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Abstract: The microstructure and phase composition of TiszsZr30,Mn;s5VsHO, multiphase alloy and the phase composition of the
hydrogenation product were investigated by scanning electron microscopy and X-ray phase analysis. It was established that holmium
introduced into the alloy not only dissolves in the phase components of the eutectic, but also forms a new phase (oxide). The formation and
further growth of crystals of holmium oxide occurs only on the surface of the crystallites of Laves phase. During the first hydrogenation the
active absorption of hydrogen by the alloy occurred only when it was heated up to 520 °C, with hydrogen capacity of 2.62 wt.%. The
hydrogenation product obtained after the saturation of the alloy with hydrogen contained a new phase, in addition to the hydrides based on
the initial phases. After the sorption-desorption cycle, the alloy was already in the activated state and able to absorb hydrogen at room
temperature and low pressure (0.21 MPa) starting from the first seconds of contact with the hydrogen medium.
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1. Introduction

Currently, due to the rapid development of hydrogen energy
and the active use of hydrogen in the automotive industry, the
search for new materials for safe storage and transport of hydrogen
in a bound state (hydrides) is promising [1]. Particular attention is
paid to the alloys based on the Laves phase TiMn,, since the alloys
of this system have a fairly high sorption capacity H/Me =~ 1 [2] and
are easily activated [3].

The effect of vanadium on the structure, phase composition
and hydrogen capacity of Ti-Mn alloys with the structure based on
BCC solid solution and Laves phase was investigated in [4]. It was
found that introduction of vanadium into the alloys led to an
increase of the fraction of BCC solid solution, and consequently an
increase in the amount of absorbed hydrogen.

In [5], the alloys TiMnoo.x, Ti/ mn = 5i8)Vx Where (x = 25, 30,
35, 40, 45 and 50) with the structure of BCC solid solution and
Laves phase were studied, as in work [4] It was shown that an
increase in the content of vanadium led to an increase of volume
fraction of BCC solid solution. The lower volume of Laves phase
led to an increase in the number of sorption-desorption cycles
required to achieve the maximum possible hydrogen capacity. The
authors explained this by the fact that the Laves phase, due to its
increased brittleness, facilitates saturation of the BCC solid
solution.

In [6], the alloys TigZry3(Mny4V,y), alloys where (x = 0.1,
0.2, 0.3, 0.4, 0.5) were investigated. It was found that up to
vanadium content x = 0.2 the alloys were in a single-phase state
with Laves phase structure, whereas at x > 0.3 BCC solid solution
appeared. The increment of concentration of vanadium led to an
increase in the amount of absorbed hydrogen and an increase in the
resistance to oxygen poisoning.

We have previously investigated how the replacement of non-
hydride-forming manganese by 5 at. % of vanadium in the eutectic
alloy of the Ti-Zr-Mn system with the structure of Laves phase and
BCC solid solution influenced its structure and hydrogen capacity
[7]. It was shown that the introduction of vanadium into the alloy
changed its structure from eutectic to pre-eutectic, and primary

crystallites of BCC solid solution appeared, which in turn led to an
increase in hydrogen capacity.

The authors [8] investigated the hydrogen adsorption
properties of Ti; ¢oCry 1Mng sFeq sREM o3 alloy (REM — La, Ce, Ho)
which can be used as a hydrogen storage material. It was found that
in the initial state the alloy was in a single-phase condition with the
structure of Laves phase, and after adding REM a second phase
(REM-based oxide) appeared. The REM additions led to an increase
in the volume of the unit cell, and consequently to an increase in the
amount of hydrogen absorbed as well as improvement in the
sorption and desorption processes. The authors claimed that after
alloying with REM the material was able to absorb hydrogen at
room temperature and hydrogen pressure of 34-43 MPa to a
capacity of 1.715 wt.%.

The goal of the present work was to establish the effect of the
introduction of REM on the structure, phase composition and
hydrogen sorption properties of the pre-eutectic alloys of Ti-Zr-Mn-
V system. To establish this effect, a previously investigated pre-
eutectic Tis75Zr3pMny75Vs alloy was selected with the structure of
primary crystallites of BCC solid solution and eutectic component,
in which the non-hydride-forming manganese was replaced by 2 at.
% REM (Holmium). Holmium was selected as an alloying element
for the following reasons: it is a hydride-forming element; it has a
much larger atom size than manganese (atomic radii 0.179 and
0.127 nm, respectively) [9]; finally, holmium is used as a
deoxidizer.

2. Materials and methods

The alloy was produced by electric arc melting in a
laboratory furnace with a non-consumable tungsten electrode in
atmosphere of purified argon. lodide Ti (99.9%), iodide Zr
(99.975%), electrolytic Mn (99.9%), electrolytic V (99.9%), and Ho
(99.9%) were used as initial components. The deviation of chemical
composition of the alloy from the nominal one was determined by
XRF (VRA-30 unit). It coincided with the nominal one within the
measurement error (0.03%).
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Metallographic examinations were performed with a scanning
electron microscope  VEGA3 TESCAN equipped with EDX
detector XFlash610M (Bruker).

The phase composition and lattice parameters were
determined by X-ray phase analysis at a Dron-3M diffractometer
with a standard GUR-8 goniometer at monochromatic Cu-K,.

The hydrogen adsorption properties were studied on the alloy
in a cast solid state. The interaction of the alloy with hydrogen was
studied by the Sieverts method at IVGM-2M unit [10] at room
temperature and upon heating at a rate of 0.125 °C/s and isothermal
holding at T = 550 °C and absolute pressure ~ 0.6 MPa, as for the
previously studied alloy. The amount of hydrogen absorbed was
calculated from the change in pressure in a closed volume and was
determined by weighing on the VLR 20 scales with an accuracy of
1.5x10°® g. The tunnel crucibles were used to prevent loss of sample
mass during the reactor evacuation to carry out the desorption
process.

3. Results and discussion

The microstructures of initial alloy and alloy with Ho are
shown in Fig. 1. As seen, the partial replacement of manganese with
holmium changed the structure of the investigated
Tis75Zr30Mnys5 5VsHos alloy from pre-eutectic to multiphase one.
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Fig. 1. Microstructure of cast alloy: a —initial, b —alloyed with Ho.
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In the alloy with Ho three phases can be clearly distinguished
(Fig. 1.b). For the identification of the phases, their chemical
composition was determined by EDX method. Dark gray
crystallites (dark 1) had the following composition: 63.31Ti-29.5Zr-
4.49Mn-1.96V-0.74Ho (at.%). Taking into account the previous
studies [11] and the determined chemical composition, it can be
concluded that this is BCC solid solution. The chemical
composition of light gray crystallites (dark 2 and dark 3) was
45.84Ti-27.57Zr-20.98Mn-5.29V-0.32Ho (at.%) which corresponds
to the intermetallic phase. In the white (bright) zones the
composition was 62.49H0-2.55Ni-34.960 (at.%) which corresponds
to holmium oxide.

The volume fraction of the phases was calculated by means
of ImageJ program. It was found that the alloy contained 7.74% of
holmium oxide, 45.45% of the Laves phase, and 46.81% of the
BCC solid solution.

As seen from the microstructure (Fig. 1.b), the particles of
holmium oxide are located only on the surface of intermetallic
crystallites. This can be explained by the fact that the crystallites of
Laves phase have a higher solidus as compared to the BCC solid
solution [11], and therefore they act as sites of solidification for
holmium oxide.

X-ray phase analysis confirmed the data of scanning electron
microscopy about the phase composition of the alloy (Fig. 2). The

alloy comprised hexagonal Laves phase of C14 type of space group
P6sy/mmc (structural type MgZn,) with unit cell parameters a =
0.5194 £ 0.0009 (nm), ¢ = 0.8533 £ 0.0009 (nm) (in previous study
a=0.5186 = 0.0009 (nm), ¢ = 0.8519 + 0.0009 (nm), see [7]), and
BCC solid solution of 1m-3m space group (structural type W) with
unit cell parameter a = 0.3375 £ 0.0009 (nm) (in previous study a =
0.3366 + 0.0009 (nm), [7]). The SEM data on the presence in the
alloy of holmium oxide with unit cell parameter a = 1.0274 +
0.0009 (nm) were confirmed, and traces of holmium and HoF; were
detected. It can be assumed that the presence of the HoF; phase in
the alloy is related to the residues left after the production process,
as holmium is obtained by the reduction of HoF3 by calcium.
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Fig. 2. Diffraction pattern of cast Tisz sZr3Mn;s sVsHo, alloy.

A comparison of the lattice parameters of the Laves phase
and the BCC solid solution for the alloyed and unalloyed alloy
allows to conclude that alloying with holmium does not lead to a
significant increase in the crystal lattice parameter and accordingly
the size of tetrahedral voids which accommodate hydrogen atoms,
as the major portion of holmium is contained in the new phase.

According to the JCPDS (International Center for Diffraction
Data), the lattice parameter of holmium oxide of stoichiometric
composition Ho0,0; equals 1.0606 nm. Given the chemical
composition and the resulting lattice parameter for Ho,03, as well
as the presence of some amount of holmium outside oxide, one can
assume that all the available oxygen was bound upon processing of
the alloy, and it was insufficient to produce stoichiometric oxide.

The test alloy was maintained at room temperature and an
absolute hydrogen pressure of 0.6 MPa for 24 hours, but these
hydrogenation conditions did not lead to activation of surface and
noticeable absorption. Previously we have shown that upon
annealing the intermetallic crystallites grew, and the active area for
the dissociation of hydrogen molecules increased, which led to a
decrease in the temperature of active absorption of hydrogen by
Tis75Zr3sMny75Vs alloy from 450 °C to room temperature [12]. The
test alloy had a much larger average size of crystallites of the Laves
phase than the alloy without Ho (Fig. 1.); nevertheless, noticeable
hydrogen absorption at room temperature did not occur. The
absence of absorption at room temperature can be explained by the
presence on the surface of intermetallic phase, natural oxide film,
and particles of holmium oxide Ho,QO3, which reduced the catalytic
ability of the surface and formed a barrier layer for hydrogen
penetration.

The active absorption of hydrogen was recorded only after
heating up to 550 °C. By the deviation of the dependence of change
in pressure on temperature from the linear line it was found that the
temperature of onset of intense hydrogen absorption by the ties
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alloy upon the first hydrogenation equaled ~ 470 °C, whereas for
the previously studied alloy it was ~ 450 °C (Fig. 3). The increase
in the temperature of active hydrogen absorption by the test alloy is
explained by the presence of holmium oxide which covered the
surface of other phase components, thereby reducing the active area
for dissociation of hydrogen molecules. At a temperature of 520 +
10 °C the major amount of hydrogen was absorbed by
Tig75Zr3pMnys5VsHo, alloy in ~ 15 min, whereas for
Tis75Zr30Mny7 5V alloy this time equaled ~ 40 min [7].
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Fig. 3. Dependence of hydrogen pressure on temperature upon first
hydrogenation: a —initial alloy, b —alloy with Ho.

The reduction in the time to reach the maximum possible
hydrogen capacity in Tis75Zr;0Mns5VsHo, alloy can be explained
by the different size of the BCC solid solution crystallites.
Previously we have shown [7] that the active absorption of
hydrogen upon heating starts in the crystallites BCC solid solution.
As can be seen from Fig. 1, the test alloy had coarser crystallites of
BCC solid solution, and correspondingly higher catalytic ability on
the surface.

The total hydrogen capacity of Tis;5Zr3gMnyssVsHo, alloy
was 2.62 wt.% (H/Me = 1.72), whereas for the previously studied
alloy it equaled 2.85 wt.% (H/Me = 1.81) [7]. Recalculation of the
measured hydrogen capacities only for the Laves phase and the
BCC solid solution allows to suppose that their hydrogen capacities
remained unchanged. The decrease in the total amount of hydrogen
absorbed by the test alloy is due to the presence of oxide Ho,0;
which does not interact with hydrogen, and at the same time makes
a significant contribution to the mass of the alloy.

According to the X-ray phase analysis (Fig. 4), the saturation
of Tis; 52r30MnyssVsHo, alloy with hydrogen led to formation of &-
hydride with lattice parameter a = 0.4585 + 0.0009 (nm), a hydride
based on the Laves phase of C14 type with a = 0.5575 + 0.0009
(nm) and ¢ = 0.9157 + 0.0009 (nm), and holmium HoH; hydride
with a = 0.6307 £ 0.0009 (nm) and ¢ = 0.6569 £ 0.0009 (nm).
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Beside these hydrides, there was holmium oxide with a significantly
larger lattice parameter a = 1.0571 + 0.0009 (nm), as well as
reflexes (20 = 30.65 and 36) which did not correspond to any of the
phases indicated (Fig. 4). At present, it is not possible to
unambiguously interpret and explain the mechanisms and reasons
for the formation of a new phase during saturation of the alloy with
hydrogen.
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Fig. 4. Diffraction pattern of hydrogenated Tis7 5Z2r3Mnys5VsHo,
alloy.

The X-ray phase analysis showed that after heating in
vacuum to a temperature of 500 °C it was possible to obtain 100%
reverse capacity (Fig. 5). After hydrogen desorption, the diffraction
patterns contained the reflexes of the following phases: the BCC
solid solution with lattice parameter a = 0.3378 + 0.0009 (nm), the
Laves phase of C14 type a = 0.5216 £ 0.0009 (nm) and ¢ = 0.8568 +
0.0009 (nm), the holmium with a = 0.3601 + 0.0009 (nm) and ¢ =
0.5689 + 0.0009 (nm), and the new phase (20 = 32.8 and 38.8), as
well as Ho,O3 with a = 1.0599 + 0.0009 (nm).
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Fig. 5. Diffraction pattern of Tis; 5Zr3Mn;55VsHO, alloy after

hydrogen desorption.

It is clear from Fig. 5 that after hydrogen desorption the
reflexes of the new phase remained (26 = 32.8 and 38.8), but their
intensity significantly decreased. These data allow to assume that
hydrogen desorption resulted in a re-dissolution of the new phase. A
comparison of the angles 28 for the new phase after hydrogenation
(260 = 30.65 and 36) and dehydrogenation (20 = 32.8 and 38.8)
shows that the new phase was also a hydride. It can be assumed that
the complete dissolution of the new phase during hydrogen
desorption did not occur due to insufficient holding time upon
heating.
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The investigation of the effect of sorption/desorption/sorption
cycling on the hydrogen sorption properties of the alloy under study
showed that the hydrogenation at the second and subsequent cycles
occurred already at room temperature and hydrogen pressure of
0.21 MPa starting from the very first seconds of contact of the
sample with the hydrogen medium. Based on the hydrogenation
temperature, it can be assumed that in this case the absorption of
hydrogen already begins in the Laves phase [13]. This improvement
of the hydrogen sorption properties of the alloy can be explained by
the transformation of a bulk sample into powder, as well as by the
decrease of oxygen concentration on the surface of the particles as a
result of its interaction with released atomic hydrogen, and by
additional precipitation of Ho,0s.

According to the X-ray data (Fig. 6), after the sorption-
desorption cycles the phase composition of the hydrogenation
product remained the same as upon the first hydrogenation.
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Fig. 6. Diffraction pattern of Tis; 5Zr3)Mn55VsHO0, alloy after ten
cycles of hydrogen sorption-desorption.

After ten cycles of hydrogen sorption-desorption the
diffraction pattern comprised the reflexes of the following phases:
d-hydride with lattice parameter a = 0.4585 + 0.0009 (nm), the
Laves phase of C14 type with a = 0.5571 £ 0.0009 (nm) and ¢ =
0.9151 + 0.0009 (nm), the new phase (26 = 30.64 and 36.08),
holmium hydride with a = 0.6338 + 0.0009 (nm) and ¢ = 0.6591 +
0.0009 (nm), and Ho,03 with a = 1.0635 + 0.0009 (nm).

A comparison of the diffraction patterns after one
hydrogenation and ten cycles of hydrogen sorption-desorption
(Figs. 4 and 6) showed that after 10 cycles the intensity of the
reflexes of the Laves phase C14, the new phase (26 = 30.64 and
36.08), and the oxide significantly increased; at the same time, the
intensity of 8-hydride reduced. Considering the lattice parameter of
holmium oxide after one hydrogenation and ten cycles, one can
assume that during the sorption-desorption cycles the sample was
further purified from previously dissolved oxygen.

4. Conclusions

1. The holmium introduced into the pre-eutectic alloy of the
Ti-Zr-Mn-V system not only dissolves in the phase components of
the eutectic, but also forms a new phase and thereby changes the
phase composition and structure of the initial alloy.

2. The cycles of hydrogen sorption-desorption allow to
reduce the active absorption temperature from 520°C to room
temperature, and the hydrogen pressure from 0.6 to 0.21 MPa.

3. After saturation with hydrogen, the hydrides on the basis of
initial phases, as well as a new phase formed.
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