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EFFECT OF ALLOYING ON THE HYDROGEN
SORPTION IN Ti-Zr—-Mn-BASED ALLOYS.
Pt. 2: Eutectic Alloys with Laves Phase
and B.C.C. Solid-Solution Structure

After reviewing and analysing literature data, the microstructure and phase compo-
sition of the Ti, ;Zr,sMng,, . V,Ni_ (where x = 5.0 and 17.5 at.%) eutectic alloys in
the as-cast and annealed states as well as the phase composition of the hydrogenation
products of these alloys are investigated using the x-ray phase analysis and scanning
electron microscopy methods. As found, nickel is distributed in the alloy between the
b.c.c. solid solution and the intermetallic compound with a significantly higher con-
tent in the latter. In addition, the phase composition of the initial alloy is changed
with the substitution of Mn by 5.0-17.5 at.% of Ni: the ternary NiTiZr y-phase, which
is isostructural to the Laves phase (C14), is formed. As shown, the size of the inter-
metallic crystallites is a critical factor for the activation of the H absorption at room
temperature and a hydrogen pressure of 0.6 MPa. At a grain surface area of 1-10 pum?
in the initial eutectic microstructure, active interaction of the alloy with hydrogen at
the first hydrogenation occurs exclusively during the heating and isobaric—isothermal
exposure at 510+10 °C, whereas this process starts at room temperature, when the

Citation: V.A. Dekhtyarenko, T.V. Pryadko, T.P. Vladimirova, C.V. Maksymova, O.M. Se-
myrga, and V.I. Bondarchuk, Effect of Alloying on the Hydrogen Sorption in Ti—Zr—
Mn-Based Alloys. Pt. 2. Eutectic Alloys with Laves Phase and B.C.C. Solid-Solution
Structure, Progress in Physics of Metals, 25, No. 4: 765-786 (2024)

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2024. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 4 765



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

area of the crystallites is increased up to 100-300 pm? after annealing. An increase
in the size of each of the phase components cause greater volume misfits at the in-
terphase boundaries between the adjacent crystallites at the initial stages of hydro-
genation that leads to the cracking of the alloy surface and subsequent activation of
interaction with hydrogen.

Keywords: nickel, eutectic, b.c.c. solid solution, intermetallic compound, hydrogena-
tion, dehydrogenation, hydrogen capacity.

1. Introduction

Even though the hydrogen sorption properties of the alloys based on the
AB, intermetallic compound (C14-type Laves phase) have been studied
since the end of the 70s of the last century [1, 2] and until now [3—6], the
theoretical value of hydrogen capacity 3.9 wt.% [7] has not been achieved
yet. One of the possible ways to solve this problem is the selection of a
complex of alloying elements. However, it was shown on an example of
TiMn, intermetallic compound that the transition from the binary Ti—-Mn
system [8—10] to more complex alloying systems with up to 6 components
[11, 12] allowed increasing the amount of absorbed hydrogen by a maxi-
mum of 20% (=2.10 wt.%); at the same time, the kinetics of sorption—de-
sorption processes was significantly deteriorated in some cases. In addi-
tion, alloy production is extremely complicated due to the different mel-
ting points of the components.

Therefore, some researchers [13, 14] assumed that a significant in-
crease in the amount of absorbed hydrogen and, what is especially impor-
tant, the preservation of the favourable parameters of the sorption—de-
sorption kinetics in the alloys based on the AB, intermetallic compound
can be achieved using a more complex approach which consists in devia-
tion from the stoichiometric AB, composition with simultaneous alloying
and changing the general phase and structural state of the material.

The authors of [13, 14] studied the hydrogen sorption properties of
the alloys of the Ti—V—Mn and Ti—Zr—Mn-V systems based on the AB,
intermetallic compound and showed that there was a certain amount of
Ti-based b.c.c. solid solution rather often, together with the Laves phase.
For quite a long time, it was believed [15—18] that the presence of even a
small amount of this Ti-based b.c.c. phase in the alloys based on the AB,
intermetallic compound deteriorates the kinetic parameters of hydrogen
sorption—desorption, since this phase has a technologically complicated
preliminary thermal activation, a low rate of hydrogenation even at fairly
high temperatures of 400—600 °C, and a relatively high-temperature range
of desorption [19, 20].

However, as shown in Refs. [13, 14], the process of hydrogen sorption
in these alloys was single-stage, i.e., multiphase alloys interacted with hy-
drogen as single-phase ones. Thus, it was proved that the b.c.c. solid solu-
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tion in coexistence with the AB, intermetallic compound could interact
with hydrogen under thermobaric conditions typical for the hydrogenation
of the intermetallic compound. It was also shown that it was possible to
change the amount of absorbed hydrogen in a fairly wide range by varying
the volume fractions of the AB, intermetallic compound and b.c.c. solid
solution in two-phase alloys [13, 14, 21, 22]. Therefore, the authors of
Refs. [13, 14] first proposed a new concept for developing materials with a
high hydrogen capacity, namely, ‘Laves phase-related b.c.c. solid solution’.

Based on previous studies [13, 14], we proposed another approach to
the development of hydrogen-sorbent materials with the structure com-
prised of the AB, intermetallic compound and the b.c.c. solid solution [23].
For the first time, it was proposed to use the eutectic alloys (natural com-
posites) with monovariant L = B(Ti) + (Zr,Ti)Mn, eutectic transformation
as hydrogen-sorbent materials.

We showed in the example of the Ti,, Zr,,Mn,, . alloy [23] that the
condition of the minimum possible manganese content in the AB,-type
intermetallic compound is automatically fulfilled during the eutectic so-
lidification of the melt (the necessity of the minimum possible Mn content
in the alloys based on the TiMn, intermetallic compound was shown in
Ref. [10]). Due to the eutectic solidification, a system of interphase bound-
aries with a high specific surface also formed in the alloy. This contrib-
uted to the fast kinetics of hydrogenation, since, as known from the lit-
erature [24], a high rate of hydrogen infiltration into the bulk material is
provided by its diffusion along grain boundaries. In addition, the eutectic
solidification allowed the stabilizing of the Ti-based b.c.c. solid solution in
this alloy at room temperature, which is important for interaction with
hydrogen. The hydrogen capacity of the Ti-based B-phase is 4 wt.% [7], while
it is only 0.01 wt.% for the a-phase [25]; meanwhile, the hydrogen diffu-
sion coefficient in the B-phase is 3.5 times higher than in the a-phase [26].

The hydrogen sorption properties of the Ti,, Zr, Mn,,. alloy were
studied at room temperature and a hydrogen pressure of 0.6 MPa. It was
shown [23] that this alloy can interact with hydrogen at room temperature
and the above-mentioned pressure at a high rate; however, this requires
activation heating during the first hydrogenation up to 520 °C with sub-
sequent desorption of hydrogen. Such a high amount of absorbed hydrogen
as 2.58 wt.% (62.6 at.% H) was reached, which corresponded to the for-
mula composition H/Me ~ 1.64, whereas the hydrogen capacity did not
exceed 2.10 wt.% (H/Me = 1.38) for the alloys based on the AB, interme-
tallic compound [27, 28].

In Refs. [29-36], the studies of eutectic alloys based on the Ti—Zr—Mn
system with the structure comprised of AB, intermetallic compound and
b.c.c. solid solution was expanded. The effect of changes in the initial
structure (the ratio of volume fractions of constituent phases) and/or
phase composition (transition from the Laves phase of the C14-to-C15
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Table 1. Nominal compositions of the alloys

Composition, at.%
Alloy
Ti Zr Mn A% Ni
1 |Ni-0 Ti,, sZr,sMn,, .V, 47.5 28 22.5 2 —
Ni-5 Ti,, ;Zr,sMn,, V,.Ni, 47.5 28 17.5 2 5
3 |Ni-17.5 Ti,; ;Zr,sMn,V,Ni,, . 47.5 28 5 2 17.5

type) on the kinetics of the hydrogenation-dehydrogenation processes in
the first cycle and the amount of absorbed hydrogen was determined. In
addition, it was shown that preliminary heat treatment (annealing) al-
lowed initiating active absorption of hydrogen by the alloys of this type at
room temperature [34]. However, the ever-increasing requirements for
materials used as hydrogen sorbents (operating time of a hydrogen battery
on one charge) require further improvement of already developed materi-
als, i.e., the search for elements for their additional alloying. Based on the
literature data [7, 387], it was found that nickel can be a promising element
for additional alloying since it can form a stable chemical compound with
hydrogen [38], as well as dissolve in the Laves phases of the above-men-
tioned type [11].

The purpose of this research was to enhance the hydrogen capacity
and improve the kinetics of hydrogen sorption—desorption processes in the
eutectic alloys of the Ti—Zr—-Mn—V system using their additional alloying
with nickel and preliminary heat treatment.

The perspective of the chosen approach can be confirmed by a com-
parison of the hydrogen sorption properties of new Ni-modified alloys
with those of the previously studied Ti,; ;Zr,;Mn,, .V, alloy whose struc-
ture, phase composition, and properties in the as-cast state and after heat
treatment were investigated in detail in [32—34] (Table 1). When choosing
alloy compositions for research, it was fundamental to preserve their eu-
tectic structure.

2. Materials and Experimental Techniques

The samples of the alloys (Table 1) with weights up to 30 g were melted in
a KPTM-2 laboratory electric arc furnace with a non-consumable tungsten
electrode on a water-cooled copper base in a protective atmosphere. The char-
ge was remelted up to 5 times to achieve high homogenization of the in-
gots. The following materials were used as starting components: iodide tita-
nium (99.95%), iodide zirconium (99.975% ), electrolytic manganese (99.9%),
electrolytic vanadium (99.5% ), and electrolytic nickel (99.5%) [at.%].
The alloys were annealed in a SNVL-1.3.1/16M2 furnace at 800 °C
(exposure time 16 hours) at a pressure of 102 Pa (heating rate 20 °C/min)
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to study the microstructure evolution and to remove residual stresses that
formed during solidification and mechanical processing of the ingots. The
isothermal annealing temperature was chosen based on previous studies
[34] to provide the maximum rate of diffusion of the alloy components and
prevent its melting.

X-ray phase studies were carried out at a DRON-3M diffractometer
with monochromatic CuK, radiation.

Metallographic studies were carried out at a VEGA3 TESCAN scanning
electron microscope equipped with an XFlash610M (Bruker) EDX detector.

The hydrogen sorption properties of the alloys were studied by the
Sieverts technique at an IVGM-2M unit under a hydrogen pressure of
0.6 MPa at room temperature or during heating at a rate of 0.125 °C/s
and isobaric and isothermal exposure at 520 °C (see [39, 40] for the de-
tails). The hydrogen desorption process was also investigated at an IVGM-
2M unit under an initial pressure of 0.0002 MPa.

The amount of absorbed or released hydrogen was determined by the
change in pressure in a closed volume before and after the experiment
(volumetric method) and was additionally controlled by weighing on VLR-
20 scales with an accuracy of 1.5x107° g (gravimetric method). Labyrinth-
like crucibles were used to prevent sample mass loss during vacuuming, as
well as the infiltration of various impurities into the hydrogenation prod-
ucts during experiments.

To confirm the reliability of the obtained results, studies were carried
out on several samples of the same composition. This paper presents the
results for only the first cycle of sorption—desorption.

3. Results and Discussion
3. 1. Structure and Phase Composition of Alloys

The phase compositions of the alloys were studied by x-ray phase analysis
and using MAUD software (distributed without license restrictions as pub-
lic domain) (Table 2). The phase composition of the alloy chosen as a base
[33, 34] included the hexagonal Laves A-phase of the C14 type (P6,/mmc
space group of MgZn, structural type) and b.c.c. solid solution (1m—3m
space group of W structural type). The diffractograms of the experimen-
tal Ti,; ;Zr, Mn,, .V,Ni, and Ti,, ;Zr,,Mn,V,Ni,, . alloys, in addition to the
phases mentioned above, contained the reflections of another compound
isostructural to the Laves phase of the C14 type with slightly different
lattice constants (Fig. 1). According to the Crystallography Open Database
of cif-files, the reflections of the NiTiZr y-phase (ternary Laves phase of
the MgZn, type) were identified [41]. It should be noted that alloying with
nickel changed not only the phase composition of the base alloy but also
the ratio of phase fractions. In the base alloy [33, 34], according to MAUD
software, the b.c.c. solid solution/A-phase ratio was 0.598,/0.402. Alloying
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Fig. 1. Diffracto-
grams of the experi-
mental as-cast Ti,,
Zr,Mn,, ;V,Ni, (a) and
Tiy; 52r,sMn;  V,Ni,,
(b) alloys

Table 2. Lattice constants of phases in as-cast state and after heat treatment (h.t.)

Lattice constants +£0.0009, nm
Alloy State
1-phase b.c.c. NiTiZr y-phase
Ni-0 as-cast a = 0.5200 a = 0.3352 —
c = 0.8581
after h.t. a = 0.5195 a = 0.3365 —
c =0.8534
Ni-5 as-cast a = 0.5224 a = 0.3354 a = 0.5226
c=0.8476 c =0.8657
after h.t. a = 0.5223 a = 0.3352 a = 0.5427
c =0.8439 c = 0.8520
Ni-17.5 |as-cast a = 0.5195 a = 0.3214 a = 0.5226
c = 0.8641 c = 0.8504
after h.t. a = 0.5225 a =0.3214 a = 0.5253
c=0.8421 c=0.8476
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Fig. 2. Microstructures of Ti,,  Zr,;Mn,, ;V,Ni; and
Ti,,; sZr,sMn,V,Ni,, . in as-cast (a, b) and heat-treated (c,
d) states

with nickel led to a significant decrease in the volume fraction of the
b.c.c. solid solution: 0.476,/0.504 with the fraction of the y-phase 0.020 in
the Ti,, . Zr,,Mn,, ;V,Ni, alloy; 0.463/0.492 with the fraction of the y-phase
0.045 in the Ti,; ;Zr,;Mn,V,Ni,, . alloy.

Examination of the samples using scanning electron microscopy showed
that the partial substitution of manganese with nickel, despite changes in
the phase composition, did not significantly affect the microstructure of
the alloy (Fig. 2, a, b). The microstructure remained eutectic. As in the
base alloy, the eutectic consisted of solid solution and intermetallic com-
pound, and had a skeletal-like structure, where the intermetallic com-
pound particles acted as nucleation sites for eutectic solidification (this
phase formed the framework of the colonies). This is confirmed by the cur-
ving of intermetallic fibres at the junctions of adjacent eutectic colonies.
Since the growth of eutectic colonies generates heat, which crucially redu-
ces the cooling rate, it is accompanied by a transition from a fibrous struc-
ture to the formation of globules at the ends of the fibres. The controlled
phase is the solid solution that forms the matrix of the colonies. Thus, the
phase that initiates and controls the eutectic solidification is the phase
with a higher enthalpy of melting, as in most solid solution/intermetallic
compound systems. The formation of the framework of the eutectic colony
and its further growth is typical for polyhedron-dendrite eutectics.

Therefore, alloying with nickel in the above concentration range al-
lows for preserving the eutectic structure with an extremely branched
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system of interphase boundaries with a high specific surface area, and
minimizing the manganese content in the intermetallic compound to en-
hance the hydrogen sorption properties [10, 42, 43].

The chemical compositions of the phases were determined, which al-
lowed the identification of these phases (bright-coloured crystallites cor-
respond to intermetallic compound), and the distribution of nickel in the
Ti,; ;Zr,sMn,, .V, alloy [33, 34] was studied using scanning electron mi-
croscopy and EDX spectroscopy (Table 3). A comparison of the obtained
results with similar data for the original Ti,, ;Zr,;Mn,, .V, eutectic alloy
made it possible to conclude that the alloying with nickel is accompanied
by the distribution of this element between the b.c.c. solid solution and
the intermetallic compound, with higher Ni content in the latter. The
presence of nickel in the b.c.c. solid solution significantly reduces manga-
nese content in this phase: from ~10.91 at.% in the original alloy (without
Ni) to =2.03 at.% in the Ti,, ;Zr,;Mn_V,Ni,, . alloy. The alloying also made
it possible to lower the manganese content in the AB, intermetallic com-
pound with the average content of the B component at the appropriate
level. According to the literature [44—48], the substitution of manganese,
which does not interact with hydrogen, with elements which form a stable
chemical compound with hydrogen leads to an enhancement in hydrogen
absorption properties (an increase in hydrogen capacity). In the Ti,, ,Zr,,
Mn,V,Ni,, , alloy, the chemical composition of the bright crystallites cor-
responds to the ternary y-phase NiTiZr. The average content of B compo-
nent (~27.88 at.%) in this case is fully consistent with the data of [41];
according to this work, the y-phase exists in the range of concentrations
from ~14 to 34 at.% of Zr and from =25 to ~39 at.% of Ni.

Table 3. Chemical compositions of phases

Composition, at.%
Alloy State Crystallites
Ti Zr Mn A% Ni
Ni-0 as-cast Bright 38.36 28.84 30.14 2.66 —
Dark 60.05 27.65 10.91 1.39 —
after h.t. Bright 28.95 27.94 36.78 5.75 —
Dark 70.80 22.27 5.03 1.90 —
Ni-5 as-cast Bright 38.97 27.30 23.52 1.27 8.94
Dark 65.13 27.00 5.47 1.13 1.26
after h.t. Bright 37.27 26.71 26.76 1.56 7.70
Dark 71.11 24.11 3.25 1.12 0.41
Ni-17.5 |as-cast Bright 44.96 27.16 3.65 1.23 23.00
Dark 63.85 24.91 2.03 1.14 8.07
after h.t. Bright 47.69 25.75 5.69 1.44 19.44
Dark 68.56 21.14 2.41 1.11 6.78
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Fig. 3. Volume of unit cell and radius of the tetrahedral interstitial site of C14 Laves
phase in alloys: I — TiMn, [52]; 2 — Ti,; ;Zr,;Mn,, .V, [32-34]; 3 — Ti,; ;Zr,;Mn,, ;V,Ni;;
4 — Ti; 5Zr,sMn,V,Ni,

Studies of the evolution of the microstructure (Fig. 2, ¢, d) and the
phase compositions after the above-mentioned heat treatment showed that
the coagulation of the structural components occurred during annealing,
i.e., the microstructure coarsened due to the consolidation of the phase
components and the formation of rather large phase clusters. Using the
Imaged software (distributed without license restrictions as public do-
main), it was determined that the grain areas in the Ti,; ;Zr,;Mn,, .V,Ni,
alloy increased from 1-10 pm? in the as-cast state to 100—300 um? after
16 hours of annealing (Fig. 2, a, ¢). At the same time, the specific surface
area of the interphase boundaries decreased by 10—15 times. In addition,
the fraction of the b.c.c. solid solution decreased from 0.476 to 0.431, and
the lattice constants of the phases changed (Table 2) due to the redistribu-
tion of chemical components between the phases (Table 3), which differ
significantly in atomic radii [49]. The same samples were examined before
and after annealing; the results were averaged over several sections of the
ingots.

In the Ti,, ,Zr,;Mn,V,Ni,, ; alloy, the coagulation of the eutectic struc-
ture also occurred during annealing, but this did not lead to a significant
increase in the grain areas of the phases. In this alloy, the fraction of
b.c.c. solid solution also decreased from 0.463 to 0.370, and the lattice
constants of the phases changed (Table 2) due to the redistribution of
chemical components between the phases (Table 3).

The annealing and the corresponding redistribution of chemical com-
ponents had the most effect on the ternary y-phase NiTiZr. Its volume
fraction increased from 0.020 to 0.052 in the Ti,, Zr,;Mn,, . V,Ni, alloy
and from 0.045 to 0.110 in the Ti,, ;Zr,,Mn,V,Ni,, . alloy.

Based on the results of x-ray phase analysis and the data of [50, 51],
the volume of the unit cell of the Laves phase and the radius of the tetra-
hedral interstitial site for Ni-modified alloys were calculated (Fig. 3). The
calculations were carried out for as-cast state only for the A,B, interstitial
sites, since, according to [50, 51], dissolved hydrogen occupies only these
sites in the Laves phase of the C14 type. A comparison of the obtained
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data with those for the binary compound TiMn, [52] shows that the chem-
ical composition of the nickel-modified alloys provides a larger volume of
the unit cell (by 22.5-23.1%), and a larger radius of the tetrahedral in-
terstitial site (by 6.9-7.1%). According to the literature [50, 51], this
should have a positive effect on the total amount of hydrogen absorbed by
the alloy.

3.2, Kinetics of Interaction of Alloys with Hydrogen

Regardless of the state (as-cast or annealed), the process of interaction of
nickel-modified alloys with hydrogen, as well as the base Ti,, ,Zr,;Mn,, .V,
alloy, was started at room temperature and a hydrogen pressure of 0.6 MPa.
Exposure of as-cast alloys for 24 hours under these conditions did not lead
to surface activation and, accordingly, to active absorption. It was as-
sumed that the inactivated state of the surface prevents intensive hydro-
gen sorption, so a longer incubation period is required. However, increas-
ing the exposure time up to 48 hours also did not initiate the hydrogena-
tion process. The lack of active absorption of hydrogen by as-cast alloys at
room temperature is presumably explained by the insufficient surface area
of intermetallic crystallites. Active absorption of hydrogen was only ob-
served during heating (Fig. 4) and upon isobaric and isothermal exposure
at 510£10 °C. The interaction with hydrogen began at 170+10 °C, but the
reaction rate was very low. To accelerate the interaction, the temperature
was increased to the above-mentioned range. The temperatures T,  were
determined from the dependence P = f(T) (Fig. 4); these temperatures to a
certain extent depend on the Ni content in the alloy (Table 4).

Taking into account the temperatures of the beginning of active ab-
sorption for Ni-modified alloys (345 °C and 450 °C), it can be stated that
the hydrogenation process in them (as well as in the base alloy [33]) begins
in the Ti-based b.c.c. solid solution. This conclusion is based on the litera-
ture data: according to the results of Refs. [63—55], titanium and Ti-based
b.c.c. solid solution actively interacts with hydrogen exactly in the tem-
perature range of 400-600 °C, and the process of dihydride formation
takes several hours due to a rather low rate of interaction. Most likely, the
beginning of the process of active absorption of hydrogen at the above-

Table 4. Kinetic parameters of hydrogenation and hydrogen capacity

Alloy State T e °C Typeo Min Tpyas MiN ¢y W% H/Me
Ni-0 as-cast 395 — 15 2.66 1.67
after h.t. 20 180 150 2.65 1.67
Ni-5 as-cast 345 — 15 2.70 1.70
after h.t. 20 120 120 2.65 1.68
Ni-17.5 |as-cast 450 — 30 2.70 1.72
after h.t. 20 115 110 2.70 1.72
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Fig. 4. Dependence of the hyd- 0.610 345 °C
rogen pressure on the tempe-
rature during the first hydro-
genationof Ti,, ,Zr,;Mn,, ,;V,Ni; |
alloy 0.605
mentioned temperatures &
(400-600 °C) is associated = 0.600
with the cracking and fail- <«
ure of the oxide scale,

which is always present on 0.595

the surface of titanium and

acts as a barrier to the in- 0.590 . . | |
filtration of hydrogen into 0 100 200 300 100 T, °C

the material. The disconti-

nuity and, accordingly, a larger volume of the 6-hydride formed compared
to the initial b.c.c. solid solution leads to the formation of cracks, which
not only crush the material throughout the sample bulk but also form new
surfaces that are free from oxide scale, facilitating the activation of the
intermetallic compound and contributing to its rapid saturation.

Comparing theamount of hydrogen absorbed by thebase Ti,, ,Zr,;Mn,, .V,
alloy [33] and nickel-modified alloys (in the as-cast state), one can con-
clude that an increase in the radius of the tetrahedral interstitial site in
the Laves phase and the total amount of the elements that interact with
hydrogen led to a higher total hydrogen capacity (Table 4).

To confirm that the size of the intermetallic crystallites affects the
activation of hydrogen absorption during the first hydrogenation, the
hydrogen absorption properties of the annealed alloys were also investi-
gated at room temperature and a hydrogen pressure of 0.6 MPa for 24
hours (Fig. 5). A significant increase in the area of intermetallic grains on
the surface enabled the hydrogenation process of the annealed alloys at
room temperature. How-

28 ever, the smaller length

24r of the interphase bound-

aries increased the hydro-

2.0 1 genation time (Table 4),

°\°_ 16t as the hydrogen diffusion

' coefficient is approxima-

El2f tely 102 times higher along
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Fig. 5. Dependence of the ab-
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the grain boundaries than in the volume. However, it should be noted that
the alloying with nickel led to a decrease in both the incubation period and
the time needed for the saturation by hydrogen.

Since hydrogen absorption began at room temperature, surface activa-
tion occurred due to the uncompensated interatomic bonds in the interme-
tallic compound. As a result, the dissociation of hydrogen molecules was
facilitated, which caused rapid infiltration of hydrogen atoms into the in-
termetallic matrix with subsequent migration along the interphase boun-
daries. This is consistent with the data of [34, 56], where it was noted that
the hydrogenation process at room temperature began exactly on interme-
tallic crystallites in a multiphase structure. A significant increase in the
volume of the intermetallic unit cell (by 15-25% according to [567]) leads
to its destruction and the formation of a surface free of oxide scale not
only on the intermetallic crystallites but also on the b.c.c. solid solution,
involving the latter in the process of hydrogenation at room temperature.

Similar to the base Ti,, ,/Zr,,Mn,, .V, alloy, the saturation with the hy-
drogen of nickel-modified eutectic alloys of the Ti—Zr—Mn—-V—-Ni system
led to the disintegration of solid samples into a powder regardless of the
initial state (as-cast or annealed).

The phase composition and lattice constants of the final product of the
hydrogenation of the alloys were investigated by x-ray phase analysis and
MAUD software (Table 5, Fig. 6).

Regardless of the initial state of the alloys (as-cast or annealed) and
the conditions of the hydrogenation (room temperature or heating), hydro-
genation products were based on the initial phases. These products were
d-hydride with an f.c.c.-lattice formed based on the b.c.c.-solid solution,

Table 5. Lattice constants of phases after hydrogenation

Lattice constants £0.0009, nm H/Me
Alloy State H/Me
A-phase 5-hydride y-phase A-phase | 5-hydride | y-phase
Ni-0 as-cast|a = 0.5572|a = 0.4438 1.67 1.30 2.03 —
c =0.9152
h.t. a =0.5567|a = 0.4433 1.67 1.32 1.98 —
c=0.9145
Ni-5 as-cast|a = 0.5575|a = 0.4540|a = 0.5383| 1.70 1.26 2.24 0.81
¢ =0.9070 c=0.8725
h.t. a =0.5594|a = 0.4501|a = 0.5592| 1.68 1.37 2.13 0.80
c=0.9121 ¢ =0.9052
Ni-17.5|as-cast|a = 0.5581 |a = 0.4825|a = 0.5600| 1.72 1.31 2.23 1.34
c =0.9047 ¢ =0.9120
h.t. a =0.5596|a = 0.4515|a = 0.5525| 1.72 1.37 2.20 1.32
¢ =0.9100 c =0.9949
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and A-(TiZr)Mn,—H and y-NiTiZr—H hydrides based on the Laves phases
(see Table 5 and Fig. 6).

The interaction of nickel-modified alloys with hydrogen resulted in an
extremely significant increase in the fraction of the y-NiTiZr-H phase:
from 0.020 to 0.104 and from 0.052 to 0.202 in the Ti,, ;Zr,;Mn,, ;V,Ni;
alloy, from 0.045 to 0.201 and 0.110 to 0.250 in the Ti,, ,Zr,,Mn V,Ni,, ;
alloy in as-cast and annealed state, respectively. Generally, this is consis-
tent with [568] regarding the fact that hydrogen treatment of some metals
makes it possible to control the formation of the phase composition and
microstructure, stabilize the high-temperature phase, lower the critical
temperature of the phase transformation, to realize recrystallization, to
change the conditions of ageing and decomposition (or ordering [59-61])
of metastable phases, etc.

To evaluate the hydrogen capacity of the b.c.c. solid solution and the
Laves phase separately, the ratio of their volume fractions was determined
using the data of x-ray phase analysis and MAUD calculations. The amount
of hydrogen in all hydrides based on the Laves phase was calculated ac-
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Fig. 7. Changes in hydrogen
capacity during hydrogen de-
sorption of alloys: (a) Ti,,,
Zr,;Mn,, ,;V,Ni; and (b) Ti,;
Zr,;Mn,V,Ni,, . (as-cast state)

cording to Ref. [62]: the
increase in the unit cell
volume is 2.9-10% nm?
per unit of H/M, where
M is the number of metal
atoms in the unit cell (the

0 ' ! ' ' : Pearson symbol for the

20 40 60 80 100 t, min MgZn,-type structure is
hP12). The calculated increase in the volume of the unit cell of the Laves
phase per one metal atom made it possible to evaluate the hydrogen capac-
ity of intermetallic compounds and to connect the residual amount of ab-
sorbed hydrogen with the 6-hydride based on the b.c.c. solid solution.

The results listed in Table 5 indicate that the alloying with nickel en-
hanced the hydrogen capacity of both the alloys and the b.c.c. solid solu-
tion. It should be noted that the Ti-based solid solution absorbed hydrogen
with kinetics similar to that of the intermetallic compound; a high hydro-
gen capacity was reached at room temperature. This is largely due to the
b.c.c. lattice of the B-phase solid solution, where the hydrogen diffusion
coefficient at room temperature is almost two orders of magnitude higher
compared to the a-phase with an h.c.p. lattice. A mild decrease in the hy-
drogen capacity of some Laves phases is most likely caused by the presence
of two isostructural components. Taking into account the average volume
fraction of hydrides based on the A- and y-phase, the total amount of ab-
sorbed hydrogen is H/Me ~ 1.33.

It can be stated that the main reason for the increase in the hydrogen
capacity of the b.c.c. solid solution is the significant decrease in Mn content
(Table 3), as was mentioned above. The obtained result confirms previous
data [47, 48] on the positive effect of partial substitution of manganese
(which does not form hydrides) by elements, which interact with hydrogen.

According to the literature [33, 34], the release of hydrogen at an
initial pressure in the chamber of 0.0002 MPa from hydrogenation prod-
ucts of the base Ti,, ;Zr,;Mn,, .V, alloy begins at ~60 °C, regardless of the
initial state (as-cast or annealed). Upon heating to 300 °C, #50% of the
absorbed hydrogen was released, and almost 100% reversible capacity was
achieved, when the temperature was increased up to 500 °C.

The process of hydrogen release from hydrogenation products formed
during hydrogen saturation of nickel-modified alloys (in as-cast state) was
studied at an initial pressure of 0.0002 MPa. At a heating rate of 3 °C/min,
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the active hydrogen release began at 55+5 °C (Fig. 7), and this process
involved three stages. At the first stage (from 55 °C to 110+10 °C), the
hydrogen release was relatively slow, only 10% of the absorbed hydrogen
was released. The average release rate at this stage was ~0.0065 and
~0.0096 wt.% /min for the Ti,, Zr,.Mn,, . V,Ni, and Ti,, . Zr,,Mn,V,Ni,, .
alloy, respectively. Starting from 110+10 °C, the average rate of hydro-
gen release increased to ~0.031 and =0.035 wt.% /min for the Ti,; ;Zr,,
Mn,,,V,Ni; and Ti,, Zr,,Mn,V,Ni,,. alloy, respectively. When the tem-
perature reached 370 °C for the Ti,, ,/Zr,;Mn,, ;V,Ni, alloy and 450 °C for
the Ti,, ;Zr,,Mn_V,Ni,, . alloy, 68 and 76% of the total amount of absorbed
hydrogen were released, respectively. Above these temperatures, the aver-
age release rate decreased in both alloys to ~0.012 wt.% /min, and the
amount of released hydrogen increased to 90% up to 490+10 °C. At this
temperature, an additional operation was applied, namely, pumping out
the released hydrogen that provided almost 100% reversible capacity.

Since an important property of the alloys for hydrogen storage is the
preservation of hydrogen sorption parameters during multiple cycles of
hydrogen sorption—desorption, this aspect was studied for nickel-modified
alloys. As mentioned above, a significant reduction in the length of grain
boundaries after annealing does not affect the hydrogen capacity of mul-
tiphase alloys; nevertheless, this factor affects the kinetic parameters of
hydrogenation at the first stage. However, the initial grain size of the
intermetallic crystallites no longer affected the incubation period and the
rate of hydrogenation after the first sorption—desorption cycle due to the
complete crushing of the samples; further, the surface area of new parti-
cles and the absence of oxide scale on them played the main role. After
sorption—desorption cycling, the alloys had activated surfaces and were
able to absorb hydrogen at room temperature and a pressure of 0.2 MPa,
i.e. three times lower than during the first hydrogenation (0.6 MPa), start-
ing from the first seconds of contact with a hydrogen environment with
an average rate of 2—4x10°2 wt.% /s. Although the hydrogen capacity did
not change, the time to reach its maximum value was reduced signifi-
cantly. The hydrogenation pressure was reduced to show the enhancement
of hydrogen sorption properties already after the first sorption—desorp-
tion cycle whose main role was to activate the material. The possibility to
saturate the alloys with hydrogen at a low pressure makes the hydrogena-
tion process safer, and the hydrogen batteries lighter (there is no need to
use massive containers), which is especially important for practical appli-
cations in transport [63].

This enhancement of the hydrogen sorption properties of nickel-mod-
ified alloys during the second cycle can be explained by the following fac-
tors: (i) the material activation after the first cycle of hydrogen sorption—
desorption; (ii) crushing of the samples with an increase in the specific
surface area [64, 65]; (iii) a reduction in oxygen content on the surface
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and in the volume of hydride particles as a result of oxygen interaction
with desorbed hydrogen atoms released upon the first desorption [66, 67].

4. Conclusions

Partial substitution of manganese (which does not interact with hydrogen)
by hydride-forming nickel resulted in enhanced hydrogen capacity of the
alloys. This is explained by the simultaneous action of several factors:
preservation of the eutectic structure; increased size of tetrahedral inter-
stitial sites in the Laves phase; and an increase in the total amount of the
hydride-forming element both in the alloy and in each phase component.

Heat treatment of eutectic alloys led to the coagulation of eutectic
structure and positively affected hydrogen sorption properties by lowering
the hydrogenation temperature to room temperature. Surface activation
occurred due to the increased surface area of crystallites with uncompen-
sated interatomic bonds in the Laves phase. As a result, the dissociation
of hydrogen molecules was facilitated, which caused rapid infiltration of
hydrogen atoms into the intermetallic matrix with their subsequent diffu-
sion along the interphase boundaries. The coarsening of each phase com-
ponent also caused greater volume misfits at the interphase boundaries
between neighbouring crystallites, which led to the cracking and crushing
of the material. As a result, new juvenile surfaces appeared that led to
further activation of the interaction with hydrogen not only in the inter-
metallic compound but also in the b.c.c. solid solution, involving the latter
in the hydrogenation process at room temperature.

The first cycle of hydrogen sorption—desorption of eutectic alloys,
regardless of their phase and structural state and the conditions of the
first hydrogenation process, is an effective way of activating materials for
their further use as hydrogen accumulators. Due to the complete crushing
of the samples during hydrogen sorption, the size of the initial intermetal-
lic grains no longer affected the incubation period and the rate of hydro-
genation. The surface area of new particles and the absence of oxide scale
dissolved by atomic hydrogen upon desorption played the main role. The
alloys after the sorption—desorption cycle had highly activated surfaces,
so they were able to absorb hydrogen at room temperature and a pressure
of 0.2 MPa starting from the first seconds of contact with a hydrogen
environment at an average rate of 2-4x10°® wt.% /s. Although the hydro-
gen capacity did not change, the time to reach its maximum value was
significantly reduced.
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BILJIVB JIETYBAHHSI HA BOITHECOPBIIIMHI
BJIACTUBOCTI CIIJIABIB HA OCHOBI Ti—Zr—Mn.
Y. 2: EBTeKTHYHI CIIJIaBU 3 JIaBECOBOIO (Pasoio

Ta cTpyKkTypoo OITK-TBepmoro posuuny

Yepes oraan i amaiis JiTepaTypHUX TaHUX TOCIiIKEeHO MiKPOCTPYKTYpPY Ta (pasoBUit
cKJafl eBTeKTuuHuX criasis Ti,, ;Zr,,Mn,, ;  V,Ni, (ze x = 5,0 Ta 17,5 aT.%) y quTtomy
Ta BiAiTaJeHOMY CTaHaxX, a TakoX (asoBUil CKJA] MPOAYKTIB riipyBaHHs, OJeP:KaHUX HA
iXHili ocHOBi. 3aCTOCOBAaHO METOAU PEHTreHiBChKOT'0 (DA30BOT0 aHAJIi3y Ta CKaHYyBaJbLHOI
eJIEKTPOHHOI MiKpockoIrii. BecraHoBiieHo, 110 BBeAeHUU y cmiaB Hikeab posmominuBces
mizk OIIK-TBepauM po3YMHOM Ta iHTEpMeTaJioM 3 iCTOTHOIO IepeBaroi Ha KOPUCTh
ocranHbOro. Kpim Toro, BusHaueHo, 1o i3 saminoro Manrany Hikenem Big 5 mo 17,5 ar.%
BimbOysacsa 3amMiHa y (pasoBOMY CKJIAAi BUXiJHOTO CIIJIaBY: YTBOPHUJACSA HOJATKOBA MOTPiii-
Ha y-dasa NiTiZr, axa € i3ocTpyKTypHOIO 11010 JaBecoBol ¢asu (C14). Taxkoxx mokrasa-
HO, IIT0 JJIA aKTUBAIlii mporecy BOupanus H 3a KiMHaTHOI TeMIepaTypu Ta TUCKY BOIHIO
y 0,6 MIla KpuTHUYHUM YMHHHUKOM € PO3Mip KPUCTAJIITiB iHTepmeraaigy. 3a ILJIOIIi mOo-
BepxHi 3epeH y 1-10 mxm? (1J18 BUXiZHOI €BTEKTUYHOI CTPYKTYPHU) AKTUBHA B3AE€MOIisA
CIIJIaBY 3 BOJHEM IIiJl Uac IIepIIoro TiApyBaHHA BimOyBajacsa BUKJIIOUHO IIiT yac Harpi-
BaHHS Ta BIPOJOBXK i300apHO-izoTepMiuHOl BUTPUMKM 3a Temuepatrypu y 510+10 °C,
TOAl AK 30iabIIeHHs Lol KpucTauiTie o 100-300 MxM? 3aBIAKM BiAIIAdy YMOMKJIM-
BUJIO IIOYATOK I[HOTO IIPOIlECY 3a KiMHATHOI TemmepaTypu. 30iJbIlIeHHS PO3MipiB KO-
HOI i3 (a30BUX CKJIALOBUX CIHPUUYMHUIIO OLIBINY HeBiAMOBigHiCTH 00’eMHUX edeKTiB Ha
MiK(pasHUX MerKax MiK CyciIHiMU KpucTajiaMu Ha IIOUYAaTKOBUX eTamnaxX TiApyBaHHS, IO
PU3BEJIO N0 PYHHYBaHHS ITOBEPXHi CIJIaBYy 3 YTBOPEHHAM TPIillIUH i mOAANBIIO] aKTHBA-
il B3aeMopil 3 BogHEM.

Karouosi caora: Hikenb, eBrekTura, OLIK-TBepauii posunH, inTepmeranis, rifpyBaHHs,
IeriTipyBaHHS, BOJAHEBA MiCTKiCTh.
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