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Abstract

This thesis reports the investigation of the microstructure and first hydrogenation process
of TiHfZrNbV-based and Tio.3Vo.3Mno.2Feo.1Nio.1 alloys for hydrogen storage. This work was
carried out, under the supervision of Professor Jacques Huot, in the laboratories of the
Hydrogen Research Institute, at the University of Quebec at Trois-Rivieres.

In the context commercialization of the alloys, the first hydrogenation, the so-called
“activation” is usually a step that is costly and time consuming. The first part of this thesis
presents a systematic investigation of the effect of particle size, pressure and temperature
on the first hydrogenation of TiHfZrNbV high entropy alloy. Three particle size ranges
were selected: less than 0.5 mm, between 0.5 mm and 1 mm and between 1 mm and 2
mm. The hydrogen pressures applied during the first hydrogenation were 1, 2 and 20
bars. The temperature of the first hydrogenation was varied from 100 °C to 400 °C. It
was found that the particle size is a factor in the activation; smaller particle size having
faster hydrogenation kinetics. Under 2 bars and 20 bars of hydrogen pressure, the
activation curves have the same features. The activation is strongly dependent on the
temperature: higher temperature drastically reducing the incubation period. The
important parameter for the activation is the temperature rather than the particle size. It
was also found that the activation process obeys an Arrhenius relationship. Upon
hydrogenation, the BCC phase is transformed to a (Body Centered Tetragonal) BCT
phase. Also, an amorphous phase seems to be formed. This formation depends on the
hydrogenation temperature and particle size.

The effect of the substitution of Nb by V on the microstructure and hydrogen storage
properties of TiHfZrNbi«Vi+x alloys (x= 0.1, 0.2, 0.4, 0.6 and 1) was also investigated.
For x=0, the alloy is pure Body Centered Cubic (BCC) and upon the substitution of niobium
by vanadium, the BCC was progressively replaced by a Hexagonal Closed Packed (HCP)
and a Face Centered Cubic (FCC) phases. For x= 0.6, a Laves phase Strukturbericht type
cubic C15 phase was also present and becomes the main phase for x= 1. The substitution
greatly enhanced the first hydrogenation and makes it possible at room temperature
under 20 bars of hydrogen. The hydrogen storage capacity of all substituted alloys was
around 2 wt.%.

In a way to potentially increase the gravimetric hydrogen storage capacity, the heavy
elements Hf, Zr and Nb were replaced by lighter ones of period 4 giving the composition
Tio.3V 0.3Mng.2Feo.1Nio.1. The alloy was synthesized by arc melting and mechanical alloying,
resulting in different microstructures. The as-cast alloy is multiphase, with a main Laves
phase Strukturbericht type hexagonal C14 phase matrix along with a BCC phase and a



small amount of Ti;Fe-type phase. The maximum hydrogen storage capacity of the alloy
was 1.6 wt.%. We found that the air-exposed samples had the same capacity as the as-
cast sample but with a longer incubation time. Synthesis by mechanical alloying for five
hours resulted in an alloy with only BCC structure. The hydrogen capacity of the milled
alloy was 1.2 wt.%, lower than the as-cast one. The effect of ball milling of the as-cast
alloy was also studied. Ball milling for five hours produced a BCC structure similar to the
one obtained by milling the raw materials for the same time.

Finally, we tried to solve the problem of impossible first hydrogenation of Tii1Vo.9Cr1.1 BCC
alloy by mechanical deformation techniques. The TiiVo.9Cr1.1 alloy was processed using
cold rolling (CR) and ball milling (BM). The first hydrogenation of the alloy at room
temperature under 20 bars of hydrogen is practically impossible. However, the samples
mechanically activated by CR or BM readily absorbed hydrogen. The sample cold-rolled
for one pass exhibited faster kinetics than the sample ball-milled for five minutes, but
both samples reached the same storage capacity of 3.6 wt.% hydrogen. Increasing the
amount of rolling or the milling time decreased the hydrogen capacity. CR is considered
the best and most efficient method for the activation of TiiVo.oCri.1 BCC alloy.



Résumeé

Cette thése porte sur I'étude de la microstructure et de la premiere hydrogénation des
alliages a base de TiHfZrNbV et Tio.3Vo.3Mno.2Feo.1Nio.1 pour le stockage de I'hydrogéne.
Ces travaux ont été réalisés, sous la direction du professeur Jacques Huot, dans les
laboratoires de I'Institut de recherche sur I'hydrogene, a I'Université du Québec a Trois-
Rivieres.

Dans le cadre de la commercialisation des alliages, la premiére hydrogénation dite «
d'activation » est généralement une étape coliteuse et chronophage. La premiere partie
de cette these présente une étude systématique de l'effet de la taille des particules, de
la pression et de la température sur la premiere hydrogénation de l'alliage a haute
entropie TiHfZrNbV. Trois gammes de granulométries ont été sélectionnées : moins de
0.5 mm, entre 0.5 mm et 1 mm et entre 1 mm et 2 mm. Les pressions d'hydrogéne
appliquées lors de la premiéere hydrogénation étaient de 1, 2 et 20 bars. La température
de la premiére hydrogénation a varié de 100°C a 400°C. Il a été constaté que la taille des
particules est un facteur d'activation ; taille de particule plus petite ayant une cinétique
d'hydrogénation plus rapide. Sous 2 bars et 20 bars de pression d'hydrogene, les courbes
d'activation ont les mémes caractéristiques. L'activation est fortement dépendante de la
température : une température plus élevée réduit drastiquement la durée d'incubation.
Le paramétre important pour l'activation est la température plutét que la taille des
particules. Il a également été constaté que le processus d'activation obéit a une relation
d'Arrhenius. Lors de I'hnydrogénation, la phase BCC est transformée en une phase BCT.
De plus, une phase amorphe semble se former. Cette formation dépend de la température
d'hydrogénation et de la taille des particules.

L'effet de la substitution de Nb par V sur la microstructure et les propriétés de stockage
d'hydrogene des alliages TiHfZrNbi«xVi+x (x= 0,1, 0,2, 0,4, 0,6 et 1) a également été
étudié. Pour x= 0, l'alliage est purement cubique a corps centré (CC) et lors de la
substitution du niobium par du vanadium, la structure CC a été progressivement
remplacée par une phase hexagonale compacte (HC) et une structure cubique a face
centrée (CFC). Pour x= 0,6, une phase C15 cubique de type Strukturbericht de Laves
était également présente et devient la phase principale pour x= 1. La substitution
améliore fortement la premiére hydrogénation et la rend possible a température ambiante
sous 20 bars d'hydrogene. La capacité de stockage d'hydrogene de tous les alliages
substitués était d'environ 2 % en poids.



De maniere a augmenter potentiellement la capacité gravimétrique de stockage
d'hydrogene, les éléments lourds Hf, Zr et Nb ont été remplacés par des éléments plus
légers de période 4 donnant la composition Tio.3Vo.3Mno2Feo.1Nio.1. L'alliage a été
synthétisé par fusion a l'arc et broyage mécanique, ce qui a donné différentes
microstructures. L'alliage brut de coulée est multiphasé, avec une matrice de phase
principale hexagonale de type C14 Strukturbericht de Laves ainsi qu'une phase CC et une
petite quantité de phase de type Ti,Fe. La capacité maximale de stockage d'hydrogene
de I'alliage était de 1,6 % en poids. Nous avons constaté que les échantillons exposés a
I'air avaient la méme capacité que I'échantillon brut de coulée, mais avec un temps
d'incubation plus long. La synthése par mécanosynthése pendant cing heures a conduit
a un alliage a structure CC uniquement. La capacité en hydrogene de I'alliage broyé était
de 1,2 % en poids, inférieur a celle de la coulée. L'effet du broyage a billes de I'alliage
brut de coulée a également été étudié. Le broyage a billes pendant cing heures a produit
une structure CC similaire a celle obtenue en broyant les matieres premieres pendant le
méme temps.

Enfin, nous avons essayé de résoudre le probleme de la premiére hydrogénation
impossible de l'alliage Ti1Vo.oCri.1 CC par des techniques de déformation mécanique.
L'alliage Ti1Vo.oCri.1 a été traité par laminage a froid et broyage a billes. La premiere
hydrogénation de l'alliage a température ambiante sous 20 bars d'hydrogéne est
pratiquement impossible. Cependant, les échantillons activés mécaniquement par
laminage ou broyage absorbaient facilement I'hydrogene. L'échantillon laminé a froid une
fois a présenté une cinétique plus rapide que I'échantillon broyé a billes pendant cing
minutes, mais les deux échantillons ont atteint la méme capacité de stockage de 3,6 %
en poids d'hydrogene. L'augmentation du nombre de laminages ou du temps de broyage
a diminué la capacité en hydrogéne. Le laminage est considéré comme la méthode la
meilleure et la plus efficace pour I'activation de I'alliage Ti1Vo.9Cr1.1 CC.
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Chapter 1

Introduction
1.1 Energy Transition
Many countries have been working towards reducing greenhouse gas emissions and
transitioning to a cleaner and more sustainable energy system. To support this transition,
they have implemented national strategies with a focus on increasing the use of
renewable energy sources and reducing dependence on fossil fuels. One key area in these
strategies is the development of hydrogen as a low-carbon energy source.

In Canada, the National Hydrogen Strategy outlined a plan to support the development
and deployment of low-carbon hydrogen production, distribution, and end-use
technologies. The strategy includes a combination of research and development, policy
incentives and public-private partners. It traces a vision for Canada to become a global
leader in hydrogen technologies with net-zero carbon emissions by 2050. Achieving this
vision will bring a significant economic and environmental benefits to the country [1].

1.2 Hydrogen Energy
To meet the growing global energy demand, the utilization of renewable energies like

wind and solar is now widely used [2]. However, these renewables are intermittent, and
their production is usually not in phase with the demand. Thus, the use of these energies
should be supported by an energy storage system. Hydrogen can be considered as an
energy storage and energy vector for the renewable energies. Its gravimetric density is
120 MJ/kg which is nearly three times that of petroleum. The emission from hydrogen
combustion is carbon-free which makes it environmentally friendly. Hydrogen is also used
for heat storage [3], in heat actuators [4] and in Ni-MH batteries [5].

Hydrogen is the most abundant element in the universe. But on earth, it should be
released from molecular compounds that contain it such as water and hydrocarbons.
Currently, most of the hydrogen is produced by thermochemical processes such as natural
gas reforming and gasification of coal [6]. These productions are responsible for the
emission of greenhouse gases. The electrolytic process is a promising option to produce
clean hydrogen provided that the electricity is coming from a green energy source such
as solar, hydro and wind.

After production, hydrogen has to be stored. Because of its low volumetric energy density
at atmospheric pressure and room temperature (11 m3/kg) and its wide flammability
range, the storage of hydrogen safely and efficiently is an important challenge [7].



1.3 Hydrogen Storage
For mobile applications, high volumetric and gravimetric energy densities are preferable.

Presently, hydrogen is mainly stored in three forms: gaseous hydrogen, liquid hydrogen,
and in solid form through physisorption or chemisorption [8].

Storage of hydrogen in its gaseous state at room temperature is the most utilized
technology [9]. Currently, pressurized cylinders are used in fuel-cell vehicles such as
Toyota Mirai and Honda Clarity [10]. However, the specialized tanks that could support
high pressure of up to 70 MPa are very expensive.

Liquid hydrogen is stored at very low temperature (< -253°C) at ambient pressure in
cryogenic tanks. This technique is used to transport large quantities of hydrogen for long
distances, especially when pipelines of hydrogen are not available.

In physisorbed hydrogen storage materials, such as metal-organic frameworks (MOFs)
and carbon-based materials, hydrogen molecules are adsorbed at low temperature on
porous surfaces. The storage capacity is directly proportional to the specific surface area.

In metal hydrides, the atomic hydrogen is chemically bonded with the metal atoms in the
bulk of the material. Hydrogen occupies interstitial sites of the crystal structure. Storing
hydrogen in metal hydrides is a more compact and safer way than in high hydrogen
pressure tanks and cryogenic reservoirs. The volumetric hydrogen density storage in
metal hydrides at ambient conditions is higher than in the conventional compressed gas
and liquid hydrogen storage methods. Figure 1.1 shows the volume needed to store
hydrogen in various storage systems. It is clear that storing hydrogen in metal hydrides
is @ much more compact way than the other techniques. Moreover, there are no issues
of high pressure (compressed hydrogen) or cryogenic temperatures (liquified hydrogen).
Since the reduction in volume is important for many practical applications, the storage of
hydrogen in metal hydrides could be promising.
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Figure 1.1 Volume of 4 kg of hydrogen compacted in different ways with size
relative to car’s size [11].

1.4 Metal Hydrides
Metal hydrides are a safe and cost-effective way to store hydrogen. They have a variety

of chemical compositions and crystal structures. Some of the studied classes of metal
hydrides are magnesium-based and intermetallic alloys.

Magnesium-based hydrides have been intensively studied as hydrogen storage materials.
They are well known for their high theoretical hydrogen capacity of 7.6 wt.% and low
cost. However, the absorption/desorption processes take place at a high temperature
range (300-400°C) [12]. Ball milling preparation and adding catalysts have been shown
to enhance the kinetics [12, 13].

Intermetallic hydrides are usually formed from alloys of type ABs, AB, AB», etc. where A
is a strong hydride forming element like Ti, V, Zr, Hf, Nb, La and B is a weak hydride
forming element like Mn, Ni, Fe [14]. ABs alloy has prototype CaCus-type hexagonal
structure. LaNis is the main example of ABs type hydrogen storage alloys. ABs-type
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hydrides have reversible and fast hydrogen absorption/desorption kinetics at room
temperature under low hydrogen pressure with about 1.5 wt.% theoretical hydrogen
storage capacity [15]. They are mainly used in Ni/MH batteries.

AB: alloys crystallize in Laves phase structures. The three types of Laves phases are
hexagonal C14 structure (prototype MgZn,), hexagonal C36 structure (prototype MgNi>)
and cubic C15 structure (prototype MgCu) [16]. The crystallographic structures of the
three polytypes are presented in Figure 1.2 [17]. Generally, C15 and C14 structures have
better hydrogenation performance than the C36 structure [18]. Laves phase-based alloys
are considered as promising active materials for the negative electrode of Ni/MH batteries
[19]. The theoretical maximum hydrogen storage capacities are 6.33 and 6 H atoms per
AB; formula unit for C14 and C15 respectively [20]. The reported storage capacity of
ABo-type alloys is around 2 wt% [21].
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Figure 1.2 Crystal structures of the C14 MgZn2-type and the C15 MgCu2-type.

Solid solution alloys could have body centred cubic BCC, face centred cubic FCC or
hexagonal close-packed HCP crystal structures. Here the metal atoms are randomly
distributed over the sites of the crystal lattice. TiVCr system with BCC structure is
extensively studied for hydrogen storage due to its high capacity up to 3.4 wt.% [22-24].

Recently, a novel class of alloy, the so-called high entropy alloys (HEAs) has been
examined [25]. In the following section, the HEA will be presented in more details.

1.5 High Entropy Alloys (HEAs)
In 2004, the concept of HEA was introduced independently by Yeh [26], Cantor [27] and

Ranganathan [28]. HEAs have broken the design concept of traditional alloys by having
many principal elements with significant atomic fractions. They form a new class of



metallic alloys with interesting and outstanding mechanical properties such as strength,
hardness, wear and corrosion resistance, softening resistance, etc. [29]. HEAs have been
explored for potential industrial applications [30]. Recently, they have also been
considered as hydrogen storage materials [31-35].

1.5.1 Definition of HEAs

There are no strict criteria for an alloy to be considered as high entropy alloy. Generally,
the definition of HEAs is based on composition or configurational entropy. From the
composition point of view, HEAs should contain at least five principal elements, each with
an atomic percentage between 5 and 35 %. From the entropy point of view, HEAs are
alloys having configurational entropy greater than or equal 1.5 R where R is the gas
constant [25].

1.5.2 Basic factors affecting the phase stability of HEAs
Thermodynamics parameters, atomic size difference, and valence electron concentration
play an important role in the phase stability of HEAs.

1.5.2.1 Thermodynamic parameters and atomic size difference

A single-phase HEAs is thermodynamically stabilized by its high mixing entropy [36]:

= ASCM 4+ ASEE, + ASYD + ASZC + ASTYY (1.1)

mix — mix mix mix mix mix

AS

conf

where AS .~ is the configurational mixing entropy, AS;:, is the excess mixing entropy,
ASY™ 'is the vibrational mixing entropy of mixing, AS¢¢ is the electronic mixing entropy
and AS; "7 is the magnetic mixing entropy. The magnetic and electronic contributions are
present only in a system that contains strong chemical interactions, such as transition
metal alloys [37].

The main contribution of mixing entropy is the configurational mixing entropy:

ASM = —RYN_ CiInG; (1.2)

mix
Where R is the gas constant, and C; is the mole fraction of the it" element.

“ASEoM s always positive. It is maximum for an equiatomic chemical composition with

random distribution of the N elements on the lattice sites. For example, for equiatomic
composition formed of five elements, we get:



aser) = —REE,ZIn(3) =RIn5~161R  (1.3)
The concept of configurational entropy of mixing comes from the assumption that the
atoms forming the alloy have the identical size and are freely packed. This assumption is
similar to the case of the ideal gas whose configurational entropy of mixing depends only
on positioning the constituent atoms. However, this is not true for real alloys, where the
sizes of the constituent elements are not the same. Ye et al. proposed to add a negative
excess entropy AS:Y, to the ideal ASf,fi’;f ,Where "AS:%." takes into consideration the true

atomic sizes and their packing fractions [38].

Generally, ASZY. can be expressed as [39]:

mix

Where € is the atomic packing fraction of the N-element alloy ranging from 0.68 (BCC-
like packing) to 0.74 (FCC-like packing), and d; is the atomic diameter of the it" element
(i=1,2, 3...,N) [39].

The vibrational or electronic entropy of mixing is determined as:
ASmix = Salloy - %\121 G Si (15)
where S; is the entropy (vibrational or electronic) of the it" element.

Note that the pure elements lack configurational entropy, and hence,

ASconf — Sconf (16)

mix alloy

ASY™ " could be positive or negative due to the difference between the atomic interaction
potential in the pure elements and in the HEA, as well as on the changes in the vibrational
density of states. The vibrational entropy S is calculated from:

S =3ky [, 1" [(fze + DIn((fzz + 1) — foelnfaglde  (1.7)

Where n'? is the phonon density of states, and fge is the Bose-Einstein distribution
function [40].



“Asetect comes from the change in the distribution of localized electrons and holes in the
HEA as a result of mixing. Electronic excitation across the Fermi level by migrating from
valance band to the conduction band gives rise to electronic entropy Se'ec which can be

determined by:
SeC = —2kp [~ ne [frplnfrp + (1 — frp)In(1 — frp)]de (1.8)

Where néc is the electron density of states, and frp is Fermi-Dirac distribution function
[40].

The magnetic entropy change "AS” *9" is present when the atoms have a large magnetic
moment such as some rare-earth elements. AS;’Y is associated with the H (magnetic

field) variation can be calculated by integrating the Maxwell relation, i.e.,

2
ASES = [0, dH (1.9)
Where Hmax and Hmin represent the initial and final value of the magnetic field respectively
[41].

Due to its entropy stabilization, a HEA will be thermodynamically stable only above a
given threshold temperature T for which the Gibbs free mixing energy is negative:

AG,,;, = AH

mix
So that AHmix is calculated using the expression:

AHpix = Xily2 4AHAE* CiC; (1.11)
Where AHYIX is the binary enthalpy of equiatomic AB alloy, taken from reference [42].

The stabilization occurs when: | AHmix| < | T ASmix | and ASmix > 0.

Formation of intermetallic compounds is favoured when | AHmix | > | T ASmix | and AHmix <
0. While a phase separation can happen for AHmix > 0 and AHmix > |T ASmixl .
When | AHmix | is not remarkably larger than | T ASmix|and AHmix < 0, then an ordered
substructure could be seen with some disorder on one or more sublattice sites [36].



Yang and Zhang proposed two dimensionless parameters Q and o to determine the phase
formation of HEAs [43]. The parameter Q combines the effects of entropy of mixing ASmix
and enthalpy of mixing AHmix.

Q is defined as:

Tim ASmix
AHpmix

Q= (1.12)

where T is the melting temperature of the alloy, determined by the rule of mixtures:
T = X1 Ci (T (1.13)

with (Tm)i is the melting temperature of the it element.

The parameter 0 is a quantitative parameter that describes the strained or distorted

crystal lattice due to the difference of atomic radii of the elements. It is the lattice
distortion or atomic size difference. 9 is calculated using the equation:

) (%) =100 \/Z?Ll Ci (1 - Ti/T_)Z (1.14)

and r = Zli\lzl Ci T (1.15)
where riis the atomic radius of the it element.
Yang and Zhang suggested the formation of solid solution phases when Q > 1.1 and 6§ <

6.6%. In intermetallic compounds and bulk metallic glasses (amorphous phases) are
favoured for larger d values and smaller values of Q as shown in Figure 1.3.
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Figure 1.3 The relationship between the parameters Q and 6 [43].

1.5.2.2 Valence electron concentration VEC

The valence electron concentration VEC is the number of electrons in the valence band
including d electrons. VEC is a critical parameter to identify the crystal structure of the
solid solutions whether it is BCC and/or FCC [44]. It is defined by:

VEC =¥N ., C,(VEC); (1.16)
where (VEC); is the VEC for the it element.
It was found by Guo et al. that FCC phases are stabilized at VEC > 8 whereas BCC phases

are stabilized at VEC < 6.87 [44]. The FCC and BCC phases coexist in between as shown
in Figure 1.4.
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Figure 1.4 Relationships between VEC and the FCC, BCC phase stability for some
HEA systems. Note on the legend: fully closed symbols for only FCC phase; fully
open symbols for only BCC phase; top-half-closed symbols for mixed BCC and FCC
phases [44].

The valence electron concentration rule has been applied successfully for the selection of
BCC and FCC solid solution phases [36].

1.6 Chemical reaction of metal hydride and its thermodynamics

A metal hydride is chemically formed from the reaction of hydrogen gas with metal or
alloy. The reaction is schematically given by (1.17):

hydriding

Metal (M) + §H2 ——— MH, + AH; (1.17)

where M is a metal, MHy is the hydride and AHs is the hydride heat of formation. The
hydride formation is exothermic while its decomposition is endothermic. The
thermodynamics and the kinetics of the metal-hydrogen system determine the
temperature and pressure conditions.

The hydride formation could be divided into different steps. First, when hydrogen is in
contact with a metal, the H, molecules are attracted to the metal surface by Van der
Waals forces and physically adsorbed on it. Then, the H> molecules must be decomposed
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into two H atoms. This decomposition occurs after overcoming an energy barrier that
usually depends on the type of metal atoms at the surface. After the decomposition, the
H atoms will be chemisorbed on the metal surface and bonded to the metal atoms. Finally,
the chemisorbed H atoms move to the subsurface layers and diffuse into the bulk,
producing a hydrogen-metal solid solution known as the a-phase. This is schematically
shown in Figure 1.5 from point A to B.
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Figure 1.5 Schematic representation of ideal Pressure Composition Temperature
“PCT” curve showing three absorption regions for hydride formation [45].

In this stage (from A to B), H atoms diffuse randomly into the interstitial sites (tetrahedral
or octahedral) of the metal lattice with no structural change of the metal. At point B, the
a-phase becomes saturated with hydrogen and the hydride phase (B-phase) starts to
nucleate. From B to C, the B-phase grows, resulting in a decrease of a-phase until the
complete transformation to the B-phase (point C). Ideally, this happens under constant
pressure and is called the plateau pressure. The length of this plateau indicates the
reversible capacity of the hydride. In this plateau region, a and B phases coexist, so the
total number of phases is three (q, B and hydrogen gas).

According to Gibb's phase rule, the degree of freedom F at constant temperature in each
region is determined by the equation:

F=C—-P+2 (1.18)
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Where C is the number of components and P is the number of phases in thermodynamic
equilibrium with each other. F gives the number of possible variables that can change.
There are two components: the metal and hydrogen, so C = 2.

Referring to Gibb’s rule, where a and ( phases coexist, there is only one degree of
freedom thus giving rise to a plateau region. In the region of a (A to B) or region of 8 (C
to D), F = 2, and hydrogen concentration increases with hydrogen pressure.

When new alloys are synthesized for hydrogen storage, it is important to determine the
heat of formation of their hydrides. For this purpose, pressure composition temperatures
“"PCTs"” should be carried at different temperatures. By changing the temperature, the
plateau pressure changes. This gives rise to the Van't Hoff plot. The Van't Hoff relation is
given by:

P, AH AS
In (P—q) === (1.19)

where Peq is the equilibrium pressure, Py is the standard atmospheric pressure (102 kPa),
AH is the enthalpy change during the formation of the hydride (transition a and B), AS is
the associated change in entropy, R is the gas constant and T is the temperature at which
the experiment is carried out. The enthalpy of formation AH and the entropy AS can be
derived from a plot of In (Peg/Po) versus 1/T (Figure 1.6). The enthalpy and entropy are
respectively the slope and intercept of the straight line.

)

Equilib. H, Pressure (P,,)

Hydrogen capacity (H/M ar wi.%) T

Figure 1.6 Pressure-composition temperatures (PCTs) at different temperatures and
associated Van't Hoff graph [46].
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1.7 Activation process

Activation process is the first exposure of metal alloy to hydrogen i.e., the “first
hydrogenation”. Usually, before hydrogenation, the surface of the metal alloy is
passivated by oxide layers. These layers may act as a barrier for hydrogen and should be
cracked to get hydrogen in contact with the bare metal surfaces.

Generally, the activation process is done at high temperature and high hydrogen
pressure. Under these conditions, hydrogen is compelled through the oxide layer to reach
the fresh metal surface for direct hydrogen interaction. Once the alloy is activated,
hydrogenation becomes easier and quicker. Activation is an essential step that should be
taken into consideration in the utilization of metal hydrides.

1.8 Choice of alloy composition

HEAs are beneficial for hydride formation because of their distorted lattices. The
difference in atomic radii of the constituent elements of a HEA could lead to an important
degree of lattice strain distortion. This large distortion is particularly interesting for
hydrogen absorption by offering large interstitial sites that might be useful for the
insertion of a significant amount of hydrogen [47].

One of the first HEA studied for its hydrogen storage properties was the BCC alloy
TiVZrHfNb [34]. Sahlberg et al. showed that this alloy can absorb hydrogen with a plateau
pressure of 0.1 bar H; at 299 °C with 2.7 wt% maximum storage capacity. In their work,
they ball milled the as-cast TiVZrHfNb alloy and afterward sieved it to obtain a powder of
size less than 0.05 mm. This particle size was used for activation at 400 °C under 20 bar
H> [34]. As activation may be affected by temperature, pressure and particle size, in our
first investigation we studied the effect of these parameters on the activation process of
TiVZrHfNb alloy.

After understanding the important parameters for activation, we substituted Nb by V in
the TiHfZrNbi«V1i+x alloy. The reason for this substitution is that V is lighter than Nb but
has the same chemistry. Thus, the hydride could potentially have a higher capacity.

A new multicomponent alloy of composition Tio.3Vo.3Mno.2Feo.1Nio.1 was also investigated.
The transition elements of period 4, Ti, V, Mn, Fe and Ni were selected. Even though not
all of them are strong hydride forming elements, not using the heavier elements of
periods 5 or 6 means that potentially the gravimetric hydrogen storage capacity may be

14



higher. The atomic compositions of the selected elements were chosen using the criteria
Q, 0 and VEC.

It is well known that Ti-V-Cr BCC solid solution alloys are promising hydrogen storage
materials for stationary applications [48, 49]. The Ti1Vo.9Cri.1 BCC alloy was selected by
looking at the ternary phase diagram of the Ti-V-Cr system. Its first hydrogenation is
practically impossible at room temperature and under 20 bars of hydrogen [50]. In this
work, we tried to treat this problem by mechanical deformation.

Figure 1.7 shows the summary of the work in this thesis.
Study 1

Effect of Particle size, Pressure, and Temperature

Cast alloy: TiHfZrNbV

Study 2
Effect of Substitution

Cast alloy: TinZrNbO_gvl_1

Cast alloy: TinZrNb0_8V1_2

Cast alloy: TiHfZrNb

0.6V1.4

Cast alloy: TiHfZrNb

0.4V1.6

Cast alloy: TiHfZrV,

Study 3
Microstructure and Hydrogen Storage Properties

Cast alloy: Ti, ;V, ;Mn, ,Fe, Nij, |:> Effect of Ball Milling

Ball milling: 0.3Ti-0.3V-0.2Mn-0.1Fe-0.1Ni

Study 4
Effect of Ball Milling and Cold Rolling

Cast alloy: Ti,V, Cr, ,

Figure 1.7 Summary of the work.
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1.9 Research objective

The goal of this PhD was to explore the hydrogenation behaviour of HEAs. First, the effect
of particle size, pressure, and temperature on the activation process of TiVZrHfNb HEA
was investigated. Secondly, a systematic study on the composition variation of HEAs by
substituting Nb by V in TiHfZrNbi-xV1i+x alloy was performed. Thirdly, the heavy elements:
Zr, Nb and Hf were replaced by lighter ones of period 4, in the composition
Tio.3Vo.3Mno.2Feo.1Nio.1. The microstructure and the hydrogen storage properties of the
Tio.3Vo.3Mno.2Feo.1Nip.1 alloy were also studied. Finally, the effect of a mechanical treatment
on the first hydrogenation of BCC alloy TiiVo.9Cr1.1 was investigated.

1.10 Thesis structure

In this thesis, the experimental details are reported in chapter 2. Chapter 3 covers the
effect of particle size, pressure and temperature on the activation process of hydrogen
absorption in TiVZrHfNb high entropy alloy. The effect of the substitution of Nb by V on
the microstructure and hydrogen storage properties of TiHfZrNbi«xV1i+xalloy for x=0, 0.1,
0.2, 0.4, 0.6 and 1 is presented in chapter 4. Chapter 5 shows the microstructure and
hydrogen storage properties of the multiphase Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. In chapter 6,
the enhancement of the first hydrogenation of Ti1Vo.9Cr1.1 BCC alloy by cold rolling and
ball milling is discussed. The conclusion of this research and future work are in chapter
7.
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Chapter 2

Experimental Details

2.1 Synthesis of Materials

All elements were purchased from Alfa Aesar and used without further purification. Table
2.1 presents all the raw elements used with their purity and physical appearance.

Table 2.1 Raw elements.

Element Purity at. % | Description

Ti 99.95 sponge

\" 99.7 pieces

Zr 99.5 sponge

Hf 99.6 sponge
Nb 99.8 pieces
Mn 99.9 pieces

Fe 99.9 Pieces

Ni 99 pieces

Cr 99 pieces

Ti-V-Zr-Hf-Nb, Tio.3V0.3Mno.2Feo.1Nio.1 and Ti:1Vo.oCr1.1 alloys were prepared by arc melting
in argon atmosphere. Each pellet was melted and turned over three times to ensure
homogeneity.

Ball milling was used to synthesize the alloy Tio.3Vo.3Mno.2Feo.1Nio.1. Ball milling was also
performed on as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 and Ti1Vo.oCr1.1 alloys. The samples were
milled for different time intervals.

Cold rolling was performed in air on as-cast Ti1Vo.oCri.1 alloy for different humbers of
rolling passes. Table 2.2 shows the summary of the compositions processed with different
synthesizing techniques.
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Table 2.2 Summary of the compositions.

Arc melting Ball Milling Cold Rolling

0.2Ti-0.2V-0.2Zr-0.2Hf-0.2Nb 0.3Ti-0.3V-0.2Mn-0.1Fe-0.1Ni | Cast(0.33Ti-0.3V-0.37Cr)
milled for 1, 5 and 10 hours. rolled one, three and six

0.2Ti-0.2Hf-0.2Zr-0.18Nb-0.22V times.
0.2Ti-0.2Hf-0.2Zr-0.16Nb-0.24V

0.2Ti-0.2Hf-0.2Zr-0.12Nb-0.28V
Cast (0.3Ti-0.3V-0.2Mn-0.1Fe
0.2Ti-0.2Hf-0.2Zr-0.8Nb-0.32V 0.1Ni), milled for 1, 5 and 10
hours.

0.2Ti-0.2Hf-0.2Zr-0.4V

0.33Ti-0.3V-0.37Cr
Cast (0.33Ti-0.3V-0.37Cr),
0.3Ti-0.3V-0.2Mn-0.1Fe-0.1Ni milled for 5, 15, 30, and 60
minutes.

2.1.1 Arc Melting
Arc melting is a conventional and simple technique, typically used for the synthesis of
alloys of electrically conductive materials. In our laboratory, a Centorr Associates Inc,
USA arc melter is used and its setup is shown in Figure 2.1. This arc melting machine is
made of a melting chamber, electric arc welder, vacuum pump, inert gas delivery system
and water cooling.
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Figure 2.1 Arc melter (Centorr Associates Ine, USA).

The sample of desired stoichiometry is placed on a water-cooled copper crucible. The arc
melting chamber is evacuated via a rotary pump and then refilled by argon gas of 0.7
bars pressure. To ensure homogeneity, the pellet is turned over three times and remelted.

2.1.2 Ball Milling

Ball milling process is used for mechanical alloying (MA) and to pulverize alloys into
powder. In the present investigation ball miling was used to synthesize alloys
(mechanical alloying) and to study its effect on arc-melted alloys.

In this work, ball milling was carried out on a Spex 8000M high energy ball mill (SPEX
SamplePrep, Metuchen, NJ, USA) in a hardened 55 cc stainless steel crucible and balls
with a powder-to-ball mass ratio of 1/10. All loadings and unloading of powder in the
crucible were performed in an argon-filled glove box. The shaking frequency was 1060
cycles per minute. The ball miller is shown in Figure 2.2.
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Figure 2.2 Ball miller Spex 8000.

2.1.3 Cold Rolling
Rolling is a process where the sample is introduced between two rollers where it is

compressed and rolled. If the sample temperature is higher than its recrystallization
temperature, then the process is called hot rolling (HR). If the sample temperature is
below its recrystallization temperature, the term cold rolling (CR) is used.

In this research work, only cold rolling was done. The CR apparatus used was a Durston
DRM 130 (High Wycombe, UK) that was modified so the powder samples could be rolled
vertically (Figure 2.3). Rolling experiments were performed in the air by inserting the
powder obtained from hand crushing between two 316 stainless steel plates. The plates
were used to prevent contamination from the rolls. Rolling was performed one, three,
and six times.

powders

W

i

S rolls

Figure 2.3 Schematic of cold rolling.
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2.2 Characterization techniques
The microstructure and chemical analysis were performed using a JEOL JSM-5500

scanning electron microscopy (SEM) equipped with an EDX (Energy Dispersive X-ray)
apparatus from Oxford Instruments. Image ] software was used to analyze the
percentage area of different phases in SEM micrographs [51]. The crystal structure of the
samples was determined by X-ray diffraction (XRD; Bruker D8 Focus; Cu Ka radiation).
Crystal structure parameters were evaluated from Rietveld’s method using TOPAS
software [52]. The hydrogen storage properties were measured by using a home-made
Sieverts-type apparatus.

2.2.1 Scanning Electron Microscopy (SEM)

SEM is a technique used to produce high-resolution images of a sample by scanning its
surface with a focused beam of electrons. Because of the large depth of field, these
images have a 3-dimensional appearance.

A SEM is typically formed of an electron gun, electromagnetic lenses and detectors. The
electron gun generates high energy electrons, and these electrons are accelerated and
focused on the sample using the electromagnetic lenses. The interaction of the electrons
with atoms in the sample occur at different depths. This interaction produces secondary
and backscattered electrons and other radiations such as X-rays. Each signal is measured
with a dedicated detector. The schematic for scanning electron microscope is shown in
Figure 2.4 [53].

Vacuum
—
Chamber
Anode
Condensear
Lens
Electron

Condenser

Figure 2.4 Schematic of scanning electron microscope.
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Figure 2.5 shows the interactions of the primary electrons with atoms in the sample.

P s
Characteristic : £
X-ray ‘ﬁ_ﬁ)

Figure 2.5 Mechanisms of emission of secondary electrons SEs, backscattered
electrons BSE, and characteristic X-rays from atoms of the sample.

The secondary electrons "SE" are emitted by inelastic scattering from the atoms on the
surface or the near-surface regions of the sample. The SEs gives a high-resolution image
of the sample surface.

Back scattered electrons "BSE" are the incident electrons reflected or back scattered by
the atoms in the sample by elastic scattering. The intensity of BSE is directly proportional
to the atomic number Z of the elements probed. Thus, elements with different atomic
numbers could be easily distinguished. Heavy elements backscatter electrons more
strongly than light elements, and thus appear brighter in the image. BSE provides images
showing the contrast between regions with different chemical compositions but without
identifying the elements.

The X-rays are emitted when the incident electrons interact with an atom and causes an
inner shell electron to be ejected. The ejection of the electron creates a vacancy in the
inner shell. This vacancy is then filled by the transition of an electron from a higher energy
shell. The transition is accompanied by emitting radiation with energy equal to the energy
difference between the higher and the lower energy shells. This emitted radiation is in
the form of X-ray known as the characteristic X-ray since each element produce X-rays
with a unique wavelength. It is these “characteristic X-ray lines” that the EDX uses to
identify and quantify the elements present in the sample. The number and energy of the
X-rays are measured by an energy-dispersive spectrometer.
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2.2.2 X-Ray Diffraction

X-ray diffraction is a common technique used to characterize and identify the crystalline
phases in a material. X-ray diffraction is based on constructive interference of
monochromatic X-rays. The wavelength of the X-rays should be of the same order as the
spacing between atoms in the crystal lattice. When the X-ray beam hits the crystal, a
constructive interference between elastically scattered X-ray beams occurs at the Bragg’s
angle. Bragg's law is expressed as:

Zdhkl sin Qhkl =nAi (21)

Where, dnu is the interplanar spacing of crystallographic planes hkl, 6nu is Bragg’s angle,
n is an integer, the order of the reflection (normally equal to 1) and A is the wavelength
of the X-rays. Figure 2.6 presents the schematic diagram of Bragg diffraction [54].

A C
Inwident x rays Diffracied xrays
A’ A A C’
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Atomic-scale crystal lattice planes

Figure 2.6 Schematic diagram of Bragg diffraction.

The interplanar spacing dn« depends on the crystal structure. For each crystal system,
there is a formula relating this distance dn« to the Miller indices (hkl) and and the lattice
parameters of the crystal lattice. The Equation 2.2 for a cubic system is:

a

At = Jrortoer (2:2)
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Where a is the lattice parameter of the cubic crystal and h, k, and | are the Millers indices
of the Bragg’s plane.

For phase identification, the “fingerprint” of a diffraction pattern can be compared to a
database such as the International Powder Diffraction File (PDF) database compiled by
the Joint Committee for Powder Diffraction Standards (JCDS) [55].

The quantitative analysis of the diffraction patterns was carried out by a Rietveld
refinement using the TOPAS software [56]. Rietveld’s method is a complete pattern
analysis where the experimental pattern is compared to a calculated diffraction pattern.
Based on crystallographic data provided by the user together with instrumental
parameters, the calculated pattern is generated. The theoretical crystal structure
information includes the crystal chemical formula, space group, unit cell parameters,
atomic positions, thermal factors and occupancy of atomic positions. A least square
method is used to minimize the difference between the calculated pattern and the
observed one. The refinement is done by changing structural parameters of the calculated
pattern one by one. When Rietveld refinement confirms the theoretical crystal structure,
unit cell parameters, crystallite size, and microstrain could be extracted. It can also
determine the weight percentages of each phase in the case of a multiphase crystalline
material.

2.2.3 Sievert’s Apparatus

Sieverts technique is a well-known method to determine the hydrogen storage properties
of a material. In this work, a home-made volumetric Sievert’s type apparatus was used.
In this apparatus, the measurement is based on the change of pressure in a calibrated
volume. The apparatus has different operational modes such as absorption and
desorption kinetics, pressure composition isotherms, cycling and temperature ramp
desorption.

Figure 2.7 shows a basic schematic diagram of Sieverts-type apparatus. It is made of
hydrogen reservoir, valves, pressure gauge, vacuum pump and two calibrated volumes
(reference and sample volumes). The device having a constant volume, the pressure
difference will correspond to the amount of hydrogen absorbed or desorbed.
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Figure 2.7 Basic schematic diagram of Sieverts-type apparatus.

The amount of gas molecules in a given volume can be calculated by using the virial
expansion of second order (enough for the pressure range used in this work) of the real
gas law:

PV = nRT (1 + %) (2.3)

where P is the hydrogen pressure, V is the volume filled with hydrogen, n is the number
of moles of hydrogen, R is the ideal gas constant, T is the temperature of the sample and
B is the second virial coefficient that is temperature dependent. The value of B was taken
from reference [57].

The volume of the apparatus is constant, and the temperature is kept stable during the
measurement. The number of moles of hydrogen absorbed by the sample is:

V AP

An =2 — B
RT (1+7)

(2.4)

where AP is the pressure change. The factor 2 corresponds to H atoms absorbed. It
comes because the equation of state of gas is established for H,.

The quantity of hydrogen absorbed (in mass percentage) is calculated using the equation:
massof H

% absorbed H = (2.5)

mass of (sample+H)
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Chapter 3

Effect of particle size, pressure, and temperature on first hydrogenation of
TiVZrHfNb high entropy alloy

3.1 Overview
This chapter describes a systematic study of the effect of particle size, pressure, and

temperature on hydrogenation behaviour of TiVZrHfNb HEA. The main focus was on the
kinetics of the activation. The crystallographic parameters of all samples after
hydrogenation were determined. The goal was to identify the important parameters that
could have some effect on activation kinetics and the hydrogen capacity of the material.

Figure 3.1 represents the summary of this work.
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glove box glove box 200°C, 225°C, 250°C, 275°C
and 300°C under 20 bars. |
As-crushed 350°C\under vacuum
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y H\’:;ﬂf";’ﬂ:“d 2 = ¥RD {Crystallographic Properties).
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» XRD (Crystallographic Properties). bars at 300°C.

* First Hydrogenation at 100°C, 200°C, 300°C
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Figure 3.1 Flow chart of synthesis & characterization of TiVZrHfNDb alloy.

3.2 Microstructural Study

Figure 3.2 shows backscattered electron micrograph of TiVZrHfNb alloy prepared by arc
melting.
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100pum

Figure 3.2 Backscattered electrons (BSE) micrograph of as-cast TiVZrHfNb alloy.

The bulk chemical composition was confirmed by EDX measurement to be equal to the
nominal values. Dendrites (gray colour) with some black areas are clearly observed. Close
inspection of Figure 3.2 shows that the main branch makes 90° with other branches
which is an indication of a cubic structure.

Using EDX at a higher magnification, the chemical compositions in the gray and dark
areas were determined. The EDX analysis was performed on the selected points
presented in Figure 3.3.
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Figure 3.3 BSE micrograph of as-cast TiVZrHfNb alloy with magnification 2000x.

From the elements mapping, it is clear that all the elements are evenly distributed. The
quantitative analysis at points 1 (gray area) and 2 (dark area) is listed in Table 3.1.

Table 3.1 EDX analysis showing the elemental composition of TiVZrHfNb
alloy. Error on each value is 0.1 at.%.

Element (at.%) Ti \'} Zr Hf Nb
Point 1 20.0 19.1 18.7 22.5 19.7
Point 2 20.4 22.6 21.0 18.1 17.9

From this table we see that the chemical compositions of points 1 and 2 are quite close.
Also, there is no clear-cut boundary between the darker and lighter shades of gray. This
indicates that there is probably a variation of composition. To confirm this, the chemical
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analysis over the lines indicated in Figure 3.3 was performed. As a representative, the
analysis over line A of Figure 3.3 is shown in Figure 3.4.

420 -

390 _
360 I '}
T 330~
8
@ 3004
w
© 270
o
€ 240
o
O 210

180

—— Hf L
150 4 —Ti Kar
V Kal
120 —7r Lt
——Nb Lal

L R i S e S e, e e e B e i o e i
0 2 4 6 8 10 12 14 16 18 20 22 24

Distance (um)

Figure 3.4 Line analysis of line A of Figure 3.3.

Figure 3.4 indicates that the amounts of Ti and Nb are almost constant over the line. The
amount of Hf increases in the gray region when compared to the dark region while Zr
and V decrease with the same rate. Thus, there is clearly a continuous variation of
composition, but it is not random. It should also be mentioned that even if the line
analysis does not show a variation in the Nb proportion, the point analysis reported in
Table 3.1 indicates a slight increase between the dark and gray areas.

It is interesting to note that the two elements which have a constant or slight variation
of abundance have very close atomic radii (144.8 pm for Ti and 142 pm for Nb). However,
the two elements that have identical decrease of abundance, Zr and V are respectively
the biggest atomic radius (160 pm for Zr) and the smallest one (132.1 pm for V). In the
case of Hf which abundance increases by going from the dark to the gray areas, its atomic
radius is 156.4 pm. These observations indicate that the atomic radii most probably play
a role in the variation of composition. However, other factors are certainly playing a role.
Because of the variation of composition, it should be pointed out that the abundances
given by EDX are only an indication. From point to point, the proportion could change as
seen in Figure 3.4.
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3.3 Crystal Structure
Figure 3.5 presents the XRD patterns of the as-cast TiVZrHfNb alloy. The crystal structure

parameters and the Rwp value as evaluated by Rietveld’s refinement are shown in Table
3.2
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Figure 3.5 XRD patterns of the as-cast TiVZrHfNb alloy. The bottom curve is the
difference between calculated and measured intensities.

Table 3.2 Crystal structure parameters and the Rwp value of the as-cast
TiVZrHfNb alloy. Error on the last significant digit is indicated in parentheses.

Phase Cell Lattice Crystallite | Microstrain Rwp
Volume | Parameter Size %
(R3) (A) (nm)
BCC 38.14 (2) 3.3663 (4) 14.3 (3) 0.08 (1) 4.67

The diffraction pattern indicates that the alloy is a single-phase BCC (space group Im-
3m). However, as the SEM investigation showed a variation in chemical composition, we
could conclude that this BCC phase has a range of chemical composition. The lattice
parameter of TiVZrHfNb alloy reported in Table 3.2 is in good agreement with the
previous study of Sahlberg et al. (lattice parameter 3.3659 &) [34]. The microstrain value
suggests that the lattice of TiVZrHfNb alloy is slightly strained. This may be due to the
inhomogeneous chemical composition which in turn gives rise to a variation of lattice
parameters within the phase thus creating microstrains. Therefore, the microstrain
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parameter effectively reflects the composition change within the phase. The same
phenomenon was seen by Khajavi et al. for AB, system [58].

3.4 First Hydrogenation (Activation)

3.4.1 Effect of Particle size on activation behaviour
The activation curves at 300°C and under 20 bars of hydrogen pressure of powder with

different particle sizes are shown in Figure 3.6.
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Figure 3.6 Activation curves at 300°C of TiVZrHfNDb alloy for different particle size.

The fastest activation is for the smallest particle size (< 0.5 mm). Surprisingly, the kinetics
of particles between 0.5 mm and 1 mm is slower than that of size between 1 mm and 2
mm. But both samples absorb hydrogen to a maximum capacity of 2.1 wt.% (1.94 H/M)
where the small particle size has 1.7 wt. % (1.57 H/M) capacity. The ‘maximum capacity’
or ‘full capacity’ means the highest capacity reached by the particular sample.

Although bigger particles have a slightly faster kinetics than the intermediate size one,
we could still conclude that the activation depends on the particle size. This result agrees
with a previous work investigated by Kamble et al. on the BCC TiVCr system [59].

To see the impact of particle size on the crystal structure of the hydride phase, the XRD
patterns were taken after reaching full hydrogenation. At the end of the absorption
experiment, the sample was kept under hydrogen pressure while the temperature
decreased. Sahlberg et al. have shown that under vacuum no desorption occurred at
temperatures below 200°C [34]. Therefore, this procedure effectively ‘quenched’ the
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hydride phase. Figure 3.7 presents the XRD patterns of the hydride samples with different

particle size.
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Figure 3.7 XRD pattemns of different particle sizes hydrogenated at 300°C under 20

bars.

Figure 3.7 shows the X-ray diffraction patterns after first exposure to hydrogen. Both FCC
and BCT structures were used for refinement but, for all patterns, the BCT structure was
giving a better fit. In Table 3.3, there are the results of Rietveld’s refinement of all these

patterns.

Table 3.3 Crystal structure parameters of the BCT phase for different particle
sizes hydrogenated at 300°C under 20 bars. Error on the last significant digit
is indicated in parentheses.

Sample Cell Lattice Crystallite | Micro | Phase | Rwp | Amorph
particle | Volume | parameter | size (hm) | strain (%) ous
size (A"’) (R) (%)
Less 48.60 (7) | a= 3.301 (2) 5.9 (2) 0.41 (2) 77 3.95 23%
than c= 4.460 (4)
0.5 mm
Between | 48.38 (4) | a= 3.260 (1) 10.6 (5) 0.31(2)| 100 |5.06| ------
0.5 and c= 4.551 (3)
1 mm
Between | 48.50 (5) | a= 3.264 (1) 11.2 (6) 041(2)| 100 |4.86| --—-
1and?2 c= 4.552 (3)
mm
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All the hydrogenated sizes have the BCT structure with almost same lattice parameters.
However, the crystallite size decreases with decreasing particle size. This may be
explained by the higher specific surface of the small particles. Also, as the small particles
were produced by mechanical deformation, the fact that these particles broke down from
the main ingot means that the defect density on their surface is higher than the big
particles. The defects act as nucleation points for the hydride phase and more defects
means that the crystallite size will be smaller.

It is well known that BCT is the monohydride structure of BCC alloys where FCC is usually
the crystal structure adopted by a fully hydrided BCC alloy [60]. However, for the HEA
TiVZrHfNb, Sahlberg et al. have shown that the dihydride has the BCT structure [34].
They explained the high hydrogen abundance of the BCT structure by strain in the
distorted HEA lattice. This high strain enabled the occupation of both tetrahedral and
octahedral sites. In situ synchrotron X-ray diffraction at temperature up to 600°C and
pressure 100 bars was performed by Karlsson et al. [31]. They confirmed the BCT
structure and mentioned that the room temperature data could be fitted by BCT or FCC
structures. From neutron diffraction, Karlsson et al. also confirmed the occupation of both
the tetrahedral and octahedral interstitial sites in the BCT structure at 500°C and 100
bars. The present results are in agreement with the conclusions of Sahlberg et al. and
Karlsson et al. [31, 34]. It should be noted that the microstrain in the BCT phase is much
higher than the microstrain of the as-cast BCC phase reported in Table 3.1.

For the pattern of powder less than 0.5 mm, we found a broad peak centred at 36.5°.
We attributed this peak to the presence of an amorphous phase. The center of this
amorphous peak is indicated by a line in Figure 3.7. From Rietveld refinement, the
abundance of that phase was determined to be 23 wt.%. This may explain the lower
hydrogen capacity of this sample indicated in Figure 3.6. Actually, the capacity ratio of
1.7wt.%/2.1 wt% is equal to 81% which is very close to the 77% crystallinity (BCT phase)
seen in the diffraction pattern. The reason for the appearance of this amorphous phase
will be discussed in the next section.

3.4.2 Effect of Temperature on activation behaviour

To study the effect of temperature, two types of samples were used, first one is as-
crushed alloy without sieving and the second one is the sieved powder to particles smaller
than 0.5 mm. Figure 3.8 shows the activation curves of the crushed sample at different
temperatures and under 20 bars of hydrogen pressure.
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Figure 3.8 Activation curves of as-crushed TiVZrHfNb alloy at 100°C, 200°C, 300°C
and 400°C under 20 bars.

The sample didn't absorb hydrogen at 100°C and 200°C even after 24 h of hydrogen
exposure. At 300°C, after an incubation period of 500 s, the sample reached a maximum
capacity of 1.9 wt.% (1.75 H/M) within 100 min. The activation kinetics was faster at
400°C, reaching 1.9 wt.% capacity after 33 min without incubation period. It is clear that
the activation of TiVZrHfNb alloy strongly depends on temperature.

Figure 3.9 shows the XRD patterns of the as-crushed sample hydrogenated at 300°C and
400°C under 20 bars and quenched. Table 3.4 presents their crystal structure parameters
as determined by Rietveld’s refinement.
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Figure 3.9 XRD pattemns of as-crushed TiVZrHfNb alloy hydrogenated at 300°C and
400°C under 20 bars.

Table 3.4 Crystal structure parameters of the BCT phase for as-crushed
TiVZrHfNb alloy hydrogenated at 300°C and 400°C under 20 bars. Error on
the last significant digit is indicated in parentheses.

Cell Lattice Crystallite | Micro | Rwp | Amorp
Volume | parameter | size (nm) | strain hous
(R3) (R) (%)
300°C | 48.23 (3) | a= 3.257 (8) 9.2 (2) 0.29(1) | 480 | ---—---
c= 4.546 (2)
400°C | 48.66 (9) | a= 3.287 (2) 3.05(7) | -—---- 5.37 8%
c= 4.505 (5)

The crystal structure of all the patterns in the hydrided state has BCT crystal structure.
This is another indication that, for this alloy, the fully hydride sample could have the BCT
structure. We see a large difference in the crystallite size at 300°C and 400°C. Also, the
microstrain is absent in the 400°C pattern. Moreover, there seems to be a small
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amorphous peak at 36.5° which is the exact position of the amorphous peak seen in the
pattern of small particles shown in Figure 3.7. Taking into account this amorphous peak,
the crystallinity of the 400°C pattern was estimated to be 92%.

A similar investigation was performed on small particles (size less than 0.5 mm). Figure
3.10 presents the activation curves at 200°C, 225°C, 250°C, 275°C and 300°C under 20

bars of hydrogen pressure.
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Figure 3.10 Activation curves at 200°C, 225°C, 250°C, 275°C and 300°C of particle
size less than 0.5 mm.

The differences between the curves are their shape and incubation period. At 200°C, the
activation curve shows a long incubation period (27 h) before starting to absorb
hydrogen. However, once started, the hydrogenation is relatively fast, reaching 2.2 wt.%
(2.0 H/M) capacity. Increasing the temperature to 225°C reduces drastically the
incubation period. At 250°C, the full capacity is reached after 5 h. At 300°C, the kinetics
is even faster, and the full hydrogenation is reached after only 5 min. Such a variation of
the incubation period with temperature may suggest an Arrhenius-type mechanism. To
verify this, we plotted on Figure 3.11 the incubation period (In t) as a function of 1000/T.

Using Origin software, the onset of slope t was determined by the tangents before and
after the incubation.

Figure 3.11 presents the variation of In t as a function of the inverse of temperature. It
is seen that the experimental points follow a linear relationship between 1/T and In t.
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Equation ¥y=a+b'x
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Figure 3.11 Graph of In t as a function of 1000/T where t is the incubation period
and T the temperature.

Figure 3.11 confirms that the incubation period follows an Arrhenius law. Arrhenius
equation is expressed by:

E,
InK =ln4 ——,
RT (3.1)

Where K is the rate coefficient, A is the frequency factor, R is the gas constant 8.314
J/(mol.K), Ea is the activation energy in J/mol and T is the temperature (Kelvin). At
the end of the incubation period the reaction is complete, and we should have:

Kt=1, (3.2)

Thus, for the onset point (period when the incubation is complete) we have:

—Int =InK (3.3)

From the fitted values of Figure 3.11, we get Ea = 241 + 8 kJ/mol H..

To our knowledge, this the first time an Arrhenius mechanism is proved for incubation
period of the first hydrogenation of a metal hydride. A closely related example is the
amorphous phase transformation in bulk metallic glasses that also obeys Arrhenius
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equation. The activation energies found in these cases range from 200 kJ/mol to 453
kJ/mol which is the same order of magnitude of the present result [61-63].

Figure 3.12 presents the XRD patterns of the small particles (size less than 0.5 mm) upon
hydrogenation at different temperatures under 20 bars of hydrogen pressure. Their
corresponding crystal parameters are reported in Table 3.5.
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Figure 3.12 XRD patterns of particles of size less than 0.5 mm hydrogenated at
200°C, 225°C, 250°C, 275°C and 300°C.
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Table 3.5 Crystal structure parameters of the BCT phase for particles of size
less than 0.5 mm hydrogenated at different temperatures. Error on the last
significant digit is indicated in parentheses.

Cell Lattice Crystallite | Micro Rwp | Amorp-
Volume parameter size strain hous
(R3) (R) (nm) (%)
200°C | 48.05(3) a= 3.253 (1) 13.5 (6) 0.29(1) | 485 | --—--—---
c=4.541 (2)
225°C | 48.23 (4) a= 3.258 (1) 13.9 (7) 033(1) | 490 | -
c=4.545 (2)
250 48.15 (5) a= 3.261 (3) 6.9 (2) 0.51(1) | 456 | ---—---
c=4.527 (3)
275 49.2 (1) a= 3.314 (3) 6.3 (5) 0.51 (3) | 4.01 8%
c= 4.478 (6)
300 48.60 (7) a= 3.301 (2) 5.9 (2) 0.41 (2) | 3.95 23%
c= 4.460 (5)

It is clear that the crystal structure doesn’t depend on the temperature, the hydride phase
is BCT for all temperatures. All the patterns correspond to activation at 200, 225 and 250
°C have BCT crystal structure with almost same crystal parameters except for the
crystallite size which decreases with increasing temperature. An amorphous phase is
present in the 275 °C and 300 °C patterns. There is also a small unidentified peak at
around 36°. As no reduction of capacity and absence of amorphous phase was seen for
particles bigger than 0.5 mm, it seems that both particle size and temperature are factors
for the appearance of amorphous phase upon hydrogenation. We saw that small particle
size produces small crystallite size. At higher temperatures, the kinetic is faster and the
material may not have time to mechanically adjust to the new phase and break. A smaller
crystallite size means a higher proportion of grain boundaries. The grain boundary is
amorphous and probably does not absorb hydrogen. Thus, the hydrogen capacity will
reduce with crystallite size and thus be dependent on the particle size and hydrogenation
temperature. This could also explain the features of Figure 3.9 where the amorphous
content was seen only 8 wt.% for the 400 °C sample. The as-crushed sample is made of
particles of all sizes. Only the smaller ones will partially transform to an amorphous phase
and thus the amorphous proportion is lower than for a sample exclusively made of small
particles.
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3.4.3 Effect of Pressure on first hydrogenation
To study the impact of pressure in the crystal structure after hydrogen absorption, we
did the activation of the small particles (less than 0.5 mm) under 1, 2, and 20 bars of

hydrogen pressure at 300°C. The activation curves are shown in Figure 3.13.
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Figure 3.13 Activation curves at 300°C under 1, 2 and 20 bars of hydrogen of
particles of size less than 0.5 mm.

We see that activation under 1 bar gives a capacity of around 1.2 wt.% (1.1 H/M) of
hydrogen with 50 s of incubation period. As the pressure increases, the incubation period
decreases. The curves of 2 and 20 bars clearly show a two-step mechanism. The first

step ends at about 1.2 wt.% (1.1 H/M) and corresponds to the final capacity of the 1 bar
curve.

The XRD patterns of the three samples after full hydrogenation are presented in Figure
3.14. The patterns of the 20 bars and 2 bars show a BCT structure. The pattern for the
sample activated under 1 bar seems to be different than the other two samples. It looks
more like a BCC phase than a BCT, so we tried to fit a BCC but the BCT gave a better fit.
The unit cell parameters for each hydride BCT phase are presented in Table 3.6. It should
be noted that the a parameter of the BCT phase decreases with the hydrogenation
pressure while the ¢ parameter increases. For the 1 bar hydrogenation the g and ¢
parameters are quite close. This means that maybe a BCC phase could also fit this pattern.
We therefore fitted the pattern using a BCC and compared it to the BCT fit. The Rwp of
the BCC and BCT are respectively 6.469 and 6.632. The lattice parameter of the BCC
phase is 3.463 A, a value that is intermediate between the @and ¢ parameters of the BCT
phase. The unit cell volume of the BCC phase is 41.54 A3, again very close to the BCT
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value of 41.61 A3. Therefore, we think this structure is maybe at the transition, between
a BCT and a BCC. In this discussion we will assume a BCT phase, but it should be
mentioned that a BCC phase also fit this pattern.
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Figure 3.14 XRD patterns of size less than 0.5 mm hydrogenated at 300°C under 1,
2 and 20 bars of hydrogen.

Table 3.6 Crystal structure parameters of the BCT phase of the particles of
size less than 0.5 mm hydrogenated at 300°C under 1, 2 and 20 bars of
hydrogen. Error on the last significant digit is indicated in parentheses.

Pressure Cell Lattice Crystallite | Micro Rwp | Amorp
Volume parameter | size (nm) strain hous
(R3) (R) (%)
1 bar 41.61 (8) |a=3.442(2) |8.3(5) 0.38(3) | 4.23 | ---—--
c =3.512 (3)
2 bars 47.01 (6) a =3.349 (2) | 8.5(5) 0.27 (2) | 4.54 | --—---
c=4.191 (3)
20 bars 48.60 (7) a=23.301(2) |5.9(2) 0.41(2) | 3.95 |23%
c = 4.460 (5)
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We see that, for the 1 bar pattern, the a and c lattice parameters are very close
(¢/a=1.020). The volume of the unit cell is 41.61 A3 which gives a volume expansion of
the lattice compared to the as-cast BCC of 3.47 A3. Taking into account that the volume
taken by a hydrogen atom is between 2 and 3 A3, we could estimate the amount of
hydrogen in the BCT hydride phase. The amount of hydrogen is between 0.6 wt.% and
0.9 wt.% which is smaller than the measured capacity in Figure 3.13. For the 2 bars
sample, the volume expansion of the BCT phase is 8.87 A3 that is transformed to a
capacity between 1.6 wt.% to 2.4 wt.% (1.47 to 2.2 H/M) which agrees with the
measured capacity (1.7 wt.% or 1.57 H/M)) shown in Figure 3.13. A higher volume
expansion is obtained under 20 bars. That translates to a capacity between 1.95 wt.%
(1.8 H/M) to 2.9 wt.% (2.7 H/M). But as the pattern shows a degree of crystallinity of
77% then the capacity should be between 1.5 wt.% (1.38 H/M) and 2.2 wt.% (2.0 H/M)
which is in the range of the measured value.

3.4.4 Study of Stability of the hydrided phase

The hydrogenated sample of particles of size less than 0.5 mm and activated under 20
bars of hydrogen pressure at 300°C were used to investigate the stability of the BCT
hydride phase. After reaching full hydrogenation, the sample was subjected to vacuum
for two hours at 300°C. XRD measurements (not shown) confirmed that no desorption
occurred. To achieve desorption, the temperature had to be raised to 350°C and the
sample kept under dynamic vacuum for two hours. In Figure 3.15, the XRD pattern of
the dehydrogenated sample is shown and compared to the as-cast alloy.
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Figure 3.15 XRD patterns of particles of size less than 0.5 mm in the as-cast state
and after dehydrogenation at 350°C under vacuum.
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It is clear that the hydride BCT phase reverted to BCC upon dehydrogenation at 350 °C
under vacuum. To check if there is still hydrogen in the retained BCC phase, the Rietveld
refinement was done, and the results are reported in Table 3.7.

Table 3.7 Crystal structure parameters of particles of size less than 0.5 mm
dehydrided at 350°C under vacuum as compared to the as-cast alloy. Error
on the last significant digit is indicated in parentheses.

Cell Lattice | Crystallite | Microstrain | Rwp
Volume | parameter | size (nm) (%)
(R%) (R)

As-cast 38.14 (2) | 3.3663 (4) 14.3 (3) 0.08 (1) 4.67
Desorption | 41.82 (3) | 3.4711 (7) 12 (1) 0.14 (2) 5.56
of activated

at 300°C

We see that the volume of the BCC phase is slightly larger after dehydrogenation as
compared to the as-cast state. This may indicate a small amount of hydrogen is still in
solid solution in the BCC phase. Again, assuming a volume of hydrogen atom between 2
and 3 A3, the amount of hydrogen in solid solution is estimated to be between 0.63 and
0.96 hydrogen per metallic atom (H/M) which translate to a capacity between 0.7 wt.%
and 1.0 wt.%. The fact that this alloy retains hydrogen even after heating under dynamic
vacuum at 350°C could be explained by the very high stability of the binary hydrides of
the raw elements. Amongst all these elements, vanadium has the highest plateau
pressure in the range 0 < H/M < 1 of about 10 kPa. The plateau pressure of the other
pure elements ranges from 1 kPa down to a fraction of one Pascal [64]. Considering that
the vacuum level in our Sieverts apparatus is of the order of a few kPa, it is reasonable
to assume that the alloy is not totally dehydrided. Recently, a similar result was obtained,
showing that hydrogen is trapped in a stable sites after desorption [65].

3.5 Conclusion
The effects of particle size, pressure, and temperature on the first hydrogenation of

TiVZrHfNb high entropy alloy were investigated. It was found that particles smaller than
0.5 mm of diameter activate quickly but, for bigger particle size the dependence of
activation time on particle size is not clear. Upon hydrogenation the BCC structure is
transformed to BCT irrespective of particle size, temperature, and pressure. The
temperature dependence of activation time and more particularly the incubation period
is much clearer. It was found that the incubation period follows an Arrhenius relation,
with Ea = 241 + 8 kJ/mol H,. We observed that, upon hydrogenation, an amorphous
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phase could be formed. This formation seems to depend on the hydrogenation
temperature and particle size. Small particles get amorphized at lower temperature.
However, more experimental evidences are needed to confirm this hypothesis. For
example, TEM and high-resolution synchrotron may help to confirm the presence of an
amorphous phase.

44



Chapter 4

Microstructure and hydrogen storage properties of TiHfZrNbi-xV1+x alloy for
x=0, 0.1, 0.2, 0.4, 0.6 and 1.

4.1 Overview
This chapter describes our investigation of the effect of the substitution of Nb by V on

the microstructure and hydrogen storage properties of TiHfZrNbi«Vi+xalloy (x= 0.1, 0.2,
0.4, 0.6 and 1). The reason for this substitution is that V is lighter than Nb but has similar
chemistry. However, the atomic radius is quite different and the metallurgy not the same
(different melting point). Therefore, the substitution of Nb by V is not straightforward.

Figure 4.1 represents the summary of this work.

As-cast Pellets + SEM for phase system and abundance.

Tig zHfy 2 Zr s Nby 3V | = EDX(Bulk and Phase compaositions).
TigaHfg 2Zrg sNbg 15V 20 7
Tig Hfg 22 sNDg 16Vo2s | —

TigzHfg 2215 ;Nbg 15V 25 .G

“'\H':-"&-
Tig 2Hfg 2Zrg s Nbg sV 32 é}fof:’;ga%
Tig oHfg 22805 5Voe % As-crushed * XRD (Crystallographic Properties).
* First Hydrogenation at RT under
20 bars.

*  XRD (Crystallographic Properties). |

Figure 4.1 Flow chart of synthesis & characterization of TiIHfZrNbi-xV1.xalloys for x=
0.1,0.2,0.4,0.6 and 1.
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4.2 Calculation of Parameters for Phase Formation Rules

The parameters ASmix, AHmix, Q and & were calculated using Equations 1.2, 1.11, 1.12 and
1.14 respectively. Their values are listed in Table 4.1. The value of VEC is 4.4 for all
investigated alloys.

Table 4.1 The parameters ASmix, AHmix, 2 and d for each alloy.

X Value ASmix AHmix Q 6 0/0
J.K1mol1! kJ.mol?

Criteria for solid solution Maximum -11to 5 >1.1 <6.6
[66]

0 13.38 0.16 192 6.86

0.1 13.37 -0.13 235 6.99

0.2 13.31 -0.40 76 7.13

0.4 13.10 -0.97 30 7.39

0.6 12.74 -1.51 19 7.64

1 11.08 -2.56 9 8.08

We can see that ASmix decreased with x, reaching the lowest value for the Nb-free (x= 1)
alloy. AHmix and Q also decreased with x and their values satisfied the conditions for the
formation of solid solution phases. In the case of 9, it increased with x and was the
maximum for x= 1. VEC was 4.4 for all alloys and this value favours the formation of the
BCC structure over the face-centred cubic (FCC) structure [44]. According to the Q and
VEC values, all the selected compositions fulfilled the conditions for the formation of the
BCC phase. However, referring to 0 values, the formation of intermetallic compounds is
expected.

4.3 Microstructural Study
Figure 4.2 shows the backscattered electron micrograph of TiHfZrNbixV1+xalloys for x=0,

0.1, 0.2, 0.4, 0.6 and 1.
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Figure 4.2 Backscattered electron (BSE) micrograph of TiHfZrNb;-xV1.xalloys for
x=0, 0.1, 0.2, 0.4, 0.6 and 1.

The bulk chemical composition for each sample was confirmed by EDX measurements to
be equal to the nominal values. From Figure 4.2, it is clear that all compositions had a
dendritic structure, but the microstructure changed with x. The TiHfZrNbV alloy (x= 0)
was made of light grey dendrites surrounded by darker grey regions and a few darker
(almost black) spots. A slight substitution of Nb by V (x= 0.1) made the dendrites much
brighter, but also smaller. All the substituted alloys were found to be multiphase, showing
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a matrix, bright and dark phases. For total substitution (x= 1), the dark phase
disappeared.

Using EDX at a higher magnification, the chemical compositions of the individual phases
were measured on the selected points presented in Figure 4.3.

Figure 4.3 BSE micrographs of TiHfZrNbi-xV1+xalloys for x=0, 0.1, 0.2, 0.4, 0.6 and 1
with higher magnification.
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In a previous investigation, it was shown that the equiatomic sample TiHfZrNbV is a
single-phase BCC with a range of composition. This variation of composition is the origin
of the change in grey shade seen in Figure 4.3 for x= 0 [67].

The other micrographs show that the alloys are made of a main phase, thereafter, called
matrix and indicated by point number 1, a bright phase (point 2) and a dark phase (point
3). For x= 1, no black region was present, but there was a bright grey phase (point 4).
The chemical compositions of points 1, 2 and 3 are listed in Tables 4.2, 4.3 and 4.4
respectively.

Table 4.2 EDX analysis showing the elemental composition of the matrix
(point 1) of: TiHfZrNbi-xV1+x alloys for x= 0.1, 0.2, 0.4, 0.6 and 1. Error on all
values is 1 at.%.

X Ti (at.%) | Hf (at.%) | Zr (at.%) | Nb (at.%) | V (at.%)
0 20 19 19 22 20
0.1 21 18 18 20 23
0.2 21 18 18 21 22
0.4 20 17 19 14 30
0.6 23 18 20 9 30

1 12 18 16 0 54

From Table 4.2, it can be seen that for x= 0, the matrix had a composition very close to
the nominal one. For x= 0.1, the composition was again very close to the nominal one.
For x= 0.2, the composition was still very similar to the composition of x= 0 and 0.1. For
x= 0.4, we could see an important increase in vanadium content and a corresponding
decrease in niobium. The other concentrations of the elements were still close to nominal.
At x= 0.6, the matrix showed a strong depletion of niobium and an increase in titanium
when compared to x= 0.4. Finally, for x= 1, the vanadium content was much higher than
the nominal one and the titanium content was lower. From this, we can see that
substitution of Nb by V does not result in a smooth variation of the matrix composition.
Vanadium seems to be more abundant, while titanium was less abundant than what was
expected from a linear variation of element’s concentration with x.

The atomic compositions of the bright phase (point 2) are listed in Table 4.3. It is clear
that the bright phase (point 2) was rich in Hf and Zr and depleted in Nb and V. From x=
0.1 to 0.6, the composition was almost constant, but there was a slight decrease in Nb
proportion and a slight increase in Zr proportion, keeping the Zr+Nb proportion constant.
For x= 1, the proportion of vanadium was much higher than for the other compositions.
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Table 4.3 EDX analysis showing the elemental composition of the bright
phase (point 2) of: TiHfZrNbi-xV1+x alloys for x= 0.1, 0.2, 0.4, 0.6 and 1. Error
on all values is 1 at %.

X Ti Hf Zr Nb Vv
(at. %) | (at. %) | (at. %) | (at. %) | (at. %)

0.1 15 42 36 5 2

0.2 15 40 38 5 2

0.4 14 43 37 4 2

0.6 14 41 41 2 2

1 13 38 36 0 13

The atomic compositions of the dark phase (point 3) are presented in Table 4.4. This
phase was not present for x= 1. We could see that the dark phase was V-rich and its
composition was nearly constant for all values of x.

Table 4.4 EDX analysis showing the elemental composition of the dark phase
(point 3) of: TiHfZrNbi-xV1+x alloys for x= 0.1, 0.2, 0.4 and 0.6. Error on all

values is 1 at %.

X Ti Hf Zr Nb Vv
(at. %) (at. %) (at. %) (at. %) (at. %)
0.1 14 6 7 12 61
0.2 14 7 10 12 57
0.4 14 7 8 9 62
0.6 17 8 8 8 59

For the bright grey phase (point 4, only for x= 1) of Figure 4.2, its atomic composition
was 26Ti-24Hf-26Zr-24V, which was very close to the equiatomic composition.

4.4 Crystal Structure
Figure 4.4 presents the XRD patterns of all compositions in their as-cast state.
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Figure 4.4 X-ray diffraction patterns of as-cast TiHfZrNbxV1.xalloys for x= 0, 0.1,
0.2, 0.4, 0.6 and 1. The bottom (red) line of each pattern is the residue of Rietveld
refinement.

For x= 0, the crystal structure was pure BCC. Other phases appeared upon the
substitution. The abundance of each phase as determined by Rietveld refinement is
reported in Table 4.5. For x= 0.1, 0.2 and 0.6, the main phase was the BCC phase along
with @ HCP phase and a minor amount of a FCC phase. As x increased from 0.1 to 0.6,
the abundance of the BCC phase decreased, the HCP phase increased, and the FCC phase
had roughly the same abundance. At x= 0.6, a C15 Laves phase appeared. For complete
substitution of Nb by V, C15 becomes the main phase along a BCC phase.

Table 4.5 Abundance in wt.% of each phase in TiHfZrNbi-xV1+x alloys for x=
0, 0.1, 0.2, 0.4, 0.6 and 1. The number in parentheses is the error on the last
significant digit.

X 0 0.1 0.2 0.4 0.6 1
BCC 100 80(1) | 76(2 | 59(2) | 38(3) | 31(1)
HCP 14 (1) 17(1) | 292 | 35(3) | ..
FcC | .. 6 (1) 7 (1) 11 (1) 10(1) | ...
c15 | . | 16 (2) | 69 (1)




The crystal structures seen in the diffraction patterns could be correlated to the chemical
compositions of phases given by EDX. For x= 0.1 to 0.6, we could associate the matrix
(point 1) to the BCC crystal structure.

The bright phase (point 2) could be associated with the HCP crystal structure for x= 0.1
to 0.6. From the chemical composition of the bright phase shown in Table 4.3, we could
infer that the structure type of this HCP phase is Hfo.5Zro.5. The phase diagram of Hf-Zr
indicates that these two elements are totally miscible and have a HCP structure. The
bright phase seen in the present samples was mainly made of hafnium (41% on average)
and zirconium (38% on average). Therefore, the bright phase could be associated with a
HCP phase of the chemical composition 0.14Ti-0.41Hf-0.38Zr-0.04Nb-0.02V.

For the patterns x= 0.1 to 0.6, a FCC phase was identified. From Figure 4.3, we can see
that the dark phase is the only possibility of matching this phase. From Table 4.4, the
average composition of the dark phase was 0.15Ti-0.07Hf-0.08Zr-0.1Nb-0.6V.

For x= 0.6 and 1, a C15 phase was identified in the diffraction pattern. In the case of x=
0.6, the only possibility was to assume that some of the dark regions in the micrographs
are associated with this C15 phase and some others to a FCC phase. In fact, the x= 0.6
composition of the dark phase was 0.17Ti-0.08Hf-0.08Zr-0.08Nb-0.59V. This is very close
to the composition of the dark phase for x= 0.1 to 0.4, but here, the atomic abundance
of group 5 atoms (V and Nb) was exactly 0.67, while the total abundance of group 4
atoms (Ti, Zr, and Hf) was 0.33. The C15 phase had a structure AB,, where A is a hydride
forming element and B is a non-hydride forming element. Thus, we can assign this phase
to a C15 structure (space group Fd-3m) where Ti/Zr/Hf are assigned to the 8b site (A
atoms) and the B atoms V/Nb are on the 16c site. It is known that Laves phases are
related to BCC. For example, Hao et al. have shown by molecular dynamics that a perfect
C15 cluster could be embedded in BCC iron [68].

For x= 1, the situation is more complex. The C15 phase is the most abundant phase in
the diffraction pattern. Compared to Figure 4.3, it is most likely to be the matrix with a
composition of 0.12Ti-0.18Hf-0.16Zr-0.54V that could be written as Tio.3sHf0.54Zr0.48V1.62.
This is relatively far from an AB; stoichiometry as most likely Ti, Zr, and Hf share the
same site. The bright grey phase (point 4) seen in Figure 4.3 is associated with the BCC
phase. The stoichiometry of that phase was 26Ti-0.24Hf-0.26Zr-0.24V.

The crystal structure parameters of the BCC phase as determined by Rietveld refinement
are tabulated in Table 4.6 with the average atomic radius of this phase. The chemical
composition of the BCC phase was taken from the EDX measurements for each x. The
BCC phase is the matrix for x= 0.1 to 0.6 and the bright grey phase for x= 1.
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Table 4.6 Crystal structure parameters of the BCC phase in TIHfZrNb1-xV1+x
alloys for x= 0, 0.1, 0.2, 0.4, 0.6 and 1. Error on the last significant digit is
indicated in parentheses.

BCC Cell Lattice Crystallite Micro | Average | Ratio
Volume | parameter | size (nm) strain radius
A A) (%) | (pm)

0 37.99 (2) 3.362 (1) 9.9 (2) 1.01 (3) 147 2.29
0.1 37.92 (3) 3.360 (1) 30 (2) 0.31 (1) 146.1 2.30
0.2 37.51 (3) 3.347 (1) 25 (3) 0.35(1) 146.2 2.29
0.4 37.01 (3) 3.333 (1) 10.5 (6) 0.23 (2) 145.5 2.29
0.6 36.79 (6) 3.326 (2) 41(7) | ... 145.9 2.28

1 39.81 (3) 3.415 (1) 25 (5) 0.38 (2) 148.5 2.30

The chemical composition of the BCC phase changes with x, but not in a linear fashion.
However, from Table 4.6, we can see that the ratio of the average radius over the lattice
parameter is practically constant.

The crystal structure parameters of the HCP phase are presented in Table 4.7. The lattice
parameters of all samples were roughly constant with x. This is expected because, as
shown in Table 4.3, the chemical composition for the HCP phase was almost the same
for all samples.

Table 4.7 Crystal structure parameters of HCP phase in TiHfZrNbi-xV1i+x alloys
for x= 0.1, 0.2, 0.4 and 0.6. Error on the last significant digit is indicated in

parentheses.

HCP Cell Volume Lattice Crystallite Microstrain

(R3) parameter size (%)
(A) (nm)

0.1 45.57 (3) a= 3.202 (1) 38 (9) 0.14 (2)
c=5.132 (2)

0.2 45.38 (3) a= 3.199 (1) 41 (10) 0.13 (2)
c=5.121 (2)

0.4 45.46 (3) a= 3.201 (1) 22 (2) 0.07 (2)
c=5.123 (2)

0.6 45.57 (3) a= 3.203 (1) 21 (1) | .
c=5.129 (2)

The crystal structure parameters of the FCC phase are shown in Table 4.8. The lattice
parameter of the FCC phase was almost the same for all compositions. This is consistent
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with the fact that the chemical composition of this phase is constant, as shown in Table
4.4. For this phase, the microstrain was refined, but the results were always zero within
the experimental error.

Table 4.8 The crystal structure parameters of the FCC phase in TiIHfZrNb;-
xV1+x alloys for x= 0.1 to 0.6. Error on the last significant digit is indicated in

parentheses.
FCC Cell Volume Lattice Crystallite size
(A3) parameter (A) (nm)
0.1 91.61 (1) 4.508 (3) 16 (3)
0.2 91.33 (1) 4.503 (2) 22 (5)
0.4 91.25(1) 4.502 (2) 15 (2)
0.6 91.74 (6) 4.511 (1) 53 (17)

The crystal structure parameters of the C15 phase are shown in Table 4.9. The lattice
parameter of C15 phase increased with x. However, the main differences were the
crystallite size and microstrain. For x= 0.6, only the microstrain could be refined. All
attempts to refine the crystallite size provided unrealistic numbers. This is similar to the
one encountered for another AB; alloy [69]. It has been shown that when crystallite size
is impossible to refine, the microstrain reflects a variation of chemical composition. This
is also most likely the case here. Because the chemical composition varies within the dark
phase, the crystal may adopt the FCC or the C15 structure. It should be pointed out that
in the Rietveld refinement of the C15 phase for x= 1, the occupancy factor of vanadium
was refined. The refined occupancy was 0.84, which translates to an abundance of 55
at.%. This value was very close to the measured value of 54 at.% in Table 4.2. This
means that the C15 phase of x= 1 has an important number of vacancies on the B site.

Table 4.9 Crystal structure parameters of the C15 phase in TIHfZrNb1-xV1+x
alloys for x= 0.6 and 1. Error on the last significant digit is indicated in

parentheses.
C15 Cell Volume Lattice Crystallite Microstrain
(R3) parameter size (%)
(A) (nm)
0.6 397 (1) 7.350(7) | ... 0.63 (4)
1 412.0 (2) 7.441 (1) 21.1 (6)
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4.5 First Hydrogenation
The first hydrogenation (activation) of TiHfZrNbixV1+x alloys for x= 0, 0.1, 0.2, 0.4, 0.6

and 1 was performed at room temperature under a hydrogen pressure of 20 bars without
any prior heat treatment. Results are presented in Figure 4.5.
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Figure 4.5 Activation curves of TiHfZrNb:-xV1+xalloys for x=0, 0.1, 0.2, 0.4, 0.6 and 1.

The first hydrogenation for x= 0 is impossible at room temperature [34, 67]. Substituting
niobium by vanadium provided a good hydrogen uptake with 25 s of incubation time and
fast kinetics. Surprisingly, even if the heavy element Nb was replaced by the lighter
element V, there was a slight downward trend for the capacity with increasing x.
Additionally, the incubation time and kinetics were essentially the same for all substituted
alloys. The TiHfZrV; alloy did not show any incubation time. The disappearance of the
incubation time could be related to the predominant C15 phase.

The crystal structure of the hydrided alloys were investigated by XRD. The results are
shown in Figure 4.6.
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Figure 4.6 XRD patterns of TiHfZrNbi-«V1+xalloys in the hydrogenated state for x=
0.1, 0.2, 0.4, 0.6 and 1. The bottom (red) line of each pattern is the residue of
Rietveld refinement.

For x= 0.1, 0.2, 0.4 and 0.6, the crystal structure was essentially BCT with HCP and FCC
as a secondary phase. It has been reported that BCT is the structure adopted by a fully
hydrided BCC high entropy alloy [34, 67]. For the x= 1 sample, the main phase was C15
and BCT was the minor phase. The crystal structure parameters and the abundance of
each phase in all hydrogenated samples as determined by Rietveld's analysis are
presented in Table 4.10.
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Table 4.10 The crystal parameters of each phase in the hydrogenated
TiHfZrNbi-xV1+x alloys for x= 0.1, 0.2, 0.4, 0.6 and 1. Error on the last
significant digit is indicated in parentheses.

Sample | phase Cell Lattice Crystallite | Micro- | Abund-
Volume parameter | size (nm) strain ance
(R%) (R) (%) (%)
BCT 47.90 (6) | a= 3.286 (2) 8.1 (5) 048 (2) | 76(1)
c=4.437 (3)
0.1 HCP 490.88 (6) | a= 3.255(1) 15(1) | .. 11 (1)
c= 5.435 (2)
FCC 95.8 (2) 4574 (2) | ... 0.33(2)| 13(1)
BCT 47.35(5) | a=3.273 (2) 7.5 (6) 049(2)| 73(2)
c=4.419 (3)
0.2 HCP 49.43 (5) | a=3.246 (1) 17(1) | ... 14 (1)
c=5.418 (2)
FCC 94.4 (1) 4554 (2) | ... 0.35(2) | 13(1)
BCT 46.86 (8) | a= 3.265 (2) 5.2 (4) 0.60 (4) | 65(2)
c= 4.395 (5)
0.4 HCP 49.55(4) | a=3.249 (1) 15(1) | . 22 (1)
c=5.421 (2)
FCC 93.9 (1) 4545(2) | e 0.36 (2) | 13(1)
BCT 47.47 (9) | a=3.193 (2) 33@) | e 57 (2)
c= 4.657 (7)
HCP 51.33(4) | a= 3.296 (1) 36 (6) 0.29(1) | 24(2)
0.6 c= 5.456 (2)
FCC 93.66 (8) 4.541 (1) 43 (20) 0.15(2) | 15(2)
C15 434 (1) 7574 (6) | s 0.31 (4 4 (1)
BCT 49.0 (2) | a=3.339 (5) 7 (2) 1.09(7) | 31(2)
1 c=4.40(1)
C15 492.8 (1) 7.899 (1) 31 (2) 0.07(1) | 69 (2

Basically, the same phases were present in the hydrided and as-cast patterns. From Table
4.11 and referring to Table 4.5, we can see that for x= 0.1 to 0.6 except for x= 0.4, the
abundance of the FCC phase in the hydrogenated samples was higher than the
abundance in the as-cast samples. For x= 0.4, the abundance of the FCC phase in the
hydrogenated sample had relatively the same abundance as in the as-cast sample. From
x= 0.1 to 0.2, the abundance of the HCP phase in the hydrogenated samples was close
to the abundance in the as-cast samples. However, the HCP phase was less abundant in
the hydrogenated samples for x= 0.4 and 0.6. The BCT phase abundance was relatively
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the same abundance as the BCC phase for x= 0.1 and 0.2. However, its abundance was
higher than the BCC abundance for x= 0.4 and 0.6. Regarding the C15 phase for x= 0.6,
the amount of the hydrided C15 phase was much lower than that in the as-cast (4% vs.
16%).

In the case of x= 1, we can see that the hydrogenated alloy had a 31 wt.% BCT phase,
which corresponds to the abundance of the BCC phase (31%) in the as-cast alloy.
Therefore, BCC was completely transformed into BCT upon hydrogenation. For the C15
phase, similar to the as-cast state, the occupancy factor of the B site corresponded to a
vanadium abundance of 57 at.%.

Concerning the HCP phase and referring to Table 4.7, we see that the crystallite size of
this phase decreased upon hydrogenation for x= 0.1 to 0.4, but it increased for x= 0.6.
No microstrains were found in the hydrogenated samples of x= 0.1 to 0.4, while a
microstrain of 0.29% appeared for x= 0.6. For the C15 phase and using Table 4.9, the
crystallite size in the hydrided C15 was greater than the one of the as-cast when x= 1.

As the unit cell volume of all phases in the hydrided state was larger than in the as-cast
state, we could use the volume increase to estimate the hydrogen capacity. Considering
that a hydrogen atom produces a volume expansion between 2 and 3 R3, the estimated
amount of hydrogen in each phase was determined from the volume expansion AV of
each hydrided phase. The results are shown in Table 4.11.

Table 4.11 The variation of volume AV and the estimated range of hydrogen
in each phase in the hydrogenated TiHfZrNbi-xV1+x alloys for x= 0.1, 0.2, 0.4,

0.6 and 1.
AV Estimated | AV | Estimated | AV | Estimated | AV | Estimated
of amountof | of | amountof | of | amountof | of | amountof
BCT HinBCT | HCP | HIinHCP | FCC | Hin FCC C15 Hin C15
(A3) (wt.%) (A3) (wt.%) (A3) (wt.%) (A3) (wt.%)
0.1 | 998 | 1.87t02.8 | 431 | 0.6t00.89 | 4.19 |0.53t00.79 | ... | ...
0.2 | 984 |1.83t02.75| 4.05 |0.57t00.85| 3.07 |0.37t0 0.56 | ... |  .....
04| 985 [{191t02.88| 4.09 |0.56t00.84| 2.65 | 0.33to 0.5 | ... | ...
0.6 | 10.68 | 2.09t03.14| 5.76 | 0.8to1.2 | 1.92 |0.24t00.36| 37 |0.76to01.14
1 9.19 |[1.68t02.52 | .eooev | s | i | 80.8 | 1.7 to 2.55

Taking into consideration the abundance of each phase in the hydrided samples, the
estimated amount of hydrogen is shown in Table 4.12.
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Table 4.12 Estimated capacity of the phases in the hydrided samples.

0.1 0.2 0.4 0.6 1

Estimated 1.56t0 2.33 | 1.46t02.2 1.4t02.12 | 1.45t02.18 | 1.69 to 2.54
amount of H in
the hydride
(wt.%)

Measured 2.1 2.1 2.1 2 1.95

capacity
(wt.%)

This table clearly shows that the measured capacities of all samples were in the middle
of the estimated range. We could estimate that, on average, a hydrogen atom takes a
volume of 2.7 &3. This is very close to the volume expansion estimated at 2.9 A3 that Peisl|
found for a wide range of materials [70]. Using 2.7 A3 for the hydrogen volume in the
crystal structure, we estimated the H/M ratio for each phase. We found that the BCT
phase had a ratio close to 2, and the HCP phase had a ratio between 0.75 and 1.
Surprisingly, the FCC H/M ratio for x= 0.1, 0.2, 0.4 and 0.6 was 0.39, 0.28, 0.24 and
0.18, respectively. We also observed that the FCC phase took up less and less hydrogen
as x value increased. Regarding the C15 phase, for x= 0.6, the H/M is 0.57 while for x=
1, the H/M was 1.25.

For x= 0.1 to 0.6, most of the capacity came from the BCT phase. This is because the
estimated amount of hydrogen in the hydride BCT was higher than that of the hydride
HCP and FCC phases and also BCT was the most abundant over the hydrided phases. For
x= 1, the estimated amount of hydrogen in the hydride C15 phase was higher than that
of BCT. Additionally, C15 had the highest abundance (69%) compared to BCT (31%).
Therefore, most of the measured capacity came from the C15 phase. Referring to the
activation curves of Figure 4.4, one can correlate the absence of the incubation time to
the presence of the C15 phase as the main phase.

The TiHfZrV> alloy was selected to study its dehydrided state. The choice of this
composition is because it is the total substituted sample, and its synthesis is relatively
easy compared to the other samples. However, studying the stability of the other
hydrided compositions is planned for a future paper. After reaching full hydrogenation,
the sample was subjected to vacuum for two hours at 350 °C. XRD measurements (not
shown) confirmed that no desorption occurred. Thus, the temperature was raised to 400
°C and the sample kept under dynamic vacuum for two hours. The XRD pattern of the
dehydrogenated sample is presented in Figure 4.7. The very high background is due to a
special sample holder that kept the powder under an argon atmosphere.
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Figure 4.7 XRD pattern of TiHfZrV.alloy (x= 1) dehydrided at 400 °C under vacuum.

We could see that only C15 phase was present in the desorbed patterns; no BCC phase
or BCT phases were seen. The reason is that BCC/BCT phases were most probably ‘buried’
under the high background. The volume of the C15 phase as determined by Rietveld
refinement is 443.8 A3. The volume of the C15 phase after dehydrogenation was larger
than that of the C15 phase in the as-cast state (412.1 A3). This indicates that there is still
hydrogen in the C15 phase. Assuming a volume of hydrogen atom of 2.7 &3, the hydrogen
still present is 0.73 wt.% (0.49 H/M). This means that the sample is not fully desorbed
even at 400°C under vacuum. This could be explained by the high stability of the binary
hydrides of the raw elements where vanadium has the highest plateau pressure in the
range 0 < H/M < 1 of about 10 kPa. A temperature higher than 400°C is needed for full
desorption, but this is over the limit of our apparatus.

4.6 Conclusions
The effect of the substitution of Nb by V on the microstructure and hydrogen storage

properties of TiHfZrNb1xVi+xalloy for x= 0, 0.1, 0.2, 0.4, 0.6 and 1 was investigated. For
x= 0, the alloy was pure BCC. All alloys with substitutions were multiphase. Upon
substitution of niobium by vanadium, the BCC was progressively replaced with HCP and
FCC phases. For high values of x, a C15 phase was present and became the main phase
for x= 1. We found that the substitution of Nb by V greatly enhanced the first
hydrogenation and made it possible at room temperature under 20 bars of hydrogen. The
BCC phase transformed to BCT in the fully hydride state. For hydrogen storage purposes,
the optimum amount of substitution seems to be the total substitution where there is no
Nb in the alloy.
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Chapter 5

Microstructure and Hydrogen Storage Properties of the multi-phase alloy
Tio.3Vo.3Mno.2Feo.1Nio.1

5.1 Overview
This chapter describes our investigation of the crystal structure and hydrogen storage

properties of a new multi-component alloy of composition Tio.3Vo.3Mno.2Feo.1Nio.1. The
transition elements of period 4, Ti, V, Mn, Fe and Ni were selected. They are not all strong
hydride forming elements but, not using the heavier elements of periods 5 or 6 means
that potentially the gravimetric hydrogen storage capacity may be higher.

The composition was selected by taking into account the thermodynamic, geometric and
electronic parameters. The thermodynamic parameter is related to the dimensionless
parameter Q, the geometric parameter is characterized by the atomic size difference d
and the electronic parameter is the valence electron concentration (VEC) of the
constituent elements.

Q was determined using Equation (1.12) and it is equal to 1.84 where AHmix is equal to -
12.84 kJ.mol! (using Eq. 1.11), ASmix is 12.51 J.K*mol (using Eq. 1.2) and Tn is 1894.9
K (using Eq. 1.13). The d value was calculated to be 5.4 % from Equation (1.14) using
the atomic radii taken from reference [71]. Empirically, when Q > 1.1 and 0 < 6.6%, the
formation of solid solution phases are suggested [43, 72]. VEC predicts the phase
selection between FCC and BCC type solid solutions [44]. It was calculated using Equation
(1.16). The VECs, taken from reference [73], are 4, 5, 7, 8 and 10 respectively for Ti, V,
Mn, Fe and Ni. VEC value of this alloy is 5.9. A value of VEC smaller than 6.87 means that
BCC phase formation is favoured over FCC [44].

Based on the criteria Q, & and VEC, the BCC phase is most likely to occur in
Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. BCC structure is more desirable for hydrogen storage than
FCC structure because it has more interstitial sites. Moreover, diffusivity of hydrogen is
higher in BCC structure [74].

Figure 5.1 represents the flow chart of synthesis & characterization of
Tio.3V0.3Mno.2Feo.1Nio.1 alloy.
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Figure 5.1 Flow chart of synthesis & characterization of Tio.3Vo.3Mno.2Feo.1Nio.1 alloy.

5.2 Microstructural Study
Figure 5.2 shows the backscattered electron micrograph of as-cast Tio.3Vo.3Mno.2Feo.1Nio.1

alloy.

Figure 5.2 Backscattered electron (BSE) micrograph of as-cast Tio.3Vo.3Mno.2Feo.1Nio.1
alloy.

The different shades of grey indicate a multiphase alloy. Using Imagel, the area
percentages for the bright, grey, and dark grey phases were found to be, respectively
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66%, 25%, and 9%. Being the dominant phase, the bright phase is thereafter called
“matrix”.

The chemical composition of the alloy was determined by EDX measurement. Table 5.1
shows the bulk measured atomic abundance compared to the nominal composition. We
see that the bulk measured composition agrees with the nominal one.

Table 5.1 Bulk atomic abundance: nominal and as measured by EDX of as-
cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. Error on the last significant digit is indicated
in parentheses.

Element Ti \'"/ Mn Fe Ni
(at %)

Nominal 30 30 20 10 10
Measured 294 (3) [30.8(1)] 19.1(2) |10.4(1) | 10.3(2)

Using EDX, we also measured the chemical composition of each phase. The EDX point
analysis was performed at a higher magnification on the regions presented in Figure 5.3.
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Figure 5.3 BSE micrographs with elemental mappings of as-cast
Tio.3Vo.3Mno.2Feo.1Nio.1 alloy.

In the micrograph, the matrix, grey and dark grey phases are indicated by points number
1, 2 and 3 respectively. Their chemical composition is listed in Table 5.2.
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Table 5.2 EDX analysis showing the elemental composition of all the phases
of as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. Error on all values is 1 at %.

Element (at %) Ti \'} Mn Fe Ni
Matrix (Point 1) 32 23 19 11 15
Grey phase (Point 2) | 16 51 21 9 3

Dark grey (Point 3) |51 13 11 11 14

The matrix is relatively close to the nominal composition, only slightly depleted in
vanadium and rich in nickel. The major constituent of the grey phase is vanadium while
titanium is the main element in the dark grey phase. Nickel and iron are mainly in the
matrix and dark grey phase. Iron is uniformly distributed over all phases.

5.3 Crystal Structure

Figure 5.4 presents the XRD patterns of Tio.3Vo.3Mno.2Feo.1Nio.1 alloy in as-cast state. The
following phases were found to give the best Rietveld refinement fit for this pattern: C14
Laves phase (space group P63/mmc, structure type MgZn;), BCC phase (Space group /m-
3m, structure type W) and TixFe type phase (space group Fd-3m:2, structure type Ti>Ni).
The lattice parameters and the abundance of these phases are presented in Table 5.3.
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Figure 5.4 X-ray diffraction patterns of as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. The
bottom curve is the difference between calculated and measured intensities.
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Table 5.3 Crystal parameters and abundance of each phase of as-cast
Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. Error on the last significant digit is indicated in

parentheses.
Phase | Unitcell Lattice Crystallite | Micro- | Abundance
volume parameter size strain %
A3 A nm %
C14 164.98 (3) |a=4.8900(4) | 125(48) |0.04 (1) 79
c= 7.9651 (9)
BCC 26.58 (1) 2.9841 (5) 31(6) | -—-—-- 17
TioFe 1418 (3) 11.234(8) | - | mmemmeee- 4

Correlating the abundance of the phases as measured by Image] software with the
percentage of phases as determined by Rietveld’s analysis, we see that the C14 phase
may be associated with the matrix. From Table 5.2, the matrix composition could be
written  Tio.9eVo.eoMno.s7Feo33Nioss.  For  the  relatively close  composition
Ti1Vo.eaMno.giFeo.1sNio.s, Song et al. found that the crystal structure was C14 [75].
Therefore, it is reasonable to associate the C14 crystal structure with the matrix phase.
In their analysis, Song et al. assigned Ti to the 4fsite and the other atoms were evenly
distributed on the other two sites (2a and 64) [75]. From the chemical composition of
the matrix presented in Table 5.2, we see that the same assignation could be done here.

The abundance of the BCC phase roughly matches the abundance of the grey phase.
Again, using Table 5.2 we could assume that the BCC phase has a composition
Tio.16V0.51tMno.21Feo.0oNio.03. This is supported by the fact that there is a wide range of Tii-
xyVxMny that has the BCC structure [76-84]. The least abundant phase (dark grey) has a
composition that could be written as Ti1.53Vo.39Mno.33Feo.33Nio.42. The diffraction pattern
indicates the presence of a Ti>Fe-like phase which roughly matches the abundance of the
dark grey phase. As Ti;Ni is the structure type of TixFe, it is reasonable to assume that
the dark grey phase has the Ti>Fe structure with vanadium most likely substituted for Ti
and Mn substituting for Ni/Fe.

According to the criteria used Q, d and VEC, the as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy should
adopt a BCC phase. However, the main phase found is the C14 phase instead of BCC.
One can see that Q is 1.84 higher than the condition proposed by Yang and Zhang [43].
However, the absolute of AHmix (12.84 kJ.mol?) is not small enough for the entropy effect
to be the dominant term. This means that the formation of ordered intermetallic
compounds with solid solution are expected to form [72].
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5.4 First Hydrogenation Properties
Figure 5.5 shows the first hydrogenation (activation) curve of the as-cast alloy. The

activation was performed at room temperature under hydrogen pressure of 20 bars
without any prior treatment.
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Figure 5.5 Activation curve of as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy.

The alloy absorbs hydrogen, reaching a maximum capacity of 1.6 wt.% within one hour.
Even if the alloy is multiphase, the activation curve seems to behave as a single-phase
absorption.

In an attempt to find the crystal structure of the hydride alloy, the experiment was
stopped after reaching full hydrogenation and the powder immediately prepared for X-
ray diffraction. The result is presented in Figure 5.6. The crystal parameters and
abundance of each phase as determined by Rietveld’s refinement are shown in Table 5.4.
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Figure 5.6 XRD patterns of the hydride sample.

Table 5.4 Crystal structure parameters and abundance of each phase in the
hydride sample. Error on the last significant digit is indicated in parentheses.

Phase Unit cell Lattice Crystallite Micro- Abundance
volume parameter size strain %
A3 nm %
Ci14 187.85(9) | a=5.1091 (1) 11 (3) 0.62 (3) 92
c= 8.2835 (2)
BCC 34.5 (2) 3.257 (6) 72) | - 8

Compared to the as-cast sample, the abundance of C14 increased from 79% to 92%,
while the abundance of BCC phase decreased from 17% to 8%. There was no evidence
of TixFe like phase in the hydride pattern. From the lattice expansion of each phase and
assuming that the volume taken by a hydrogen atom is 2.9 A3[70], the amount of
hydrogen in each hydride phase could be estimated. Table 5.5 presents the volume
expansion of the hydride phases with the estimated value of hydrogen per metallic atom
(H/M) and corresponding wt.%. We see that, for the C14 phase, the H/M ratio is 2.0,
which corresponds to the dihydride. In the case of the BCC phase, the H/M is 1.4. It is
known that upon hydrogenation a BCC phase adopts a BCT (body centred tetragonal)
structure for the monohydride and an FCC (face centered cubic) dihydride. It is therefore
strange that, in the present case, the BCC phase absorbed up to H/M=1.4 but still
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maintained the BCC structure. However, it has been shown that for the HEA TiVZrHfNb
[31, 34] and TiVZrNbHf-based HEAs the BCT structure could have a H/M of 2. In the
present case, the crystal structure is indexed to a BCC, but the broadness of the peaks
and the overlap with C14 peaks makes it difficult to clearly distinguish between a BCC
and BCT structure.

Table 5.5 Estimated capacity of the phases in the hydride sample.

Phase Volume H/M Estimated capacity of
Expansion (A3) the phase (wt.%)
Cl4 22.9 2.0 1.2
BCC 7.9 1.4 2.6

From Table 5.5 and taking into consideration the abundance of each phase, the estimated
amount of hydrogen in the hydride sample is about 1.3 wt.%. This is relatively far from
the measured capacity of 1.6 wt.%. However, as the pattern was taken at room
temperature and in air, there is a possibility that some desorption occurred. Therefore,
we can not be absolutely certain that the pattern shown in Figure 5.6 is for a fully hydrided
sample. However, this is an indication that the hydride phase is probably very stable at
room temperature.

5.5 Air Exposure Effect
It is easier to handle the alloy in the air rather than in argon atmosphere. This stimulated

us to study the air exposure effect on the as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy. Figure 5.7
shows the activation curves of the crushed alloy crushed under argon and in air. After
crushing in air, the sample was also further exposed to the air for two and five days.
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Figure 5.7 Activation curves at room temperature under 20 bars of hydrogen of as-
cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy crushed in argon and air. The sample crushed in air
was further exposed for two and five days.

The sample crushed in argon has 40 s incubation time while the one crushed in air needed
200 s before absorbing hydrogen. However, the intrinsic kinetic (tangent at mid capacity)
was the same for the samples crushed in air or argon. Surprisingly, two days of air
exposure did not change the incubation time but the intrinsic kinetic was about four times
faster than the sample simply crushed in air. The sample exposed for five days has the
longest incubation time of 1080 s. The intrinsic kinetic was slower than the two-day air
exposed but still about three times faster than the air crushed sample. This long
incubation time is probably related to the thick oxide layer caused by the long exposure
to air. We have seen from the TiFe alloy that the presence of some level of oxide could
speed up the intrinsic kinetics of hydrogenation [85]. The faster intrinsic kinetic of the air
exposed samples may be due to the catalytic effect of TiO2 layer on the surface. However,
this has to be confirmed in a dedicated investigation. It should be noted that air exposure
did not reduce the hydrogen capacity.
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5.6 Synthesis by Mechanical Alloying
The Tio.3Vo.3Mno2Feo.1Nip.1 alloy was also synthesized by mechanical alloying. To

synthesize the alloy, the raw materials Ti, V, Mn, Fe and Ni were mixed in the desired
proportion and milled for 1, 5 and 10 h. Figure 5.8 presents the evolution of XRD patterns
of the milled powder.
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Figure 5.8 XRD patterns of Ti-V-Mn-Fe-Ni powders milled for 1, 5 and 10 h.

After one hour of milling, the Bragg peaks from all raw elements are still present. The
five-hour milled pattern shows the formation of a BCC phase. Milling for 10 hours leads
to further broadening of the BCC peaks. The diffraction patterns were analyzed by
Rietveld’s refinement and the obtained crystal parameters of the BCC phase are shown
in Table 5.6.

Table 5.6 Crystal parameters of the BCC phase of the samples milled for 5
and 10 h. Error on the last significant digit is indicated in parentheses.

Milling time Unit cell Lattice Crystallite size
(hr) volume parameter (nm)
(R3) (A)
5 28.0 (2) 3.035 (6) 2.30 (5)
10 27.7 (4) 3.03 (1) 1.40 (2)
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We see that, after the formation of a BCC phase, further milling essentially reduces the
crystallite size. Actually, such a small crystallite size means that the structure is very close
to be amorphous. For this reason, the first hydrogenation tests were done on the sample
milled for five hours as this sample is most likely to have a true BCC structure.

5.7 Effect of Milling on As-cast Alloy
We investigated the effect of ball milling for 1, 5 and 10 h on as-cast Tio.3Vo.3Mno.2Feo.1Nio.1

alloy. The X-ray patterns are shown in Figure 5.9.
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Figure 5.9 X-ray diffraction patterns of as-cast Tio.3Vo.3Mno.2Feo.1Nio.1 alloy after
milling for 1, 5 and 10 h.

Before milling the Tio.3Vo.3Mno.2Feo.1Nio.1 alloy was multiphase with C14, BCC, and TixFe-
type phases. After milling for one hour, the crystal structure was mainly BCC with some
C14 phase. The peaks of the Ti>Fe type phase could not be identified. After five hours
milling, only broad BCC peaks were present. A similar result was obtained by Amira et al.
who studied the effect of ball milling on cast TiCrxalloys. They found that TiCry transforms
from a mixture of C14 and C15 Laves phases to a metastable BCC phase after milling five
hours under argon [86]. In the present case, as expected, further milling to 10 h had the
effect of decreasing the crystallite size and thus broadening the Bragg’s peaks of the BCC
phase. Additionally, the Bragg’s BCC peak is shifted to lower angles with milling time. This
is an indication of the increasing lattice parameter of the BCC phase. Table 5.7 lists the
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crystal structure parameters and the abundance of each phase in the cast alloy before
and after milling as given by Rietveld’s refinement.

Table 5.7 Crystal parameters and abundance of each phase in as-cast
Tio.3Vo.3Mno.2Feo.1Nio.1 alloy before and after milling. Error on the last
significant digit is indicated in parentheses.

Milling Phase Unit cell Lattice Crystallite | Abundance
Time volume parameter size (%)
(hr) (R3) (R) (nm)

C14 164.98 (3) 4.8900 (4) 125 (48) 79
7.9651 (9)
BCC 26.58 (1) 2.9841 (5) 31 (5) 17
0 TixFe 1418 (3) 11.234(8) | - 4
Ci14 165.9 (6) 4.897 (7) 13.0 (2) 36
1 7.989 (2)
BCC 27.02 (1) 3.001 (4) 4.0 (2) 64
5 BCC 27.60 (4) 3.02 (1) 1.88 (6) 100
10 BCC 28.60 (4) 3.06 (1) 1.12 (3) 100

In the case of C14 phase, milling up to 1 h doesn't significantly change the lattice
parameters and the unit cell volume but it causes an important decrease in the crystallite
size. For the BCC phase, with milling the lattice parameter increases and the crystallite
size is reduced to approximately one nanometer after 10 h.

Milling the cast alloy produced similar results to milling the raw elements. As in the case
of milling the raw elements, we selected the five-hour-milled sample to perform the
hydrogenation test.

5.8 First Hydrogenation of the Milled Raw Powder and the Alloy
The first hydrogenation of both samples formed after five hours milling is shown in Figure

5.10 and compared to the as-cast alloy. The measurements were performed at room
temperature under hydrogen pressure of 20 bars without any prior treatment.
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Figure 5.10 Activation curves of the milled raw powder for five hours, the as-cast
alloy further milled for five hours, and the as-cast one.

The milled raw powder and the as-cast alloy have the same incubation time. The
maximum capacity reached by the milled raw powder sample is 1.2 wt.% H, which is
lower than the capacity of the as-cast alloy (1.6 wt.%). The reduction in capacity is most
likely due to the reduction in crystallite size. Assuming that the grain boundaries are just
one unit cell thick, the grain boundary volume for the five-hour ball milled materials is
almost 50%. This grain boundary most probably does not store hydrogen at the same
level as the BCC phase. Therefore, the total capacity is severely lowered. The same effect
was seen for the TiFe alloy [87].

The milled alloy readily absorbs hydrogen without incubation time. In our apparatus, the
first second of absorption is not recorded. Additionally, we see an initial capacity of 0.16
wt.%, therefore we assume that the real capacity of the milled alloy should be increased
by about 0.1 wt.%. Therefore, the total capacity of this alloy is probably around 1.2 wt.%,
which is the same capacity obtained with milling the raw elements for five hours. Figure
5.11 shows the XRD patterns of the hydrogenated alloys after full hydrogenation.
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Figure 5.11 XRD patterns of the milled raw powder and milled alloy in the
hydrogenated state.

Upon hydrogenation, the crystal structure of both samples is BCT of space group
I4/mmm. It was shown by Nakamura and Akiba that the monohydride of the BCC phase
has a BCT (body centered tetragonal) structure [60]. The transformation into BCT instead
of the dihydride FCC could be because of a high hysteresis. From Rietveld’s analysis, the
crystal structure parameters of the BCT phase for milling the raw materials are the same
as for the milled alloy. The unit cell volume is 30.1 (5) A3, a= 2.99 (2) A and c= 3.36 (3)
R. The crystallite size is 1.51 (5) nm. The c/a ratio of the BCT phase is 1.12, which is in
agreement with cases where the distortion of the lattice caused by hydrogen is along the
c-axis [88]. Taking into account that each hydrogen atom occupies a volume of 2.9 A3,
we could estimate that the BCC phase in the hydrogenated state has a capacity of around
0.7 wt.%, which is smaller than the measured capacity of 1.2 wt.%. However, as
indicated above, because the X-ray diffraction was under air, there is a likelihood that the
sample was partially desorbed.

75



5.9 Conclusions
The alloy Tio.3Vo.3Mno.2Feo.1Nio.1 was successfully synthesized by arc-melting and

mechanical alloying. The arc-melted alloy has a multiphase structure, with a main C14
Laves phase matrix along with a BCC phase and a small amount of Ti>Fe-type phase. Its
maximum hydrogen storage capacity was 1.6 wt.%. Upon hydrogenation, Ti;Fe-type
phase disappeared. The initial C14 and BCC phases were converted into the C14 and BCC
hydrides, respectively. The H/M value was 1.4 in the hydride BCC. Air exposure for two
or five days has no impact on the hydrogen capacity but changed the kinetics.

Synthesis by mechanical alloying for five hours resulted in an alloy with BCC structure.
The hydrogen capacity of the milled alloy was lower than the as-cast one. The BCC
structure transforms after hydrogen absorption (under 20 bars of Hy) to monohydride
phase “BCT"” and not to dihydride “FCC". The effect of ball milling of the as-cast alloy was
also studied. Ball milling for five hours produced a BCC structure similar to the one
obtained by milling the raw elements for five hours. The first hydrogenation
measurements showed that milling for five hours leads to a faster kinetics compared to
the as-cast sample but with a reduced capacity. The synthesis of Tio.3Vo.3Mno.2Feo.1Nio.1
alloy by arc-melting is better than by mechanical alloying because arc-melted alloy shows
a higher capacity.
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Chapter 6

Enhancement of first hydrogenation of Ti1Vo.9Cri.1 BCC alloy by cold rolling
and ball milling

6.1 Overview

This chapter describes the effects of a mechanical treatment by cold rolling (CR) and ball
milling (BM) on the microstructure and first hydrogenation of TiiVo.9Cr1.1 BCC alloy. The
BCC alloys, as most of the metal hydrides, exhibit slow and difficult first hydrogenation.
The aim of this work is to see if mechanical treatment could be effective for the
enhancement of the first hydrogenation of TiiVo.oCri.1 alloy.

Figure 6.1 represents the summary of this work.
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Figure 6.1 Flow chart of synthesis & characterization of Ti1Vo.oCr1.1 alloy.

6.2 Morphology

Figure 6.2 shows the morphologies of TiiVo.9Cri.1 alloy in the as-cast state after hand
crushing and CR.
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Figure 6.2 Scanning electron microscopy (SEM) micrographs of hand crushed (a),
CR-1x (b), CR-3x (c), and CR-6x (d) of Ti1Vo.oCry.1 alloy.

The as-cast sample, after hand crushing, consisted of particles ranging from 0.65 to 2.2
mm. After CR, the sample showed consolidation of the powder. CR the sample one time
agglomerated the powder into plates but with some voids, as presented in Figure 6.2b.
The plates seemed to be porous. After three times of CR, the voids within the plates
disappeared, but some cracks remained. With six rolling passes, the plate seemed to be
more consolidated.

6.3 Crystal Structure
Figure 6.3 presents the XRD patterns of the as-cast Ti1Vo.9Cr1.1 alloy and after 1x, 3%, and

6x CR. All patterns showed a BCC structure (S5.G. Im-3m). The crystal structure
parameters and the weighted profile factor Rwp as evaluated by Rietveld’s refinement are
presented in Table 6.1.
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Figure 6.3 XRD patterns of the as-cast, CR-1x, CR-3x, and CR-6x% of, Ti1Vo.oCri.1
alloy.

Table 6.1 Crystal structure parameters and the Rwp values of the as-cast, CR-
1x, CR-3x%, and CR-6Xx of TiiVo.oCr1.1 alloy. Error on the last significant digit is
indicated in parentheses.

Sample | Phase | Unit Cell Lattice Cryst- Micro | Phase | Rwp

Volume | Parameter allite strain | Abun-

(R3) (R) Size (%) | dance

(nm) (%)

As-cast | BCC | 28.04 (2) 3.0379 (9) 24(2) [ 0.26(1) | 97(3) | 7.76

Ti 36.25(1) | a=296114) | 13(2) | ......... 33

c=4.773 (1)

CR-1x BCC | 28.24 (3) 3.0453 (1) 28 (5) [ 0.40(1) | 100 5.95
CR-3x BCC | 28.34 (4) 3.0487 (1) 25(4) 1 040(1) | 100 6.07
CR-6x BCC | 28.26 (4) 3.0459 (1) 21 (3) | 0.42(2) | 100 6.55
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As seen in Table 6.1, crystallite size did not drastically change upon rolling, whereas the
microstrain slightly increased but only for the first rolling. Further rolling did not change
the microstrain. The disappearance of the Ti-phase in the CR patterns after rolling
occurred because the crystallite size of this phase tended to decrease and the microstrain
increased. These two factors caused the peak to broaden. As the Ti phase was already
at the limit of detection in the as-cast pattern (the value was 3 = 3%), as the peaks
broadened, they became undistinguishable from the background.

6.4 First Hydrogenation
The first hydrogenation (activation) of the as-cast and cold rolled alloys were performed

at room temperature under 20 bars of hydrogen and without any prior heat treatment.
The activation kinetics are shown in Figure 6.4.
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Figure 6.4 Activation curves of the as-cast, CR-1x, CR-3x, and CR-6x of Ti1Vo.oCr1.1
alloy.

The as-cast Ti1Vo.oCr1.1 alloy is hard to activate and did not absorb hydrogen even after
15 h of hydrogen exposure. Just one pass of CR made the activation possible without any
incubation time and with fast kinetics. Full capacity was reached after only 12 min. The
CR-3x sample also demonstrated good hydrogen uptake but with a slight reduction in
capacity. Further rolling to 6x showed a 4 min incubation time followed by a slower
absorption and reduced total capacity. The effectiveness of CR in activating the Tii1Vo.9Cr1.1
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alloy is still unclear. Considering the crystal structure before and after CR, one rolling pass
did not change the crystal structure of the alloy, and the reduction in crystallite size was
relatively small. Therefore, the reason is something else. CR breaks particles in smaller
pieces, thus producing new surfaces that could be active to hydrogen. However, as CR
was performed in air, the newly produced surfaces would, in principle, oxidize
immediately. Nevertheless, the speed of oxidation could be so slow that the freshly
produced surfaces have only very thin oxide, which could be easily broken during
hydrogenation.

Figure 6.4 shows that the capacity after 1, 3, and 6 CR passes are 3.6, 3.3, and 2.9 wt.%,
respectively. Therefore, the loss of capacity appears to be directly proportional to the
number of rolling passes. Each rolling pass decreased the capacity by about 0.1 wt.%.
This decrease is most likely due to the formation of oxide as the rollings were performed
in air.

The crystal structure of the full hydride samples was investigated from XRD patterns.
Figure 6.5 presents the XRD patterns of the hydride samples of CR-1x, CR-3x, and CR-
6x of Ti1Vo.9Cr1.1 alloy.
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Figure 6.5 X-ray diffraction (XRD) patterns of hydrogenated of CR-1x, CR-3x%, and
CR-6 % of Ti1Vo.oCry.1 alloy.
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Figure 6.5 clearly shows that BCC and FCC phases were present in all patterns, but the
relative intensities of both phases are different. Despite the capacity decreasing with
increasing numbers of rolling passes, no oxide phase was identified in these patterns. For
the 6x pattern, the proportion of oxide should be approximately 17 wt.% and should be
seen in the diffraction pattern. The absence of the oxide phase in the patterns may be
due to the very small crystallite size of the oxide phase. Assuming that the oxide phase
is a shell around the hydride phase, the oxide’s thickness is about 6% of the radius of
the hydride crystallite. As seen in Table 6.2, which shows the results of Rietveld’s
refinement of all hydride patterns, the crystallite size of the FCC hydride phase is 30 nm;
this means that the thickness of the oxide phase could be as small as 0.8 nm. Such a
small crystallite size produces a diffraction pattern with very broad peaks that are
effectively indistinguishable from the background.

Table 6.2 Crystal structure parameters and the Rwp values of all patterns
after hydrogenation. Error on the last significant digit is indicated in

parentheses.
Sample | Phase | Unit Cell Lattice Crys- Micro Phase Rwp
Volume | parameter | tallite | strain Abund-
(R3) (R) Size (%) | ance (%)
(nm)
CR-1x FCC | 79.03 (1) | 4.2914 (2) | 20.2(2) | 0.34 (1) 84 (2) 5.34
BCC | 30.84(8) | 3.136 (3) 7(2) 10.43(1) 16 (2)
CR-3x FCC | 78.90 (1) | 4.289(2) | 17.3(1) | 0.40(1) 76 (3) 5.28
BCC | 30.65(9) | 3.130(7) 4.0(6) | 0.33 (1) 24 (3)
CR-6x FCC | 78.61 (1) | 4.284 (2) 29 (6) | 0.53(2) 72 (2) 4.93
BCC | 30.67(7) | 3.130(2) 4.9 (6) | 0.36 (8) 28 (2)

The abundance of the phase (FCC) decreased with the number of rolls, and this seems
to agree with the decreases in capacity shown in Figure 6.4. All the hydride patterns had
BCC and FCC phases with almost the same lattice parameters. However, the lattice
parameter of the BCC phase was much bigger than the as-cast BCC phase reported in
Table 6.1. This was an indication that the BCC phase also contained hydrogen. The
volume expansion of the BCC phase was about 2.6 A3. Considering that a hydrogen atom
occupies a volume between 2 and 3 A3, and that there are two lattice points per unit cell,
we estimated that the BCC phase contained about 0.5 hydrogen atom per metallic atom
(H/M = 0.5). Since the diffraction patterns were captured in air at room temperature, it
is possible that the samples experienced a partial dehydrogenation. To determine the
true crystal structure in the fully hydride state, an in-situ diffraction pattern should be
recorded.
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6.5 Effect of ball milling on Ti1Vo.9Cri1.1 alloy
As cold rolling was found to be beneficial for activation, we wanted to determine if BM

produces the same effect. For this, the as-cast alloy was milled for 5, 15, 30, and 60 min.
The morphologies of the processed powders are shown in Figure 6.6.

Figure 6.6 SEM micrographs of Ti1Vo.oCr1.1 alloy before (a) and after 5 (b), 15 (c), 30
(d,e), and 60 min (f,g) of ball milling (BM).

After 5 min BM, some flat surfaces and formation of smaller particles in the range 0.2-1
mm were observed. Further milling decreased the size of the particles. Agglomeration of
small particles was observed after 60 min of milling.

The XRD patterns of Tii1Vo.9Cr1.1 alloy for different BM times are presented in Figure 6.7.
The crystal structure parameters and the Rwp, as evaluated by Rietveld’s refinement, are
shown in Table 6.3.
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Figure 6.7 Diffraction patterns of Ti1Vo.oCr1.1 alloy for different ball milling times.

Table 6.3 Crystal parameters and the Rwp values of Ti1Vo.oCri1.1 alloy for

different ball milling times compared with the as-cast sample. Error on the
last significant digit is indicated in parentheses.

Sample | Phase | Unit Cell Lattice Crystall | Microst | Phase | Rwp
Volume | Parameter | ite Size rain | Abund

(R3) (R) (nm) (%) | ance
(%)
As-cast | BCC | 28.04 (2) | 3.0379(9) | 24(2) | 0.26(1) | 97 (3) | 7.76
Ti | 3625(1) | a=2961(4) | 13(2) | ... 3(3)
c=4.773 (1)

BM 5 BCC 28.29 (3) 3.0471 (9) 20.5(1) | 0.30 (1) 100 5.20
min

BM 15 BCC 28.18 (3) 3.0432 (1) 16.1 (1) | 0.40 (2) 100 7.84
min

BM 30 BCC 28.28 (3) 3.0468 (1) 14.5(8) | 0.40 (1) 100 7.46
min

BM 60 BCC 28.32 (3) 3.0481 (1) 12.2 (6) | 0.40 (1) 100 7.30
min
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All the ball-milled samples had a BCC crystal structure. The crystallite size decreased with
milling while the microstrain remained almost constant. The microstrain in the ball-milled
samples was almost identical to that in the cold rolled samples.

The activation curves of the ball-milled samples compared to the cold-rolled sample are
presented in Figure 6.8.
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Figure 6.8 Activation curves of Ti1Vo.9Cr1.1 alloy for different BM times as compared
to the 1 cold-rolled sample.

BM enabled the activation of Tii1Vo.oCr1.1 alloy. Milling for 5 min significantly improved the
kinetics with a maximum capacity of 3.6 wt.% H». Further milling for 15 and 30 min
reduced the capacity to 2.4 and to respectively 1.7 wt.% of hydrogen. Milling for one
hour made the sample inert to hydrogen. This behavior is still unclear and suggests that,
besides the sample’s morphology, other parameters impact the activation. The effect of
particle size in a BCC alloy was investigated by Kamble et al. [59]. For the first
hydrogenation, they found that particle size affects the incubation time but has no
significant effect on the capacity. Luo et al. found similar results on BCC V4o(TiCr)s1FesMn
alloy [89]. In their study, the particle size was 60 to 500 mesh (0.25 to 0.025 mm), but
they registered the same hydrogen capacity in the first cycle with a different loss of
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capacity with cycling. After 25 cycles, the best performance was obtained for the 400-
mesh sample, which lost 11% of its initial capacity.

Comparing the result of CR-1x with that of BM-5 min, both are beneficial for activation
of the Ti1Vo.oCr1.1 alloy, but CR-1x is more effective since full hydrogenation occurs much
faster.

In a previous investigation, we showed that an addition of 12 wt.% Zr to Ti1Vo.oCr1.1 alloy
produced fast activation kinetics, reaching a maximum capacity of 3 wt.% H; within 3
min [50]. Therefore, adding 12 wt.% Zr still produces faster kinetics compared to CR-1x
but with reduced capacity. However, using mechanical deformation such as BM and CR
does not change the chemistry. Adding other elements may increase the cost of the alloy
and change the chemistry of the BCC phase. For these reasons, activation enhancement
is better achieved by mechanical than by additive treatment.

We observed that the hydrogenation was complete for all BM samples, even if the total
capacity was reduced. To determine the crystal structure of the ball-milled samples after
hydrogenation, we performed XRD patterns, as seen in Figure 6.9. The crystal structure
parameters as determined by Rietveld refinement are shown in Table 6.4.
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Figure 6.9 Diffraction patterns of Ti1Vo.sCr..1 alloy for different BM times after
hydrogenation.

86



Table 6.4 Crystal parameters of Ti1Vo.oCr1.1 alloy for different ball milling
times after hydrogenation. Error on the last significant digit is indicated in

parentheses.
Activated | Phase Unit Lattice Crys- Micro Phase | Rwp
BM Cell Parameter | tallite strain | Abund-
Volume (R) Size (%) ance
(R3) (nm) (%)
5 min FCC |78.97(7)| 4.2903 (1) | 154 (8) | 0.35(1) | 79 (2)
BCC |31.06(7)| 3.144 (2) 3.8 (5) 034 (1) | 21(2) |4.12
15 min FCC |78.38(1)| 4.280(2) 15.8(2) | 042 (2) | 36(2)
BCC |29.33(5)| 3.0841 (2) 8.6 (1) 1.09(4) | 64(2) |5.12
30 min FCC |78.49(2)| 4.282(3) 14.0(2) | 0.29(3) | 23(2)
BCC |28.75(5)| 3.0634 (2) 5.1 (3) 049(3) | 77(2) |5.17
60 min BCC |28.15(3)| 3.0418(9) | 12.4(6) | 0.40 (1) 100 4.63

For the 60 min sample, the crystal structure was still BCC, which confirmed that this
sample did not absorb hydrogen, as seen in Figure 6.8. There was no significant change
in the lattice parameter and crystallite size of this BCC phase, confirming that there was
no reaction with hydrogen. All the other hydride patterns had BCC and FCC phases. The
abundance of the FCC phase decreased with milling time, which agrees with the reduction
of hydrogen capacity seen in Figure 6.8. The unit cell volume of the FCC phase was
practically identical to the FCC phase observed in the hydrogenated cold-rolled samples.
However, the unit cell volume of the BCC phase showed different behavior. It
progressively decreased with milling time; this means that as milling time increased, the
amount of hydrogen retained in the BCC phase decreased. It seems that milling decreases
the ability of the BCC phase to absorb hydrogen. The exact mechanism is not clear, but
it is a subject for further research and may explain the reduction of capacity with milling
time.

6.6 Conclusions
The effects of cold rolling and ball milling on the microstructure and hydrogen storage

properties of Tii1Vo.oCri.1 alloy were investigated. Cold-rolled samples for one, three, and
six rolling passes had a BCC crystal structure. One cold roll was efficient for the first
absorption kinetics. However, increasing rolling passes led to a reduction in capacity. The
BCC and FCC phases were present in the cold-rolled samples after hydrogenation. Ball-
milled samples for 5, 15, 30, and 60 min also maintained the original BCC crystal
structure, and no other crystal structure was identified. After BM for five minutes, the
first hydrogenation proceeded with relatively good kinetics. However, further milling
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decreased hydrogen capacity. Milling to 60 min made the alloy inert to hydrogen. The
hydrogenated samples had both BCC and FCC phases.

One cold roll and BM for five minutes were beneficial for the first hydrogenation kinetics.
CR-1X was more effective than ball milling for five minutes since full hydrogenation
occurred much faster. The exact mechanism responsible for the improvement of
activation kinetics upon CR and BM is still unknown. Mechanical treatment, and especially
CR, are more efficient, low-cost, and improve activation kinetics more than addition of
other elements such as Zr.
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Chapter 7

Conclusion and Future Work

In this thesis, a systematic investigation of the effect of particle size, temperature, and
pressure, on the first hydrogenation of TiVZrHfNb HEA is reported. We found that smaller
particles have faster hydrogenation kinetics. The activation is strongly dependent on the
temperature, higher temperature drastically reducing the incubation period. It was shown
that the incubation period follows an Arrhenius relationship.

After understanding the important parameters of activation kinetics, the effect of the
substitution of Nb by V on the microstructure and hydrogen storage properties of
TiHfZrNbixVi+xalloy (x= 0, 0.1, 0.2, 0.4, 0.6 and 1) was studied. The microstructures of
all substituted samples are multiphase. Upon substitution, the BCC phase is progressively
replaced by an HCP and FCC phases. For high values of x, a C15 phase is present and
becomes the main phase for x= 1. We found that substitution of Nb by V greatly enhanced
the first hydrogenation and makes it possible at room temperature under 20 bars of
hydrogen without any prior treatment with maximum hydrogen capacity of 2 wt.%. From
these results, it seems that for hydrogen storage purposes, the optimum alloy is the one
without Nb.

In a way to potentially increase the gravimetric hydrogen storage capacity, a new
multicomponent alloy of composition Tio.3Vo.3Mno.2Feo.1Nio.: was studied. The alloy was
successfully synthesized by arc-melting and mechanical alloying resulting in different
microstructures. The arc-melted alloy has a multiphase structure mainly C14 Laves phase
while the alloy synthesized by mechanical alloying for five hours resulted in an alloy with
BCC structure. Both alloys were able to absorb hydrogen at room temperature under 20
bars of hydrogen pressure without any prior treatment. The as-cast alloy had a maximum
capacity of 1.6 wt.% while the milled one had 1.2 wt.%. It is worth to mention that we
were able to handle the as-cast alloy in the air and even after 2 and 5 days of exposure
without loss in capacity, which is an advantage for large-scale production.

Finally, we tried to solve the problem of impossible first hydrogenation of Ti1Vo.oCr1.1 BCC
alloy by treating it by mechanical deformation. One cold roll or milling for five minutes
made the activation possible. However, more rolling passes or further milling led to a
reduction in capacity. We concluded that mechanical treatments, and especially cold
rolling, are efficient and low-cost techniques to improve activation kinetics of metal
hydrides.
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As most of the studies on HEAs for hydrogen storage are based on the transition metals
of heavy elements from 3d, 4d, and 5d transition groups, we propose adding light
elements such as Mg or Al. Such elements could incorporate in the solid solution phase,
reduce the molar mass and thereby increasing the gravimetric capacity of the HEAs.
Because of low melting points of Mg/Al, that HEAs should be synthesized by mechanical
alloying.

As the durability to hydrogenation/dehydrogenation cycling is a significant practical part
of metal hydrides, we suggest a systematic study of cycling behaviour of the TiVZrHfNbD,
TiHfZrV2 and of Ti1Vo.9Cr1.1 alloys to be done.

With respect to the production cost of the alloys, we think that replacing vanadium by
the less expensive ferrovanadium could be promising. Such a substitution could be taken
into consideration towards a low-cost hydrogen storage material. We suggest studying
the impact of replacement of vanadium by ferrovanadium on the crystal structure,
microstructure, and hydrogen storage properties of TiHfZrV,, Tio.3Vo.3Mno.2Feo.1Nio.1 and
of Ti1Vo.9Cr1.1 alloys.

Since cold rolling is effective for the activation of Ti1Vo.9Cr1.1 alloy, it would be interesting
to investigate cold rolling for other BCC alloys and HEAs for easy activation. Also, the
effect of rolling parameters, such as speed and force, on the cold rolling process should
be investigated.
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The effect of particle size, pressure and temperature on the first hydrogenation of TIVZrHNb high entropy
alloy were investigated. Three particle size ranges were selected: less than 0.5 mm, between 0.5 mm and
| mm and between 1 mm and 2 mm. The hydrogen pressure applied during the first hydrogenation was
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that the particle size plays a role in the activation; smaller particle size having faster kinetics. Under 2 bars
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and 20 bars of hydrogen pressure, the activation curves have the same fearures. The activation is stronghy
dependent on the temperature: higher temperarure drastically reduces the incubation period. The im-
portant parameter for the activation is the temperature rather than the particle size. It was also found thar
the activation process obeys an Arrhenius relationship. Upon hydrogenation, the BCC phase is transformed
to a BCT phase. Also, an amorphous phase seems to be formed. This formation depends on the hydro-
genation temperature and particle size.

@ 2021 Elsevier BV. All rights reserved.

1. Introduction

Solid-state storage systems based on metal hydrides are con-
sidered as a reasonable solution to store hydrogen safely, in large
quantities and under moderate pressure |1-4). In general, most of
the hydride-forming metal alloys exhibit slow and difficult hydro-
genation during the first exposure to hydrogen, the so-called acti-
vation process |5-9|. Typically, the surface of the metal alloys is
coated with oxide layers of different thicknesses depending on the
synthesis technique and the nature of the alloy. The oxide layers
should be broken to permit the diffusion of gaseous hydrogen into
the bare metal. Usually the activation requires high hydrogen pres-
sure and high temperature to compe! hydrogen through the oxide
layer to reach the fresh metal for direct hydrogen interaction [10].
After the alloy has been activated, hydrogen absorption becomes
easier and with faster kinetics. Therefore, activation is an important
factor to be taken into account from a practical application point of
view. It is well known that nanocrystallinity and small particle size
led to a faster first hydrogenation in metal hydrides [11-14]. Huot
et al. and Couillaud et al. found that ball milling can be used to
improve the hydrogenation properties of Ti-V-Mn alloy [15.16].
Balcerzak reported that the nanocrystalline Ti-v BCC alloys prepared

* Corresponding author,
E-mail address: jacques huot@irh.ca (). Huot),

hittps; || dotorg 10,1016/] jallcom. 2021158615
0925-8388)m 2021 Elsevier BV, All rights reserved,
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by mechanically alloying have fast hydrogen sorption and good ac-
tivation properties [17]. Kamble et al. studied the effect of particle
size on the first hydrogenation of BCC alloy 52Ti-12V-36Cr. They
observed that the activation time decreases with the reduction of
particle size and faster kinetics corresponds to smaller particle sizes
|5]. However, nanocrystallinity and decrease of particle size have a
negative impact on the hydrogen storage capacity of BCC al-
loys [ 16,18].

High entropy alloys (HEAs) were recently proposed as a new class
of metal hydrides [ 19-22|. In general, HEAs which are composed of
five or more principal elements in equimolar ratios or varying from 5
to 35 ar%, tend to form simple solid solutions with BCC or FCC
structures [23-25]. The TiVZrHIND alloy was reported in one of the
first papers in storing hydrogen in HEAs [21]. TiVZrHfND alloy
crystallized in a BCC type structure [26] and its hydrogen storage
properties were studied by Sahlberg et al. [21]. They reported that
the TiVZrHfNb alloy can absorb hydrogen with a plateau pressure of
0.1 bar H; at 299 “C with maximum storage capacity of 2.7 wi#. In
their work, the as-cast TIWZrHIND alloy was ball milled and after
ward sieved to obtain powder of size less than 0.05 mm that was
used for activation at 400 "C under 20 bar Hs [21]. As activation
behavior could depend on particle size and temperature, we did a
systematic study on the effect of particle size and temperature on
the activation process of the TIVZrHINDG HEA.
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2. Experimental details

The raw materials, Ti sponge (99.95%), V pieces (99.7%), Zr
sponge (99.5%), Hf sponge (99.6%) and Nb pieces (99.8%) were pur-
chased from Alfa Aesar and used without further purification. The
Tig2VozZrosNbgsHf > alloy was prepared by arc melting after
mixing all raw elements in the desired proportion. To keep the no-
tation simple, we will use TiVZrNbHF to identify this alloy in the rest
of the manuscript. The melting was done under 0.7 bars of argon.
Each pellet was melted, turned over, and remelted three times to
ensure good homogeneity. The pellet was then hand crushed using a
hardened steel mortar and pestle in an argon-filled glovebox. After
hand crushing, the powder was sieved using sieves of size 0.5 mm,
1 mm and 2 mm. By sieving, the powder was thus divided into three
populations: particles of size less than 0.5 mm, particles between
0.5 mm and 1 mm and particles between 1 mm and 2 mm. The
sieving process and the preparation of samples for acrivation were
done under argon atmosphere. Before hydrogenation experiments,
the samples were always kept under argon and never exposed to the
air. First hydrogenation was performed at different temperatures
under 20 bars of hydrogen pressure using a homemade Sievert's
apparatus. The hydrogen gas from Praxair was 99.999% pure. For
some measurements, the pressure was changed to 1 bar and 2 bars
of hydrogen. The crystal structure was determined by X-ray dif-
fraction using a Bruker D8 Focus X-ray diffractometer having a
Bragg-Brentano configuration with Cu Ka {4, = 1.54 A) radiation. All
the XRD measurements were done at room temperature. The scan-
ning parameters were step size 0.07" and time per step 10s. The as-
cast diffraction pattern was made on crushed powder of size < 0.5
mm. Lattice parameters and the weighted profile factor R-factor: Ry,
were evaluated from Rietveld refinement using Topas software [27].
For each pattern presented, the residue of the Rietveld refinement is
given by the curve below the pattern. The degree of crystallinity was
estimated from the Topas software by taking into account the broad
amorphous peak. As this calculation was not performed with an
internal standard, the values obtained for the abundance of each
phase should be taken with caution. Microstructure and chemical
analysis were performed using a Hitachi Su1510 scanning electron
microscopy (SEM) equipped with an EDX (energy-dispersive X-ray)
apparatus from Oxford Instruments.

3. Results

3.1. Morphology

Fig. 1 shows backscattered electron micrograph of TIVZrHfND
alloy prepared by arc melting.

The bulk chemical composition was confirmed by EDX mea-
surement to be equal to the nominal values. Dendrites (gray color)

Fig. 1. Backscattered electrons (BSE) micrograph of as-cast TIVZrHMNb alloy with
magnification 250
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Fig. 2. BSE micrograph of as-cast TiVZrHND alloy with magnification 2000x

with some black areas are clearly observed. Close inspection of Fig. 1
shows that the main branch makes 90" with other branches which is
an indicarion of a cubic structure.

Using EDX art a higher magnification, the chemical compositions
in the gray and dark areas were determined. The EDX analysis was
performed on the selected points presented in Fig. 2.

The quantitative analysis at points 1 (gray area) and 2 (dark area)
is listed in Table 1.

From this table we see that the chemical compositions of points 1
and 2 are quite close. Also, there is no clear-cut boundary between
the darker and lighter shades of gray. This indicates that there is
probably a variation of composition. To confirm this, the chemical
analysis over the lines indicated in Fig. 2 was performed. As a re-
presentative, the analysis over line A of Fig. 2 is shown in Fig. 3.

Fig. 3 indicates that the amounts of Ti and Nb are almost constant
over the line. The amount of Hf increases in the gray region when
compared to the dark region while Zr and V decrease with the same
rate. Thus, there is clearly a continuous variation of composition, but
it is mot random. It should also be mentioned that even if the line
analysis does not show a variation in the Nb proportion, the point
analysis reported in Table 1 indicates a slight increase between the
dark and gray areas.

It is interesting to note that the two elements which have a
constant or slight variation of abundance have very close atomic
radii (144.8 pm for Ti and 142 pm for Nb). However, the two ele-
ments that have identical decrease of abundance, Zr and V are re-
spectively the biggest atomic radius (160 pm for Zr) and the smallest
one (1321 pmfor V). In the case of Hf which abundance increases by
going from the dark to the gray areas, its atomic radius is 156.4 pm.
These observations indicate that the atomic radii most probably play
a role in the variation of composition. However other factors are
certainly playing a role. Because of the variation of composition, it
should be pointed out that the abundances given by EDS are only an
indication. From point to point, the proportion could change as seen
in Fig. 3,

3.2, Crystal structure

Fig. 4 presents the XRD patterns of the as-cast TIVZrHfND alloy.
The crystal structure parameters as evaluated by Rietveld's refine-
ment are shown in Table 2.

Table 1
EDX analysis showing the elemental compasition of TIVZrHEND alloy. Error on each
value is 0.1 ark

Element {at¥) Ti Vv Ir HE Nb
Paint 1 200 19.1 18.7 225 197
Paint 2 204 226 210 181 179
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Fig. 4. XRD patterns of the as-cast TIVErHND alloy.

The diffraction pattern indicates that the alloy is single phase BCC
(space group Im-3m). However, as the SEM investigation showed a
variation in chemical composition, we could conclude that this BCC
phase has a range of chemical composition. The lattice parameter of
TiVZrHIND alloy reported in Table 2 is in good agreement with the
previous study of Sahlberg et al. {lattice parameter 3.3659 A) [21]. The
microstrain value suggests that the lattice of TIVZrHIND alloy is slighthy
strained. This may be due to the inhomogeneous chemical composition
which in turn gives rise to a variation of lattice parameters within the
phase thus creating microstrains. Therefore, the microstrain parameter
effectively reflects the composition change within the phase. The same
phenomenon was seen by Khajavi et al. for AB; system [28].
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Fig. 5. Activation curves at 300 °C of TiVZrHIND alloy for different particle size.
3.3. First hydrogenation (activation )

3.3.1. Effect of particle size on activation behavior

The activation curves of powder with different particle size done
at 300 °C and under 20 bars of hydrogen pressure are shown in Fig. 5.

The fastest activation is for the smallest particle size (<0.5 mm).
Surprisingly, the kinetics of particles between 0.5 mm and 1 mm is
slower than that of size between 1 mm and 2 mm. But both samples
absorb hydrogen to a maximum capacity of 2.1 wt¥ (1.94H/M)
where the small particle size has 1.7 wit® (1.57 H/M) capacity. In the
remaining of this paper ‘maximum capacity’ or ‘full capacity’ means
the highest capacity reached by the particular sample.

Although bigger particles have a slightly faster kinetics than the
intermediate size one, we could still conclude that the activation
depends on the particle size. This result agrees with a previous work
investigated by Kamble et al. on the BCC TiVCr system [5].

To see the impact of particle size on the crystal structure of the
hydride phase, the XRD patterns were taken after reaching full hy-
drogenation. At the end of the absorption experiment, the sample
was kept under hydrogen pressure while the temperature decreased.
Sahlberg et al. have shown that under vacuum no desorption oc-
curred at temperatures below 200 °C |21 ). Therefore, this procedure
effectively ‘quenched’ the hydride phase. Fig. 5 presents the XRD
patterns of the hydride samples with different particle size.

Fig. G shows the ¥-ray diffraction patterns after first exposure to
hydrogen. Both FCC and BCT structures were used for refinement
but, for all patterns, the BCT structure was giving a better fi. A

justification is presented in the supplementary file. In Table 3, there
are the results of Rietveld’s refinement of all these patterns.

All the hydrogenated sizes have the BCT structure with almost
same lattice parameters. However, the crystallite size decreases with
decreasing particle size. This may be explained by the higher specific
surface of the small particles. Also, as the small particles were pro-
duced by mechanical deformation, the fact that these particles broke
down from the main ingot means that the defect density on their
surface is higher than the big particles. The defects act as nuclearion
points for the hydride phase and more defects means that the
crystallite size will be smaller.

It is well known that BCT is the monohydride structure of BCC
alloys where FCC is usually the crystal structure adopted by a fully

Table 2

Crystal structure parameters of the as-cast TIWVZrHIND alloy, Error on the last significant digit is indicated in parentheses.
Phase Cell Volume (A7) Lattice Parameter (A) Crystallite Size (nm) Microstrain % Rup
BCC 38.14 (2) 33663 (4) 143(3) 0.08 (1) 467
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Fig. 6. XRD patterns of different particle sizes hydrogenated at 300 °C under 20 bars.

hydrided BCC alloy [29]. However, for the HEA TIVZrHIND, Sahlberg
et al. have shown that the dihydride has the BCT structure [21]. They
explained the high hydrogen abundance of the BCT structure by
strain in the distorted HEA lattice. This high strain enabled the oc-
cupation of both tetrahedral and octahedral sites. In situ synchrotron
¥-ray diffraction at temperature up to 600 °C and pressure 100 bars
was performed by Karlsson et al. [30]. They confirmed the BCT
structure and mentioned that the room temperature data could be
fitted by BCT or FCC structures. From neutron diffraction, Karlsson
et al. also confirmed the eccupation of both the tetrahedral and
octahedral interstitial sites in the BCT structure at 500 "C and 100
bars. The present results are in agreement with the conclusions of
Sahlberg et al. and Karlsson et al. [21,30]. It should be noted that the
microstrain in the BCT phase is much higher than the microstrain of
the as-cast BCC phase reported in Table 1.

For the pattern of powder less than 0.5 mm, we found a broad
peak centered at 36.5°. We attributed this peak to the presence of an
amorphous phase. The center of this amorphous peak is indicated by
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Fig. 7. Activation curves of as-crushed TIVEZrHIND allay at 100 “C, 200 °C. 300°C and
400 C under 20 bars,

a line in Fig. 6. From Rietveld refinement, the abundance of that
phase was determined to be 23wt®. This may explain the lower
hydrogen capacity of this sample indicated in Fig. 5. Actually, the
capacity ratio of 1.7 wr¥/2.1 wt¥ is equal to 81% which is very close to
the 77% crystallinity (BCT phase) seen in the diffraction pattern. The
reason for the appearance of this amorphous phase will be discussed
in the next section.

3.3.2. Effect of temperature on activation behavior

To study the effect of temperature, two types of samples were
used, first one is as-crushed alloy without sieving and the second
one is the sieved powder to particles smaller than 0.5 mm. Fig. 7
shows the activation curves of the crushed sample at different
temperatures and under 20 bars of hydrogen pressure. The re-
producibility of these measurements is shown in the supplemen-
tary file.

The sample didn't absorb hydrogen at 100°C and 200 °C even
after 24h of hydrogen exposure. At 300°C, after an incubation
period of 500 s the sample reached a maximum capacity of 1.9wi%
(1.75 HjM) within 100 min. The activation kinetics was even faster at
400°C, reaching 1.9 wt¥ capacity after 33 min without incubation
period. It is clear that the activation of TiVZrHIND alloy strongly
depends on temperature.

Fiz. & shows the XRD patterns of the as-crushed sample hydro-
genated at 300 °C and 400 “C under 20 bars and quenched. Table 4
presents their crystal parameters as determined by Rietveld's re-
finement.

The crystal structure of all the patterns in the hydrided state has
BCT crystal structure. This is another indication that, for this alloy,
the fully hydride sample could have the BCT structure. We see a large
difference in the crystallite size at 300°C and 400 “C. Also, the mi-
crostrain is absent in the 400 "C pattern. Moreover, there seems to be
a small amorphous peak at 36.5" which is the exact position of the
amorphous peak seen in the pattern of small particles shown in

Table 3
Crystal structure parameters of the BCT phase for different particle sizes hydrogenated at 300 “C under 20 bars, Error on the last significant digit is indicated in parentheses,
Sample particle size Cell Volume (A% Lattice parameter (A) Crystallite size (nm) Micro strain (%) Phase (%) Ry Amorphous
Less than 0.5 mm 48.60(7) a= 330 (2) 59(2) 041 {2) 7 305 23E
c=4460 (4)
Between 0.5 and 1 mm 48,38 (4) o= 3.260 (1) 106 (5) 0D3142) 100 506 -
c=4551 (3)
Between 1 and 2 mm 48.50(5) a=3.264 (1) 112 (6) 041 {2) 100 486 -
c=4552(3)

100
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Fig. 6. Taking into account this amorphous peak, the crystallinity of
the 400 °C pattern was estimated to be 92%.

A similar investigation was performed on small particles (size
less than 0.5mm). Fig. 9 presents the activation curves at 200 °C,
225°C, 250°C, 275°C and 300°C under 20 bars of hydrogen
pressure.

The differences between the curves are their shape and incuba-
tion period. At 200 °C, the activation curve shows a long incubation
period (27 h) before starting to absorb hydrogen. However, once
started, the hydrogenation is relatively fast, reaching 2.2 wt% (2.0 Hf
M) capacity. Increasing the temperature to 225 “C reduces drastically
the incubation period. At 250 °C, the full capacity is reached after 5 h.
At 300 °C, the kinetics is even faster, and the full hydrogenation is
reached after only 5 min. Such a variation of incubation period with
temperature may suggest an Arrhenius-type mechanism. To verify
this, we plotted on Fig. 10 the incubation period as a function of
1000/T. The procedure to determine the incubation period is ex-
plained in the supplementary file.
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Fig. 10 presents the variation of In t (incubation period) as
function of the inverse of temperature, It is seen that the experi-
mental points follow a linear relationship between 1/T and In ¢

Fig. 10 confirms that the incubation period follows an Arrhenius
law. Arrhenius equation is expressed by:

Ea
InK = InA — —
RT' (1)
Where K is the rate coefficient, A is the frequency factor, R is the gas
constant 8.314 J/(mol K), E, is the activation energy in J/mol and T is
the temperature (Kelvin). At the end of the incubation period the
reaction is complete, and we should have:

Table 4
Crystal structure parameters of the BCT phase for as-crushed TVZrHMSb alloy hydrogenated at 300 °C and 400 “C under 20 bars. Error on the last significant digit is indicated in
parentheses,
Temperature (°C) Cell Volume {A%) Lattice parameter {A) Crystallite size {nm) Microstrain (%) Rup Amorphous
300 48.23 (3) a=3257 (8) 92(2) 0291} 430 -
C=4.546 (2)
400 48,66 (9) a=-3287(2) 305(7) - 537 8%
- 4505 (5)
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Kt=1, (2)

Thus, for the onset point (period when the incubation is com-
plete} we have:

—Int = Ink (3)

From the fitted values of Fig. 10, we get Ex =241 + 8 k]fmol Ha.
To our knowledge, this the first time an Arrhenius mechanism is
proved for incubation period of the first hydrogenation of a metal
hydride. A closely related example is the amorphous phase trans-
formation in bulk metallic glasses thar also obeys Arrhenius equa-
tion. The activation energies found in these cases range from 200 kJf

Journal of Alloys and Compounds 861 (202 } 158615

20
'5@'18-
§7 &
-
— i
E 1.24 A
- " o f
E & 1 bar L]
Y osd & 2 bar :
7 & 20 bar . s
g .
'g_ﬂ-.-t-
=
0.0+ . oot
o1 1 :u lcrlu 1000
Time (sec)
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mol to 453 kjjmol which is the same order of magnirude of the
present resule [31-33].

Fig. 11 presents the XRD patterns of the small particles (size less
than 0.5 mm) upon hydrogenation at different temperatures under
20 bars of hydrogen pressure. Their corresponding crystal para-
meters are reported in Table 5.

It is clear that the crystal structure doesn't depend on the tem-
perature, the hydride phase is BCT for all temperatures. All the
patterns correspond to activation at 200, 225 and 250 °C have BCT
crystal structure with almost same crystal parameters except for the
crystallite size which decreases with increasing temperature. An
amorphous phase is present in the 275 °C and 300 "C patterns. There
is also a small unidentified peak at around 36°. As no reduction of
capacity and absence of amorphous phase was seen for particles
bigger than 0.5 mm, it seems that both particle size and temperature
are factors for the appearance of amorphous phase upon hydro-
genation. We saw that small particle size produces small crystallite
size. At higher temperatures, the kinetic is faster and the material
may not have time to mechanically adjust to the new phase and
break. A smaller crystallite size means a higher proportion of grain
boundaries. The grain boundary is amorphous and probably does not
absorb hydrogen. Thus, the hydrogen capacity will reduce with
crystallite size and thus be dependent on the particle size and hy-
drogenation temperature. This could also explain the features of
Fig. 8 where the amorphous content was seen only 8wtk for the
400°C sample. The as-crushed sample is made of particles of all
sizes. Only the smaller ones will partially transform to an amorphous
phase and thus the amorphous proportion is lower than for a sample
exclusively made of small particles.

Table 5
Crystal structure parameters of the BCT phase for particles of size less than 0.5 mm hydrogenated at different temperatures. Error on the last significant digit is indicated in
parentheses.
Temperature (“C) Cell Volume [AY) Lattice parameter (A) Crystallite size [nm) Microstrain () Rop Amorphous
200 48.05(3) a-3253 (1) 13.5 (6} 0291(1) 485 -
c=4.541 (2)
25 4823 1(4) o= 3258 (1) 13.9(7) 033(1) 490 -
= 4545 (2)
250 48.15 (5) a= 3.261 (3} 6.8 (2) 051 (1) 456 -
- 4527 (3)
75 402 (1) 0-3314(3) 6.3 (5) 051 (3) 4m 8%
=4 478 (6)
300 4860 (7) - 3301 (2) 59(2) 041 (2) 305 23%
= 4460 (5)
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Fig. 13. XRD patterns of size less than 0.5 mm hydrogenated at 300 °C under 1, 2 and
20) bars of hydrogen.

3.3.3. Effect of pressure on first hydrogenation

To study the impact of pressure in the crystal structure after
hydrogen absorption, we did the activation of the small particles
{less than 0.5 mm) under 1, 2, and 20 bars of hydrogen pressure at
300 °C. The activation curves are shown in Fig, 12.

We see that activation under 1 bar gives a capacity around 1.2 wt
% (1.1H/M) of hydrogen with 505 of incubation period. As the
pressure increases, the incubation period decreases. The curves of 2
and 20 bars clearly show a two-step mechanism. The first step ends
at about 1.2 wr¥ (1.1 H/M) and corresponds to the final capacity of
the 1 bar curve.

The XRD partterns of the three samples after full hydrogenation
are presented in Fig. 13. The patterns of the 20 bars and 2 bars show
a BCT structure. The pattern for the sample activated under 1 bar
seems to be different than the other two samples. It looks more like
a BCC phase than a BCT, so we tried to fit a BCC but the BCT gave a

Table 6
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vacuum as compared to the as-cast alloy.

better fit. The unit cell parameters for each hydride BCT phase are
presented in Table 6. It should be noted that the a parameter of the
BCT phase decreases with the hydrogenation pressure while the ¢
parameter increases. For the 1 bar hydrogenation the a and ¢ para-
meters are quite close. This means that maybe a BCC phase could
also fit this patter. We therefore fitted the pattern using a BCC and
compared it to the BCT fit. The Ry of the BCC and BCT are respec-
tively 6.469 and 6.632. the lattice parameter of the BCC phase is
3.463 A, avalue that is intermediate between the a and ¢ parameters
of the BCT phase. The unit cell volume of the BCC phase is 41.54 A%,
againvery close to the BCT value of 41.61 A”. Therefore, we think this
structure is maybe at the ‘transition, between a BCT and a BCC. In
this discussion we will assume a BCT phase but it should be mention
that a BCC phase also fit this pattern.

We see that, for the 1bar pattern, the a and ¢ lattice parameters
are very close (¢/a=1.020). The volume of the unit cell is 41.61 A7

Crystal structure parameters of the BCT phase of the particles of size less than 0.5 mm hydrogenated at 300 °C under 1, 2 and 20 bars of hydrogen. Error on the last significant digit

is indicated in parentheses.

Pressure Cell Volume (A™) Lattice parameter [A) Crystallite size (nm) Microsirain (%) Rwp Amorphous

1 bar 4161 (8) a=-3442 (2] 83(5) 038 (3) 423 -
c=3512(3)

2 bars 4701 (6) 4= 3.349 (2) 3505 0.27 (2) 454 -
c=4191 (3}

20 bars 4860 (7) o- 330 (2) 50(2) 041 {2) 345 23%
c=4460 (5)
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Table 7
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Crystal structure parameters of particles of size less than 0.5 mm dehydrided at 350 °C under vacuum as compared to the as-cast allay, Error on the last significant digit is

indicated in parentheses.

Cell Volume [A%) Lartice parameter [A) Crystallite size (nm}) Microstrain (%) Ry

As-cast 1814 (2] 136 143 (3) 0.08 (1) 467
33663 (4)2 (1)

Desorption of activated at 300 “C 4182 (3) 34711 (7} 12(1) 014(2) 556

which gives a volume expansion of the lattice compared to the as-
cast BCC of 3.47 A%, Taking into account that the volume taken by a
hydrogen atom is between 2 and 3 A%, we could estimate the amount
of hydrogen in the BCT hydride phase. The amount of hydrogen is
berween 0.6 wt% and 0.9 wtk which is smaller than the measured
capacity in Fig. 12. For the 2 bars sample, the volume expansion of
the BCT phase is 8.87 A” that is transformed to a capacity between
1L.6wrk and 2.4 wt% (1.47-2.2 H/M) which agrees with the measured
capacity (1.7wt® or 1.57 H/M)) shown in Fig. 12. A higher volume
expansion is obtained under 20 bars. That translates to a capacity
between 1.95 wiX (1.8 H/M) to 29wtk (2.7 H/M). But as the pattern
shows a degree of crystallinity of 77% then the capacity should be
between 1.5wt% (1.38 H/M) and 2.2 wt¥ (2.0H/M) which is in the
range of the measured value.

3.34. Study of stability of the hydride phase

The hydrogenated sample of particles of size less than 0.5 mm
and activated under 20 bars of hydrogen pressure 300 "C were used
to investigate the stability of the BCT hydride phase. After reaching
full hydrogenation, the sample was subjected to vacuum for wo
hours at 300 °C. XRD measurements (not shown) confirmed that no
desorption occurred. To achieve desorption, the temperature had to
be raised to 350°C and the sample kept under dynamic vacuum for
two hours. In Fig. 14, the XRD pattern of the dehydrogenated sample
is shown and compared to the as-cast alloy.

It is clear that the hydride BCT phase reverted to BCC upon de-
hydrogenation at 350°C under vacuum. To check if there is still
hydrogen in the retained BCC phase, the Rietveld refinement was
done, and the results are reported in Table 7.

We see that the volume of the BCC phase is slightly larger after
dehydrogenation as compared to the as-cast state. This may indicate
a small amount of hydrogen is still in solid solution in the BCC phase.
Again, assuming a volume of hydrogen atom between 2 and 3 A, the
amount of hydrogen in solid solution is estimated to be between
0.63 and 0.96 hydrogen per metallic atom (H/M ) which translate to a
capacity between 0.7 wt% and 1.0wt%. The fact that this alloy retains
hydrogen even after heating under dynamic vacuum at 350 °C could
be explained by the very high stability of the binary hydrides of the
raw elements. Amongst all these elements, vanadium has the
highest plateau pressure in the range 0 < H/M < 1 of about 10 kPa.
The plateau pressure of the other pure elements ranges from 1 kPa
down to a fraction of one Pascal [34]. Considering that the vacuum
level in our Sieverts apparatus is of the order of a few kPa, it is
reasonable to assume that the alloy is not totally dehydrided. Re-
cently, a similar result was obtained, showing that hydrogen is
trapped in a stable sites after desorption [35].

4. Conclusion

The effects of particle size, pressure and temperature on the first
hydrogenation of TiVZrHfND high entropy alloy were investigated. It
was found that particles smaller than 0.5 mm of diameter activate
quickly but, for bigger particle size the dependence of activation
time on particle size is not clear. Upon hydrogenation the BCC
structure is transformed to BCT irrespective of particle size, tem-
perature and pressure. The temperature dependence of activation

time and more particularly the incubation period is much clearer. It
was found that the incubation period follows an Arrhenius relation,
with E; = 241 + 8 kjfmol Ha. We observed that, upon hydrogenartion,
an amorphous phase could be formed. This formation seems to de-
pend on the hydrogenation temperature and particle size. Small
particles get amorphized at lower temperature. However, more ex-
perimental evidences are needed to confirm this hypothesis. For
example TEM and high resolution synchrotron may help to confirm
the presence of an amorphous phase.

CRediT authorship contribution statement

Salma Sleiman: Investigation, formal analysis, writing-original
draft. Jacques Huot: Conceprualization, Validation, formal analysis,
writing review & Editing.

Declaration of Competing Interest

The authors declare no conflice of interest.

Acknowledgments

We would like to thank A. Lejeune for electron microscopy ex-
periments. This investigation was supported in part by a dicovery
grant from the Natural Sciences and Engineering Research Council of
Canada.

Author contributions

All experiments, except electron microscopy, were performed by
S. Sleiman under the supervision of |. Huot.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jallcom.2021.158615.

References

[

R. Prabhukhot Prachi. M. Wagh Mahe
ey Power +
2] NAA Rusman M. Dahari, A rev ie'x
material for solid-s
{2016} 1210812
13] I3 Sakintuna, F. Lamar:-Darkrim, M. Hirscher, ﬂr_l.]
hydrogen storage: a review, Ini. |. Hydrog. Ene
4] A, Zizitel. A, Remhol, A, Borgschulie, O, Friedrichs,
rier Philos. Trans, K. Soc, Lond. & "L*alh

LA :m.'l-:w an solid state hydrogen sto-

1 -2

rhe EIJI'I'“I'II pr.:n.{’e: of metal hydr deq
5, Int. |. Hydrog. Energy 41

de materials for solid

en; the future en-
g Sci 368 (2010)

r. Int. |. Hydrog, Energy

W, Zhu, T, Huang. X. Zeng. W, Ding, Hydre
by tured ZMgH: 200 powde effect of

. Int, | Hydrog. Energy 44 [2019) | 5158,

i 5I' drogenation improvement of TiFe by adding ZrMn2. Energy 138

5. an, ydrogen storage propert
'|'|g.'|.ﬁ|.r.|i'.| -0.2.4, 8 and 12}, Inorgani

[2017) BG,

'mrh Addition .nn wi

104



5, Sleiman and J. Huor

[9] C Zhang, ¥. W L You, X. Cao, Z Lu, X. Song. Imvestigation on the activation
mechanism of hydrogen absorption in T2rNbTa high entropy allay, | Alloy,
Compd. 781 (2019) 613-620.

110} J. Huot, Kinetics and Thermodynamics, in: A, Léon (Ed.), Hydrogen Technology:
Mobile and Portable Applications, Springer Berlin Heidelberg, Berlin, Heidelberg.
2008, pp. 4 1-500.

|11] A. Schoeemann, |.L White, 5. Kang. 5. Jeong, LE Wan, ES. Cho, TW. Heo,
D. Prendergast, |, Urban, B.C Wood, M.D, Allendorf, V, Stavila, Nanostructured
metal hydrides for hydrogen storage, Chem Rev. 118 (2018) 10775-10839,

[12] X Yu, Z, Tang, D. Sun, L Duyang, M, Zhu, Recent advances and remaining chal-
lenges of nanostructured materials for hydrogen storage applications, Prog
Mater, Sci. 88 {2017) 148,

[13] |, 7hang. Y. Zhw, H, Lin, ¥ Liw ¥, Zhang, 5. LI, Z, Ma, L 1. Metal hydride nano-
particles with ultrahigh structoral stability and hydrogen storage activity de-
rived from microencapsulated nanoconfinement, Adv, Mater, 20 (2017} 1700760,

[14] M, Baicerzak. Hydrogenation properties of manocrystalline TiVMn body-cen-
tered-cubic alloys, Int. |, Hydrog, Energy (2019),

[15] S, Couillaud, H. Enoki, 5. Amira, |-L Bobet, E, Akiba, . Huot, Effect of ball milling
and cold rolling on hydrogen storage properties of nanocrystalline TiV]. 6Mni. 4
allay, | Alloy. Compd. 484 (2000) 154-158.

116] J. Huot, H. Enad, E. Akiba, Synthesis, phase transformation. and fydrogen storge
properties of ball-mifted TVO. SMnl. 1, J. Alloy, Compd. 453 (2008) 203-209,

[17] M. Balcerzak, Structure and hydrogen storage properties of mechanically alloyed
TiV alloys, Int. |, Hydrog, Energy 42 (2017) 23688-23707,

[18] BK Singh G, Shim, 5-W, Cho, Efects of mechanical milling on hydrogen storage
properties of TiD, 320, 43V0. 25 alloy, Int |, Hydrog, Enenry 32 {2007) 4061 4065,

[19] | Hu, H, Shen, M. Jiang, H. Gong, H, Xiao, Z. Ly, G, Sun, X. Zu, A DFT study of
Ty drogen storage in high-entropy alloy TZrHScMo, Nanomaterials 9 (2019) 461,

{200 L Kunce, M. Polanski, | Bystraycki. Structure and hydrogen storage properties of
a high entropy ZrTiVOrFeNi alloy synthesized wsing Laser Engineered Wet
Shaping (LENS), Int. ], Hydrog. Energy 38 (2013) 12180-12189,

[21] M.Sahlberg, D. Karlsson, C Zlotea, . Jansson. Superior hydrogen storage in high
entropy alloys, Sci. Rep. 6 (2016) 36770,

[22] € Zlotea, MA. Sow. G Ek P Couzinié. L Permire, L Guillot, J. Bourgon
KT Mailer. TR Jensen, E Akiba, M. Sahlberg, Hydrogen sorption in TiZrNbHITa
high entropy alloy, ). Alley. Compd. 775 (2019) B67-674.

105

Journal of Alloys and Compounds 861 (2021 | 158615

[23] DE. Miracle, ON. Senkov, A critical review of high entropy alloys and related
concepts, Acta Mater. 122 (2017) 448-511,

[24] ON. Senkov. DB. Miracle, K] Chaput, |-P. Couzinie, Development and ex-
ploration of refractory high entropy alloys—A review. | Mater. Res. 33 (2018)
3002-3128,

[25] W.Zhang, PK. Liaw, Y, Zhang, Science and technology in high-entropy alloys. Sci,
China Mater, 61 (2018) 2-22,

[26] E. Fazakas, V. Zadorcehnyy, L Varga, A Inoue, D Lowzguine-Luzgin, F Tian,
L. Vitos, Experimental and theoretical study of TE2Z0Zr20HE20NB20=20 (X= V or
Cr) refractory high-entropy alloys, Int, ). Refract, Metal Hard Mater, 47 (2014)
131-138,

|27] A. Bruker, Topas V3: general profile and structure analysis software for powder
diffraction data-user's manual; Bruker AXS, Karlsruhe; Coehlo AA (2007 ) TOPAS
academic, Coelho Software, Brisbane, in, 2005,

[28] 5 Khajavi, M. Rajabi, |. Huot, Crystal structure of as-cast and heat-treated Tif,
5Zil). 5 (Mnl-xFex) Cri, x= 0, 0.2, 0.4, ], Alloy. Compd, 767 (2018) 432438,

|29] Y. Nakamura, E Akiba, Hydriding properties and crysial structure of NaQ-type
mong-tydrides formed from Ti-Y-Mn BCC salid solutions, | Alloy. Compd. 345
[2002) 175-182.

|30] D. Karisson, G. Ek. ). Cedervall, C. Zlotea, K.T. Maller, T.C Hansen, ). Bednarcik,
M. Paskevicius, M.H. Serby. TR, Jensen, Structure and hydrogenation properties
of a HINbTIVZr high-entropy alloy, [norg. Chem, 57 (2018) 2103-2110,

[31] @, Gao, | L1 B Zhang, A Horsewell, | Jlang, Y. Zhou, Second amorphous-to-
crystalline phase transformation in CuG0TI202r20 bulk metallic glass, |, Phys,
Condens, Matter 19 (2007} 246206,

[32] D, Ouyang. N. LL L Liv, Seructural heterogeneity in 3D printed Zr-based bulk
metallic glass by selective laser melting, |, Alloy, Compd. 740 (2018] 603-609,

[33] M. Qi H. Fecht, On the thermodynamics and kinetics of oystllization of a
Zr-Al-Ni-Cu-based bulk amorphous alloy, Mater, Charact, 47 (2001) 215-218,

[34] E Zwzek |. Abriata, A San-Martin. F. Manchester, H-Zr{hydrogen-zirconium),
Phase Diagrams of Bimary Hydrogen Alloys. ASM International, Member/
Customer Service Center, Matemals Park, OH 440730002, USA, 2000, pp.
309-322,

[35] MM, Mygdrd WA Slawidski. G Ek MH. Serby. M. Sahiberz DA, Keen
B.C. Hauback, Local order in high-entropy alloys and associated deuterides - a
total scattering and Reverse Monte Carlo study, Acta Mater. 1969 {2020 504-513,



molecules

Article 2

[MDPI

Article

Microstructure and First Hydrogenation Properties of
TiHfZrNb1«xVix Alloy for x=0,0.1,0.2,0.4, 0.6 and 1

Salma Sleimanand Jacques Huot *

Citation: Sleiman, S.; Huot, . Micro-
strocture and First Hydrogenation
Properties of TIHEZrND.Va= Alloy
forx=0,0.1, 02 0.4, 0.6 and 1.
Muolecules 2022, 27, 1054, httpsjf
doiorg/10.3350/molecules27031054

Academic Editor: Ewa C.E.

Rimnebro

Received: 4 January 2022
Accepted: 2 February 2022
Published: 4 February 2022

Publisher's Note: MDFPI stays neu-
tral with regard to jurisdictional
claims in published maps and mstitu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPL Basel, Switzerland.
This arficle is an open access article
distributed under the terms and con-
ditions of the Creative Commaons At-
tribution (CC BY) license (hittps://cre-

ativecommons.org/licenses/by/4.0/).

Hydrogen Research Institute, Université du Québec i Trois-Riviéres, 3351 des Forges,
Irois-Riviéres, QC G9A 5H7, Canada; salma.sleimané@irh.ca
* Correspondence: jacques huotduqtr.ca; Tel.: +1-819-376-5011 (ext. 3576)

Abstract: The effect of the substitution of Nb by V on the microstructure and hydrogen storage
properties of TiHfZrNbixViwalloys (x = 0.1, 0.2, 0.4, 0.6 and 1) was investigated. For x = (), the alloy
was pure BCC and upon the substitution of niobium by vanadium, the BCC was progressively re-
placed by HCP and FCC phases. For x = (1.6, a C15 phase was also present and becomes the main
phase for x = 1. The substitution greatly enhanced the first hydrogenation and makes it possible at
room temperature under 2() bars of hydrogen. The capacity of all substituted alloys was around 2
wt.%.

Keywords: metal hydrides; high entropy alloys; BCC; V substitution; kinetics

1. Introduction

Metal hydrides are known as one of the most practical solutions of hydrogen storage
as they store hydrogen safely with high volumetric density under mild temperature and
pressure [1]. Recently, high entropy alloys (HEAs) have attracted attention as novel ma-
terials for hydrogen storage. HEAs are multiple principal elements as described by Cantor
et al. [2] and Yeh et al. [3]. The random distribution of the elements in HEAs provides a
large diversity of local environments for hydrogen. The vastness of compositions in HEAs
offers a large opportunity to tune their properties to practical applications [4,5].

One of the earliest studies of HEA-based metal hydrides was conducted by Kao and
al. [6]. They carried out a systematic investigation of the effects of different x, y, and z
values on the hydrogen properties of CoFeMnTi.V,Zr: alloys (0.5£x <2, 04y £3.0, and
0.4 <z < 3.0). All samples had a C14 Laves phase structure and could absorb hydrogen at
room temperature after a prior heat treatment. After heat treatment at 400 °C, the CoFeM-
nTiVZrzs alloy had a maximum capacity of 1.79 wt.% at room temperature under 9.8 bars
of hydrogen. The hydrogen absorption kinetics was greatly enhanced for the alloys with
higher amounts of Ti and Zr. This enhancement was explained by the large atomic radii
of Ti and Zr compared to that of V. Adding more Ti or Zr enlarges the size of the intersti-
tial sites, and in turn, the lattice expansion that facilitates the hydrogen diffusion [6]. Chen
et al. investigated the C14-CrosFecMnuTiuVyZr: alloys [7]. A heat treatment at 400 °C was
performed before the kinetic measurements. The kinetic measurements were conducted
for each composition at different temperatures of 5, 25, and 80 °C under 9.8 bars of hydro-
gen. The Fe-free alloy CrMnTiVZr showed the highest maximum capacity of 2.23 wt.% at
5°C [7]. The alloys VasTisnCrasMnie, VasTinCrasFesMns, and VasTiwCrsFew were studied by
Liu et al. [8]. The samples had mainly a body-centered cubic (BCC) structure. The
VasTinCrzsMnuo readily absorbed hydrogen at room temperature after heating at 100 °C,
but the other alloys showed an incubation time [8]. Yang et al. systematically studied the
(VEe)w(TiCrCo)uwZrx alloys for x =0, 1, and 2 [9]. All alloys were able to absorb hydrogen
at room temperature, reaching a full capacity of 3.5 wt.% in 15 min, without prior heat
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treatment [9]. Sahlberg et al. showed that the BCC TiVZrNbHf alloy has a hydrogen stor-
age capacity of 2.5 H/M (2.7 wt.%) at 300 °C [10]. Such capacity was explained by hydro-
gen occupancy in both tetrahedral and octahedral sites in the fully hydrided body cen-
tered tetragonal (BCT) structure [10]. Ek et al. investigated 21 alloys with compositions
related to TiVZrNbHI [11]. After heating at 340 *C for 2 h in a dynamic vacuum, most of
these alloys absorbed hydrogen at room temperature under 40 bars of pressure, reaching
a full capacity of H/M = 2. However, when V was partially or completely removed, the
kinetics became too slow. After several days of hydrogen exposure of 40 bars at room
temperature, TiVosZrNbHE reached only H/M of 1.3. TiZrINbHE, TiZrNb, TINbH{, TiZrHf,
and ZrNbH( alloys required heating at 500 °C instead of 340 °C and hydrogenation at 300
°C instead of room temperature [11]. We see that, in all these previous investigations, a
heat treatment was needed before the first hydrogenation. However, for practical pur-
poses, it would be preferable to perform the first hydrogenation at room temperature.

Recently, we investigated the effect of the particle size, hydrogenation temperature,
and hydrogenation pressure on the kinetics absorption of the TiVZrNbHI alloy [12]. The
sieving of particles to a size less than 0.5 mm made the alloy absorb hydrogen below 300
*C. At 200 °C, a long incubation period of 27 h was needed before the alloy started to
absorb hydrogen. However, once started, the hydrogenation was relatively fast, reaching
a 2.2 wt.% (2.0 H/ M) capacity. In another work, we selected the transition elements of
period 4 to synthesize the Tio:VosMno:Fes:Nias alloy [13]. Two synthesis methods were
used: arc melting and ball milling. Irrespective of the synthesis method, the alloy absorbed
hydrogen at room temperature under 20 bars of hydrogen without any prior heat treat-
ment.

In this study, we substituted Nb by V in the TiHfZrNb1<V 1= alloy. The reason for this
substitution is that V is lighter than Nb. Thus, the hydride could potentially have a higher
gravimetric hydrogen storage capacity. Here, we report the investigation of the crystal
structure and hydrogen storage properties of TIHEZrNb1=Vi alloys (x = 0.1, 0.2, 0.4, 0.6,
and 1).

For each alloy, we calculated the thermodynamic, geometric, and electronic parame-
ters for phase formation rules. The thermodynamic parameter is characterized by the ratio
of the entropy of mixing over the enthalpy of mixing (= T ASmex/AHmx) of the alloys. The
geometric parameter b is a function of the atomic size difference of the constituent ele-
ments., The electronic parameter VEC gives the valence electron concentration of the alloy.
The expression for each parameter is given in [14]. Table 1 lists the values of ASmex, AHms,
0, and & for each investigated alloy. The value of VEC was 4.4 for all investigated alloys.

Table 1. The parameters ASmix, AHmix, 0, and & for the TiHfZrNbi. Vi alloys (x=0, 0.1, 0.2, 0.4, 0.6,
and 1).

x Value ASmir AHu 0 & %
J.K'mol-! kJ.mol™
Criteria for solid solution [15] Maximum -11to5 =1.1 =6.6
0 13.38 0.1e 192 6.56
0.1 13.37 —0.13 235 6.99
0.2 13.31 —0.40 76 7.13
0.4 13.10 -0.97 30 7.39
0.6 12.74 -1.51 19 7.64
1 11.08 -2.36 9 5.08

We can see that ASm= decreased with x, reaching the lowest value for the Nb-free (x
=1) allov. AHmix and 2 also decreased with x and their values satisfied the conditions for
the formation of solid solution phases. In the case of &, it increased with x and was the
maximum for x = 1. VEC was 4.4 for all alloys and this value favors the formation of the
BCC structure over the face-centered cubic (FCC) structure [16]. According to the O and
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VEC values, all the selected compositions fulfilled the conditions for the formation of the
BCC phase. However, referring to & values, the formation of intermetallic compounds is
expected.

2. Results and Discussions
2.1. Microstructural Study

Figure 1 shows the backscattered electron micrograph of TiIHfZrNb1.V1. alloys for x
=0,0.1, 0.2 0.4,0.6, and 1.

Figure 1. Backscattered electron (BSE) micrograph of the TiHEZrNbrVi alloys for x =0, 01L1, 0.2,
(0.4, 0.6, and 1.

The bulk chemical composition for each sample was confirmed by EDX measure-
ments to be equal to the nominal values. From Figure 1, it is clear that all compositions
had a dendpritic structure, but the microstructure changed with x. The TIHEZrNbV alloy (x
=0) was made of light grey dendrites surrounded by darker grey regions and a few darker
(almost black) spots. A slight substitution of Nb by V (x = 0.1) made the dendrites much
brighter, but also smaller. All the substituted alloys were found to be multiphase, showing
a matrix with bright and dark phases. For total substitution (x = 1), the dark phase disap-
peared.
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Using EDX at a higher magnification, the chemical compositions of the individual
phases were measured on the selected points presented in Figure 2.

Figure 2. BSE micrographs of the TiHfZrNbi.Vi alloys for x=0, 0.1, 0.2, 0.4, 0.6, and 1 with higher
magnification. x =0 is from [12] with permission.

In a previous investigation, it was shown that the equiatomic sample TIHEZINDV is
asingle phase BCC with a range of composition. This variation of composition is the origin
of the change in grey shade seen in Figure 2 for x=0[12].

The other micrographs show that the alloys are made of a main phase, thereafter,
called the matrix and indicated by point number 1, a bright phase (point 2), and a dark
phase (point 3). For x = 1, no black region was present, but there was a bright grev phase
(point 4). The chemical compositions of points 1, 2, and 3 are listed in Tables 2, 3, and 4,
respectively.
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Table 2. EDX analysis showing the elemental composition of the matrix (point 1) of the TiHfZrNb:-
Vi alloys for x =0, 0.1, 0.2, 0.4, 0.6, and 1. Error on all values was 1 at.%.

X Ti (at.%) Hf (at.%s) Zr (at.%) ND (at.%) V (at.%)
0 20 19 19 22 20
0.1 21 18 18 20 23
0.2 21 18 18 21 22
0.4 20 17 19 14 30
0.6 23 18 20 9 30
1 12 18 16 0 54

From Table 2, it can be seen that for x = 0, the matrix had a composition very close to
the nominal one. For x = 0.1, the composition was again very close to the nominal one. For
x = 0.2, the composition was still very similar to the composition of x =0 and 0.1. For x =
0.4, we could see an important increase in vanadium content and a corresponding de-
crease in niobium. The other concentrations of the elements were still close to nominal. At
x=0.6, the matrix showed a strong depletion of niobium and an increase in titanium when
compared to x = 0.4. Finally, for x = 1, the vanadium content was much higher than the
nominal one and the titanium content was lower. From this, we can see that subsfitution
of Nb by V does not result in a smooth variation of the matrix composition. Vanadium
seems to be more abundant, while titanium was less abundant than what was expected
from a linear variation of the element’s concentration with x.

The atomic compositions of the bright phase (point 2) are listed in Table 3. It is clear
that the bright phase (point 2) was rich in Hf and Zr and depleted in Nb and V. From x =
0.1 to 0.6, the composition was almost constant, but there was a slight decrease in Nb
proportion and a slight increase in Zr propertion, keeping the Zr + Nb proportion con-
stant. For x = 1, the propertion of vanadium was much higher than for the other composi-
tions.

Table 3. EDX analysis showing the elemental compesition of the bright phase (point 2) of: Ti-
HfZrNb1xVis alloys for x = 0.1, 0.2, 0.4, 0.6, and 1. Error on all values was 1 at.%.

X Ti (at.%) Hf (at.%) Zr (at.%) Nb (at.%) V (at.%)
0.1 15 42 36 5 2
0.2 15 40 38 3 2
0.4 14 43 37 4 2
0.6 14 41 41 2 2

1 13 38 36 0 13

The atomic compositions of the dark phase (point 3) are presented in Table 4. This
phase was not present for x = 1. We could see that the dark phase was V-rich and its com-
position was nearly constant for all values of x.

Table 4. EDX analysis showing the elemental composition of the dark phase (pomt 3) of: HEZrNbi-
«Vis alloys for x=0.1, 0.2, 0.4, and 0.6. Error on all values was 1 at.%.

X Ti (at.%) Hf (at.%2) Zr (at.%) Nb (at.%) V (at.%)
0.1 14 6 7 12 6l
0.2 14 7 10 12 57
0.4 14 7 8 9 62
0.6 17 8 8 8 59

For the bright grey phase (point 4, only for x = 1) of Figure 2, its atomic composition
was 26Ti-24Hf-26Zr-24V, which was very close to the equiatomic composition.
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2.2, Crystal Structure
Figure 3 presents the XRD patterns of all compositions in their as-cast state,
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Figure 3. X-ray diffraction patterns of the as-cast TiHfZrNbi..Vi-. alloys for x =0, 0.1, 0.2, 04, 0.6,
and 1. The bottom (red) line of each pattern is the residue of Rietveld refmement.

For x = 0, the erystal structure was pure BCC. Other phases appeared upon the sub-
stitution. The abundance of each phase as determined by Rietveld refinement is reported
in Table 5. For x= 0.1, 0.2, and 0.6, the main phase was the BCC phase along with a HCP
phase and a minor amount of a FCC phase. As x increased from 0.1 to 0.6, the abundance
of the BCC phase decreased, the HCP phase increased, and the FCC phase had roughly
the same abundance. Atx=0.6, a C15 Laves phase appeared. For complete substitution of
Nb by V, C15 becomes the main phase along a BCC phase.

Table 5. Abundance in wt.% of each phase m the TIHfZrNbi. Vi alloys forx =0, 0.1, 0.2, 04, 0.6,
and 1. The number in parentheses is the error on the last significant digit.

X 0 0.1 0.2 04 0.6 1
BCC 100 80 (1) 76 (2) 59 (2) 38 (3) 31 (1)
HCP 14 (1) 17 (1) 29 (2) 35(3)

FCC 6 (1) 7 (1) 11 (1) 10 (1)
CI5  er e 16 (2) 69 (1)

The crystal structures seen in the diffraction patterns could be correlated to the chem-
ical compositions of phases given by EDX. For x = 0.1 to 0.6, we could associate the matrix
(point I) to the BCC crystal structure.
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The bright phase (point 2) could be associated with the HCF crystal structure for x=
0.1 to 0.6. From the chemical composition of the bright phase shown in Table 3, we could
infer that the structure tyvpe of this HCP phase was HfosZros. The phase diagram of Hf-Zr
indicates that these two elements are totally miscible and have a HCP structure. The bright
phase seen in the present samples was mainly made of hafnium (41% on average) and
zirconium (38% on average). Therefore, the bright phase could be associated with a HCP
phase of the chemical composition 0.14Ti-0.41Hf-0.38Zr—0.04Nb-0.02V.

For the patterns x =0.1 to 0.6, a FCC phase was identified. From Figure 2, we can see
that the dark phase is the only possibility of matching this phase. From Table 4, the aver-
age composition of the dark phase was 0.15Ti-0.07H{-0.08Zr-0.1Nb-0.6V.

For x=0.6 and 1, a C15 phase was identified in the diffraction pattern. In the case of
x=0.6, the only possibility was to assume that some of the dark regions in the micrographs
are associated with this C15 phase and some others to a FCC phase. In fact, the x = 0.6
composition of the dark phase was 0.17Ti-0.08Hf-0.08Zr-0.08Nb—0.59V. This is very close
to the composition of the dark phase for x = 0.1 to 0.4, but here, the atomic abundance of
group 5 atoms (V and Nb) was exactly 0.67, while the total abundance of group 4 atoms
(Ti, Zr, and Hf) was 0.33. The C15 phase had a structure of ABz, where A is a hydride
forming element and B is a non-hydride forming element. Thus, we can assign this phase
to a C15 structure (space group Fd-3m) where Ti/Zr/Ht are assigned to the 8b site (A at-
oms) and the B atoms V/INb are on the 16c site. It is known that Laves phases are related
to BCC. For example, Hao et al. have shown by molecular dynamics that a perfect C15
cluster could be embedded in BCC iron [17].

For x = 1, the situation is more complex. The C15 phase is the most abundant phase
in the diffraction pattern. Compared to Figure 2, it is most likely to be the matrix with a
composition of 0.12Ti-0.18H{-0.16Z1-0.54V that could be written as TiossHfossZrosVie,
This is relatively far from an AB: stoichiometry as most likely Ti, Zr, and Hf share the
same site. The bright grey phase (point 4) seen in Figure 2 is assocdiated with the BCC
phase. The stoichiometry of that phase was 26Ti—0.24H{-0.26Zr-0.24V.

The crystal structure parameters of the BCC phase as determined by Rietveld refine-
ment are tabulated in Table 6 with the average atomic radius of this phase. The chemical
composition of the BCC phase was taken from the EDX measurements for each x. The
BCC phase is the matrix for x =0.1 to 0.6 and the bright grey phase for x=1.

Table 6. Crystal structure parameters of the BCC phase in the TiHfZrNbi..Vi-x alloys for x =0, 0.1,
0.2, 0.4, 0.6, and 1. Error on the last significant digit is indicated in parentheses.

Lattice Pa- . . . .
Cell Volume Crystallite Microstrain Average Radius .
BCC . rameter . Ratio
(A3) . Size (nm) (%) (pm)
(A)

0 37.99(2)  3.362(1) 9.9 (2) 1.01 (3) 147 2.29
0.1 37.92(3)  3.360 (1) 30 (2) 0.31 (D) 146.1 230
0.2 3751(3) 3347 (1) 25 (3) 0.35 () 146.2 2.29
0.4 37.01(3)  3.333(1) 10.5 (6) 0.23(2) 1455 2.29
0.6 3679 (6)  3.326(2) 4.1(7) 1459 2.28

1 39.81(3)  3.415(1) 25 (5) 0.38 (2) 1485 230

The chemical composition of the BCC phase changes with x, but not in a linear fash-
ion. However, from Table 6, we can see that the ratio of the average radius over the lattice
parameter was practically constant.

The crystal structure parameters of the HCP phase are presented in Table 7. The lat-
tice parameters of all samples were roughly constant with x. This is expected because, as
shown in Table 3, the chemical composition for the HCF phase was almost the same for
all samples.
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Table 7. Crystal structure parameters of the HCP phase in the TIHEZrNbi.Vi-x alloys for x=0.1, 0.2,
0.4, and 0.6. Error on the last significant digit is indicated mn parentheses.

HCP Cell Volume Lattice Crystallite Size Microstrain
(A3) Parameter (A) (nm) (%)
0.1 45,57 (3 a=3.202(1) 38 (9 0.14(2
: =7 (3) c=5.132(2) ©) 14(2)
a=3.199 (1) o _
0.2 45.38 (3 41 (10 0.13(2
3) c=5.121(2) 10) @
_ a=3.201(1) _
04 45.46 (3) C—5123 ) 22 (2) 0.07 (2)
=3203(1
0.6 45.57 (3) a=3.203(1) 20 e,
c=5.129(2)

The crystal structure parameters of the FCC phase are shown in Table 8. The lattice
parameter of the FCC phase was almost the same for all compositions. This is consistent
with the fact that the chemical composition of this phase is constant, as shown in Table 4.
For this phase, the microstrain was refined, but the results were always zero within the

experimental error.

Table 8. The crystal structure parameters of the FCC phase in the TiIHEZrNb 1=V alloys for x = 0.1
to 0.6. Error on the last significant digit is indicated in parentheses.

FCC Cell \-Zolume Lattice ) Crystallite Size
(A3) Parameter (A) (nm)

0.1 91.61 (1) 4.508 (3) 16 (3)

0.2 91.33 (1) 4503 (2) 22 (5)

04 91.25 (1) 4502 (2) 15 (2)

0.6 91.74 (6) 4511 (1) 53 (17)

The crystal structure parameters of the C15 phase are shown in Table 9. The lattice
parameter of C15 phase increased with x. However, the main differences were the crys-
tallite size and microstrain. For x= 0.6, only the microstrain could be refined. All attempts
to refine the crystallite size provided unrealistic numbers. This is similar to the one en-
countered for another AB: alloy [18]. It has been shown that when crystallite size is im-
possible to refine, the microstrain reflects a variation of chemical composition. This is also
most likely the case here. Because the chemical composition varies within the dark phase,
the crystal may adopt the FCC or the C15 structure. It should be pointed out that in the
Rietveld refinement of the C15 phase for x = 1, the occupancy factor of vanadium was
refined. The refined occupancy was 0.84, which translates to an abundance of 55 at.%. This
value was very close to the measured value of 54 at.% in Table 2. This means that the C15
phase of x = 1 has an important number of vacancies on the B site.

Table 9. Crystal structure parameters of the C15 phase in the TiHfZrNb1«V1+. alloys for x = 0.6 and
1. Error on the last significant digit is indicated in parentheses.

C15 Cell Vo'olume Lattice ) Crystallite size Microstrain
(A3) parameter (A) (nm) (%)
0.6 397 (1) 7.350 (7) 0.63 (4)
1 412.0(2) 7.441 (1) 21.1(6)
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2.3. First Hydrogenation

The first hydrogenation (activation) of the TiHfZrNbi«Vi:= alloys for x = 0, 0.1, 0.2,
0.4, 0.6, and 1 was performed at room temperature under a hydrogen pressure of 20 bars
without any prior heat treatment. Results are presented in Figure 4.

2.0
5 4
; o
2 184 |
= f
S “ |
E= a
;& 1.2- I
g 58— x=0
< o x=0.1
© 0.8+ —a—x=0.2
g ¥ v x=04
:E-N + x=06
a %=1 |
00{ #&=—8 89" '-*
L | = A= ® LA 0 8 R | W LR e R LR |
1 10 100 1000
Time (sec)

Figure 4. Activation curves of the TiHfZrNbi. V- alloys for x =0, 0.1, 0.2, 0.4, 0.6, and 1.

The first hydrogenation for x = 0 is impossible at room temperature [10,12]. Substi-
tuting niobium by vanadium provided a good hydrogen uptake with 25 s of incubation
time and fast kinetics. Surprisingly, even if the heavy element Nb was replaced by the
lighter element V, there was a slight downward trend for the capacity with increasing x.
Additionally, the incubation time and kinetics were essentially the same for all substituted
alloys. The TiHfZrV: alloy did not show any incubation time. The disappearance of the
incubation time could be related to the predominant C15 phase.

The crystal structure of the hydrided alloys were investigated by XRD. The results
are shown in Figure 5.
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Figure 5. XRD patterns of the TiHFZrNbi. Vi« alloys in the hydrogenated state for x = 0.1, 0.2, 0.4,
0.6, and 1. The bottom (red) line of each pattern is the residue of Rietveld refinement.

For x=0.1, 0.2, 0.4, and 0.6, the crystal structure was essentially BCT with HCP and
FCC as a secondary phase. It has been reported that BCT is the structure adopted by a
tully hydrided BCC high entropy alloy [10,12]. For the x = 1 sample, the main phase was
C15 and BCT was the minor phase. The crystal structure parameters and the abundance
of each phase in all hydrogenated samples as determined by Rietveld’s analysis are pre-
sented in Table 10. To show the relative contribution of each phase to the pattern, Figure
6 shows the details of the pattern with the most phases present (x = 0.6).

Table 10. The crystal parameters of each phase in the hydrogenated TIHfZrNbi..V1+« alloys for x =
0.1,0.2 04, 0.6, and 1. Error on the last significant digit is indicated in parentheses.

& { ot Cell 5 Lattlc: Crystallite Micro- ;:bun-
e ase Volume (A%) i Size (nm)  Strain (%) i
(A) (%o}
) a=23.286(2) ] sk
BCT 4790 (6 8.1(5 0.48 (2 76 (1
@ o ©) @ 76
0.1 =3.255(1
HCP w88 2 >0 151 e 11 (1)
c=5435(2)
FCC 95.8 (2) 4574(2) .. 033(2) 13(1)
BCT v, == 3'2_73 (2) 7.5 (6) 049 (2)  73(2)
s c=4.419 (3)
’ =3.246(1
HCP 49435 ° @ 170) e 14 (1)
c=5418 (2)
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Figure 6. Rietveld refinement details of the XKD pattern of the hydrogenated TiHEZrNbo«V1.s alloy.

Basically, the same phases were present in the hydrided and as-cast patterns. From
Table 10 and referring to Table 5, we can see that for x = 0.1 to 0.6, except for x = 0.4, the
abundance of the FCC phase in the hydrogenated samples was higher than the abundance
in the as-cast samples. For x = 0.4, the abundance of the FCC phase in the hvdrogenated
sample had relatively the same abundance as in the as-cast sample. From x = 0.1 to 0.2, the
abundance of the HCP phase in the hydrogenated samples was close to the abundance in

the as-cast samples. However, the HCP phase was less abundant in the hydrogenated
samples for x = 0.4 and 0.6. The BCT phase abundance was relatively the same abundance
as the BCC phase for x = 0.1 and 0.2. However, its abundance was higher than the BCC
abundance for x= 0.4 and 0.6. Regarding the C15 phase for x = 0.6, the amount of the hy-
drided C15 phase was much lower than that in the as-cast (4% vs. 16%).
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In the case of x = 1, we can see that the hydrogenated alloy had a 31 wt.% BCT phase,
which corresponds to the abundance of the BCC phase (31%) in the as-cast alloy. There-
tore, BCC was completely transformed into BCT upon hydrogenation. For the C15 phase,
similar to the as-cast state, the occupancy factor of the B site corresponded to a vanadium
abundance of 57 at.%.

Concerning the HCP phase and referring to Table 7, we can see that the crystallite
size of this phase decreased upon hydrogenation for x = 0.1 to 0.4, but it increased for x =
0.6. No microstrains were found in the hydrogenated samples of x= 0.1 to 0.4, while a
microstrain of 0.29% appeared for x = 0.6. For the C15 phase and using Table 9, the crys-
tallite size in the hydrided C15 was greater than that of the as-cast when x = 1.

As the unit cell volume of all phases in the hydrided state was larger than in the as-
cast state, we could use the volume increase to estimate the hydrogen capacity. Consider-
ing that a hydrogen atom prodiices a volume expansion between 2 and 3 A?, the estimated
amount of hydrogen in each phase was determined from the volume expansion AV of
each hydrided phase. The results are shown in Table 11.

Table 11. The variation of volume AV and the estimated range of hydrogen in each phase in the
hydrogenated TiHfZrNb1.Vie alloys for x=0.1, 0.2, 0.4, 0.6, and 1.

AV Estimated AV Estimated ) Estimated AV Estimated
of Amount of H of Amount of H in of F‘I;C Amount of H of Amount of Hin
B?T in BCT H.,CP HCFP (43 in FCC C615 C15
(A5) {wt.%) (A3) (wt.2a) (wt.%) (A5) {wt.%)
0.1 9.98 1.87to 2.8 4.31 0.6 t0 0.89 4,19 053t0079 ...
0.2 9.54 1.83t0 275 4.05 0.57 to 0.85 3.07 037to 056 ... L.
04 9.85 191 to 2.88 4.09 0.56 to 0.84 2.65 033t005 ... Ll
0.6 10.68 2.09 to 3.14 5.76 0.8tol.2 1.92 0.24to 0.36 37 0.76 to 1.14
1 9.19 1le8to23532 ... R, 80.8 1.7 to 2.55

Taking into consideration the abundance of each phase in the hydrided samples, the
estimated amount of hydrogen is shown in Table 12.

Table 12. Estimated capaaty of the phases in the hydrided samples.

0.1 0.2 04 0.6 1
Estimated
amountof Hin . 33 1461022 1410212 14510218 1.69t02.54
th_e hydr]_de . L B L8 I . L I . {5 I o 0 L,
(wt.%)
Measured capac- ) ) ) )
_ 21 2.1 21 2 1.95
ity (wt.%)

This table dearly shows that the measured capacities of all samples were in the mid-
dle of the estimated range. We could estimate that, on average, a hydrogen atom takes a
volume of 2.7 A2, This is very close to the volume expansion of estimation of 2.9 A* that
Peisl found for a wide range of materials [19]. Using 2.7 A for the hydrogen volume in
the crystal structure, we estimated the H/M ratio for each phase. We found that the BCT
phase had a ratio close to 2, and the HCT phase had a ratio between 0.75 and 1. Surpris-
ingly, the FCC H/M ratio for x=0.1, 0.2, 0.4, and 0.6 was 0.39, 0.28, 0.24 and 0.18, respec-
tively. We also observed that the FCC phase took up less and less hydrogen as x value
increased. Regarding the C15 phase, for x = 0.6, the H/M was 0.57 while for x =1, the H/M
was 1.25.

For x = 0.1 to 0.6, most of the capacity came from the BCT phase. This is because the
estimated amount of hydrogen in the hydride BCT was higher than that of the hydride
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HCP and FCC phases and also because BCT was the most abundant over the hydrided
phases. For x = 1, the estimated amount of hydrogen in the hydride C15 phase was higher
than that of BCT. Additionally, C15 had the highest abundance (69%) compared to BCT
(31%). Therefore, most of the measured capacity came from the C15 phase. Referring to
the activation curves of Figure 4, one can correlate the absence of the incubation time to
the presence of the C15 phase as the main phase.

The TiHfZrV: alloy was selected to study its dehydrided state. The choice of this
composition is because it is the total substituted sample, and its synthesis is relatively easy
compared to the other samples. However, studying the stability of the other hydrided
compositions is planned for a future paper. After reaching full hydrogenation, the sample
was subjected to vacuum for two hours at 350 *C. XRD measurements (not shown) con-
firmed that no desorption occurred. Thus, the temperature was raised to 400 °C and the
sample kept under dynamic vacuum for two hours. The XRD pattern of the dehydrogen-
ated sample is presented in Figure 7. The very high background is due to a special sample
holder that kept the powder under an argon atmosphere.

s C15 Diff]

Intensity (a.u)

Ui

30 40 50 60 70 80 90
26 (%)
Figure 7. XRD pattern of the TiHfZrVz alloy (x = 1) dehydrided at 400 °C under vacuum.

We could see that only the C15 phase was present in the desorbed patterns; no BCC
or BCT phases were seen. The reason is that the BCC/BCT phases were most probably
‘buried’ under the high background. The volume of the C15 phase as determined by
Rietveld refinement was 443.8 A% The volume of the C15 phase after dehydrogenation
was larger than that of the C15 phase in the as-cast state (412.1 A%, This indicates that
there is still hydrogen in the C15 phase. Assuming a volume of hydrogen atom of 2.7 A3,
the hydrogen still present is 0.73 wt.% (0.49 H/M). This means that the sample is not fully
desorbed even at 400 °C under vacuum. This could be explained by the high stability of
the binary hyvdrides of the raw elements where vanadium has the highest plateau pressure
in the range 0 < H/M <1 of about 10 kFa. A temperature higher than 400 °C is needed for
full deserption, but this is over the limit of our apparatus.

3. Materials and Methods

All the raw materials, Ti sponge (99.95%), Hf sponge (99.6%), Zr sponge (99.5%), Nb
pieces (99.8%), and V pieces (99.7%) were purchased from Alfa Aesar (Tewksbury,, USA)
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and used as received. After mixing all raw elements in the desired proportion, each alloy
was prepared by arc melting under 0.7 bars of argon. Each pellet was melted, turned over,
and remelted three times to ensure good homogeneity. Before the hydrogenation meas-
urements, the as-cast alloy was hand-crushed under an argon atmosphere using a hard-
ened steel mortar and pestle. The first hydrogenation of all alloys was measured at room
temperature under 20 bar hydrogen pressure on a homemade Sievert's apparatus. The
powder was filled in the reactor and kept under dynamic vacuum for one hour at room
temperature before the measurement. The crystal structure was determined by X-ray dif-
fraction using a Bruker D8 Focus with Cu Ka radiation. Lattice parameters were evaluated
from Rietveld refinement using Topas software [20]. Microstructure and chemical analysis
were performed using a Hitachi Sul510 scanning electron microscope (SEM) (Hitachi,
Mississauga, Canada) equipped with an EDX (energy dispersive X-ray) apparatus from
Oxtord Instruments (Abingdon, UK).

4. Conclusions

The effect of the substitution of Nb by V on the microstructure and hydrogen storage
properties of the TiIHIZrNb1=Vi= alloy for x =0, 0.1, 0.2, 0.4, 0.6, and 1 was investigated.
For x = 0, the alloy was pure BCC. All alloys with substitutions were multiphase. Upon
substitution of niobium by vanadium, the BCC was progressively replaced with HCF and
FCC phases. For high values of x, a C15 phase was present and became the main phase
for x = 1. We found that substitution of Nb by V greatly enhanced the first hvdrogenation
and made it possible at room temperature under 20 bars of hydrogen. The BCC phase
transformed to BCT in the fully hydrided state. For hydrogen storage purposes, the opti-
mum amount of substitution seems to be the total substitution where there is no Nb in the
allov.
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Abstract: The hydrogen storage properties of a mult-component alloy of compeosition Tig 3V sMng 2
Fey 1Nigq were investigated. The alloy was synthesized by arc melting and mechanical alloying,
resulting in different microstructures, It was found that the as-cast alloy is multiphase, with a main
(14 Laves phase matrix along with a BCC phase and a small amount of Ti; Fe-type phase. The
maximum hydrogen storage capacity of the alloy was 1.6 wt.%. We found that the air-exposed
samples had the same capacity as the as-cast sample but with a longer incubation time. Synthesis
by mechanical alloying for five hours resulted in an alloy with only BCC structure. The hydrogen
capacity of the milled alloy was 1.2 wt.%, lower than the as-cast one. The effect of ball milling of the
as-cast alloy was also studied. Ball milling for five hours produced a BCC structure similar to the one
obtained by milling the raw materials for the same time.

Keywords: hydrogen storage; C14 Laves phase; mechanical alloying; kinetics

1. Introduction

Hydrogen is considered an attractive energy vector for renewable energies. However,
its storage in a safe, compact, and inexpensive way is still an important issue. A variety
of hydrogen storage systems are possible: liquid, compressed gas, physisorption on high
specific surface area materials, and metal hydrides [1-3]. Among these techniques, metal
hydrides in which hydrogen forms a chemical bond with the metal atoms are attractive
due to the high volumetric density and moderate operation conditions [4].

In 2004, Cantor et al. [5] and Yeh et al. [6] independently proposed the concept of high
entropy alloys (HEAs). HEAs are an advanced type of multi-component alloy system [7].
The definition of HEAs is usually based on composition or configurational entropy. From
the composition-based definition, HEAs contain at least five principal elements, each with
an atomic abundance between 5 and 35%. Based on entropy, HEAs are alloys having
configurational entropies greater than or equal to 1.5 R, where R is the gas constant. An
alloy fitting one of these two definitions could be considered a HEA. However, these
definitions should be considered guidelines and not laws. Because of the nature of HEAs,
they have interesting properties such as high thermal stability, good ductility, high strength,
good corrosion resistance, etc., [8].

Recently, HEAs have been considered for hydrogen storage [9-12]. Kunce et al. stud-
ied the high entropy alloy ZrTiVCrFeNi prepared by laser engineered net shaping (LENS).
This alloy was mainly C14 Laves phase with small amount of &-Ti phase. After heat treat-
ment at 500 °C, the maximum hydrogen capacity was found to be 1.8 wt.% under 100 bars
of hydrogen at 50 “C. Additional heat treatment at 1000 “C had no effect on the crystal
structure but reduced the capacity to 1.56 wt.% under the same absorption conditions [¥].
Kunce et al. also examined another high entropy alloy TiZrNbMoV [10]. Depending on
LENS synthesis conditions, this alloy exhibited different phase compositions. The pre-
dominant BCC TiZrNbMoV alloy absorbed only 0.59 wt.% under 85 bar at 50 “C without
prior heat treatment [10]. However, the multiphase alloy prepared with a higher laser
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power absorbed 2.3 wt.%% of hydrogen in less than 25 min under the same hydrogenation
conditions [10]. Sahlberg et al. investigated the alloy TiZrHFNbV and found that it could
absorb 2.7 wt.% of hydrogen at 300 “C [12]. They pointed out that hydrogen desorbed com-
FletE‘l}’ at 500 “C under vacuum [13]. Kac et al. prepa.red by arc rne]ting CnFe]k-'l.nTixVerz
alloys which have a single C14 Laves phase. The maximum capacity was 1.8 wt% at room
temperature with prior heat treatment at 400 °C [14]. Zepon et al. synthesized by high
energy ball milling a nanocrystalline MgZrTiFeg sCop sNig s HEA with a single BCC phase.
This BCC alloy absorbed 1.2 wt.% at 350 “C under 20 bars of hydrogen [15]. These results
indicate that HEAs have interesting hy drogen storage properties.

In the present work, the transition elements of period 4, Ti, V, Mn, Fe, and Ni, were
selected. They are not all strong hydride forming elements, but not using the heavier
elements of periods 5 or 6 means that the gravimetric hydrogen storage capacity may
be higher. The composition was selected by taking into account the thermodynamic,
geometric, and electronic parameters.

The phase formation is thermodynamically controlled by the Gibbs free energy AG.
AG can be determined by Equation (1):

AGmix = AHpmiy — TASqpi, (1)

where AH,;;, is the enthalpy of mixing, A5, is the entropy of mixing of the alloys and T
is the absolute temperature. ASyix and AHpmix are calculated according to Formulas (2) and
(3), respectively [5,16]:

N
ASmix = —R )  GiInG;, (2)
=1
where K is the gas constant (8.314 J-mol~1.K~1), N is the number of elements of the alloy,
and C; is the percentage of each element of the alloy.

M .
AHyae = Y. 4AHRE GG, (3)
i=1i 4]
where A ’“‘”‘ is the binary enthalpy of equiatomic AB alloy taken from [17].
Yang E!.l'ld Zhang proposed a dimensionless parameter () that combines the effects of

ASmi and AHpg [18]. Q1 is defined as:

Tm ﬂSrn:i_x

9
|'&Hm'u|

(4)
where Ty, is the melting temperature of the alloy determined by the rule of mixtures:

T =Y ot 4 Gil(Tm)is )
where (T); is the melting temperature of the it" element.

The geometric parameter is characterized by the atomic size difference & of the con-
stituent elements. & is calculated using the following relation [19]:

2

5% = 1:11‘}:4 Z C; ( mj (6)

where r; is the atomic radius of element i.
Empirically, it was found that when {1 = 1.1 and § < 6.6%, the formation of solid
solution phases are suggested [18].
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The electronic parameter is the valence electron concentration (VEC) of the constituent
elements. VEC predicts the phase selection between FCC and BCC type solid solutions [20].
It is given by Equation (7):

N
VEC = Z Gi(VEC),, (7)
=1

where (VEC); is the VEC for the ith element, which is the number of total electrons in the
valence band including d electrons. The VECs of for Ti, V, Mn, Fe, and Ni are, respectively
4, 5,7, 8, and 10. A value of VEC smaller than 6.87 means that BCC phase formation is
favored over FCC [20].

Based on the criteria {1, 5, and VEC, we selected the composition Tip 3V 3Mny 2 Fep 1 Nig 1.
For this composition, AH,;, is equal to —12.84 k]-mol~1 and AS,,;, is 1251 . K Imol ],
giving ) =1.84. § was calculated to be 5.4% using the atomic radii taken from [21]. VEC value
was found to be 5.9 (data taken from [22]), which means that the BCC phase is most likely to
occur. The aim of this investigation was to study the crystal structure and hydrogen storage
properties of Tip 3V 3Mng ;Fep 1Nig 1 alloy synthesized by arc melting and ball milling. The
effect of ball milling the as-cast alloy was also examined.

2. Maternals and Methods

All raw materials, Ti sponge (99.9%), V pieces (99.9%), Mn chunks (99.9%), Fe pieces
(99.9%), and Ni pieces (99%) were purchased from Alfa Aesar The Tig 3V 3MngsFep1Nig,
alloys were prepared by arc melting and by mechanical alloying after mixing all raw
elements at the desired proportions. The subscripts mean the mole fractions of the con-
stituent elements. The melting was done under (1.7 bars of argon. Each pellet was melted,
turned over, and remelted three times to ensure good homogeneity. The as-cast alloys were
hand-crushed using a hardened steel mortar and pestle. Ball milling was carried out on
a SPEX high energy mill 8000 M in a hardened steel crucible and balls. The ball-to-metal
mass ratio was 10 and milling was done for 1, 5, and 10 h. The crucible was loaded in an
argon-filled glovebox. The hydrogen sorption properties were measured using a home-
made Sievert’s apparatus. The powder was filled in a reactor and kept under dynamic
vacuum for one hour at room temperature before its exposure to hydrogen. The crystal
structure was determined by X-ray powder diffraction using a Bruker D8 Focus with Cu
Ko radiation. Crystal structure parameters were evaluated from Rietveld refinement using
Topas software [23]. Microstructure and chemical analysis were performed using a Hitachi
5ul510 scanning electron microscopy (SEM) equipped with an EDX (energy-dispersive
X-ray) apparatus from Oxford Instruments. The relative abundance of each phase was
evaluated from micrographs using Image] software [24].

3. Results and Discussions
3.1. Microstructural Study

Figure 1 shows the backscattered electron micrograph of as-cast Tip 3V 3Mng  Fep 1 Nig 1
allow.

The different shades of grey indicate a multiphase alloy. Using Image], the area
percentages for the bright, grey, and dark grey phases were found to be, respectively 66%,
25%, and 9%. Being the dominant phase, the bright phase is thereafter called “matrix".

The chemical composition of the alloy was determined by EDX measurement. Table 1
shows the bulk measured atomic abundance compared to the nominal composition. We
see that the bulk measured composition agrees with the nominal one.
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Figure 1. Backscattered electron (BSE) micrograph of as-cast Tig 3V 3Mng 2 Fep 1 Nig 1 alloy.

Table 1. Bulk atomic abundance: nominal and as measured by EDX of as-cast Tig 3V Mg 5 Feg 1 Nig 4
alloy. Error on the last significant digit is indicated in parentheses.

Element (at.%) Ti v Mn Fe Ni
Nominal 30 30 20 10 10
Measured 20.4 (3) 30.8 (1) 19.1(2) 10.4 (1) 103 (2)

Using EDX, we also measured the chemical composition of each phase. The EDX point
analysis was performed at a higher magnification on the regions presented in Figure 2.

Figure 2. B5E micrograph of as-cast Tiy, 3V sMny ; Feg 1 Nig 3 alloy.

In this micrograph, the matrix, grey, and dark grey phases are indicated by points
number 1, 2, and 3, respectively. Their chemical composition is listed in Table 2.
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Table 2. EDX analysis showing the elemental composition of all the phases of as-cast
Tig aVpaMng 2 Fep 1Mip 1 alloy. Error on all values is 1 at. %.

Element (at.%) Ti v Mn Fe Ni

Matrix (Point 1) a2 23 19 11 15
Grey phase (Point 2) 16 51 21 9 3
Dark grey (Point 3) 51 13 11 11 14

The matrix is relatively close to the nominal composition, only slightly depleted in
vanadium and rich in nickel. The major constituent of the grey phase is vanadium while
titanium is the main element in the dark grey phase. Nickel and iron are mainly in the
matrix and dark grey phase. Iron is uniformly distributed over all phases.

3.2, Crystal Structure

Figure 3 presents the XED patterns of TigzVp3Mng2Fep1Nipy alloy in as-cast state.
The following phases were found to give the best Rietveld refinement fit for this pattern:
C14 Laves phase (space group Péz/mmc, structure tvpe MgZnz), BOC phase (space group
Im-3m, structure type W), and Ti;Fe type phase (space group Fd-3m:2, structure type TizNi).
The lattice parameters and the abundance of these phases are presented in Table 3.
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Figure 3. X-ray diffracion patterns of as-cast TinaVoaMnp 2 Fep 1 Nip 1 alloy. The bottom curve is the
difference between calculated and measured intensibes.

Table 3. Crystal parameters and abundance of each phase of as-cast TinaVoaMnp 2Feg 1 Nio 1 alloy.
Error on the last significant digit is indicated in parentheses.

Ph Unit Cell Volume Lattice Parameter Crystallite Size Micro-Strain Abundance
ase 3 o o
A A nm o Yo
. a= 4.8000 (4) =~
Ci4 164.958 (3) c = 7.9651 (9) 125 (48) 0.04 (1) 79
BCC 26.58 (1) 29841 (5) 31 (5) 17
Ti.Fe 1418 (3) 11.234 (8) 4
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Correlating the abundance of the phases as measured by Image] software with the
percentage of phases as determined by Rietveld’s analysis, we see that the C14 phase may
be associated with the matrix. From Table 2, the matrix composition could be written
Tip 96 Vo.coMng s7Fep.33Nip4s. For the relatively close composition Tii Vo s4aMng g1 Fep 15Nip 4,
Song et al. found that the crystal structure was C14 [25]. Therefore, it is reasonable to
associate the C14 crystal structure with the matrix phase. In their analysis, Song et al.
assigned Ti to the 4f site and the other atoms were evenly distributed on the other two sites
(2a and 6M) [25]. From the chemical composition of the matrix presented in Table 2, we see
that the same assignation could be done here.

The abundance of the BCC phase roughly matches the abundance of the grey phase.
Again, using Table 2 we could assume that the BCC phase has a composition of Tig 15V 51
Mnyg 21 Fep geNip o3 This is supported by the fact that there is a wide range of Tiy_y VxMny
that has the BCC structure [26-34]. The least abundant phase (dark grey) has a composition
that could be writtenr as Tij 53V 30Mng 33Fep 33MNig 42 The diffraction pattern indicates the
presence of a TizFe-like phase, which roughly matches the abundance of the dark grey
phase. As TixNi is the structure type of TizFe, it is reasonable to assume that the dark
grey phase has the TizFe structure with vanadium most likely substituted for Ti and Mn
substituting for Ni/ Fe.

According to the criteria used for (1, 6, and VEC, the as-cast Tig 3V 3Mng sFep 1Nig 1
alloy should adopt a BCC phase. However, the main phase found is the C14 phase instead
of BCC. One can see that (1 is 1.84 higher than the condition proposed by Yang and
Zhang [18]. However, the absolute of AHp,;, (12.84 k]-mol_n is not small enough for
the entropy effect to be the dominant term. This means that the formation of ordered
intermetallic compounds with solid solution are expected to form [19].

3.3. First Hydrogenation Properties

Figure 4 shows the first hydrogenation (activation) curve of the as-cast alloy. The
activation was performed at room temperature under a hydrogen pressure of 20 bars
without any prior treatment.
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Figure 4. Activation curve of as-cast Tip 3V 3Mny, s Fep 1 Nig y alloy.

The alloy absorbs hydrogen, reaching a maximum capacity of 1.6 wt.% within one
hour. Even if the alloy is multiphase, the activation curve seems to behave as a single-
phase absorption.
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In an attempt to find the crystal structure of the hydride alloy, the experiment was
stopped after reaching full hydrogenation and the powder immediately prepared for X-ray
diffraction. The result is presented in Figure 5. The crystal parameters and abundance of
each phase as determined by Rietveld’s refinement are shown in Table 4.
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Figure 5. XRD patterns of the hydride sample.

Table 4. Crystal structure parameters and abundance of each phase in the hydride sample. Error on
the last significant digit is indicated in parentheses.

Unit Cell Volume Lattice Parameler Crystallite Size Micro-Strain Abundance
Phase 3 A "

nm e %%

a=51091 (1) ;
Ci4 187.85 (9) c= B.2835 (2) 11 (3) .62 (3) 92
BCC .52 3.257 (B) 7 {2} —_— 8

Compared to the as-cast sampie. the abundance of Cl4 increased from 79% to 92%,
while the abundance of BCC phase decreased from 17% to 8%. There was no evidence
of Ti;Fe like phase in the hydride pattern. From the lattice expansion of each phase and
assuming that the volume taken by a hydrogen atom is 2.9 A3 [35], the amount of hydrogen
in each hydride phase could be estimated. Table 5 presents the volume expansion of
the hydride phases with the estimated value of hydrogen per metallic atom (H/M) and
corresponding wt %. We see that, for the C14 phase, the H/M ratio is 2.0, which corresponds
to the dihydride. In the case of the BCC phase, the H/M is 1.4. It is known that upon
hydrogenation a BCC phase adopts a BCT (body centered tetragonal) structure for the
monochydride and an FCC (face centered cubic) dihydride. It is therefore strange that, in the
present case, the BCC phase absorbed up to H/M 1.4 but still maintained the BCC structure.
However, it has been shown that for the HEA ThWVZrHND [12,13] and TiVZrNbHEbased
HEAs the BCT structure could have a H/M of 2. In the present case, the crystal structure is
indexed to a BCC, but the broadness of the peaks and the overlap with C14 peaks makes it
difficult to clearly distinguish between a BCC and BCT structure.
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Table 5. Estimated capacity of the phases in the hydrided sample.

Phase Volume Expansion {A3) H/M Estimated Capacity of the Phase (wt%)
Cl14 229 2.0 1.2
BCC 7o 14 2.6

From Table 5 and taking into consideration the abundance of each phase, the estimated
amount of hydrogen in the hvdride sample is about 1.3 wt.%. This is relatively far from the
measured capacity of 1.6 wt.%. However, as the pattern was taken at room temperature
and in air, there is a possibility that some desorption occurred. Therefore, we can not be
absolutely certain that the pattern shown in Figure 5 is for a fully hydride sample. However,
this is an indication that the hydride phase is probably very stable at room temperature.

3.4. Air Exposure Effect

It is easier to handle the alloy in the air rather than in argon atmosphere. This
stimulated us to study the air exposure effect on the as-cast Tig 3V :Mng 2Feg 1Nig 1 alloy.
Figure & shows the activation curves of the crushed alloy crushed under argon and in air.
After crushing in air, the sample was also further exposed to the air for bwo and five days.
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Figure 6. Activation curves at room temperature under 20 bars of hydrogen of as-cast
TigaVosMng o Fey 1 Nig alloy crushed in argon and air. The sample crushed in air was further
exposed for two and five days.

The sample crushed in argon has 40 s incubation time while the one crushed in air
needed 200 s before absorbing hydrogen. However, the intrinsic kinetic (tangent at mid
capacity) was the same for the samples crushed in air or argon. Surprisingly, two days of
air exposure did not change the incubation time but the intrinsic kinetic was about four
times faster than the sample simply crushed in air. The sample exposed for five days has
the longest incubation time of 1080 s. The intrinsic kinetic was slower than the bwo-day air
exposed but still about three times faster than the air crushed sample. This long incubation
time is probably related to the thick oxide layer caused by the long exposure to air. We
have seen from the TiFe alloy that the presence of some level of oxide could speed up
the intrinsic Kinetics of hydrogenation [36]. The faster intrinsic kinetic of the air exposed
samples may be due to the catalytic effect of the Ti(); layver on the surface. However, this
has to be confirmed in a dedicated investigation. It should be noted that air exposure did
not reduce the hydrogen capacity.
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3.5. Synthesis by Mechanical Alloying

The TigaVgaMngFep1Nig 1 alloy was also synthesized by mechanical alloying. To
synthesize the alloy, the raw materials Ti, ¥, Mn, Fe and Ni were mixed in the desired
proportion and milled for 1, 5, and 10 h. Figure 7 presents the evolution of XRD patterns of
the milled powder.
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Figure 7. XED patterns of Ti-V-Mn-Fe-Ni powders milled for 1, 5, and 10 h.
After one hour of milling, the Bragg peaks from all raw elements are still present. The
five-hour milled pattern shows the formation of a BCC phase. Milling for 10 h leads to

further broadening of the BCC peaks. The diffraction patterns were analyzed by Rietveld’s
refinement and the obtained crystal parameters of the BCC phase are shown in Table 6.

Table 6. Crystal parameters of the BCC phase of the samples milled for 5 and 10 h. Error on the last
significant digit is indicated in parentheses.

Milling Time (hr) Unat CJEESTBlumE Lattice {l:il}ranl-eter Cryst:lrll]‘:ll': Size
5 28.0 (2) 3.035 (6) 2.30 (5)
10 27.7 (4) 3.03 (1) 1.40 (2)

We see that after the formation of a BCC phase, further milling essentially reduces
the crystallite size. Actually, such a small crystallite size means that the structure is very
close to amorphous. For this reason, the first hydrogenation tests were done on the sample
milled for five hours as this sample is most likely to have a true BCC structure. It should be
noted that the lattice parameter of the BCC phase of the ball milled sample is bigger than
the BCC phase of the as—cast alloy by around 1.7%. This may be explained by the fact that
the milled BCC has the exact nominal composition while the BCC formed by arc melting
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is slightly depleted in vanadium (the biggest atomic radius) and enriched in nickel (the
smallest atomic radius).

3.6. Effect of Milling on As-Cast Alloy
We investigated the effect of ball milling for 1, 5, and 10 h on as-cast Tig 2V g 3Mng Fey 1 Nip
alloy. The X-ray patterns are shown in Figure 5.
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Figure 8. X-ray diffraction patterns of as-cast Tig 3V :Mng 2 Fep 1 Nip 5 alloy before and after milling
for1, 5, and 10 h

Before milling, the Tip 3V 3Mng ;Feg 1Nip g alloy was multiphase with Cl14, BCC, and
Ti;Fe-ty pe phases. After milling for one hour, the crystal structure was mainly BCC with
some (14 phase. The peaks of the Ti;Fe type phase could not be identified. After five hours
of milling, only broad BCC peaks were present. A similar result was obtained by Amira
et al. who studied the effect of ball milling on cast TiCry alloys. They found that TiCry
transforms from a mixture of C14 and C15 Laves phases to a metastable BCC phase after
milling five hours under argon [37]. In the present case, as expected, further milling to 10 h
had the effect of decreasing the crystallite size and thus broadening the Bragg's peaks of
the BCC phase. Additionally, the Bragg's BCC peak is shifted to lower angles with milling
time. This is an indication of the increasing lattice parameter of the BCC phase. Table 7 lists
the crystal structure parameters and the abundance of each phase in the cast alloy before
and after milling as given by Rietveld's refinement.

In the case of C14 phase, milling up to 1 h does not significantly change the lattice
parameters and the unit cell volume but it causes an important decrease in the crystallite
size. For the BCC phase, with milling the lattice parameter increases and the crystallite size
is reduced to approximately one nanometer after 10 h.

Milling the cast alloy produced similar results to milling the raw elements. As in the
case of milling the raw elements, we selected the five-hour-milled sample to perform the
hydrogenation test.
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Table 7. Crystal parameters and abundance of each phase in as-cast Tip 2V aMngaFeg 1Nig 1 alloy before and after milling.

Error on the last significant digit is indicated in parentheses.

Milling Time Unit Cell Volume  Lattice Parameter Crystallite Size i
(he) Phase (A%) &) i Abundance (%)
; a=4.8%900 (4)
5 Cl4 164.98 (3) ¢ =7.9651 (9) 125 (48) 79
BCC 26.58 (1) 2.9841 (5) 31(5) 17
Ti-Fe 1418 (3) 11.234 (B) e 4
4.897 (7)
1 Cl4 165.0 (&) 7.989 (2) 13.0(2) 36
BCC 27.02 (1) 3.001 (4) 4.01(2) b4
5 BCC 27.60 (4) 3.02 (1) 1.88 (A) 100
10 BCC 28.60 (4) 3.06 (1) L1z (3) 100

3.7. First Hydrogenation of the Milled Raw Powder and the Alloy

The first hydrogenation of both samples formed after five hours of milling is shown in
Figure 9 and compared to the as-cast alloy. The measurements were performed at room
temperature under a hydrogen pressure of 20 bars without any prior treatment.
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Figure 9. Activation curves of the milled raw powder for five hours, the as-cast alloy further milled
for five hours, and the as-cast one.

The milled raw powder and the as-cast alloy have the same incubation time. The
maximum capacity reached by the milled raw powder sample is 1.2 wt.% H, which is lower
than the capacity of the as-cast alloy (1.6 wt.%). The reduction in capacity is most likely
due to the reduction in crystallite size. Assuming that the grain boundaries are just one
unit cell thick, the grain boundary velume for the five-hour ball milled materials is almost
50%. This grain boundary most probably does not store hydrogen at the same level as the
BCC phase. Therefore, the total capacity is severely lowered. The same effect was seen for
the TiFe alloy [38].

The milled alloy readily absorbs hydrogen without incubation time. In our apparatus,
the first second of absorption is not recorded. Additionally, we see an initial capacity of
0.16 wt.", therefore we assume that the real capacity of the milled alloy should be increased
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by about 0.1 wt.%. Therefore, the total capacity of this alloy is probably around 1.2 wt. %,
which is the same capacity obtained by milling the raw elements for five hours. Figure 10
shows the XRD patterns of the hydrogenated alloys after full hydrogenation.

a BCT milled alloy

=
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=
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Figure 10. XRD patterns of the milled raw powder and milled alloy in the hydrogenated state.

Upon hydrogenation, the crystal structure of both samples is BCT of space group
I4/mmm. Itwas shown by Nakamura and Akiba that the monohydride of the BCC phase
has a BCT (body centered tetragonal) structure [39]. The transformation into BCT instead
of the dihydride FCC could be because of a high hysteresis. From Rietveld’'s analysis, the
crystal structure parameters of the BCT phase for milling the raw materials are the same
as for the milled alloy. The unit cell volume is 30.1 (5) A% a=299(2) Aandc=3.36 (3) A.
The crystallite size is 1.51 (5) nm. The c/a ratio of the BCT phase is 1.12, which is in
agreement with cases where the distortion of the lattice caused by hydrogen is along the
c-axis [40]. Taking into account that each hydrogen atom occupies a volume of 2.9 A3 we
could estimate that the BCC phase in the hydrogenated state has a capacity of around
0.7 wt.%, which is smaller than the measured capacity of 1.2 wt.%. However, as indicated
above, because the X-ray diffraction was under air, there is a likelihood that the sample

partially desorbed.

4. Conclusions

The alloy Tip 3V 3Mny 2 Fep 1Nip 1 was successfully synthesized by arc-melting and
mechanical alloying. The arc-melted alloy has a multiphase structure, with a main C14
Laves phase matrix along with a BCC phase and a small amount of Ti;Fe-type phase. Its
maximum hydrogen storage capacity was 1.6 wt.%. Upon hydrogenation, the TizFe-tvpe
phase disappeared. The initial C14 and BCC phases were converted into the C14 and BCC
hydrides, respectively. The H/M value was 1.4 in the hydride BCC. Air exposure for two
or five days has no impact on the hydrogen capacity but changed the kinetics.

Synthesis by mechanical alloying for five hours resulted in an alloy with BCC structure.
The hydrogen capacity of the milled alloy was lower than the as-cast one. The BCC structure
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transforms after hydrogen absorption (under 20 bars of H;) to monohydride phase “BCT”
and not to dihydride “FCC". The effect of ball milling of the as-cast alloy was also studied.
Ball milling for five hours produced a BCC structure similar to the one obtained by milling
the raw elements for five hours. The first hydrogenation measurements showed that
milling for five hours leads to a faster kinetics compared to the as-cast sample but with a
reduced capacity. The synthesis of Tij 3V 3Mng 2Feq 1Nig1 by arc-melting is better than by
mechanical alloying because arc-melted alloy shows a higher capacity.

Author Contributions: All experiments, except electron microscopy, were performed by 5.5, and
M.M. under the supervision of |.H. ].H. and 5.5. analyzed the results and wrote the paper. All authors
have read and agreed to the published version of the manuscript.

Funding; This research was funded in part by an NSERC Discovery grant RGPIN-2017-06637.

Acknowledgments: We would like to thank Agnes Lejeune for performing the electron microscopy ex-
periments.

Conflicts of Interest The authors declare no conflict of interest.

References

L

2,

10.

11

12

13.

14

15.

16.

17

18.

19,

20.

21.

Anstrom, |. Hydrogen as a fuel in transportation. In Advances in Hydrogen Production, Storage and Distribution; Basile, A., Lulianelli,
A., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 499-524.

Schlapbach, L.; Zittel, A. Hydrogen-storage materials for mobile applications. In Materials for Sustainable Energy; Co-Published
with Macmillan Publishers Ltd.: London, UK, 2012; pp. 265-270. [CrossRef]

Ziittel, A.; Remhof, A_; Borgschulte, A.; Friedrichs, O. Hydrogen: The future energy carrier. Philos. Trans. R. Soc. Lond. A Math.
Phys. Eng. 5ci. 2010, 368, 3329-3342. [CrossRef] [PubMed]

Reilly, J. Metal hydride technology. Z. Fiir Phys, Chem. 1979, 117, 155-184. [CrossRef]

Cantor, B.; Chang, L; Knight, P; Vincent, A. Microstructural development in equiatomic multicomponent alloys. Mater. Sd. Eng.
A 2004, 375, 213-218. [CrossRef]

Yeh, JW.; Chen, 5.K,; Lin, 5].; Gan, .Y,; Chin, TS,; Shun, T.T; Tsau, C.H.; Chang, 5.Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299303, [CrossRef]

Gao, M.C; Yeh, |.-W.; Liaw, PK_; Zhang, Y. High-Entropy Alloys: Fundamentals and Applications; Springer: Berlin/Heidelberg,
Germany, 2016,

Zhang, W.; Liaw, PK,; Zhang, Y. Science and technology in high-entropy alloys. Sci. Ching Mater. 2018, 61, 1-21. [CrossRef]
Kunce, I; Polanski, M.; Bystrzycki, |. Structure and hydrogen storage properties of a high entropy ZrTiVCrFeNi alloy synthesized
using Laser Engineered Net Shaping (LENS). Int. |. Hydrogen Energy 2013, 38, 12180-12189. [CrossRef]

Kunce, L; Polanski, M.; Bystrzycki, ]. Microstructure and hydrogen storage properties of a TiZrNbMoV high entropy alloy
synthesized using Laser Engineered Net Shaping (LENS). Int. [ Hydrogen Energy 2014, 39, 9904-9910. [CrossRef]

Kunce, L; Polariski, M.; Czujko, T. Microstructures and hydrogen storage properties of LaNiFeVMn alloys. Int. [. Hydrogen Energy
2017, 42, 27154-27164. [CrossRef]

Sahlberg, M.; Karlsson, D.; Zlotea, C.; Jansson, U. Superior hydrogen storage in high entropy alloys. Sci. Rep. 2018, 6, 36770.
[CrossRef]

Karlsson, D.; Ek, G; Cedervall, ].; Zlotea, C.; Meller, K.T,; Hansen, T.C; Bednarcik, ].; Paskevicius, M.; Serby, M.H,; Jensen, TR.
Structure and hydrogenation properties of a HINDTiVZr high-entropy alloy. Inorg. Chem. 2018, 57, 2103-2110. [CrossRef]

Kao, Y-F; Chen, 5.-K_; Sheu, |-H.; Lin, |-T; Lin, W.-E.; Yeh, ]-W.; Lin, S-].; Liou, T-H.; Wang, C.-W. Hydrogen storage properties
of multi-principal-component CoFeMnTixVyZrz alloys. Int. |. Hydrogen Energy 2010, 35, 9046-9059. [CrossRef]

Zepon, G,; Leiva, D.; Strozi, R.; Bedoch, A.; Figueroa, 5.; Ishikawa, T.; Botta, W. Hydrogen-induced phase transition of MgZrTiFe
0.5 Co 0.5 Ni 0.5 high entropy alloy. Int. [ Hydrogen Energy 2018, 43, 1702-1708. [CrossRef]

Zhang, ¥.; Zhou, Y].; Lin, |.P; Chen, G.L,; Liaw, P.K. Solid-solution phase formation rules for multi-component alloys. Adn Eng.
Mater. 2008, 10, 534-538. [CrossRef]

Takeuchi, A; Inoue, A. Classification of Bulk Metallic Glasses by Atomic Size Difference, Heat of Mixing and Peried of Constituent
Elements and Its Application to Characterization of the Main Alloying Element. Mater. Trans. 2005, 46, 2817-2829. [CrossRef]
Yang, X.; Zhang, Y. Prediction of high-entropy stabilized solid-solution in multi-component alloys. Mater. Chen. Phys, 2012, 132,
233-238. [CrossRef]

Zhang, Y; Lu, Z.; Ma, 5; Liaw, ['; Tang, Z.; Cheng, Y.; Gao, M. Guidelines in predicting phase formation of high-entropy alloys.
Mrs Commmun, 2014, 4, 57-62. [CrossRef]

Guo, 5.; Ng, C; Ly, |; Lin, C. Effect of valence electron concentration on stability of foc or bee phase in high entropy alloys. |,
Appl. Phys. 2011, 109, 103503, [CrossRef]

Elements, Atomic Radii and the Periodic Table. Available online: http:/ /www.crystalmaker.com/support/ tutorials/ atonic-radii/
(accessed on 12 February 2021).

133



23

24

249,

30.

31

3z

Ptable. Available online: https:/ /www.ptable.com/ (accessed on 12 February 2021).

Bruker, A. Topas V3 General profile and structure analysis software for powder diffraction data—user’s manual. In Coelho
Software; TOPAS Academic: Brisbane, Australia, 2005.

Collins, TJ. Image] for microscopy. Biotechniques 2007, 43, 25-30. [CrossRef] [PubMed]

Deying, 5.; Xueping, G.; Yunshi, Z; Jie, Y.; Panwen, 5. Characteristics of titanium-based Cl4-type Laves phase alloys and their
hydride electrodes. |. Alloys Compd, 1994, 206, 43-46. [CrossRef]

Challet, 5.; Latroche, M.; Heurtaux, F. Hydrogenation properties and crystal structure of the single BCC (Til). 355V0. 645) 100
xMx alloys with M = Mn, Fe, Co, Ni (x =7, 14 and 21). |. Alloys Compd. 2007, 439, 294-301. [CrossRef]

Couillaud, S.; Encki, H.; Anura, 5.; Bobet, J.-L.; Akiba, E.; Huot, |. Effect of ball milling and cold rolling on hydrogen storage
properties of nanocrystalline TiV1.eMn0.4 alloy. [. Alloys Compd. 2009, 484, 154-158. [CrossRef]

Aleksanyan, A.; Dolukhanyan, 5.; Ter-Galstyan, O.; Mnatsakanyan, N. Hydride cycle formation of ternary alloys in TiVMn
system and their interaction with hydrogen. Int. |. Hydrogen Energy 2016, 41, 13521-13530. [CrossRef]

Huang, T.; Wu, Z,; Sun, G.; Xu, N. Microstructure and hydrogen storage characteristics of TiMn2-XVX alloys. Intermetallics 2007,
15, 593-598. [CrossRef]

Nakamura, Y.; Nakamura, |.; Sakaki, K.; Asano, K.; Akiba, E. Hydrogenation properties of Ti-V-Mn alloys with a BCC structure
containing high and low oxygen concentrations. |, Alloys Compd, 2011, 509, 1841-1847. [CrossRef]

Bibienne, T.; Tousignant, M.; Bobet, ].-L.; Huot, ]. Synthesis and hydrogen sorption properties of TiV (2—x) Mnx BCC alloys. |.
Alloys Compd. 2015, 624, 247-250. [CrossRef]

Huot, |; Enoki, H.; Akiba, E. Synthesis, phase transformation, and hydrogen storage properties of ballmilled TiV0. 9Mn1. 1. |
Alloys Compd. 2008, 453, 205-209. [CrossRef]

Huot, |.; Akiba, E.; Ishido, Y. Crystal structure of multiphase alloys (zr, fi)(mn, v) 2. [. Alloys Compd. 1995, 231, 85-89. [CrossEef]
Huot, ].; Akiba, E; Iba, H. Crystal structure and phase composition of alloys Zry _  Ti(Mny _5.\?).)2. J. Alloys Compd. 1995, 228,
181-187. [CrossRef]

Peisl, H. Lattice strains due to hydrogen in metals. In Huydrogen in Metals I; Springer: Berlin/Heidelberg, Germany, 1978; pp. 53-74.
Gosselin, C.; Huot, |. Hydrogenation properties of tife deped with zirconium. Materials 2015, 8, 7864-7872, [CrossRef]

Amira, 5.; Santos, 5.; Huot, ]. Hydrogen sorption properties of Ti-Cr alloys synthesized by ball millmg and cold rolling,
Intermetallics 2010, 18, 140-144. [CrossRef]

Ly, B; Guzik, M.N,; Sarton, 5,; Huot, ]. Effect of ball milling and cryomulling on the microstructure and first hydrogenation
properties of tife+ 4 wt% zr alloy. [. Mater. Res. Technol. 2019, 8, 1828-1834, [CrossRef]

Nakamura, Y.; Akiba, E. Hydriding properties and crystal structure of nacl-type mono-hydrides formed from ti-v—mn bee solid
solutions. |. Alloys Compd. 2002, 345, 175-182. [CrossRef]

Fukai, Y. The Metal-Hydrogen Systent: Basic Bulk Properties; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2006;
Volume 21.

134



Article 4

- materials F’ﬁfy

Article
Enhancement of First Hydrogenation of Ti1V.9Cry g
BCC Alloy by Cold Rolling and Ball Milling

Salma Sleiman ', Anis Aliouat 20 and Jacques Huot 1+

1 Hydrogen Research Institute, Universite du Quebec a Trois-Rivieres, 3351 des Forges,
Trois-Rivieres, OO G9A 5H7, Canada; salma.sleiman@ugtrca
2 Faculty of Sciences, Université de Poitiers, 15, rue de 'Hotel Dicu—TSA 71117,
86073 Poitiers CEDEX 9, France; aliouat.anis7B@pmail.com
*  Correspondence: jacques.huot@irh.ca or jacques. huot@ugir.ca; Tel: +1-819-376-5011 (ext. 3576}
check for
Received: 27 May 2020; Accepted: 4 July 2020; Published: 12 July 2020 updates

Abstract: In this study, we evaluated the effects of a mechanical treatment by cold rolling (CR) and
ball milling (BM) on the first hydrogenation of Tiy Vg oCrq 1 alloy. The as-cast alloy has a body-centered
cubie (BCC) erystal structure, and the first hydrogenation al room temperature under 20 bars of
hydrogen is prachically impossible. However, the samples mechanically activated by CR or BM
readily absorbed hydrogen. The sample cold-rolled for one pass exhibited faster kinetics than the
sample ball-milled for five minutes, but both samples reached the same storage capacity of 3.6 wt
hydrogen. Increasing the amount of rolling or the milling time decreased the hydrogen capacity.
CR is considered the best and most efficient method for the activation of TiiVpeCry 1 alloy.

Keywords: BCC alloys; kinetics; cold rolling; ball milling; |1}rd rogen storage

1. Introduction

Metal hydrides are considered reliable and safe materials for storing hydrogen at a reasonable
temperature and pressure, with relatively low cost and high hydrogen storage volumeltric density [1-3].
Among them, the Ti=V-Cr system has been intensively studied as an attractive material for hydrogen
storage due to its relatively high absorplion capacity of up to 3.7 wi % in mild conditions [4-6].
The Ti-V—Cr system has tunable hydrogen sorption properties due to the wide range of possible
chemical compositions [7-9]. For instance, the cyclic performance of Tiz; sViaCrass alloy was found to
be more durable than that of TizzV2pCrys [5]. Lin et al. found that the Tip sCry 2V alloy have better cyclic
hydrogen propertics than TiCrV alloy [10]. Another example is (TiCry g )6V g, which has the highest
reversible hydrogen capacity among the series of (TiCryg)1 -+ Vr alloys with ¥ = 0.2, 0.6, and 0.8 [9].
However, the Ti-V=Cr system shows slow hydrogen sorption kinetics, and the first hydrogenation is
usually difficult [11]. From a practical point of view, the first hydrogenation (also called activation) is
an important aspect. It may require high pressure and temperature and thus increases the cost of the
hydride. The sluggish first hy drogenation is usually explained by the presence of a surface oxide that
blocks hydrogen diffusion. Generally, to force hydrogen through the oxide layers, activation at high
temperature and high hydrogen pressure is needed [12,13]. There is no formal method to determine the
temperature and pressure of activation. For this reason, we decided to conduct the first hydrogenation
at room temperature and 20 bars of hydrogen. These are the usual working conditions of the alloys.

Alloying Ti=V-Cr alloys with Zr [14=16] or Zr7Niqg [17,18] results in improvement of the activation
and kinetics of absorption. This improvement has been explained by the appearance of a secondary
phase, which acts as a gateway for hydrogen to reach the main phase. Heat treatment could also
enhance the first hydrogenation by changing the alloy’s microstructure [19-21]. Nanocrystallinity,
achieved by ball milling (BM), improves the activation kinetics [22-24], potentially related to the

Materials 2020, 13, 3106; dolk:10.3390/mal13143106 www, mdpl.com/fjournal/materiala
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increase in interfaces and the specific surface area [25]. Small particle size also beneficial affects
activation [26]. In a theoretical investigation, Shelyapina et al. showed that the disordered BCC solid
solution is more stable than the ordered AB; compound [27]. Thus, we expected that our Ti-V—Cr
alloy would have the BCC structure, and the full hydride phase would be the face-centered cubic
(FCC) structure.

Mechanical deformation techniques including BM, cold rolling (CR), high-pressure torsion (HPT),
and equal channel angular pressure (ECAP) are efficient in reducing crystallite size and introducing
defects in materials, which improve the hydrogenation kinetics [25]. Among these deformation
techniques, CR can be considered more promising from an industrial point of view due to its simplicity
and easy scalability [29-32]. In addition, CR is an efficient method for regenerating air-exposed
samples [33,34].

In a previous investigation, we showed that TijVp9Cry1 alloy can be easily activated when a
small amount of Zr (4 wt %) is added to the melt. This easy activation was attributed to the presence of
a Zr-rich secondary phase [14]. Here, we aimed to see if mechanical treatment could be as effective
as the addition of Zr for the enhancement of first hvdrogenation. Thus, the TijVoCrq 1 alloy was
processed using CR and BM, and the effects of mechanical deformation on the first hydrogenation and
microstructure investigated.

2. Materials and Methods

The raw materials Ti sponge (99.95%), V pieces (99%), and Cr pieces (99%) were purchased from
Alfa-Aesar and used without further purification. The alloy was prepared by arc melting after mixing
all the raw elements in the desired proportion. The melting was performed under 0.7 bars of argon.
Each pellet was melted, turned over, and melted three times again to ensure homogeneity. The pellet
was then hand crushed using a hardened steel mortar and pestle in an argon-filled glovebox. The CR
apparatus used was a Durston DRM 130 (High Wycombe, UK) that was modified so the powder
samples could be rolled vertically. Rolling experiments were performed in air by inserting the powder
obtained from hand crushing between two 316 stainless steel plates to prevent contamination from
the rolls. Rolling was performed once, three times, and six times. After the first roll, the powder
consolidated on a plate. The thickness of the plate was about (.5 mm. This plate was then folded in
two and rolled again to the final number of rollings. Thus, a thickness reduction of around 50% was
obtained after each pass.

BM was carried out on a Spex 8000 high energy ball mill (SPEX SamplePrep, Metuchen, NJ, USA)
in a hardened 55 cc steel crucible and balls with a powder-to-ball mass ratio of 1/10. All loadings
and unloading of powder in the crucible were performed in an argon-filled glove box. BM was
performed for 5, 15, 30, and 60 min (BM 5min, BM 15min, BM 30min, and BM 60 min, respectively)
with a vibration frequency of 1060 cycles per minute. After the milling process, the powders were
removed from the crucible in the glove box. The crystal structure was determined by X-ray diffraction
(XRD) using a Bruker D8 Focus (Eruker AXS LLC, Madison, WI, USA) with Cu-Kx radiation. Lattice
parameters were evaluated from Rietveld refinement using Topas software (V6.0, Bruker AXS LLC,
Madison, WI, USA) [35]. Microstructure was investigated using a Hitachi Sul510 scanning electron
microscopy (Hitachi High-Tech America, Dallas, TX, USA). First, hydrogenation was performed at
room temperature (25 °C) under 20 bars of hydrogen pressure using a homemade Sievert’s apparatus.
The samples were filled in the reactor and kept under a dynamic vacuum at room temperature for 1 h
before the measurement. After reaching full hydrogenation, the absorption experiment was stopped,
keeping the sample under hydrogen pressure. After that, the sample was taken for XRD measurement
in the air at room temperature and atmospheric pressure.
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3. Results and Discussion

3.1. Morphology

Figure 1 shows the morphologies of Ti;VgCry 1 alloy in the as-cast state after hand crushing
and CR.
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Figure 1. Scanning electron microscopy (SEM) micrographs of hand crushed (a), CR-1X (b}, CR-3X (c),
and CR-6X (d) of Ti; V4Cry 1 alloy.

The as-cast sample, after hand crushing, consisted of particles ranging from 0.65 to 2.2 mm.
After CR, the sample showed consolidation of the powder. CR the sample one time agglomerated the
powder into plates but with some voids, as presented in Figure 1b. The plates seemed to be porous.
After three times of CR, the voids within the plates disappeared, but some cracks remained. With six
rolling passes, the plate seemed to be more consclidated.

3.2. Crystal Structure

Figure 2 presents the XRD patterns of the as-cast Ti; VoCry 1 alloy and after 1X, 3X, and 6X CE.
All patterns showed a BCC structure (5.G. Im-3m). The crystal structure parameters and the weighted
profile factor R, as evaluated by Rietveld’s refinement, are presented in Table 1.
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Figure 2 XRD patterns of the as-cast, CR-1X, CR-3X, and CR-6X of Ti; Vi 4Cry 1 alloy.

Table 1. Crystal structure parameters and the R“.F. values of the as-cast, CR-1X, CR-3X, and CR-6X of
TiyV5Cryq alloy. Error on the last significant digit is indicated in parentheses.

Unit Cell Lattice Crystallite  Microstrain Phase

Saimple Phiage Volume (A3)  Parameter (4)  Size (nm) (%) Abundance {%) R“?
3.0379 (9)
 BCC 28.04 (2) % 24(2) 97 (3)
Ascast T 36.25 (1) :;i?ﬂ E;l-; 132) 0.26 (1) 3(3) 7.76
CR-1X BCC 28.24 (3) 3.0453 (1) 28(5) 0.40 (1) 100 5.95
CR-3X BCC 2834 (4) 3.0487 (1) 25(4) 0.40 (1) 100 6.07
CR-6X BCC 28.26 (4) 3.0459 (1) 21(3) 042 (2) 100 f.55

As seen in Table 1, crystallite size did not drastically change upon rolling, whereas the microstrain
slightly increased but only for the first rolling. Further rolling did not change the microstrain.
The disappearance of the Ti-phase in the CR patterns after rolling occurred because the crystallite size
of this phase tended to decrease and the microstrain increased. These two factors caused the peak to
broaden. As the Ti phase was already at the limit of detection in the as-cast pattern (the value was
3 = 3%), as the peaks broadened, they became undistinguishable from the background.
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3.3. First Hydrogenation

The first hydrogenation (activation) of the as-cast and cold rolled alloys was performed at room
temperature under 2{) bars of hydrogen and without any prior heat treatment. The activation kinetics
are shown in Figure 3.
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Figure 3. Activation curves of the as-cast, CR-1X, CR-3X, and CR-6X of Ti;V;4Cry 1 alloy.

The as-cast Ti1 Vp9Cr1.1 alloy is hard to activate and did not absorb hydrogen even after 15 h of
hydrogen exposure. Just one pass of CR made the activation possible without any incubation time and
with fast kinetics. Full capacity was reached after only 12 min. The CR-3X sample also demonstrated
good hydrogen uptake but with a slight reduction in capacity. Further rolling to 6X showed a 4 min
incubation time followed by a slower abserption and reduced total capacity. The effectiveness of CR in
activating the TiqV9Crq 1 alloy is still unclear. Considering the crystal structure before and after CR,
one rolling pass did not change the crystal structure of the alloy, and the reduction in crystallite size
was relatively small. Therefore, the reason is something else. CR breaks particles in smaller pieces,
thus producing new surfaces that could be active to hydrogen. However, as CR was performed in air,
the newly produced surfaces would, in principle, oxidize immediately. Nevertheless, the speed of
oxidation could be so slow that the freshly produced surfaces have only very thin oxide, which could
be easily broken during hydrogenation. Figure 3 shows that the capacity after 1, 3, and 6 CR passes are
3.6, 3.3, and 2.9 wt %, respectively. Therefore, the loss of capacity appears to be directly proportional to
the number of rolling passes. Each rolling pass decreased the capacity by about 0.1 wt %. This decrease
is most likely the formation of oxide as the rollings were performed in air.

The crystal structure of the full hydride samples was investigated from XRD patterns. Figure 4
presents the XRD patterns of the hydride samples of CR-1X, CR-3X, and CR-6X of Ti;VjoCrq 1 allow.
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Figure 4. X-ray diffraction (XRD) patterns of hydrogenated of CR-1X, CR-3X, and CR-6X of
Ti1VusCry 1 alloy.

Figure 4 clearly shows that BCC and FCC phases were present in all patterns, but the relative
intensities of both phases are different. Despite the capacity decreasing with increasing number of
rolling passes, no oxide phase was identified in these patterns. For the 6X pattern, the proportion of
oxide should be approximately 17 wt % and should be seen in the diffraction pattern. The absence
of the oxide phase in the patterns may be due to the very small crystallite size of the oxide phase.
Assuming that the oxide phase is a shell around the hydride phase, the oxide’s thickness is about
6% of the radius of the hydride crystallite. As seen in Table 2, which shows the results of Rietveld's
refinement of all hydride patterns, the crystallite size of the FCC hydride phase is 30 nm; this means
that the thickness of the oxide phase could be as small as 0.8 nm. Such a small crystallite size produces
a diffraction pattern with very broad peaks that are effectively indistinguishable from the background.

Table 2. Crystal structure parameters and the R, values of all patterns after hydrogenation. Error on
the last significant digit is indicated in parentheses.

Sariiole Phase Unit Cell Lattice Crystallite Microstrain Phase R
P Volume (A3) parameter (A) Size (nm) (%) Abundance (%) WP
] FCC  79.03 (1) 42914 (2) 202(2) 0.34 (1) 84 (2) _
CRAX  Boc  a084(m) 3.136 (3) 7(2) 0.43 (1) 16.(2) =
] FCC 7890 (1) 4,280 (2) 17.3(1) 0.40 (1) 76 (3)
CR3X  Boc 3065(9) 3130 (7) 40 (6) 0.33 (1) 24 (3) s
. FCC 7861 (1) 4,284 (2) 29 (6) 0.53 (2) 72(2)
CRSX. pec  sn&r () 3130 (2) 49 (6) 0.36 (8) 28 (2) A%
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The abundance of the phase (FCC) decreased with the number of rolls, and this seems to agree
with the decreases in capacity shown in Figure 3. All the hydride patterns had BCC and FCC phases
with almost the same lattice parameters. However, the lattice parameter of the BCC phase was much
bigger than the as-cast BCC phase reported in Table 1. This was an indication that the BCC phase
also contained hydrogen. The volume expansion of the BCC phase was about 2.6 A3, Considering
that a hydrogen atom occupies a volume between 2 and 3 ..&3, and that there are two lattice points
per unit cell, we estimated that the BCC phase contained about 0.5 hydrogen atom per metallic atom
(H/M == 0.5). Since the diffraction patterns were captured in air at room temperature, it is possible that
the samples experienced a partial dehydrogenation. To determine the true crystal structure in the fully
hydrided state, an in-situ diffraction pattern should be recorded.

3.4. Effect of Ball Milling on TiyVgoCry 1 Alloy

As CR was found to be beneficial for activation, we wanted to determine if BM produces the
same effect. For this, the as-cast alloy was milled for 5, 15, 30, and 60 min. The morphologies of the
processed powders are shown in Figure 5.

Figure 5. SEM micrographs of TiyVy; 4Cry 5 alloy before (a) and after 5 (b), 15 (c), 30 (d.e), and 60 min
(f.g) of ball milling (BM).

After 5 min BM, some flat surfaces and formation of smaller particles in the range 0.2-1 mum were
observed. Further milling decreased the size of the particles. Agglomeration of small particles was
observed after 60 min of milling.
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The XRD patterns of Ti; Vi oCryq 1 alloy for different BM times are presented in Figure 6. The crystal
structure parameters and the R*‘-’F" as evaluated by Rietveld’s refinement, are shown in Table 3.
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Figure 6. Diffraction patterns of Tit Vi sCry 1 alloy for different BM imes.

Table 3. Crystal parameters and the Ry, values of Tiy V(4Cry 4 alloy for different ball milling times
compared with the as-cast sample. Error on the last significant digit is indicated in parentheses.

R Phase Unit Cell Lattice Crystallite  Microstrain Phase R

P Volume (A%) Parameter(A) Size (nm) o Abundance (%) "F
3.0379 (9)
BCC 28.04 (2) 24(2) 97 (3)

As-cast T 36,25 (1) :;fff;ﬁj} 13(2) 0.261(1) 3(3) 7.76
BM 5 min BCC 28.29 (3) 3.0471 (9) 205(1) 0.30(1) 100 5.20
BM15min BCC 26.18 (3) 3.0432 (1) 16.1(1) 0.40(2) 100 7.54
BM30min BCC 28.28 (3) 3.0468 (1) 14.5(8) 0.40(1) 100 7.46
BM &0 min  BCC 2832 (% 30481 (1) 12.2 (6) 0401 100 7.30

All the ball-milled samples had a BCC crystal structure. The crystallite size decreased with milling
while the microstrain remained almost constant. The microstrain in the ball-milled samples was almost
identical to that in the cold rolled samples.

The activation curves of the ball-milled samples compared to the cold-rolled sample are presented
in Figure 7.
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Figure 7. Activation curves of Ti;V¢Cryq alloy for different BM times as compared to the 1
cold-rolled sample.

BM enabled the activation of TiyVgCryq alloy. Milling for 5 min significantly improved the
kinetics with a maximum capacity of 3.6 wt % H;. Further milling for 15 and 30 min reduced the
capacity to 2.4 and to respectively 1.7 wt % of hydrogen. Milling for one hour made the sample
completely inert to hydrogen. This behavior is still unclear and suggests that, besides the sample’s
morphology, other parameters impact the activation. The effect of particle size in a BCC alloy was
investigated by Kamble et al. [15]. For the first hydrogenation, they found that particle size affects the
incubation time but has no significant effect on the capacity. Lou et al. found similar results on BCC
Vio(TiCr)s1FegMn alloy [36]. In their study, the particle size was 60 to 500 mesh (0.25 to 0.025 mm) but
they also registered the same hydrogen capacity in the first cycle with a different loss of capacity with
cycling. After 25 cycles, the best performance was obtained for the 400-mesh sample, which lost 11%
of its initial capacity.

Comparing the result of CR-1X with that of BM-5 min, both are beneficial for activation of the
TiyVyoCry alloy, but CR-1X is more effective since full hydrogenation occurs much faster.

In a previous investigation, we showed that an addition of 12 wt % Zr to TijVpoCrqq alloy
produced fast activation kinetics, reaching a maximum capacity of 3 wt % H; within 3 min [14].
Therefore, adding 12 wt % Zr still produces faster kinetics compared to CR-1X but with reduced
capacity. However, using mechanical deformation such as BM and CR does not change the chemistry.
Adding other elements may increase the cost of the alloy and change the chemistry of the BCC phase.
For these reasons, activation enhancement is better achieved by mechanical than by additive treatment.

We observed that the hydrogenation was complete for all BM samples, even if the total capacity
was reduced. To determine the crystal structure of the ball-milled samples after hydrogenation,
we performed XRD patterns, as seen in Figure 8. The crystal structure parameters and the R, p values
as determined by Rietveld refinement, are shown in Table 4.
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Figure 8. Diffraction patterns of Ti;V 9Crq 1 alloy for different BM times after hydrogenation.

Table 4. Crystal parameters and the Ryp values of Tiy Vi, Cry q alloy for different ball milling times
after hydrogenation. Error on the last significant digit is indicated in parentheses.

Unit Cell Lattice Crystallite Microstrain Phase

Activated BM  Phase v}, me (A3)  Parameter (A)  Size (nm) (%) Abundance (%) P
i FCC 7897 (7) 12903 (1) 154(8) 0.35 (1) 79(2) i

: BCC  31.06(7) 3144 (2) 38 (5) 0.34 (1) 1 2) 2
e FCC  7838(1) 4280 (2) 15.8(2) 0.42 (2) 36 (2) Kis

. BCC  2933(5) 3.0841 (2) 8.6 (1) 1.09 (4) 64 (2) 12
— FCC  7849(2) 1282 (3) 140(2) 0.29 (3) 23(2) i

BCC  2875(5) 3.0634 (2) 5.1(3) 0.49 3) 77 @) :
60 min BCC  2815(3) 3.0418 (9) 124(6) 0.40 (1) 100 163

For the 60 min sample, the crystal structure was still BCC, which confirmed that this sample did
not absorb hydrogen, as seen in Figure 7. There was no significant change in the lattice parameter
and crystallite size of this BCC phase, confirming that there was no reaction with hydrogen. All the
other hydride patterns had BCC and FCC phases. The abundance of the FCC phase decreased with
milling time, which agrees with the reduction of hydrogen capacity seen in Figure 7. The unit cell
volume of the FCC phase was practically identical to the FCC phase observed in the hydrogenated
cold-rolled samples. However, the unit cell volume of the BCC phase showed different behavior.
It progressively decreased with milling time; this means that as milling time increased, the amount of
hydrogen retained in the BCC phase decreased. It seems that milling decreases the ability of the BCC
phase to absorb hydrogen. The exact mechanism is not clear, but it is a subject for further research and

may explain the reduction of capacity with milling time.
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4. Conclusions

In this paper, the effects of CR and BM on the microstructure and hydrogen storage properties
of Tiy Vi gCry 1 alloy were reported. Cold-rolled samples for one, three, and six rolling passes had a
BCC crystal structure. One cold roll was efficient for the first absorption kinetics. However, increasing
rolling passes led to a reduction in capacity. The BCC and FCC phases were present in the cold-rolled
samples after hydrogenation. Ball-milled samples for 5, 15, 30, and 60 min also maintained the original
BCC crystal structure, and no other crystal structure was identified. After BM for five minutes, the first
hydrogenation proceeded with relatively good kinetics. However, further milling decreased hydrogen
capacity. Milling to 60 min made the alloy inert to hydrogen. The hydrogenated samples had both
BCC and FCC phases.

One cold roll and BM for five minutes were beneficial for the first hydrogenation kinetics. CR-1X
was more effective than ball milling for five minutes since full hydrogenation occurred much faster.
The exact mechanism responsible for the improvement of activation Kinetics upon CR and BM is
still unknown. Mechanical treatment, and especially CR, are more efficient, low-cost, and improve
activation kinetics more than addition of other elements such as Zr.
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