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On the example of the alloy Ti,; ,Zrs, ,Mn,,V; ,Cr;, the technological scheme
of producing massive ingots by the technique of induction melting in open
Al, 0O, crucibles, which can be used in industry, is developed. This scheme en-
sures the absence of significant interaction between the crucible material and
the melt, while maintaining the allowable content of aluminium impurities in
the alloy, and thus achieving the required structure, phase composition, and
hydrogen storage properties.
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Ha npuxaani cromy Tiij ,Zrs),Mn,V; Cr; po3pobieHo TeXHOJOTIUHY cxeMy
oJlep:KaHHA MACHUBHUX 3JIMBKIB METOAOM iHAYKIIIMHOTO TOMJIEHHSA y BigKpH-
Tux TUuraax 3 Al,O,;, sxa Moke OyTH 3acTOCOBaHA y IpoMucCJI0BOCTi. Jlana cxe-
Ma 3a0esIeuye BiICyTHICTh CyTTEBOI B3a€MOil MisK MaTepiajsoM THUTJIIO Ta PO3-
TOIIOM, 30epiramuuy JOIYyCTUMUI BMiCT JOMIIIIOK aJIFOMiHif0 y cTOmi, 3aBAAKHN
YOMY JOCATAETHCA HeoOXijHa MOro CTPYKTypa, (PasoBUil CKJIa1 Ta BOLHEBOCOP-
OIiiiHi BJIaCTHUBOCTI.
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1.INTRODUCTION

Active use of hydrogen in the automotive industry requires new mate-
rials for safe storage and transportation of hydrogen in bound state in
the form of metal hydrides [1, 2]. The storage of hydrogen in the form
of metal hydrides is considered to be the most promising method
among the existing ones [3—5].

Modern materials developed so far allow to solve specific technical
problems of the hydrogen energetics (transportation or storage of hy-
drogen) with help of specific materials with specified properties—
temperature and pressure of synthesis and decomposition of hydrides
[6]. These materials primarily include magnesium [7], titanium and Ti-
based b.c.c.-solid solutions [8], as well as intermetallics of various
types—AB; (a typical example is LaNi;) [9], AB (TiFe) [10] and AB,
(TiMn,) [11], and alloys based on them. According to [12], most re-
searchers produce these materials for hydrogen accumulation by cast-
ing. However, as noted in [12], segregations inevitably occur in the
cast ingots during cooling, which can adversely affect the hydrogen
absorption properties. More modern methods of producing the alloys
are based on hardening from the melt with high cooling rates, or on the
use of powder technologies; they allow to obtain ingots and powders
with higher chemical homogeneity and finer grain size as compared to
traditional casting.

In [13], the hydrogen absorption characteristics of an alloy com-
prised of Laves phase, produced either from powders by spraying in
gas or by casting followed by grinding, were compared. The authors
showed that the morphology of particles depended on the parameters
of their production and processing methods. The study of hydrogen
absorption properties for gas-sprayed particles in comparison with
those obtained by casting followed by grinding showed that at the par-
ticle size less than 50 um the amount of absorbed hydrogen sharply de-
creased, and the hysteresis loop increased. The gas-sprayed alloy
showed enhanced hydrogen desorption due to finer grain size.

In [14], a study of the hydrogen absorption properties of the
Tiy 7921, 5sMn, (V4 alloy produced by induction melting and mechani-
cal alloying is performed. Regardless of the production method, the
alloy had two-phase structure and consisted of a Laves phase of type
C14 and b.c.c.-solid solution. The authors noted that the homogeneity
of the elements’ distribution in the phases of the alloy after induction
melting is much higher, which correlated with the data obtained in
[15]. The authors of [14] claimed that the best performance of the hy-
drogenation process is obtained at a temperature of 150°C, with hy-
drogen absorption by the cast alloy at a level of 2% wt., whereas in the
case of mechanical alloying it is only 1.2% wt. The authors of [14] as-
sociate this significant difference with the different volume fraction
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of b.c.c.-solid solution and higher content of impurities (iron and oxy-
gen) in the alloy produced by mechanical doping.

The authors of [16] proved that changing the method of the material
production can significantly increase the hydrogen capacity and im-
prove the kinetics of the hydrogen desorption process. Comparing the
hydrogen storage properties of the alloy V;;(Ti, Cr);(Zr, Mn),, pro-
duced by the techniques of sintering in the plasma of spark discharge
(SPS method) and induction melting, the authors noted that the kinet-
ic parameters of the hydrogenation process are the same, but the hy-
drogen capacity is different. Thus, for the alloy produced by the SPS
method, the amount of absorbed hydrogen is 2.89% wt., whereas in the
cast alloy it is 2.32% wt., and the amount of desorbed hydrogen at a
temperature of 30°C is 60% and 34%, respectively. These significant
differences in the amount of absorbed and desorbed hydrogen are ex-
plained by the fact that in the case of the SPS technique there is no dif-
fusion redistribution of elements that form the Laves phase (manga-
nese) in the b.c.c.-solid solution. Based on the literature data [17], the
authors of [16] claim that the introduction of manganese in the Ti-
based b.c.c.-solid solutions leads to a decrease in the lattice parameter
and the amount of absorbed hydrogen. Summarizing all the above, we
can say that in most cases changing the method of alloy production
from casting to other techniques leads to a deterioration in the kinetics
of sorption-desorption processes, and most importantly to a decrease
of hydrogen capacity. In addition, it should be noted that even in the
cases when the kinetics of sorption-desorption and hydrogen capacity
are enhanced due to the changes in the route of alloy production, in
practical use their application remains quite limited due to high cost of
these methods and the scaling problem.

The purpose of this study is to establish the possibility of producing
alloys of the Ti-Zr-Mn-V-Cr system with high hydrogen absorption
ability and weight up to 1 kg by induction melting in open Al,O; cruci-
bles. This study is performed on the previously investigated composi-
tion of Ti,; ,Zrs, ,Mn,,V; ,Cr; (in % at.) with a weigh of 30 grams pro-
duced by electric arc melting—its structure, phase composition and
hydrogen storage properties are considered in detail in [18].

2. EXPERIMENTAL/THEORETICAL DETAILS

The alloy with a weight up to 1 kg is obtained by induction melting in
argon atmosphere and open Al,O; crucibles. Titanium sponge (TG-
110), iodide Zr (99.975), electrolytic Mn (99.9), electrolytic V (99.5),
electrolytic Cr (99.5) are used as starting components.
The phase composition and lattice parameters of the alloy are deter-
mined by X-ray phase analysis at a DRON-3M diffractometer.
Metallographic examinations are performed at a scanning electron
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microscope VEGA3 TESCAN equipped with EDX detector
XFlash610M (Bruker).

For the study of hydrogen absorption properties, a bulk cast alloy is
used. The interaction of the alloy with hydrogen is studied by the Sie-
vert’s method at an IVGM-2M unit [19] at room temperature and a
pressure of 0.23 MPa. The amount of absorbed hydrogen is determined
by weighing with an accuracy of 1.5-10° g and calculation of changing
the pressure in a closed volume. The desorption of hydrogen is investi-
gated at an automated dilatometric complex (ADC) with a mass spec-
trometer [20].

3. RESULTS AND DISCUSSION

At the first stage of the alloy production, it is important to develop a
technological scheme for producing the ingot with satisfactory homo-
geneity, reduce the depletion in individual elements during the melt-
ing and minimize contamination of the ingot by impurities. To do this,
it is necessary to correctly calculate initial masses of alloying elements
which had different melting points and activities, to minimize the time
required for melting and homogenization. To achieve this goal, several
schemes of charging the elements into the crucible are tested. Initially, a
scheme of charging the alloying components according to their melting
point is tested, i.e. manganese with the lowest melting point (1246°C) at
the bottom of the crucible, and the uppermost vanadium with the high-
est melting point (1910°C) (Fig. 1). But later it is found that the main
criterion in determining the sequence of components’ location is rather

I Vanadium 1910°C I Titaniuml
5 2 5

Chromium 1907°C | Zirconium |
1 E 3

| Zirconium 1885°C I

* %

| Titanium 1665°C | Chromium
l Manganese 1246°C | Manganese

Fig. 1. The scheme of charging the components in the crucible for induction
melting.
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not melting points, but their mutual solubility (Fig. 1).

The following technological conditions are developed, which provide
complete re-melting of the components with significantly different
melting points and achieving homogeneous specified concentration of
the components in the ingot (Fig. 1, right). Thus, manganese is placed
on the bottom of the crucible, as it has the lowest melting point, melts
first and creates a liquid bath for all other components of the charge.
Although chromium has a much higher melting point than titanium
and zirconium, it is placed above manganese—it has a lower density in
the solid state, and when melted, it is able to rise to the top of the melt.
To avoid this, vanadium with a slightly higher melting point is placed
over chromium—remaining solid for a longer time, it prevented the
chromium from rising. Titanium and zirconium are placed in the upper
layer of the crucible charge, because they are the most active metals in
comparison with other elements of the charge. They should have been
in liquid state for a minimum time to minimize the time of their con-
tact in the liquid state with the crucible. Melting the charge and the
subsequent exposure of the melt under short-term RF application pro-
vided a homogeneous structure; the solidification of the alloy is car-
ried out in the same crucible.

Given the high activity of the melt components, such as titanium,
zirconium and chromium, which may react with the crucible material,
it is necessary to determine whether an interaction between the melt
and the crucible material, i.e. the reduction of aluminium from the ox-
ide, took place. It should be noted that during the charge preparation
additional (compared to the nominal composition) 4% wt. of manga-
nese are added, because the authors of [21] studied hydrogen absorp-
tion properties of Ti, ¢Zr,,Mn, ,V,; alloy and proved that this amount
of manganese can be lost due to the evaporation during melting. The
chemical composition of the alloy is determined using energy-
dispersion analysis EDAX (Table 1). As seen from Table 1, aluminium
in the ingot is detected in small quantities, so one can conclude that no
significant interaction between the crucible material and the melt has
occurred.

TABLE 1. The composition of the alloy.

Elements, % at.

Composition
Ti Zr Mn A% Cr Al

Initial materials 15.4 30.2 44 5.4 5 -

Alloy 14.9 29.8 44.9 5.1 4.8 0.54
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As seen from Table 1, the melted alloy had a slightly increased con-
tent of manganese, and the content of all other alloying elements coin-
cided within the measurement error of £0.3% at. with the nominal
composition. The increased final manganese content can be explained
by the following factors. Firstly, in the involved technological process
of re-melting, the melt is exposed to high temperatures for short
times. Secondly, due to the lower total amount of manganese in the
charge (partial replacement by chromium) as compared to the alloy for
which the calculations have been made (according to [21] for
Tiy ¢ZryMn, ,V,; alloy), the evaporation of manganese is lower than
predicted.

It is found by scanning electron microscopy that the structure of the
molten ingot, as well as the Ti,; ,Zr;,,Mn,,V; ,Cr; alloy obtained by the
method of electric arc melting [18], comprised of coarse crystallites of
the Laves phase, grain boundaries of which are decorated by b.c.c.-
solid solution (Fig. 2). The obtained data indicate that the change in
the technology of producing the alloy, as well as the increase in the
weight of the ingot, do not critically affect the structure of the inves-
tigated material.

X-ray phase analysis confirmed the scanning electron microscopy
data on that the change in the production technique, as well as the in-
crease in the weight of the ingot, did not affect the phase composition

Fig. 2. Microstructure of Ti;; JZrs,,Mn,,V; ,Cr, alloy produced by induction
melting.
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of the alloy (Table 2). Based on the data of X-ray phase analysis and
those presented in [22, 23], the volume of the elementary cell of the
Laves phases and the radius of the tetrahedral internode are calculat-
ed. It is proved in [23] that, regardless of the type of crystal lattice of
the Laves phase, hydrogen is localized in the tetrahedral internodes
during dissolution. The authors of [22, 23] showed that the radius of
the tetrahedral internode is calculated from the approximation of
‘hard spheres’ by the expressions Rs(C14) = 0.074475a, Rs(C15) =
=0.052662a (where a is the crystal lattice parameter). It is determined
that regardless of the method of producing the alloy, the volume of the
unit cell of the Laves phase C14 is 185 A?, with the radius of the tetra-
hedral Ainternode 0.377 A, and for the phase type C15 the radius is
0.378 A.

According to the volume of the unit cell and the radius of the tetra-
hedral Laves phase internode for the Ti; Zr5, ,Mn,V, ,Cr; alloy pro-
duced by different methods and with different weights, it can be seen
that they coincide. Since aluminium has a much larger atomic radius
(0.143 nm) than vanadium (0.124 nm), chromium (0.130 nm) and
manganese (0.127 nm), its presence would increase the corresponding
parameters for the alloy produced by induction melting. In addition,
another proof of the lack of significant interaction between the melt
and the crucible is the lack of new phases. The obtained results confirm
the data of energy-dispersion analysis (EDAX) which confirmed that
there is no significant interaction between the melt and the crucible in
the specified technological scheme, and accordingly, there is no notice-
able penetration of aluminium into the ingot.

Since the method of producing the Ti,; ,Zr;,,Mn,,V; ,Cr; alloy, ac-
cording to scanning electron microscopy and X-ray phase analysis, did
not affect the structure and phase composition, its hydrogen absorp-
tion properties are investigated at room temperature and hydrogen
pressure ~0.23 MPa, as for the previous alloy [18]. The only difference

TABLE 2. The results of X-ray phase analysis of initial and hydrogenated al-
loys.

Parameters of crystalline lattice of phases
+0.0009 nm
Alloy "
Ti,s 4250 ,Mn,, Vs ,Crs Initial Hydrogenated
Cl4 C15 Cl4 Cl15
Electric arc melting [18] %~ 0-3018 a=0.7188 9200083 4-0.7776
. . a=0.5070 a=0.5458
Induction melting ¢—0.8330 a=0.7191 ¢—0.8966 a=0.7724
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between these two experiments is the increased weight of the letter
sample (up to 50 grams), while the previously studied [18] samples
weighted 1-3 grams. The active absorption of hydrogen by the investi-
gated alloy began after a few minutes of contact with a hydrogen-
containing medium (the incubation period remained virtually un-
changed), and lasted only five minutes with a hydrogen capacity of
2.10% wt. (H/Me ~ 1.37), whereas in the previous work [18] it is
2.12% wt. (H/Me ~ 1.38). In the alloy produced by induction melting
some decrease in the amount of absorbed hydrogen occurred due to the
increased manganese content. The maximum rate of hydrogen absorp-
tion is reached one minute after the start of the process, with a signifi-
cant (200°C) increase in the reactor temperature (reactor weight 10
kg), which indicated the intense nature of the exothermic reaction of
hydride formation. Subsequent exposure of Ti;; 4Zr;, ;Mn,,V; ,Cr; alloy
at the same hydrogenation parameters for 24 hours did not lead to the
resumption of the hydrogen uptake process. Since the process of hy-
drogen uptake by the tested alloy is not resumed during this exposure,
it can be concluded that the 560-gram sample reached the hydride state
with the maximum possible hydrogen capacity in five minutes. The ex-
posure of the hydrogenated sample at room temperature and atmos-
pheric pressure did not lead to the beginning of the active process of
hydrogen desorption, that can be considered as an evidence of its suffi-
cient stability under these conditions.

As for the previously studied alloy [18], after the saturation by hy-
drogen the sample is completely destructed and transferred into the
powder state due to the high rate of absorption and low hydrogenation
temperature, that can be explained by the lack of time for the relaxa-
tion of stresses formed upon hydrogen dissolution. According to the
data of X-ray phase analysis of the Ti,; ,Zr;, ,Mn,,V; ,Cr;, the hydrides
based only on the initial phases formed in the alloy produced by induc-
tion melting upon hydrogen saturation (Table 2). According to the data
of X-ray phase analysis, it can be stated that phase decomposition did
not occur upon hydrogen saturation in the alloy produced by induction
melting (Fig. 3). Besides, there are no changes in the structure of the
metal matrix comprised of Laves phases, but only an isotropic increase
in the volume of their unit cells by 20% is observed, that is in agree-
ment with the data of [24, 25].

According to mass spectrometric studies of the gases emitted upon
the heating of hydrogen-saturated Ti,; ,Zr;, ,Mn,,V; ,Cr; alloy, regard-
less of the method of production, it is found that the release of hydro-
gen at an initial pressure of 4-1072 Pa started at room temperature. At
room temperature, it is possible to remove no more than 3% of the ab-
sorbed hydrogen. Further hydrogen desorption is observed only upon
heating (Fig. 4). Thus, at a temperature of 120°C, the maximum inten-
sity of hydrogen desorption is reached, and at a temperature of 320°C,
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Fig. 3. Diffraction pattern of hydrogenated alloy Ti,; ,Zr;,,Mn,V; ,Cr;.

the desorption is completely completed. Based on the mass spectrosco-
py data, one can conclude that the change in the method of alloy pro-
duction did not crucially affect the thermokinetic parameters of the
hydrogen desorption process.

Since the hydrogen storage properties during multiple hydrogen
sorption-desorption cycles are important for the hydrogen storage ma-
terials, a corresponding study is performed for the alloy
Ti5 42150 .Mn, V5 ,Crs, regardless of the production method. The sec-
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Fig. 4. Dependence of intensity of hydrogen desorption on temperature [18].
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ond cycle of hydrogen sorption is performed at room temperature and
an absolute pressure of 0.21 MPa. The process of hydrogen absorption
started at the first seconds of contact of the sample with a hydrogen-
containing medium at a high rate, while the hydrogen capacity re-
mained unchanged. This improvement in the hydrogen sorption prop-
erties of the studied alloys in the second cycle (reduction of the incuba-
tion period from several minutes to several seconds) can be explained
by the transfer of the material to the activated state by the first cycle
of hydrogen sorption-desorption. Thus, this effect is caused by the de-
struction of bulk samples to a powder state with increasing specific
surface area, as well as the partial reduction of barrier oxide scale on
existing surfaces of the material as a result of its interaction with
atomic hydrogen released during the first desorption.

4. CONCLUSION

A technological scheme for producing an alloy of the Ti-Zr-Mn-V-Cr
system by induction melting has been developed, with no significant
interaction between the crucible material and the melt and contamina-
tion of the alloy with aluminium impurities.
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