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EFFECT OF ALLOYING ON THE HYDROGEN  
SORPTION IN Ti–Zr–Mn-BASED ALLOYS.  
Pt. 1: C14-Type Laves-Phase-Based Alloys

The alloys of the Ti–Zr–Mn system based on the C14-type Laves phase are considered as ones 
of the most promising materials for safe storage and transportation of hydrogen. These alloys 
have appropriate parameters for activating the processes of absorption and release of hydrogen, 
a low cost, and a fairly high cyclic stability. In this work, the microstructure and phase compo­
sition of the starting alloys and the crystal structure of the hydrides synthesized from them are 
studied. Possible ways to reduce the cost of the final products are shown. The fact that chang­
ing the method of the alloy fabrication does not significantly affect its hydrogen absorption 
properties is shown. On the example of the considered alloys, it is shown that, as expected, al­
loying with an element with a larger atomic radius that forms a stable chemical compound with 
hydrogen results in an increase in the hydrogen capacity. This is explained by both the in­
creased radius of the tetrahedral interstitial sites, where hydrogen atoms are located after dis­
solution, and the higher total amount of the element interacting with hydrogen..
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1. Introduction

Since the end of the 70th of the last century [1–5] and until now [6–10], 
AB2-type intermetallic compounds (alloys based on the Laves phase) are 
considered the most promising materials for storing and transporting hy­
drogen. There are many intermetallic compounds of this type that can be 
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used for hydrogen accumulation; however, the TiMn2 compound is a spe­
cial one [11–13]. This is explained by comparatively simple activation of 
the hydrogenation [14], rather significant hydrogen capacity (≈1.0 H/Me 
[15], where H/Me denotes the hydrogen-to-metal host atom ratio), and a 
high rate of interaction with hydrogen [16]. In addition, this compound 
has a fairly wide range of homogeneity (30–41 at.% Ti) [17, 18]. In Refs. 
[17, 19], it was noted that the hydrogen-sorption properties of the alloys 
based on TiMn2 intermetallic compounds largely depend on their chemical 
composition. The authors of Ref. [17] showed that the best properties (at 
such hydrogenation parameters as a hydrogen pressure of 3.2 MPa and 
room temperature) had the alloys with composition which corresponded 
to the lower limit of the homogeneity region of the TiMn2 intermetallic 
compound (i.e., with the maximum titanium content). At the same time, 
the alloys with the maximum manganese content did not interact with 
hydrogen at all.

In addition, the TiMn2 intermetallic compounds are superior to other 
intermetallic compounds (e.g., LaNi5) [20] which are used in autonomous 
hydrogen sources, due to their low specific gravity [21], which is espe­
cially important for vehicle batteries. At the same time, the main disad­
vantages of TiMn2-based alloys are a high equilibrium pressure plateau 
and the hysteresis effect [22], which limits their practical application. 
Despite there were attempts to improve hydrogen-sorption properties by 
sorption–desorption cycling, the authors of Ref. [23] concluded that these 
properties could only be improved by alloying.

Partial substitution of titanium with zirconium (as the component A) 
was suggested in Ref. [24]. Based on the concept proposed in [23, 24], we 
proposed a new composition (Ti0.34Zr0.66)Mn1.2 [25] with the C14-type Laves 
phase with the P63/mmс space group (MgZn2 structure), which had bet­
ter hydrogen-sorption properties as compared to existing analogues. The 
authors of Ref. [25] showed that, due to the partial substitution of tita­
nium with zirconium, it was possible to expand the field of existence of 
the C14-type Laves phase up to 54.4 at.% Mn, and this, in turn, allowed 
increasing the hydrogen capacity up to H/Me = 1.2 and reducing the hy­
drogenation pressure from 3.2 MPa [17] to 0.60 MPa (at room tempera­
ture). This enhancement of hydrogen-sorption properties is explained by 
a higher affinity for hydrogen of zirconium as compared to titanium. In 
addition, zirconium has a larger atomic radius (0.160 nm) compared to ti­
tanium (0.147 nm), so, the lattice constants increase when titanium atoms 
are partially substituted by zirconium ones. This results in an increase 
in the radius of the tetrahedral interstitial sites in the lattice, which are 
potential sites for absorbed hydrogen atoms; this provides more space for 
hydrogen atoms, which increases hydrogen capacity. Furthermore, the to­
tal amount of an element readily interacting with hydrogen increases in 
the alloy [26]. However, the ever-increasing requirements for hydrogen 
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battery materials (operating time of hydrogen battery without recharging) 
require the development of new alloys or improvement of existing ones. 
That is why the developed (Ti0.34Zr0.66)Mn1.2 alloy was taken as the basis for 
our development of a series of new compositions with enhanced hydrogen-
sorption–desorption kinetics and increased hydrogen capacity. Based on 
the literature [27], we used the alloying method as the most effective 
among other ones with the aim to improve the developed (Ti0.34Zr0.66)Mn1.2 
alloy. Vanadium, chromium, nickel and cobalt were selected as alloying 
elements.

These alloying elements were selected for the following reasons. These 
elements readily interact with hydrogen [28–32], and they are relatively 
cheap as compared to other hydride-forming metals (e.g., REMs). In addi­
tion, these elements form the C14-type Laves phase of with titanium and 
zirconium [33–36]. Besides, addition of these elements with larger atomic 
radii compared to manganese (vanadium and chromium) leads to an in­
crease in the lattice constants and, accordingly, to an increase in the size 
of the interstitial sites, which should result in higher hydrogen capacity. 
Another reason for reducing Mn content in the alloy (while preserving its 
phase composition) is the melting temperature of this element (1246 °С, 
which is lower by more than 400 °С compared to other components). A 
significant difference in the melting temperatures between manganese and 
other alloying elements leads to the burning-out of Mn during the produc­
tion of the alloy. This results in significant technological difficulties and 
increases the cost of the alloy due to the need for an additional 4.0 wt.% 
Mn [37] to achieve the target composition. In addition, the Mn burning-
out harms the environment.

The concentration limits of alloying with the above-mentioned ele­
ments were chosen based on the literature [38]. In Ref. [38], the hydro­
gen-sorption properties of alloys of the Ti–V system were studied. It was 
shown that, in the range of vanadium concentrations of 0.25–5.0 at.%, 
it was possible to form hydride with an increased hydrogen content Н/ 
Ме = 2.18.

2. Alloying-Caused Structural and Phase-Composition Changes

To determine the effect of alloying on the hydrogen-sorption properties of  
the (Ti0.34Zr0.66)Mn1.2 alloy, manganese was partially substituted by 5 at.% 
of each of the above-mentioned elements. The compositions of the compared 
alloys are listed in Table 1. In order to reveal the possibility of reducing 
the cost of hydride by the replacement of highly pure (and expensive) com­
ponents with cheaper ones, an alloy (Ti0.34Zr0.66)Mn0.96V0.12Cr0.11 was also 
smelted using titanium of various grades for the charge [39]. High-purity 
iodide titanium (contained 0.02% Al, 0.02% Fe, 0.01% Si, 0.01% Mo, 
0.005% Mn, 0.01% Ni, 0.01%, and trace amount of Cr, C, O, N) cost of 
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1800 UAH/kg and a TG-110 titanium sponge with a significantly higher 
content of impurities (0.09% Fe, 0.02% Si, 0.04% Ni, 0.05% О, 0.03% C, 
0.02% N, 0.08% Cl) cost of 200–250 UAH/kg were used.

The samples with mass up to 30 grams were smelted in a KPTM-2 
laboratory electric-arc furnace with a non-consumable tungsten electrode 
on a water-cooled copper base in a purified argon atmosphere [25, 39–42]. 
The vacuum system provided the pressure in the melting chamber at the 
level of 2.67 ⋅ 10-3 Pa, and then, the chamber was filled with inert gas (ar­
gon). The maximum pressure of inert gas was 5.1 ⋅ 104 Pa. The furnace had 
a power of 15 kW at an arc voltage of 30 V and a current of 500 A. The arc 
was powered by a standard rectifier VDU-504. The charge was remelted 
up to 5 times to achieve high homogenization of the ingots. The following 
components were used for the charge: iodide Ti — 99.95 [25, 40, 41] or 
titanium sponge (TG-110) [39, 42–44]; iodide Zr — 99.975; electrolytic 
Mn — 99.9; electrolytic V — 99.5; electrolytic Cr — 99.9; electrolytic  
Ni — 99.5; and finally electrolytic Co — 99.5.

The practical application of hydrogen storage materials requires the 
development of relatively cheap techniques for producing ingots of vari­
ous shapes and sizes in large amounts. Most of the alloys listed in Table 
1 were produced as laboratory ingots (with weights up to 30 g) melted by 
the technique of electric-arc melting [25, 39–41, 43]. In order to evaluate 
the possibility of producing heavier ingots by various smelting techniques, 
an experimental (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 [42] ingot with a weight of up 
to 1 kg was produced by induction melting in an atmosphere of purified 
argon using open Al2O3 crucibles. This was done because, according to the 
literature [45–48], a change of the smelting technique can lead to either 
enhancement or deterioration of the hydrogen absorption properties.

Special technological conditions were proposed in Ref. [42], which 
ensured the complete remelting of components with significantly diffe­
rent melting points. Manganese was placed at the bottom of the crucible. 
This element has the lowest melting point, so it melted first and formed a 
liquid bath for all other components of the charge. Chromium was placed 
above manganese, as it has a lower density in the solid state and can float 

Table 1. Nominal compositions of alloys

Formula
Alloy composition, at.%

Ti Zr Mn V Cr Ni Co

(Ti0.34Zr0.66)Mn1.2 [25] 15.4 30.2 54.4 — — — —
(Ti0.34Zr0.66)Mn1.1V0.1 [40] 15.4 30.2 49 5.4 — — —
(Ti0.34Zr0.66)Mn0.96V0.12Cr0.11 [39, 41, 42] 15.4 30.2 44 5.4 5 — —
(Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11 [43] 15.4 30.2 39 5.4 5 5 —
(Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Co0.12 [44] 15.5 30 38 5.5 5.5 — 5.5
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up to the surface of the melt during melting. To avoid this, V was placed 
above Cr since the latter has a slightly higher melting point and, being 
in the solid state for a longer time, prevents chromium from floating. 
Titanium and zirconium were placed in the upper layer of the charge. 
They were the most active metals in the charge and therefore had to be in 
the liquid state for a shorter time to minimize the time of contact between 
their melt and the crucible.

Using scanning electron microscopy and x-ray phase analysis, the au­
thor of [42] proved that changing the smelting technology or increasing 
the ingot weight did not lead to the formation of new phases. The lattice 
constants of Laves phases coincided within the measurement error with 
the constants of the alloy produced by the electric arc technique [39]. 
This was also confirmed via the energy dispersive x-ray (EDX) analysis: 
the developed smelting scheme allowed preventing noticeable interaction 
between the melt and the crucible, so, aluminium from the crucible did 
not get into the ingot. It was also shown that the partial substitution of 
manganese (melting point 1246 °C) by vanadium and chromium (melting 
points 1910 and 1907 °C, respectively) reduced Mn losses caused by its 
burning-out. Therefore, the cost of the final product was also reduced.

The technology for producing massive ingots [42] was tested in Ref. 
[44] to produce multicomponent (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Co0.12 alloy.

In Refs. [39–44], the phase compositions of the starting alloys and 
subsequent hydrides were determined using an automated DRON-3M dif­
fractometer. CoKa and CuKa radiations were used, and the detector was 

Table 2. Lattice constants of phases in the as-cast state

Alloys

Lattice constants ±0.0009, nm

l-phase 
С14

l-phase 
С15

Intermetallic 
compound 

Zr2Ni

Intermetallic 
compound 

Zr2Со

(Ti0.34Zr0.66)Mn1.2 [25]
а = 0.5051
с = 0.8297

— — —

(Ti0.34Zr0.66)Mn1.1V0.1 [40]
а = 0.5064
с = 0.8318

— — —

(Ti0.34Zr0.66)Mn0.96V0.12Cr0.11  
(titanium sponge) [39]

а = 0.5073
с = 0.8334

а = 0.7203 — —

(Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11 
[43]

а = 0.5079
с = 0.8344

— а = 1.2007 —

(Ti0.34Zr0.66)Mn0.96V0.12Cr0.11  
(iodide titanium) [41]

а = 0.5093
с = 0.8372

а = 0.7188 — —

(Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Co0.12 
[44]

а = 0.5040
с = 0.8302

— — а = 1.1907
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moved with a step of 0.02°. The diffractograms were analysed using the 
RIR and Rietveld software package.

According to Ref. [40], the complete substitution of manganese with 
vanadium does not lead to changes in the phase composition of the (Ti0.34­

Zr0.66)Mn1.1V0.1 alloy (Table 2, Fig. 1, а). At the same time, partial substitu­
tion of Mn with V, Cr, and Ni or Co results in changes in the phase com­
position, regardless of the titanium grade used in the charge [39, 41–44] 
(Table 2, Figs. 1, b–d).

According to Refs. [39, 41, 42], C15-type Laves phase (Fig. 1, b) with 
an f.c.c. lattice of the Fd3m space group (MgCu2 structure) formed in the 
(Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloy, in addition to С14-type hexagonal Laves 
phase of the P63/mmс space group (MgZn2 structure). In the alloys of 
(Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11 [43] and (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Co0.12 
[44], the second phase was an intermetallic compound based on Zr2Ni or 
Zr2Со (Figs. 1, с and d) with an f.c.c. lattice of the Fd3m space group 
(Ti2Ni structure).

Fig. 1. Diffractograms of as-cast alloys: а — (Ti0.34Zr0.66)Mn1.2 [25] and (Ti0.34Zr0.66)
Mn1.1V0.1 [40]; b — (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 [39, 41, 42]; с — (Ti0.34Zr0.66)Mn0.86 

V0.12Cr0.11Ni0.11 [43]; d — (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Co0.12 [44]
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There were no noticeable changes in the structure of the initial 
(Ti0.34Zr0.66)Mn1.2 alloy when Mn was partially substituted by Cr or V [39–
42] (Fig. 2, a). Similarly to the (Ti0.34Zr0.66)Mn1.2 alloy, the structure of 
modified alloys consisted of coarse crystallites of the Laves phase (Table 
1). At the same time, crystallites of the second phase were observed in 
the structure of the alloy, when manganese was partially substituted by 
three elements (vanadium, chromium, and nickel or cobalt) at once [43, 
44] (Figs. 2, b and c).

According to the results of EDX analysis [43, 44], the dark crystal­
lites (Figs. 2, b and c) correspond to the C14-type Laves phase (Table 3) with 
compositions of (Ti0.29Zr0.71)Mn1.22V0.19Сr0.16Ni0.07 and (Ti0.27Zr0.73) Mn1.24V0.17­

Сr0.22Со0.11. Unlike Cr and V, only a part of Co or Ni dissolves in the (Ti0.34­

Zr0.66)Mn1.2 alloy (C14-type Laves phase).

Fig. 2. Microstructures of as-cast alloys: 
a — (Ti0.34Zr0.66)Mn1.2 [25], (Ti0.34Zr0.66)
Mn1.1V0.1 [40], and (Ti0.34Zr0.66)Mn0.96V0.12 

Cr0.11 [39, 41, 42]; b — (Ti0.34Zr0.66)
Mn0.84V0.12Cr0.12Со0.12 [43]; c — (Ti0.34Zr0.66)
Mn0.86V0.12Cr0.11Ni0.11 [44]
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The authors of Refs. [39, 42, 43] explained the formation of the f.c.c.-
C15-type Laves phase in the (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloy at such low 
Cr content as 5.0 at.%, basing on the Zr–Cr binary system phase diagram 
[49]. According to this diagram, two polymorphic transformations occur 
in this alloy during the solidification and cooling of the ZrCr2 interme­
tallic compound (Laves phase). High-temperature g-phase forms from the 
melt; then this phase transforms at 1622 °C into intermediate-tempera­
ture b-phase (C14-type Laves phase). The C14-type Laves phase persists to 
1550 °C. At this temperature, the second phase transformation occurs: the 
a-phase (C15-type Laves phase) forms, which exists in equilibrium condi­
tions at room temperature.

According to Refs. [43, 44], the presence of the second phase in alloys 
(Ti0.29Zr0.71)Mn1.22V0.19Сr0.16Ni0.07 and (Ti0.27Zr0.73)Mn1.24V0.17Сr0.22Со0.11 is ex­
plained by the impossibility of expanding the homogeneity region of the 
C14-type Laves phase below 44 at.% Mn with the methods used for alloy 
production. This suggestion was made based on the amount of manganese 
(Table  3) in the crystallites of the C14-type Laves phase. The volume 
fractions of the phases were determined [43, 44] using the free ImageJ 
software. This made it possible to determine how the presence of the sec­
ond phase affects the main hydrogen-sorption characteristics of the alloys 
based on (Ti0.34Zr0.66)Mn1.2 composition [25]. As noted in Refs. [43, 44], the 
above-mentioned phases can significantly differ in hydrogenation-dehydro­
genation parameters and hydrogen capacity. The volume fractions of the 
C14-type Laves phase (dark crystallites) in (Ti0.29Zr0.71)Mn1.22V0.19Сr0.16Ni0.07 
and (Ti0.27Zr0.73)Mn1.24V0.17Сr0.22Со0.11 were 84.9 and 82.6%, respectively.

With aim to correctly determine the changes that occurred in the unit 
cell of the C14-type Laves phase in the (Ti0.34Zr0.66)Mn1.2 alloy alloyed with 
the above-mentioned elements [39–44], the volumes of the unit cell and 
the radii of the tetrahedral interstitial sites were calculated basing on the 
data of x-ray phase analysis (Table 2) (see Refs. [50–53]). As shown in 
Ref. [50], dissolved hydrogen atoms occupy tetrahedral interstitial sites 
regardless of the type of crystal lattice of the Laves phase. As authors 
[50–52] showed, the radius of the tetrahedral interstitial site can be cal­
culated using the hard-sphere approximation as Rs(C14) = 0.074475a and 

Table 3. The composition of phases (see Fig. 2) [43, 44]

Alloys
Crystal- 

lites

Composition, аt.%

Ti Zr Mn V Cr Ni Co

(Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11  
[43]

Dark 11.04 26.79 46.20 7.29 6.12 2.55 –
Light 22.42 41.93 22.86 2.22 1.42 9.15 –

(Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12  
[44]

Dark 9.71 26.76 45.25 6.26 7.95 – 4.08
Light 17.54 41.09 28.93 3.66 3.25 – 5.53
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Rs(C15) = 0.052662a with a being the lattice constant. The calculation was 
carried out only for interstitial sites of one type (А2В2). According to Refs. 
[51, 52], dissolved H atoms occupy only these interstitial sites in the C14-
type Laves phase (Fig. 3).

As seen in Fig. 3, the partial substitution of manganese (atomic radius 
0.127 nm) [54] with an element with a larger atomic radius (vanadium or 
chromium with atomic radius 0.134 and 0.130 nm, respectively) led to an 
increase in the unit cell volume. The radius of the tetrahedral interstitial 
site also increased, which is an effective way of affecting the amount of 
absorbed hydrogen, as was noted in [33].

The reduction in the unit cell volume and the radius of the tetrahed­
ral interstitial site for the C14-type Laves phase in the (Ti0.34Zr0.66)Mn0.84­

V0.12Cr0.12Со0.12 alloy was associated [44] with its chemical composition 
(Table 3). This phenomenon is the result of lower contents of titanium and 
zirconium (atomic radius 0.147 and 0.160 nm, respectively), which have 
significantly larger atomic radii compared to all other alloying elements 
[54]. Besides, the alloy additionally contains cobalt (atomic radius of 
0.125 nm), which has a smaller atomic radius than other components. In 
addition, it is worthwhile to note that, according to the literature [55, 56], 
the partial substitution of manganese with cobalt should lead to a decrease 
in the above-mentioned parameters.

Based on the scanning electron microscopy (SEM) and x-ray phase 
analysis investigations, the authors of Refs. [39–42] concluded that when 
vanadium and chromium were added to the (Ti0.34Zr0.66)Mn1.2 alloy, the C14-
type Laves phase preserved; however, the manganese content in this phase 
decreased to 44 at.%. This result is consistent with the data obtained in 
Ref. [57]. According to the phase diagram for the Ti–Mn binary system 
[58], the C14-type Laves phase is homogeneous at 59–70 at.% Mn. As we 

Fig. 3. Volume of unit cell and radius of tetrahedral interstitial site for C14-type 
Laves phase in different alloys: 1 — (Ti0.34Zr0.66)Mn1.2 [25]; 2 — (Ti0.34Zr0.66)Mn1.1V0.1 
[40]; 3 — (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 (titanium sponge) [39]; 4 — (Ti0.34Zr0.66)
Mn0.86V0.12Cr0.11Ni0.11 [43]; 5 — (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 (iodide titanium) [41]; 6 — 
(Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12 [44]
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showed earlier on an example of (Ti0.34Zr0.66)Mn1.2 alloy [25], the partial 
substitution of titanium with zirconium allows expanding this range to 
54.4 at.% of Mn. In Refs. [59, 60], the mechanism of expansion of the 
Laves phase homogeneity field below 50 at.% Mn was explained. As shown 
on an example of the Zr0.5Ti0.5Ni1.2V0.5Mn0.1 [57] (this composition corre­
sponds to АВ1.8), the components of the system redistributed between posi­
tions А and В to form a stoichiometric АВ2 compound, as this compound 
is stable under equilibrium conditions. It was confirmed through the com­
position of the formed compound: (Zr0.54Ti0.46)(Ti0.04Ni0.64V0.27Mn0.05)2. They 
explained this composition by the fact that when the component В lacks 
the exact АВ2 stoichiometry, some atoms of the component А (in this case 
Ti, since its atomic radius is close to that for Mn) move to unoccupied po­
sitions of the component В (Mn), so the stoichiometry АВ2 forms.

The above indicates that the addition of an element with a larger or 
smaller atomic radius (provided that the phase composition is preserved) 
leads to changes in the unit cell volume. This allows predicting the effect 
of a certain alloying element on the total hydrogen capacity of an alloy.

3. Hydrogen-Sorption Properties of the Alloys

The study of the interaction of the considered alloys with hydrogen under 
different conditions (isobaric–isothermal, isothermal, isobaric ones, and 
when temperature and pressure change simultaneously) was carried out in 
Refs. [39–44] using an IVGM-2M unit [61], which allowed experiments at 
160–750 °C and hydrogen pressure 0.01–10 MPa.

To study the hydrogen-sorption properties of the materials, the samp­
les were placed in a labyrinth-like crucible in the IVGM-2M unit chamber 
that was hermetically connected to the gas-vacuum system. When the 
pressure in the chamber reached 10-3–10-4 Pa, thermosorption-purified 
hydrogen was let into it up to the target pressure. The labyrinth-like cru­
cibles were used in order to minimize the mass losses of the sample during 
vacuuming, and the contamination of the hydrogenated sample. When the 
hydrogen pressure in the chamber was stabilized, visual and automatic re­
cording of its changes was carried out. If necessary, the chamber was con­
trollably heated to the temperature of the beginning of active hydrogen 
absorption or release, and then it was switched to isothermal mode. After 
isothermal exposure, the chamber was cooled to room temperature with 
the residual pressure. When the chamber was cooled down to room tem­
perature, the hydrogen was pumped into one of the secondary chambers, 
where it was absorbed by a sorbent. The chamber was disconnected from 
the unit, opened, and the sample was removed for further analysis. The 
amount of absorbed or released hydrogen was determined by measuring 
pressures (volumetric method) before and after the experiment and was 
additionally controlled by weighing with an accuracy of 1.5 ⋅ 10-5 grams 
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(gravimetric method). Several samples for each of the studied composi­
tions (Table 1) were examined.

Since the alloys (Table 1, [25]) interacted with hydrogen at the same 
hydrogenation parameters (room temperature, hydrogen pressure in the 
range of 0.23–0.60 MPa, solid as-cast samples), a correct comparison of 
their hydrogen-sorption properties was possible.

The active absorption of hydrogen by all considered alloys (Table 1) at 
room temperature and hydrogen pressure in the range of 0.23–0.60 MPa 
began within 1–10 min (incubation period) after contact with a hydrogen-
containing atmosphere. However, the process of interaction with hydro­
gen occurred in one or two stages, depending on the alloy composition. 
According to Refs. [39–42], the hydrogen absorption in the (Ti0.34Zr0.66)
Mn1.2 [25], (Ti0.34Zr0.66)Mn1.1V0.1, and (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloys oc­
curred in one stage. These alloys absorbed almost all hydrogen in the 
first 15 min. The hydrogen capacities of the (Ti0.34Zr0.66)Mn1.1V0.1 and 
(Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloys were 2.00 and 2.12 wt.%, respectively 
(Fig. 4). Further exposure for 60 min did not lead to a significant change 
in the hydrogen capacity.

The hydrogen absorption in the (Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11 [43] 
and (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12 [44] alloys differed from the process 
described above and occurred in two stages. These alloys absorbed most of 
the dissolved H during the first 10 min of contact with a hydrogen-con­
taining atmosphere (similarly to the parent alloy (Ti0.34Zr0.66)Mn1.2 [25]). 
The amount of absorbed H was 1.64 ± 0.03 wt.% for both alloys. Further 
exposure for 60 min with the same hydrogenation parameters led to an 
increase in the amount of absorbed H by 15 wt.%. The H capacity of 
(Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11 and (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12 alloys 
increased to 1.86 and 1.92 wt.%, respectively (Fig. 4). As shown in Refs. 
[43, 44], the hydrogen saturation of the C14-type Laves phase occurred 
at the first stage, i.e., from the beginning of the hydrogen absorption to 
the hydrogen capacity of 1.64 ± 0.03 wt.% (this assumption was made 
based on the volume fractions of the phases and the amount of absorbed 
hydrogen). This led to the disintegration of the solid samples to the pow­
der [62–64] and the formation of surfaces free of oxide scale [65]. At the 
second stage, the saturation of the second phase (based on the Zr2Ni or 
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Fig. 4. Hydrogen capacity of different al­
loys: 1 — (Ti0.34Zr0.66) Mn1.2 [25]; 2 — (Ti0.34 

Zr0.66) Mn0.84V0.12Cr0.12Со0.12 [44]; 3 — (Ti0.34 

Zr0.66) Mn0.86V0.12Cr0.11Ni0.11 [43]; 4 — (Ti0.34 

Zr0.66) Mn1.1V0.1 [40]; 5 — (Ti0.34Zr0.66)Mn0.96 

V0.12Сr0.11 (iodide titanium) [41]; 6 — (Ti0.34 

Zr0.66)Mn0.96V0.12Сr0.11 (titanium sponge) [42]
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Zr2Со intermetallic compound, respectively) took place due to the already 
activated surface.

Further exposure of all the considered alloys under the same hydro­
genation conditions for 24 h did not lead to an increase in their hydrogen 
capacity. Since the hydrogen absorption did not resume in 24 h, the authors 
[39–44] concluded that the alloys were saturated with hydrogen to the 
maximum possible level during this time.

A comparison of the hydrogen capacities of the considered alloys  
(Fig. 4) shows that the stable H capacity of the (Ti0.34Zr0.66)Mn1.2 [25] was 
increased by 15 wt.% due to the partial substitution of manganese (that 
does not interact with hydrogen) with elements which form stable chemi­
cal compounds with hydrogen.

The nature of increasing the hydrogen capacity when alloying with the 
above-mentioned elements becomes clear from the analysis made in Refs. 
[66, 67]. As shown in Ref. [67], there are three types of tetrahedral inter­
stitial sites in the hexagonal АВ2 structure (Laves phase), which can be oc­
cupied by dissolved hydrogen (Fig. 5); the volume of these sites decreases 
in the sequence А2В2 > АВ3 > В4. According to Ref. [66], hydrogen mainly 
occupies А2В2 interstitial sites in the alloys of this type, as they contain 
the maximum amount of А component (titanium, zirconium), which more 
actively interacts with hydrogen. Based on the above, the increase in the 
stable hydrogen capacity can be explained by the fact that some titanium 
atoms (as mentioned above) move to vacant positions of manganese atoms 
during the formation of the АВ2 compound. This leads to the redistribu­
tion of metal atoms that interact with hydrogen around the tetrahedral 
interstitial sites. In addition, the unit cell volume increases (except the 
(Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12 [44] alloy), so, the radius of the tetrahe­
dral interstitial site also increases. Besides, the total amount of the com­
ponent that forms a stable chemical compound with H in the C14-type 
Laves phase increased from 45.6 to 56 at.%.

Effect of Alloying on the Hydrogen Sorption in Ti–Zr–Mn-Based Alloys

Fig. 6. Powder after hydrogenation [72]Fig. 5. Hexagonal crystal lattice of the 
C14-type Laves phase [66]
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The solid samples were completely disintegrated to powder (Fig. 6) 
when all the above-mentioned alloys (Table 1) were saturated with hydro­
gen. This was caused by the high rate of the interaction process, as well 
as the low temperature of hydrogenation, and therefore, insufficient time 
for stress relaxation.

One can assume that the different amounts of hydrogen absorbed by 
the (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloy produced from titanium of different 
grades [39, 41] are related to the different content of impurities. The tita­
nium sponge contained more impurities, which led to higher defect densi­
ty in the final alloy. As known from the literature [68–71], the capture of 
hydrogen atoms by defects in the crystal lattice (vacancies, dislocations, 
etc.) plays a significant role during hydride formation. Most likely, the 
increase in the density of defects in crystal lattice led to a higher amount 
of absorbed hydrogen.

The hydrogenation of (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12 alloy was studied 
in Ref. [44]. As shown in Fig. 7, a powder with an average particle size of 
35 µm formed after the first hydrogenation, which coincides with other 
results [73]. Presumably, the formed powders had similar sizes because the 
process of hydrogen absorption occurred under similar conditions (room 
temperature and high absorption rate) for all considered alloys (Table 1).

According to the literature [73], all studied intermetallic compounds 
(АВ5, АВ, and АВ2 types) turn into fine powders during the formation of 
hydrides and hydrogen-sorption–desorption cycles. This effect is called hy­
drogen decrepitation; it plays a very important role in the practical appli­
cation of intermetallic compounds and hydrides based on them. According 
to [73], it causes negative consequences in some cases, e.g., in hydrogen 
storage systems, and thermosorption compressors. In other cases, such as 
the development of materials for catalysis, hydrogen getters, magnets, 
and powder metallurgy, hydrogen decrepitation allows for improving the 
properties of materials [74, 75]. It was also shown in Ref. [73] that the re­
action nature did not change, and only the reaction rate slightly increased 

Fig. 7. Average 
size of powder
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with the number of hydrogen-sorption–desorption cycles. The size of the 
powder after hydrogenation is determined by many parameters (number of 
cycles, pressure, and temperature). The major parameter is the number of 
sorption–desorption cycles. On an example of the АВ5 (LaNi5) intermetal­
lic compound, the author [73] showed that the average particle size was 
50 µm after the first hydrogenation, 15 µm after 30 cycles, whereas it was 
3.0 µm after 100 cycles.

X-ray phase analysis (Table 4) [39–44] did not show any changes in 
phase composition (formation of new phases or decomposition of initial 
ones) in the considered alloys (Table 1) after saturation with hydrogen. 
The results of Refs. [39–44] on the phase composition of the hydrogena­
tion products coincide with the literature data [76]. According to Ref. 
[76], the crystal lattice of the metal matrix of the alloys based on the 
C14-type Laves phase persisted after their saturation with hydrogen. At 
the same time, the volume of unit cells increased isotropically by 20% 
(calculated by the difference in lattice constants before and after hydro­
gen saturation).

The H desorption from hydrogenation products of (Ti0.34Zr0.66)Mn1.2 [25], 
(Ti0.34Zr0.66)Mn1.1V0.1 [40], and (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 [39, 41, 42] al­
loys was investigated using the automated dilatometric unit (ADU) with a 
mass spectrometer [77]. This unit was developed at the G.V. Kurdyumov 
Institute for Metal Physics of the National Academy of Sciences of Ukraine 
in order to the study the physical processes occurring in a process of the 
heating of powder compacts. The hydrogen release from the (Ti0.34Zr0.66)

Table 4. Lattice constants of phases after hydrogenation

Alloys

Lattice constants ±0.0009 (nm)

l-phase 
С14

l-phase 
С15

Intermetallic 
compound 

Zr2Ni

Intermetallic 
compound 

Zr2Со

(Ti0.34Zr0.66)Mn1.2 [25]
а = 0.5476
с = 0.8995

— — —

(Ti0.34Zr0.66)Mn1.1V0.1 [40] а = 0.5476
с = 0.8996

— — —

(Ti0.34Zr0.66)Mn0.96V0.12Cr0.11  
(titanium sponge) [39]

а = 0.5490
с = 0.9018

а = 0.7665 — —

(Ti0.34Zr0.66)Mn0.96V0.12Cr0.11 
(iodide titanium) [41]

а = 0.5490
с = 0.9018

а = 0.7776 — —

(Ti0.34Zr0.66)Mn0.86V0.12Cr0.11Ni0.11 
[43]

а = 0.5485
с = 0.9009

— а = 1.2667 —

(Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Co0.12 
[44]

а = 0.5469
с = 0.8917

— — а = 1.2455



534	 ISSN 1608-1021. Prog. Phys. Met., 2024, Vol. 25, No. 3

V.A. Dekhtyarenko, T.V. Pryadko, T.P. Vladimirova, S.V. Maksymova et al.al.

Mn0.86V0.12Cr0.11Ni0.11 [43] and (Ti0.34Zr0.66)Mn0.84V0.12Cr0.12Со0.12 [44] alloys 
was studied on IVGM-2M unit [61].

According to Refs. [25, 39–44], hydrogen begins to release from the 
hydrogenation products of all the alloys under consideration (Table 1) at 
an initial pressure of 4.0⋅  10-3 Pa at room temperature, regardless of the 
grade of titanium used. These desorption parameters allowed removing no 
more than 4.0% of the total amount of absorbed hydrogen. Further hydro­
gen release from the mixture of hydrides occurred under heating (Fig. 8).

The partial substitution of manganese in the (Ti0.34Zr0.66)Mn1.2 alloy by 
vanadium and chromium led to a significant decrease in the thermal sta­
bility of the hydride (see Fig. 8). In all other cases, alloying led to higher 
hydride stability.

The temperature of the maximum intensity of hydrogen release in the 
(Ti0.34Zr0.66) Mn1.1V0.1, (Ti0.34Zr0.66) Mn0.86V0.12Cr0.11Ni0.11, and (Ti0.34Zr0.66) Mn0.84 

V0.12Cr0.12Co0.12 alloys increased by 40 ± 10 °С as compared to the (Ti0.34Zr0.66)
Mn1.2 alloy (Fig. 8). Accordingly, the temperature of complete desorption 
of hydrogen also increased. In Ref. [40], the whole of absorbed H was re­
leased from the (Ti0.34Zr0.66) Mn1.1V0.1 alloy at 400 °С (and at 350 °С from 
the (Ti0.34Zr0.66) Mn1.2 alloy [25]). At the same time, only 90 ± 5.0% of the 
total amount of absorbed hydrogen was released after heating up to 430 °С 
in Refs. [43, 44].

The increase in thermal stability of the final hydride in Refs. [40, 
43, 44] was explained basing on the literature data. A similar increase 
in the thermal stability of the hydride formed after the saturation of the 
(Ti0.9Zr0.1) Mn1.2V0.1 alloy with hydrogen was observed in Ref. [37]. The au­
thors [37] associated the increase in the thermal stability of the hydride 
by the fact that the component А (titanium with its high affinity for 
hydrogen and a high desorption temperature above 350 °С [78, 79]) par­
tially moved to the unoccupied sites of the component В (manganese). In 
addition, the partial substitution of manganese as the component В with 

Fig. 8. Intensity of H release vs. temperature: (Ti0.34Zr0.66)Mn1.2 (1) [25]; (Ti0.34Zr0.66)
Mn1.1V0.1 (2) [40]; (Ti0.34Zr0.66) Mn0.96V0.12Сr0.11 (3) [39, 41, 42]; (Ti0.34Zr0.66 ) Mn0.86V0.12 

Cr0.11Ni0.11 (4) [43]; (Ti0.34Zr0.66) Mn0.84V0.12Cr0.12Co0.12 (5) [44]
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other elements leads to the transfor­
mation of a part of the tetrahedral 
interstitial sites from the А2В2 to 
А3В ones, which is more favourable 
for hydrogen accumulation, as well 
as the transformation from АВ3 in 
А2В2 sites. Besides, the increase in the thermal stability of the hydride is 
also affected by the presence of the second phase [43, 44].

The process of hydrogen release in the (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloy 
significantly differs from the other considered alloys, regardless of the ti­
tanium grade used (Fig. 8) [39, 41, 42]. As seen in Fig. 8, the hydrogen re­
lease actively occurred at the beginning of heating; the maximum rate was 
registered at 115 ± 10  °С (for other alloys 300 ± 10 °С), and at 300 ± 10 °С 
all hydrogen was released. The presented curves (Fig. 8.) The (Ti0.34Zr0.66)
Mn0.96V0.12Сr0.11 alloy did not have a long stage with a low rate of hydrogen 
release, which was observed for other alloys (see Fig. 8). Another feature 
of the hydrogen release from the (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloy is the 
splitting of the peak (Fig. 8). This splitting was related to the release of 
hydrogen from the hydrides based on two Laves phases of the C14 and C15 
types, which have different thermal stabilities [39, 41, 42].

According to the literature [80, 81], the thermal stability of the hyd­
rides based on the АВ2 intermetallic compounds (Laves phase) can be re­
duced (without a significant loss in hydrogen capacity and hydrogen ab­
sorption kinetics) by the partial substitution of А or В atoms by other ele- 
ments. In addition, electronic or chemical effects [82, 83] can cause a de­
crease in thermal stability. Based on the literature [51, 84], the authors of 
Refs. [39, 41, 42] supposed that the hydride based on the C15-type Laves 
phase had lower thermal stability as compared to that based on the C14-
type phase. This explains the significant difference in the hydrogen de­
sorption between the (Ti0.34Zr0.66)Mn0.96V0.12Сr0.11 alloy (which contains the 
С14- and С15-type Laves phases) and all other considered alloys (Table 1).

As shown [25, 39–42], the traces of water vapour appeared when the 
temperature of maximum hydrogen release was reached (Fig. 9). This in­
dicates that released atomic hydrogen reduces the oxide scale [85, 86], 
which is always present on the surface of titanium Ti-based alloys. In this 
way, the surface is refined. Firstly, it accelerates the kinetics of hydrogen 
sorption–desorption, since the oxide scale is a barrier to hydrogen dif­
fusion. Secondly, the probability of rapid degradation of the hydrogen-
sorption properties of an alloy significantly decreases with the number of 
cycles. This allows increasing the number of sorption–desorption cycles, 

Fig. 9. Dependence of intensity of hydro­
gen and water vapour release on the tem­
perature for (Ti0.34Zr0.66)Mn1.2 alloy [25]
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which is important for practical use, without significant losses in hydro­
gen capacity [87].

The preservation of hydrogen-sorption properties after multiple hy­
drogen-sorption–desorption cycles is an important parameter for the alloys 
designed for hydrogen storage. Taking into account this fact, the authors 
of [39–44] studied the considered alloys (Table 1). The second cycle of 
hydrogen sorption was realized at room temperature at a total pressure 
of 0.21 MPa, which was somewhat lower than for the first hydrogena­
tion. The hydrogenation pressure was reduced to prove the enhancement 
of hydrogen-sorption characteristics after the first sorption–desorption 
cycle, which activated the material [23]. According to the authors, the 
saturation of these alloys with hydrogen at a low pressure makes the pro­
cess safer, and the hydrogen battery lighter, which is especially important 
for practical use in transport.

After the first sorption–desorption cycle, the hydrogen absorption by 
all considered alloys (Table 1) began from the first seconds of contact of 
the sample with a hydrogen-rich atmosphere at a high rate, while the hy­
drogen capacity remained unchanged [39–44]. This enhancement in the 
hydrogen-sorption properties of the alloys during the second cycle (re­
duction of hydrogenation pressure to 0.21 MPa, as well as reduction of 
the incubation period from several min to several seconds) was explained 
by the activated state of the material after the first sorption–desorption 
cycle. Firstly, the solid samples were defragmented to a powder, which 
led to an increase in the specific surface (including the formation of new 
juvenile surfaces) [88, 89]. Secondly, the barrier oxide scale on the pre­
viously existing surfaces was partially restored as a result of their interac­
tion with atomic hydrogen, which was released during the first desorption 
cycle [90].

4. Conclusions

• Partial substitution of manganese (which does not form hydrides) 
with elements that interact with hydrogen in the Ti–Zr–Mn system alloy 
with the C14-type Laves phase led to an increase in the hydrogen capacity.

• When the alloys based on the C14-type Laves phase are saturated 
with hydrogen, their phase composition does not change, regardless of 
their initial phase composition and the method of alloy production. The 
initial phases transform into hydrides based on them.

• Regardless of the initial phase and chemical composition of the alloys 
of the considered systems, their preliminary activation by the hydrogen-
sorption–desorption cycle is useful. This activation does not reduce the hyd­
rogen capacity during subsequent sorption–desorption cycles and signifi­
cantly accelerates the kinetics of hydrogenation, reducing the time requi­
red to reach the maximum possible concentration of hydrogen in the alloy.
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• Complete substitution of a high-cost component of the alloy (iodi- 
de titanium) with a cheaper one (TG-110 grade titanium sponge) allowed 
reducing the cost of the hydride without losing hydrogen absorption  
properties, and thereby, increasing the competitiveness of the materials 
of this type.
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ВПЛИВ ЛЕГУВАННЯ НА ВОДНЕСОРБЦІЙНІ ВЛАСТИВОСТІ СПЛАВІВ  
НА ОСНОВІ Ti–Zr–Mn. Ч. 1: Сплави на основі фази Лавеса типу С14

Сплави на основі лавесової фази типу С14 у системі Ti–Zr–Mn вважаються одними 
з найперспективніших матеріалів для безпечного зберігання та транспортування 
водню у зв’язаному стані. Вони мають відносно «м’які» параметри для активації 
процесів поглинання та виділення водню, невисоку собівартість, а також достат­
ньо високу циклічну стабільність. У статті розглянуто мікроструктуру та фазовий 
склад вихідних сплавів і кристалічну структуру синтезованих гідридів на їхній 
основі. Показано можливі шляхи зниження собівартості кінцевого продукту, а та­
кож той факт, що зміна способу одержання сплаву не впливає істотно на його 
воднесорбційні властивості. Також на прикладі розглянутих сплавів показано, що 
легування сплаву елементом з більшим атомним радіусом, здатним утворювати 
стійку хімічну сполуку з Гідрогеном, очікувано спричинить збільшення водневої 
місткості. Це досягається завдяки збільшенню радіуса тетраедричних міжвузло­
вин, де локалізуються атоми Гідрогену під час розчинення, та підвищенню у складі 
сплаву загальної кількості елементу, здатного взаємодіяти з Гідрогеном.
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