB,-type intermetallics (Laves
phase) and b.c.c. Ti-based solid solution (Fig. 18).

By the example of the eutectic Ti,, ;Zr,,Mn,, . alloy, the authors of
Ref. [146] showed that the eutectic solidification of this material auto-
matically provided the condition of the minimum possible manganese
content in the AB,-type intermetallide (the need for the lowest possible
manganese content in the TiMn,-based alloys was proved in Ref. [83]),
and there was a net of interphase boundaries with a high specific sur-
face area (Fig. 18). This should contribute to fast kinetics of hydrogen
absorption; as it is known from the literature [153], a high rate of hy-
drogen penetration into the material volume is provided, in particular,
by its diffusion along the grain boundaries. In addition, the eutectic
solidification of this alloy allows stabilizing the Ti-based b.c.c. solid
solution at room temperature, which is important for the interaction
with hydrogen. The hydrogen capacity of the titanium-based B-phase is
of 4 wt.% [30], while for the a-phase, it is only 0.01 wt.% [154, 155],
and the diffusion coefficient of hydrogen in the B-phase is 3.5 times
higher than in the a-phase [156].
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The hydrogen absorption properties of the Ti,, ;Zr, Mn,, . alloy were
studied at room temperature and hydrogen pressure of 0.6 MPa. The
alloy interacted with hydrogen in these conditions at high rate, but an
activation heating was required during the first hydrogenation up to
520 °C at the applied pressure for subsequent hydrogen desorption [146].
The amount of absorbed hydrogen was 2.58 wt.% (62.6 at.% H), which
corresponded to the formula composition H/Me ~ 1.64, whereas the hy-
drogen capacity of the AB,-type alloys did not exceed 2.1 wt.% (H/
Me ~ 1.36) [114, 115]. However, it should be noted that the desorption
of all absorbed hydrogen could be achieved only by heating to 550 °C,
while, for AB,-based alloys, heating up to 350—400 °C was needed [56,
88]. The authors of Ref. [146] explained the increase in the temperature
(needed for complete H desorption) by the presence of more stable hy-
dride phase based on the b.c.c. solid solution. According to Ref. [52],
the decomposition of the hydride based on titanium or b.c.c. solid solu-
tion occurs at 300-600 °C.

The study of eutectic alloys of the Ti—Zr—Mn system with the struc-
ture of AB, and b.c.c. solid solution was extended in Ref. [147], and the
effect of changes in the initial structure (ratio of phase volume frac-
tions) on the hydrogen absorption kinetics and the amount of hydrogen
absorbed during the first hydrogenation was shown.

The authors investigated the Tig, Zr, Mn_ alloys with x = 21.5, 25,
28.5 at.%; this allowed to study the full range of the alloys from pre-
eutectic (primary crystallites of b.c.c. solid solution) to hypereutectic
(primary crystallites of intermetallic AB, phase). As for the Ti,, ;Zr,,Mn,, ,
alloy[146], the interaction with hydrogen was studied at room tempera-
ture and hydrogen pressure of 0.6 MPa, and these alloys also required
the first sorption—desorption cycle to activate the reaction with hydro-
gen at room temperature and the mentioned pressure at high rate.

The authors of Ref. [147] noted that the first sorption—desorption
cycle led to the transition of a bulk sample to a powder state, which
enhanced the reaction surface for dissociation of hydrogen molecules,
activated the invasion of hydrogen into the bulk material, and improved
the interaction kinetics. It is important that due to the different initial
structures, and accordingly, different ratio of the volume fractions of
phases, it was possible to get the amount of absorbed hydrogen in ra-
ther wide range from 2.81 wt.% (pre-eutectic composition) to 2.49 wt.%
(eutectic composition), which corresponded to the formula composition
H/Me from 1.67 to 1.49, respectively.

Rather significant difference in the amount of absorbed hydrogen
was associated in Ref. [147] with the different titanium/manganese ra-
tios, as well as with significantly different hydrogen capacities of inter-
metallic AB, phase (2 wt.% [74]) and the b.c.c. Ti-based solid solution
(4 wt.% [30]).
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The mentioned above data on the interaction of eutectic alloys com-
prised of intermetallic AB,-type phase and b.c.c. solid solution with
hydrogen show that variations in chemical composition allow to obtain
different initial structures and, accordingly, different ratios of volume
fractions of two phases; this allows to change the hydrogen capacity in
rather wide range without significantly changes in the kinetics of hy-
drogen sorption. The investigated eutectic alloys, as well as the alloys
based on the intermetallic AB, compound, require the first activation
cycle for efficient and fast interaction with hydrogen at room tempera-
ture. The hydrogen absorption properties of eutectic alloys and two-
phase alloys based on intermetallics can be enhanced by means of an-
other factor that affects the hydrogen capacity, namely, preliminary
heat treatment (see the scheme in Fig. 11).

6. Influence of Preliminary
Heat Treatment on the Kinetics of Interaction
with Hydrogen for Multiphase Alloys

As known from the literature [157, 158], the preliminary heat treat-
ment (annealing) of multiphase alloys is an effective way to affect
chemical composition of phases, the size of individual crystallites, the
volume fractions of phases and the catalytic properties of the interphase
boundaries. The obtained data on the positive effect of changes in the
chemical composition of the phases [76, 96] or the volume fractions of
phases [127, 128] on the kinetic parameters of sorption—desorption and
the amount of absorbed hydrogen were used in Refs. [159—-162] to deter-
mine the effect of preliminary heat treatment on the properties of two-
phase alloys comprised of b.c.c. solid solution and Laves phase. How-
ever, the results presented in the literature, especially in [161, 162], on
the effect of heat treatment on the hydrogen absorption properties of
multiphase alloys are varying due to variations in chemical composition,
processing routes and experimental conditions, that does not allow un-
ambiguous interpretation of these data.

For example, various heat treatments were tested on the multiphase
Ti,,V,,CrFe,Zr alloy in Ref. [161]. Annealing at 1100 °C for 8 hours or
heating to 1250 °C for 5 minutes were followed by water quenching. The
alloy in as-cast condition and after various heat treatments had two-
phase structure comprised of b.c.c. solid solution and Laves phase. This
indicates that no new phases appeared in the alloy upon heat treatment,
but according to the authors [161], the volume fractions of two phases
changed (the amount of b.c.c. solid solution increased). The higher vol-
ume fraction of b.c.c. solid solution made possible to increase the amount
of absorbed hydrogen, but, at the same time, the kinetics of interaction
with hydrogen deteriorated (the rate of hydrogen absorption decreased).
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Besides, it was noted that, after heat treatment at 1250 °C and 5-min
exposure, hydrogen desorption rate enhanced as compared to the alloy
in as-cast condition. For example, the as-cast alloy released 1.44 wt.%
hydrogen at 60 °C and hydrogen pressure of 0.1 MPa, whereas, after the
mentioned heat treatment, it released 1.82 wt.%.

The effect of heat treatment on the hydrogen absorption properties
of V,.Ti, Cr,, alloy was studied in Ref. [162]. The alloy in as-cast condi-
tion had single-phase structure (b.c.c. solid solution). Heat treatment
(annealing at 700 °C for 72 hours) led to redistribution of chemical ele-
ments and the formation of the second phase. The new phase was identi-
fied as the Laves phase of C14 type. The preliminary heat treatment was
shown to enhance the processes of hydrogen sorption—desorption; at the
same time, the amount of absorbed hydrogen decreased. The authors at-
tributed the enhancement of the sorption—desorption kinetics and the
reduction of the amount of absorbed hydrogen to the formation of the
Laves phase. Since the hydrogen capacity of the b.c.c. solid solution is
twice higher compared to the Laves phase, the formation of the latter is
expected to reduce the total amount of absorbed hydrogen.

As shown above, the results of Refs. [161, 162] are quite different
from those obtained in Ref. [163] on the effect of heat treatment of
multiphase alloys; therefore, a more comprehensive study of the effect
of preliminary heat treatment on the hydrogen absorption properties
was undertaken, based on these data.

The authors of Ref. [163] chose for their study a multiphase Ti,; (Zr,,
V,,Cr,; ,Mn, ,Co, ,Ni,, Al , alloy (it had a higher electrochemical capac-
ity and desorption rate compared to analogues [164]), as it is a dual-
purpose alloy, which can be used both in hydrogen storage tanks and in
NiHMe hydride batteries. The alloy in as-cast condition comprised of
the b.c.c. solution, the Laves phase of C14 type and the intermetallic
TiNi phase that coincided with the data of Ref. [165]. In order to con-
firm the need for heat treatment and determine the optimal regimes of
annealing, the temperature range of 800—-1100 °C with exposure times
5-12 hours was studied (Fig. 19). As revealed, the heat treatment caused
different effects on the phase composition and the volume fractions of
the phases. For example, annealing at 800—900 °C led to an increase in
the volume fraction of b.c.c. solid solution, whereas the volume fractions
of the Laves phase and TiNi intermetallide reduced from 10.5 to 2.8 and
from 23.9 to 14.1%, respectively (Fig. 19). On the contrary, increasing
the annealing temperature to 1000 °C caused an increase in the volume
fraction of the Laves phase from 2.8 to 16.8%, and of TiNi intermetal-
lide from 14.1 to 19.2%, as well as to the formation of new intermetal-
lic Ti,Ni phase. At 1100 °C, the volume fractions of the Laves phase and
TiNi intermetallide again decreased, and intermetallic Ti,Ni phase is
not formed; however, two new phases VNi and ZrO, formed (Fig. 19).
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ter heat treatment, the amount of absorbed hydrogen, regardless of the
different regimes of heat treatment and changes in the volume fractions
of phases, significantly reduced to the level of 1.836 wt.% (H/Me = 0.74).
This reduction in the amount of absorbed hydrogen is unexpected, be-
cause the increase in the volume fraction of b.c.c. solid solution, on the
contrary, should lead to a noticeable increase in the total hydrogen ca-
pacity of the material. The authors of [163] attributed the decrease in
the amount of absorbed hydrogen after heat treatment to the changes in
the chemical composition of the phases (formation of overstoichiometry
[168] when some atoms of the B component occupy positions of the A
component), redistribution of hydrogen-active components between
phases [169, 170], and decrease of lattice parameters in all phases. The
plateau of hydrogen pressure after annealing at 800—900 °C decreased,
whereas after annealing at 900—-1100 °C, it increased. The authors ex-
plained this by the different volume fraction of b.c.c. solid solution in
the alloy, compared to the initial, after various heat treatments, as the
hydride based on this phase is more stable than the hydrides formed in
the Laves phase and TiNi intermetallide and has the lowest pressure
plateau. It was also found out that the hysteresis after heat treatment
was more pronounced, which adversely affected the hydrogen desorption.

Therefore, summarizing all the above, it is clear that the preliminary
heat treatment of multiphase alloys is an effective method of influencing
the amount of hydrogen absorbed and the sorption—desorption kinetics.

As shown above, a combined approach to the development of hydro-
gen battery materials is an effective way to increase the total amount of
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absorbed hydrogen. Thus, it was decided to apply another factor influ-
encing the hydrogen capacity, according to the scheme shown in Fig. 11,
namely, to change the method of alloy fabrication.

7. Alloy Production Method

According to the literature [171], today most researchers use the cast-
ing method to fabricate alloys for hydrogen batteries. However, the
authors of Ref. [171] note that in the case of traditional methods, such
as induction or arc melting, segregation inevitably occurs during cool-
ing of the ingot, and this may adversely affect the sorption—desorption
kinetics and the amount of absorbed hydrogen. More modern methods of
fabricating alloys, based on hardening from melt with a high cooling
rate or involving powder technologies, including melt spraying or me-
chanical alloying, allow to obtain ingots and powders with higher chem-
ical homogeneity and smaller grain size as compared to those produced
by traditional casting methods. At the same time, the alloys produced
by powder methods usually contain noticeable amount of impurities,
which can also significantly affect the hydrogen absorption characteris-
tics. Accordingly, the hydrogen absorption properties of alloys with the
same chemical composition, but produced by different methods, can dif-
fer significantly.

A comparison of the hydrogen absorption characteristics of powders
of an alloy comprised of the Laves phase and produced by spraying in
gas and casting with subsequent grinding was made in Ref. [172]. The
authors showed that the morphology of particles depended on the pa-
rameters of their manufacture and processing methods. The powders
produced by mechanical grinding of the ingot had a different shape,
while the gas-sprayed powders were spherical. In the study of the hydro-
gen absorption properties for gas-sprayed particles in comparison with
those produced by casting followed by grinding, it was shown that, for
particles finer than 50 pum, the amount of absorbed hydrogen signifi-
cantly dropped, and the hysteresis loop became larger. Besides, the in-
crease in jet pressure of spraying gas led to a reduction in the amount
of absorbed hydrogen, and the slope of the plateau pressure signifi-
cantly increased due to phase separation inside the grains of the gas-
sprayed alloy, as well as the conditions on the particle surfaces (gas-
sprayed particles had solid hardened and partially oxidized surfaces).
The enhancement of hydrogen desorption for the gas-sprayed alloy,
compared to the alloy obtained by casting, was mainly caused by the
higher pressure at the plateau due to finer grain size and higher energy
needed for dissolving hydrogen in interstices in the gas-sprayed state.

A comparative study of the effect of different methods of alloy pro-
duction (induction melting and mechanical alloying) on the hydrogen
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Fig. 20. Absorption (a, b, c) and desorption (d, e, f) curves of Ti, ,,Zr, ,sMn, (V,, al-
loy (produced by ball milling and induction melting) at room temperature (a, d),
150 °C (b, e), and 400 °C (e, f) [173]

absorption properties was carried out in Ref. [173] on the example of
Ti, ;521 ,sMn, (V. , alloy. Regardless of the method of production, the
alloy comprised of two phases: Laves phase of C14 type and b.c.c. solid
solution. However, the authors noted that in the alloy produced by in-
duction melting the amount of b.c.c. solid solution was somewhat high-
er, which was attributed to a high cooling rate in this method. In addi-
tion, after induction melting, the elements were distributed in the phas-
es much more homogeneously, which correlates with the data of Ref.
[174]. As mentioned, high inhomogeneity in the chemical composition
of the phases can significantly affect the amount of absorbed hydrogen.
The hydrogenation was carried out at 20, 150, and 400 °C (Fig. 20).
The authors claim that the best thermodynamic and kinetic param-
eters of the hydrogenation were obtained at 150 °C; the amount of hy-
drogen absorbed by cast alloy was 2 wt.%, whereas after mechanical
alloying, it was only 1.2 wt.% . Besides, the amount of absorbed hydro-
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gen after casting was somewhat higher than for alloys comprised only
of the Laves phase of C14 type [175, 176]. The authors of Ref. [174]
attributed the significant difference in the amount of absorbed H after
casting and mechanical alloying to several factors: (i) different volume
fractions of b.c.c. solid solution; (ii) higher content of impurities (Fe
and O) in the alloy after mechanical alloying.

In contrast to the above work, in Ref. [177], it was shown that
changing the method of material production could significantly increase
the hydrogen capacity and improve the kinetics of hydrogen sorption—
desorption. Having compared the hydrogen absorption properties of
V,.(Ti,Cr),,(Zr,Mn),, alloy fabricated by sintering in plasma spark dis-
charge (spark plasma sintering (SPS) method) and by induction melting,
the authors noted that the kinetic parameters of the hydrogenation were
the same (hydrogenation temperature 400 °C and hydrogen pressure
2.1 MPa, incubation period of up to 200 seconds), but the amounts of
absorbed hydrogen significantly differed. In the SPS alloy, the amount
of absorbed hydrogen was 2.89 wt.% which was approximately 24%
higher than for the cast alloy (2.32 wt.%). In addition, it was shown
that the amount of desorbed hydrogen for the SPS alloy under the same
conditions (at 303 K) was 60% , whereas for the cast alloy, it was only
34% . The authors explain such significant differences in both the
amount of absorbed and desorbed hydrogen by the fact that there was
no diffusion of elements that form the Laves phase (in this case, it was
manganese, which does not interact with hydrogen and has a much
smaller atomic radius) into the b.c.c. solid solution in the SPS material.
Based on the literature data [178], the authors of Ref. [177] claim
that the adding manganese in the b.c.c. Ti-based solid solution reduces
the lattice parameter and, accordingly, lowers amount of absorbed
hydrogen.

Therefore, given all the above regarding the impact of different
methods of alloy production on the hydrogen absorption properties, one
can conclude that in most cases the transition from traditional casting
to other techniques mentioned above deteriorates the sorption—desorp-
tion kinetics, and most importantly reduces the amount of absorbed
hydrogen. In addition, it should be noted that, even in the cases when
the sorption—desorption kinetics was enhanced and the amount of ab-
sorbed hydrogen was increased due to changes in the methods of alloy
fabrication, in practice, their use remains quite limited due to the high
cost of these methods and the problems with transition from lab to pro-
duction scale.
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8.

Conclusion

An integrated approach to the development of hydrogen battery materi-
als based on TiMn, intermetallide allows varying the hydrogen capacity
and kinetic parameters of hydrogen sorption—desorption in wide ranges.
This approach includes deviation from stoichiometry, additional alloy-
ing, change of phase and structural state with or without preliminary
heat treatment, and change of the method of alloy production.
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