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Introduction

The use of hydrogen as a safe and efficient energy vector of the future requires overcoming

barriers such as production cost and storage. The difficulties in hydrogen storage are still

an important shortcoming for practical gpplicationd. Among the various storage means,

metal hydrides are very interesting because of their high volumetric density, safety and
reversibility. They can be operated at relatively low temperatures and pressures typical of

fuel cell operation.

Amongst the different metal hydride systems, Ti-V-Cr body-centered-cubic (BCC) solid
solution alloys are good candidates for hydrogen storage tanks because of their tunable
plateau pressure, reasonable hydrogen storage capacity and safety. But, these alloys suffer
from slow and difficult first hydrogenation, the so-called activation step. The first
hydrogenation is usually done by subjecting the alloy to a high hydrogen pressure at high
temperature which complexify and add cost to the hydride production.

The objective of this research was to study the effect of adding Zr to BCC alloy for quick
activation. We used Zr as an additive because prior investigations showed that the alloy
ZrNijo greatly enhance the first hydrogenation of Ti-V-Cr alloys. Using Zr instead of
ZrNijo would means a lower material cost and simpler system. We also investigated the

effect of air exposure on the first hydrogenation.

This master’s thesis is formed of four chapters. Chapter 1 is an introduction of the context
of the study. Chapter 2 is a description of the experimental techniques used for the
synthesis and characterization of materials. In chapter 3, the results of addition of Zr to -
Ti1VosCris alloy are shown and discussed, and finally, chapter 4 displays our published
article in the special issue of the journal Inorganics, entitled “Functional Materials Based

on Metal Hydrides”.


https://www.clicours.com/

Chapter 1: Hydrogen Storage
1.1 Hydrogen as an energy carrier

Our society is implementing more and more renewable energy sources such as wind
energy, solar energy, etc. For solar and wind energies, the production is usually not in
phase with the utilization, so a means to store and carry energy is needed. Hydrogen is a
renewable energy carrier and could also be used as an energy storage [1, 2]. Its high
gravimetric storage capacity attracted the attention of the researchers and increased their

interest in hydrogen fuel and storage technologies.

Hydrogen doesn’t exist freely in nature, it should be released from chemical compounds
like hydrocarbons and water. There are many methods to produce hydrogen such as steam
reforming of natural gas, gasification of coal and biomass, partial oxidation of
hydrocarbons and electrolysis of water [3]. In the ideal hydrogen fuel cycle (from water
to water) as presented in Figure 1.1, hydrogen is produced by splitting water via

electrolysis using solar energy and is stored to produce electrical energy.

39 kWhkg ! slorage

M+4H, -»MH

sun

energy

electrolysis
:“:“ » 2]]: *(’:

energy

combustion
Figure 1.1: Hydrogen Fuel Cycle [4]
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Since the by-product of hydrogen reaction in the fuel cell is water, it is environmentally
friendly and can be adopted to secure a clean carbon-free energy for the future [S]. From
the energy content point of view, the gravimetric energy density of hydrogen is 142 kl/g
which is about three times that of gasoline and almost five times higher than that of coal

[6] as shown in Figure 1.2.

160

& C’"_f & &0 & gf

Figure 1.2: Comparison of specific energies of different hydrocarbon fuels with
that of hydrogen [7]

However, the volumetric energy density of hydrogen at atmospheric pressure and room
temperature is too low, 1 kg of hydrogen occupies a volume of 11 m*. Many efforts are

being made in order to find new materials with high volumetric hydrogen storage capacity.
1.1.1 Hydrogen storage systems
The hydrogen storage system for most practical applications should have a high storage

capacity, high gravimetric and volumetric densities, long and stable cycling performance

and safe operation.



Hydrogen can be stored using many ways such as: compressed hydrogen gas, liquid

hydrogen, systems based on physisorption of hydrogen and metal hydride tanks.

1.1.1.1 Compressed hydrogen gas

Hydrogen is stored in its gaseous form at room temperature in cylinders that can withstand
pressures up to 800 bars. At that pressure, the hydrogen volumetric density is 40 kg/m?
but the gravimetric density is low and this limits the practical use of compressed hydrogen
cylinders. In addition, handling highly pressurised compressed cylinders implies safety

risks [8].

1.1.1.2 Liquid hydrogen

Here, hydrogen is stored in its liquid form in cryogenic tanks at around -252 °C and at
ambient pressure. Liquid hydrogen has a high volumetric density of 70.8 g/L. Despite the
large amount of energy required for liquefaction, this method is being used to transport
large quantities of hydrogen. However, hydrogen boil-off and the cost of advanced
insulating tanks to maintain very low temperatures coupled with the energy cost to liquefy

hydrogen make this method impractical for on-board vehicular application [9].

1.1.1.3 Systems based on physisorption of hydrogen

Molecular hydrogen can be adsorbed to the surface of porous materials by the weak Van
der Waal forces. Thus, hydrogen molecules can be reversibly stored on high specific
surface area materials such as carbon-based materials and Metal Organic-Frameworks
(MOQFs). The amount of hydrogen stored at 77 K and under 70 bars on porous carbon and
MOFs materials have been found to be around 5 wt % and 7.5 wt % respectively. Usually,
to get significant adsorption, a cryogenic temperature as well as high specific area and

porosity are needed [10, 11].



1.1.1.4 Metal hydride tanks

Atomic hydrogen can be stored in a metal hydride. In general, metal hydrides have higher
hydrogen volumetric density at ambient conditions compared to the three storage systems
mentioned previously. This is shown in Figure 1.3 which compares the volume needed to
store hydrogen in: solid metal hydrides, liquified hydrogen and compressed hydrogen. It
is shown that storing 4 kg of hydrogen requires an internal volume of 110 L in high-
pressure tank, while liquified hydrogen requires about 57 L. In the case of metal hydrides,
the volume needed is much less, being 33 L or 26 L depending on the type of hydride.
From the practical point of view where reduction in volume is important, the storage of

hydrogen in metal hydrides could be promising.

4 kg of H2 needed by electric car
with a fuel cell to cover 400Km.

- ‘_p - E .

MgFeH: "~ LaNicHe _— ixe cot;:p;essed
3 rogen ydrogen
o ride. R ey (-196°C) (200 Bar)

Figure 1.3: Volume of 4 kg of hydrogen stored in different ways with size relative to

car’s size [12]
1.1.2 Metal Hydrides

The study of metal hydrides started with Thomas Graham nearly 150 years ago with the
discovery of the hydrogen absorption properties of palladium [13].



Generally, hydride compounds can be formed with most transition elements and rare
earths or actinides. In these compounds, hydrogen atom acts as a metal forming a chemical
bond with the metal atoms in the bulk of material. Metal hydrides usually exhibit an

important electrical resistivity compared to metals. They are commonly hard and brittle.

Intermetallic compounds have been extensively studied for hydrogen storage. These
compounds are characterized by well-defined stoichiometric compositions and crystalline
order. They are broadly classified as AB, AB> or ABs systems, where A is a stable hydride
forming element like a transition metal from group III to VI or a rare earth element and B
is a weak hydride forming element like Ni, Fe, Co, Al etc [14]. According to Miedema’s
model of reversed stability, the more stable intermetallic compound of A and B, the less

stable will be the corresponding hydride and vice versa [15].

Intermetallic compounds, such as binary ABs alloys like LaNis, have high volumetric
hydrogen densities (115 kg/m?) and good cycling ability [16]. However, their gravimetric
storage capacity is low (1.5 wt % H in case of LaNisHe) which is not suitable for on-
board hydrogen storage. This is the main drawback for several other intermetallic hydrides

having gravimetric capacities less than 4 wt % Ha.

In the case of solid solution alloys, the metal atoms of the constituent elements are
randomly arranged in the crystal lattice. TiVCr solid solutions with body centered cubic
(BCC) structure are well known metal hydride alloys. They have been considered as
candidate for hydrogen storage application due to their relatively high absorption capacity

(3.0 wt %). More details on these alloys are given in Section 1.2.

As hydrides are formed by direct reaction with gaseous hydrogen, it is important to present

the hydrogenation process and the thermodynamic properties of metal hydrides.

1.1.3 Hydrogenation process

Equation (1.1) represents metal hydride formation:

M+Z Hy & MH, +Q (1.1)



where M is a metal, MH, is a hydride, x is the ratio of hydrogen atoms to metal atoms

H/M and Q is the thermal energy released or heat of the reaction.

The hydrogenation mechanism can be divided into the following steps:

1. Adsorption of hydrogen molecules on the surface.

2. Dissociation to atomic hydrogen.

3. Diffusion of H atoms into the bulk of the metal (obeying Fick’s law) forming a
solid solution.

4. When hydrogen concentration exceeds a certain limit depending on the metal host,
a hydride phase starts to nucleate.

5. Diffusion of hydrogen through the hydride layer.

Figure 1.4 represents the potential energy curves for dissociation and chemisorption of

hydrogen on a clean metal surface.

001
| GAS INTERFACE METAL
H+M
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Figure 1.4: Schematic Lennard-Jones potential energy diagram of hydrogen
molecule and atom approaching hydride surface [17]

When an hydrogen molecule is getting closer to the surface, the potential energy will
increase due to repulsion between the electronic clouds of the molecule and the surface.
Upon increasing the potential energy of the Hz molecule, it could intersect with the
potential energy of the H atom (point 1 in Fig 1.4) and thus energetically favor for H»
molecule to dissociate into two H atoms and bonded to metal surface.
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At point 1, the potential energy is positive, therefore dissociation occurs and the activation
barrier is the height of point 1. The height of this barrier generally depends on the type of

metal atoms at the surface.

If the intersection happens at point 2 where the potential energy is zero, then a fraction of
H> molecules of energy higher than the activation barrier will dissociate and the
dissociation is said to be non-activated. After dissociation, the H atoms will be

chemisorbed on the surface and bonded to the metal atoms.

This chemisorption is exothermic if the hydrogen-metal H-M bond is stronger than

hydrogen-hydrogen H-H bond otherwise it will be endothermic.

1.1.4 Thermodynamic properties of Metal Hydrides

The pressure composition isotherm (PCI)

The thermodynamic aspects of the hydrogen absorption/desorption reaction are given by

the temperature and pressure of the reaction.



Figure 1.5 (to the left) displays the PCI behavior of an ideal hydride.

PCl-Diagram Van't Hoff Plot

_._ — — —— —
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Figure 1.5: Ideal Pressure-Composition-Isotherms (PCI) on the upper left-hand
side, the construction of the corresponding Van't Hoff plot on the upper right-hand
and on the lower part a schematic representation of hydrogen atoms (red)
penetrating the metal host lattice (metals atoms are grey) in o, a+fp and B phases
[14]

Each isotherm, is a plot of equilibrium hydrogen pressure and hydrogen to metal ratio
(concentration of hydrogen: Cx) at a constant temperature, and could be divided into three

regions [, IT and I1I.

Referring 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 (1.2)

where C is the number of components of hydrogen-metal system and P is the number of
phases in thermodynamic equilibrium with each other in this system. F provides the

number of possible variables that can simultaneously vary.



Region I (Fig 1.5) corresponds to the low hydrogen concentration (Cy <<1) at which
hydrogen atoms dissolve randomly in the metal lattice forming a solid solution known as
the o-phase which has the same crystal structure as the metal. In this region, two
components (metal and hydrogen) as well as two phases (a-phase and hydrogen gas) exist.
Using Equation (1.2):
F=2

Thus, at constant temperature, hydrogen concentration increases with hydrogen pressure
Py2. In this region, the concentration obeys Sievert’s law (Cy « PH1 2/ 2 ).

The concentration increases until the attractive H-H interaction becomes sufficiently
important. This interaction is explained by the fact that the host metal lattice expands by
hydrogenation, thus reducing the elastic energy for the introduction of hydrogen. When
hydrogen reaches sufficient concentration, nucleation of the B-phase (ordered hydride

phase) occurs as presented by region Il of Figure 1.5.

In the region II, there is a transition from a to B phase, i.e. growth of the hydride phase
and the system now has three phases (a-phase, p-phase and hydrogen gas) and two
components (metal and hydrogen). The degree of freedom F is then equal to one.
Therefore, in the two-phase region the hydrogen pressure is constant while hydrogen
concentration increases. This constant pressure during the transition is called the plateau
pressure of the PCI curve and it depends on temperature. With an increasing temperature,
the plateau pressure increases but its width decreases (Fig 1.5) and at the critical

temperature Tc no plateau exists.

Once the pure B-phase is reached, i.e. a-phase is completely transformed to B-phase as
shown in region III (Fig 1.5), an additional degree of freedom is restored and the further
absorption of hydrogen would now require a notable increase in hydrogen pressure at

which hydrogen enters into the solid solution into the B-phase.

A series of PCI curves at different temperatures enable the construction of a Van’t Hoff
plot as presented in the right side of Figure 1.5. It is used to determine experimentally the
thermodynamic parameters of formation of a metal hydride by using the Van’t Hoff

relation given by:

10



AH  AS

In(Py,) = —— (1.3)

where AH is the enthalpy change during the formation of the hydride (transition o to f),
AS is the associated change in entropy, R is the gas constant and T is temperature.

The entropy change with hydride formation is mainly due to the loss of the standard
entropy of hydrogen gas. Knowing that the standard entropy of hydrogen is So =130 J-K"
' mol™! at 100 kPa then, to a first approximation, the entropy change could be considered
constant: AS = -130 J- K! mol"! Hz. The enthalpy AH is a parameter that determines the
stability of the metal hydride bonds, i.e. it measures the strength of metal-hydrogen bond.

The enthalpy of formation of the hydrides determines the amount of heat which is released

during hydrogen absorption and consequently to be supplied in case of desorption.

According to Equation (1.3), the slope of the line obtained (Van’t Hoff plot in right upper

part of Fig 1.5) is ﬁ—: while its y-intercept is — % X

In a BCC (body cubic centered) solid solution, the distribution of atoms on the lattice sites
is random. These sites have different chemical and geometrical configurations and thus
different energies. As a result, the interstitial sites that could be occupied by hydrogen are
not equivalent. So, the heat of formation of hydrogen will be different for interstitial sites
with different atomic surrounding and this will give rise to a sloping plateau. An example
is given in Figure 1.6. This slope could change over the whole length of the plateau. It is

attributed to compositional inhomogeneities.

In a PCI curve, the reversible capacity is the capacity that could be obtained in
absorption/desorption process under practical conditions of temperature and pressure. The
hydrogen capacity could be expressed in terms of atomic ratio H/M which is the number
of hydrogen atoms stored for each metal atoms or, in weight percent wt % which is the

weight of hydrogen stored over the weight of hydride phase.

11
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Figure 1.6: Schematic presentation of sloping plateau, hysteresis and reversible
capacity [18]

The hysteresis (shown in Fig 1.6) between absorption and desorption pressures in PCI
curves could be due to the difference in elastic and plastic energies resulting from creation
of defects and dislocations in hydrogenation and dehydrogenation processes [19].

Reduction of hysteresis could be attained by heat treatment and by element substitution.

1.1.5 Activation process

The first hydrogenation is also called the activation process. The surfaces of metal alloys
are generally covered with oxide layers whose thickness depend on the synthesis process.
These layers act as a hydrogen barrier and should be broken for hydrogen to be in contact

with the bare metal surfaces.

The activation process is usually performed at high hydrogen pressure and at high
temperature. These conditions make it easier to force hydrogen through the oxide layer

and this will offer a fresh metal surface for interaction with hydrogen.

12



1.2 Ti-V-Cr BCC solid solution

Ti-V-Cr BCC solid solution alloys are well known as promising hydrogen storage

materials. They are widely studied considering their operating conditions close to normal

temperature and pressure conditions and their reversible hydrogen capacity (> 2 wt %)

[20-23].

-For the present investigation, by looking at a ternary phase diagram of the Ti-V-Cr system, -
a composition was selected. BCC structure is preferred for hydrogen storage rather than

FCC (face cubic centered) and HCP (hexagonal close packed) structures because it has

more interstitial sites in the lattice [24]. Moreover, diffusivity of hydrogen is higher in

BCC structure [25].

One of the problems of Ti-V-Cr system is the slow and difficult activation process. Many
approaches have been taken to overcome this drawback such as heat treatment and

mechanical deformation.

Heat treatment is an approach that solves the activation problem. It is usually carried out
at a high temperature (from 500°C to 1000°C). The treatment breaks the oxide layers on
a metal surface and improves the hydrogen sorption properties of as-cast alloys [26, 27].

However, this approach leads to additional cost on the industrial scale.

Mechanical deformation is another approach that has been used. Edalati et al. [28] found
that in Ti-V BCC alloys processed by high pressure torsion, microstructural modifications
were induced therefore introducing lattice defects and so enhancing hydrogen storage
properties. However, the main drawback for mechanical deformation is the fact that it is

difficult and expensive to scale-up [29].

1.3 Effect of a secondary phase

Recently, the addition of Zr7Nijo to the Ti-V-Cr system was found to drastically improve
the activation process [30-33]. In these alloys, a specific microstructure is formed. The

microstructure is made of a main BCC phase and a Zr and Ni rich secondary phase. The

13



secondary phase is considered to be acting as a gateway for hydrogen to enter into the

main BCC phase [34].

In investigations done by Shashikala et al., where they tried to replace Ti by Zr in Ti-V-
Cr system, they noticed the appearance of a secondary phase that is rich in Zr [35].

SEM analyses were done by Bibienne et al. on Ti-V-Cr system with many compositions
doped with Zr7Nijo [30, 36]. According to their results, almost all zirconium was found in

the secondary phase.

In the different system TiFe, Jain et. al demonstrated that addition of Zr7Ni o leads to easy
activation [37]. Moreover, they tested the effect of Zr and they concluded that a better
performance of TiFe alloy could be obtained by addition of Zr rather than Zr7Nijo [38].

1.4 Objective of this research

In section 1.2, we saw that activation by high temperature or by mechanical alloying could
be time consuming and costly for the industry. Therefore, there is a need of a material that
will be cheap and efficient for activation. From previous investigations, it was shown that

adding Zr7Niio helps the activation.

In this research, we picked the system TiiVo.oCry.; that was used by Miraglia et al. [32].
Instead of adding Zr7Niio as Miraglia we decided to add only Zr.

We think that the addition of Zr in pure state could be sufficient for solving the activation

problem as well as improving the performance of Ti-V-Cr system.

The effect of adding zirconium on hydrogen properties of Ti-V-Cr system was
investigated. The microstructure and the crystal structure were studied in order to see if
there is a relationship between microstructure and hydrogen storage properties of these

materials.

14



Chapter 2: Experimental Methods

This chapter presents the experimental techniques that were employed for the synthesis,
characterization and evaluation of the hydrogen storage properties of Ti;VooCri + x wt
% Zr. An arc melting furnace was used for synthesis of alloys. Hydrogen absorption
kinetics were measured by a Sievert’s type apparatus developed in our laboratory. The
characterization of the samples has been performed by: Scanning electron microscopy

- (SEM), Energy Dispersive X-ray (EDX) and X-Ray powder diffraction (XRD).

Brief descriptions of the general principles of these techniques are presented in the

following sections.

2.1. Arc Melting

Arc melting is a conventional and easy technique to prepare alloys with good

reproducibility. Figure 2.1 shows the arc melting setup used in our laboratory.

The sample is placed in a copper crucible after mixing the desired stoichiometry. The
system is pumped down via a rotary pump to remove air and then back filled with argon

gas. Hence, melting is performed in argon atmosphere.

An electrically generated arc, between the crucible copper electrode and a tungsten
electrode, causes fusion of the materials by Joule’s effect. To ensure homogeneity, the

obtained pellets were turned over and re-melted three times.

15



Figure 2.1: Arc-melting furnace

2.2 Characterization of materials

2.2.1 Scanning Electron Microscopy (SEM)

A SEM image is formed by a finely focused beam of energetic electrons scanning over
the sample’s surface area. The important feature of SEM is the 3-dimensional appearance
of its image due to its large depth of field. SEM provides detailed high-resolution images
of the sample. In addition, chemical information could be obtained by equipping the SEM
system with an X-ray energy-dispersive spectrometer (EDX) [39].

16



The key components of SEM are: electron gun, electromagnetic lenses and detectors.
Electrons are used due to their wave-particle duality. The high energy electrons generated
by the electron gun are accelerated and focused on the sample using the lenses. The

electrons interact with atoms in the sample at various depths as shown in Figure 2.2.

electron beam

Auger Electrons (AE) ' Secondary Electrons (SE)
surface atomnic composition . topographical information (SEM)

! Backscattered Electrons (SE)
atomic number and phase differences

i Continuum X-ray
! {Bremsstrahlung)

Characteristic X-ray (EDX)
thickness alomic composition

Cathodoluminescence (CL)
electronic states information

SAMPLE

Inelastic Scattering

composition and bond states (EELS) Elastic Scattering

Incoherent Elastic structural analysis and HR Imaging (diffraction)

Scattering

Transmitted Electrons
marphological information (TEM}

Figure 2.2: Signals emitted from different parts of the interaction volume [40]

This interaction results in the emission of secondary electrons “SEs” by inelastic
scattering, in the reflection of high-energy electrons (so called back scattered electrons
“BSEs”) by elastic scattering, and/or the emission of electromagnetic radiation as

presented in Figure 2.3.

17



X-ray
Characteristic

PE
@ PE )
/ PE
\
@se gSE gE
Figure 2.3: Mechanisms of emission of secondary electrons, backscattered
electrons, and characteristic X-rays from atoms of the sample [40]

The secondary electrons “SEs” are emitted from atoms in the sample (mainly on the
surface) which are deflected at small angles. The image obtained by the SEs gives the
morphology of the sample.

Back scattered electrons “BSEs” are the incident electrons reflected or back scattered by
atoms in the sample (penetrate deeper) which are deflected at large angles and with small
energy loss. This scattering depends on the atomic number Z of the elements.

The higher the atomic number the more backscattered electrons thus a brighter image
compared to elements with a lower atomic number. So, the areas that contain heavier

~ elements will be easier to see than areas with lighter ones.

2.2.2 Energy Dispersive X-ray spectroscopy (EDX)

EDX is a technique that provides elemental analysis alongside the high-resolution imaging
of SEM. With these two techniques combined, we obtain not only information concerning
the morphology of the sample, but also elemental information, in the form of maps and

images of surfaces [41].

EDX uses X-rays emitted from the sample when the SEM electron beam hits the surface.
These incoming electrons eject an electron from the atoms of the sample’s surface
creating a hole. This hole is then filled by an electron from a higher shell. As the electron
falls to a lower energy shell a photon is ejected. The number and energy of the X-rays

emitted from the sample is measured by an energy-dispersive spectrometer.
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These emitted X-rays due to the energy difference between the higher and the lower
energy shells are directly correlated to the atomic structure of the emitting element [42].
The energy of these X-rays is used to identify the elements and provides information about

their abundance.

2.2.3 X-Ray Diffraction

X-ray diffraction (XRD) is a technique used for the characterization and identification of

crystalline phases in a material.

When a crystal is illuminated by an X- ray beam with wavelength comparable to the
interatomic distances of the crystal lattice, a constructive interference between elastically
scattered X-ray beams occurs at the Bragg’s angle. Bragg’s law (Figure 2.4) is expressed

as:
Zdhleinehkl =nAa

Where, dy, is the interplanar distance between two crystallographic planes in the crystal,
Bni, 1s the angle between the incident ray and scattering planes where the diffraction peak
is observed (Bragg’s angle), n is an integer number (order of reflection), it is normally

equal to 1 and A is the wavelength of the X-rays.

Bragg’s Law I

| I ) -
2 h—i» ni = Rdsind ya
\ i Y oJ . P .-J‘.
. 1A
2\
--._—

Figure 2.4: Diffraction of incident X-rays from the family of parallel atomic
planes [43]
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The interplanar distance dyy; is a function of the Miller indices (hkl) and the lattice
parameters of the crystal lattice where (hkl) represents the different crystallographic

planes. Therefore dyy; is dependent on the crystal structure.

A diffraction pattern is typically in the form of a graph of the diffraction angle (or

interplanar spacing dpy,;) versus the intensity of diffracted beam.

Each of these unique patterns can act as an empirical “‘fingerprint’’ for the identification
of the present phases, by comparing them with patterns in the International Powder
Diffraction File(PDF) database complied by the Joint Committee for Powder Diffraction
Standards (JCPDS) [44].

As a result, identification of the phases present is possible, but also a quantitative

estimation of these phases could be made by the Rietveld method.

The Rietveld method is a whole-pattern fitting least squares refinement technique. This
refinement can be performed on the pattern using a software like GSAS or Full-prof. The
crystallographic parameters such as lattice parameters of the unit cell, size and strain of
the crystallites as well as the position of the atoms and the phases abundance can be

evaluated.

Figure 2.5 shows the Bruker D8 advance diffractometer with a Bragg-Brentano

configuration, used in our laboratory.

Figure 2.5: Bruker D8 advance X-Ray diffractometer
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2.2.4 Sievert’s Apparatus

A Sievert-type experimental apparatus allows the study of the hydrogen absorption and
desorption kinetics as well as the determination of the pressure—composition (P-C)

diagram of the material-hydrogen system [45].

In our laboratory, a homemade Sievert-type hydrogen titration apparatus was used. This
apparatus is made of a series of connecting pipes, valves and pressure gauges, as shown

in Figure 2.6.

Figure 2.6: Schematic of the hydrogen titration apparatus

The volume of each component of the apparatus was accurately measured.

The pipes are connected to a hydrogen inlet, an exhaust outlet, an outlet attached to a
vacuum pump, a reference side and a sample side that are separated by a differential
pressure gauge. The reference and samples sides have identical volumes. The sample side
pressure is measured relative to the reference side pressure by means of the differential

pressure gauge.
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By knowing the volume of each component, the amount of hydrogen absorbed/desorbed
could be determined using the equation of state of hydrogen. The equation of state of
hydrogen (considered a real gas) can be expressed, by virial expansion of the second order

(this is sufficient for the pressure range used in this research), as:
PV = nRT(1 + §) @.1)

where P is the hydrogen pressure, V is the volume filled by hydrogen, n is the number of
moles of hydrogen, R is the ideal gas constant (8.314 J. mole'K!), T is the temperature
of the sample holder and B is the second virial coefficient and is temperature dependent.

One can find the value of B in the reference [46].

Knowing that the volume of the apparatus is constant and the experiment is done at

constant temperature, then the number of moles of H atoms absorbed by the sample is:

V AP
An=2 ——— (2.2)

B
RT(1+7)

Where AP is the pressure drop and the factor 2 corresponds to H atoms absorbed. This

factor comes because the equation of state of gas is established for Ha.

The percentage of mass of H atoms absorbed by the sample is calculated using the

equation:

mass H

% absorbed H =

(2.3)

mass(sample+H)

2.3 Synthesis and characterization of materials

In the present study, the following alloys were synthesized: Ti1Vo.9Cry.1 + x wt % Zr with
x=0, 2, 4, 8 and 12. The synthesis was done using an arc-melting furnace. The raw
materials were purchased from Alfa-Aesar (Ward Hill, MA, USA) and had the following
purities: T1 sponge (99.95%), V pieces (99%), Cr pieces (99%) and Zr sponge (99.95%).
They were mixed at the desired stoichiometry and melted together under argon

atmosphere. A current of intensity 40 Amperes was selected for synthesis of all samples.
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Since these elements have similar melting points (melting points for Ti, V, Cr and Zr are
1668°C, 1910°C, 1907°C and 1855°C respectively), their melting was easy with no mass

loss found after the melting.

Microstructure and chemical analysis were performed using a JEOL-JSM 5500 scanning
electron microscopy equipped with an EDX apparatus from Oxford Instruments. For this
analysis, the pellet was placed for one day in epoxy and then it was polished in steps by
silicon carbide (SiC) abrasive grinding papers. It was grinded from 400 grit to 2400 grit
sizes in order to get a surface like mirror. The used magnifications for the SEM images
were of the order of 250X to 2500X. The percentage of different phases was analyzed by
ImageJ software.

For kinetic and XRD measurements, each pellet after synthesis was hand crushed, using
a steel mortar and pestle in an argon-filled glovebox. Crushing in air was performed only

for the air exposed sample.

The powdered sample was filled without sieving into a sample holder. After loading the
sample holder into the hydrogen titration apparatus, it was kept under vacuum for one
hour at room temperature before exposing it to hydrogen. The temperature was regulated
by a thermostatic bath. The kinetic measurements were performed under 2000 kPa of

hydrogen and at room temperature (25°C).

The crystal structure was determined by powder XRD on a Bruker D8 focus apparatus
with Cu Kq radiation (4x, = 1.5406 A). The angle of detection ranges from 30° to 110°
for each sample. Lattice parameters were evaluated by Rietveld refinement of the X-ray
patterns using Topas software. In order to keep the hydride phase, the absorption
experiment was stopped after reaching full hydrogenation and the pressure kept at one bar

of hydrogen.
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Chapter 3: Microstructure and hydrogen storage properties of
TiiVooCrl.1 alloy with addition of x wt % Zr (x =0, 2, 4, 8, and 12)

3.1 Introduction

In this chapter, we report our investigation of the effect of adding zirconium on the
microstructure of Ti;VooeCriy BCC alloy. Zirconium was added with the following
percehtages by weight: 2, 4, 8 and 12. The alloys Ti]Vo.9Cr|,| +xwt%Zr(x=0,2,4,8,
and 12) were prepared by mixing all the constituent elements together in an arc melting

furnace.

The impact of microstructure on the first hydrogenation was studied. The crystallographic
parameters of all alloys before and after hydrogenation were determined. We will discuss
how the amount of zirconium affects the relative abundance of secondary phase. Also, the

first hydrogenation of a sample exposed to air was measured.

3.2 Results and discussions

3.2.1 Microstructure Analysis

Figure 3.1 shows the backscattered electron micrographs of: Ti;Vo.oCri + x wt % Zr
alloys where x =0, 2, 4, 8, and 12. It is clear that the microstructure changes with x. Pure

Ti11Vo.oCri.1 (Figure 1a) shows a network of black areas structure.

Even with a slight doping of Zr (x = 2), a bright secondary phase appears. This could
reveal that the bright phase is rich in Zr because the brightness indicates an element with

a high number of electrons.

All the zirconium-containing alloys were found to be multi-phase: a matrix phase and a
bright phase. Dendrites appeared from x = 8 and were clearly observed for x = 12. It is

seen that more Zr leads to higher secondary phase abundance.
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Figure 3.1: Backscattered electrons (BSE) micrographs of: TiiVos Crii+ x wt % Zr
with x= 0 (a), 2 (b), 4 (c), 8 (d) and 12 (e)

By using ImagelJ software, the bright phase surface areas were measured. The percentage
of the bright areas are 0, 4, 12, 26, and 35 respectively for x =0, 2, 4, §, and 12. It shows
that, as the amount of Zr increases, the bright phase surface area is getting bigger.

To determine the chemical composition of the alloys, EDX measurements were
performed. Table 3.1 shows the bulk measured atomic abundance compared to the
nominal composition for all alloys studied. We see that the bulk measured composition
agrees with the nominal one in all cases. This was expected because all these elements

have similar melting points.
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Table 3.1: Bulk atomic abundance: nominal and as measured by EDX of:
TitVosCrii1+ x wt % Zr alloys for x =0, 2, 4, 8 and 12. Error on the last significant
digit is indicated in parentheses

Sample Ti(at %) V(at%) Cr(at%) Zr (at %)
x=0  Nominal composition 33 30 37 ) 0o
Measurement 34.0(2) 29.8 (3) 36.2(3) 0.0
x= Nominal composition 326 - 297 36.6 1.
Measurement 32.8(2) 29.4 (2) 36.4 (3) 1.4 (1)
~ x=4  Nominal composition 323 293 362 2.2
Measurement 34.0(3) 28.2 (1) 35.2(3) 2.6 (1)
x=8 Nominal composition ~ 31.6 28.7 354 43
Measurement 32.3(2) 27.7 (2) 34.5(3) 5.5(1)
~ x=12  Nominal composition 309 281 34.7 6.3
Measurement 31.7(2) 26.2 (2) 33.9(2) 8.2 (1)

Figure 3.2 presents BSE micrographs with elemental mapping for Ti1 Voo Cri1 + x wt %
Zr alloys where x= 0 (a), 2 (b), 4 (¢), 8 (d) and 12 (e). These micrographs show that the
alloys are made of a main phase thereafter called matrix and indicated by point number 1,

bright secondary phases (points 2 and 3) and a dark phase (point 4).

Fig 3.2a displays the microstructure of the undoped sample and it can be seen that it is just
formed of a matrix and some dark phase. The dark phase is about few microns in size. The

EDX mapping indicates that the dark phase is Cr and V depleted.

By adding 2 wt % Zr (Fig. 3.2b), a bright secondary phase appears. Close inspection,
reveals that the brightness has two shades, region 3 being brighter than region 2. The EDX
mapping shows that the secondary phases are Zr rich and V depleted. In this alloy, dark

phase is less abundant than for the bare alloy.
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At 4 wt % addition of Zr (Fig 3.2¢), the quantity of secondary phase seems almost the
same as for x=2 and Zr is mainly in the secondary phase. Also, the secondary phase has

two shades. The size of dark phase is getting smaller.

For 8 wt % Zr (Fig 3.2d), more secondary phase appears. It is clearly shown that the
secondary phase is Zr and Cr rich and V depleted. There is no dark phase.

By adding more Zr (12 wt %), even more secondary phase appears (Fig 3.2¢) and the dark
phase disappears. It could be observed that the secondary phase is Zr and Cr rich and poor
in V. Close inspection of Fig 3.2b, c, d and e indicates that region 2 is usually on the edge
of the bright surfaces while region 3 is more in the centre. Thus, it seems that the secondary

phase 1 is bridging the secondary phase 2 with the matrix.
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Figure 3.2: Backscattered electrons micrographs of: TiiVosCri.i + x wt % Zr alloys
with elements mapping where x=0 (a), 2 (b), 4 (¢), 8 (d) and 12 (e)

A quantitative analysis was done by EDX measurements at the specific locations

presented in Fig 3.2. Chemical composition of regions 1, 2, 3 and 4 are listed in the Tables
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3.2 to 3.5 respectively. Table 3.2 presents the composition of the matrix (point 1) for all

alloys.

Table 3.2: EDX analysis showing the elemental composition of the matrix
(point 1) of: TitVosCrii+ x wt % Zr alloys for x =0, 2, 4, 8 and 12. Error on all
values is 0.1 at %

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)
x=0 27.8 33.8 38.4 0.0
x=2 27.4 334 38.9 ' 0.3
x=4 25.8 35.0 38.9 0.3
x=8 293 31.6 38.2 0.9
x=12 28.5 31.7 38.9 0.9

From this table, it can be seen that the matrix is a Ti—V—Cr alloy with inclusion of only a
very small amount of Zr (<1 at %). The matrix composition does not significantly change

when more zirconium is added.

On average, the atomic composition of|the matrix is Tio.84V1Cri2Zro03 which is quite

different than from the nominal value. The main difference is that, compared to the
nominal composition, the titanium proportion is reduced, the vanadium amount increased.
The chromium abundance is almost the same as the nominal one.

As the amount of zirconium was very small in the matrix, it can be expected that zirconium
will be mainly confined in the secondary phases. This can be seen in Tables 3.3 and 3.4
that show the atomic composition of the two secondary phases. Secondary phase one
(point 2) is rich in Ti and Zr while secondary phase two (point 3) has a relatively high

content of the four elements.
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Table 3.3: EDX analysis showing the elemental composition of the
secondary phase 1 (point 2) of Ti1Vo9oCri1 + x wt % Zr alloys for x =0, 2,
4, 8, and 12

Sample Ti(at%) V (at%) Cr(at%) Zr (at %)

x=2 64.0 7.0 6.2 22.8
x=4 64.0 6.7 6.2 23.1
x=8 58.3 6.8 4.6 30.3
x=12 55.8 7.2 5.1 32.0

From Table 3.3, we see that the secondary phase 1 (point 2) is close to composition

Ti19V0.2Crp2Zro.7 for x =2 or 4 and to composition Ti;7Vo2Cro2Zrp ¢ for x = 8 and 12.

To our knowledge, there are no quaternary alloys that have a stoichiometry close to these.
Comparing these two compositions, it could be seen that when x is higher than 8 it seems
that there is substitution of Ti by Zr (Zr is getting up by 0.2 and Ti is going down by 0.2)
while V and Cr abundances stayed the same. It can be an indication that Ti and Zr are

sitting on the same crystallographic site.

Table 3.4 shows the composition of secondary phase 2 (point 3). This phase has an almost
constant composition Ti1.0V0.4Cr1.1Zro 5 and also has a high zirconium content but here
chromium is the most abundant element. Contrary to secondary phase 1, the composition

of this phase does not vary significantly with increasing x.
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Table 3.4: EDX analysis showing the elemental composition of
secondary phase 2 (point 3) of: Ti1VosCri1 + x wt % Zr alloys for x
=0,2,4,8,and 12

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x=2 33.7 12.3 38.0 16.0
x=4 32.8 12.3 37.9 17.0
x=8 32.8 15.5 | 33.6 | 18.1
x=12 28.5 14.8 36.5 20.2

Chemical composition of the black phase (point 4) was measured and the results are

reported in Table 3.5

Table 3.5: EDX analysis showing the elemental composition at point 4 of:
Ti1VosCrii + x wt % Zr alloys for x =0, 2, and 4

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x=0 87.7 7.0 53 0.0
x=2 88.2 33 2.0 6.5
x=4 79.6 6.8 5.6 8.0

It is evident that the black areas are titanium precipitates. The amount of precipitation
tends to decrease with increasing Zr content and for 8 and 12 wt % of Zr there are no Ti-

precipitates.
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3.2.2 Structural Characterization

Figure 3.3 presents the XRD pattern of all the studied samples in the as-cast state. The
major diffraction peaks of all as cast alloys can be identified as BCC phase (space group
Im-3m). Small peaks appeared as the zirconium doping increases. These peaks are surely
related to the secondary phases. Due to the smallness of the peaks and their relatively

small numbers, indexing them is difficult.
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Figure 3.3: X-ray diffraction patterns of as cast: TiiVosCrii +x wt % Zr
alloys with x =0, 2,4, 8, and 12

As demonstrated by Akiba and Iba, Laves phases could be closely related to BCC alloys
[20]. Laves phases are well known intermetallic phases that crystallize in three different

structures: a cubic MgCus-type (Space group Fd-3m), a hexagonal MgZn»-type (space
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group P63/mmc), or a hexagonal MgNi-type (Space group P6i/mmc). Following the
Strukturbericht nomenclature, these phases will be thereafter respectively designated C15,
C14, and C36. In the specific case of Ti—-V—Cr BCC alloys, it was also shown by Bellon
et al. [47] that when zirconium is substituted for vanadium in these alloys there is the

appearance of a C15 Laves phase.

We analyzed our diffraction patterns by Rietveld’s refinement. The obtained crystal

parameters and the abundance of each phase in all samples are shown in Table 3.6.

Table 3.6: Crystal parameters and abundance of each phase in as cast:
Ti1VosCri1 + x wt % Zr alloys for x =0, 2, 4, 8, and 12. Error on the last
significant digit is indicated in parentheses

Sample Phase Lattice Crystallite Phase Bright
parameter size (nm) abundance Area
(A) (%) abundance
o (%)
BCC 3.0379 (9) 24 (2) 97 (3)
x=0 Ti a=2.961 (4) 13 (2) 3(3) 0
c=4.773 (1)
BCC 3.0479 (5) 22(1) 92 (2)
X= CI5 7.172 (7) 14 (7) 2(1) 4
Cl4 a=5.903 (9) 8(2) 6 (2)
c=7.26 (2)
BCC 3.0470 (7) 23 (2) 89 (3)
X= CI15 7.153 (5) 20 (8) 3(1) 12
Cl4 a=5.935 (1) 5(1) 8 (3)
¢=8.09 (4)
BCC 3.0452 (1) 38(9) 68 (5)
x=8 C15 7.180 (5) 6 (1) 214 26
Cl4 a=5.849 (7) 6 (1) 11(2)
¢=8.109 (2)
BCC 3.0310 (1) 8(3) 66 (4)
x=12 Cl15 6.099 (7) 10 (1) 22 (2) 35
Cl4 a=5.815(2) 3(1) 12 (2)
c¢=8.01 (1)

In these refinements, we tried to index the secondary phases’ peaks with Laves phases. It

was found that the peaks could be indexed by using two Laves phases, namely the C15

33



and Cl4 phases. Tentatively, the C14 phase was assigned to the composition
Ti19V02Cro2Zro7 (secondary phase 1) and the CI5 phase to the composition
Ti1.0Vo0.4Cr1.1Zro.5 (secondary phase 2).

However, as it is difficult to distinguish between Ti, V, and Cr by X-ray diffraction the
exact assignment could be only done by using neutron diffraction. Also, the problem with

these compositions is that the ratio A/B is not 2 as it should be for C14 and C15 phases.

For these reasons, it should be stressed that the indexing of C14 and C15 is tentative and
more experiments are needed in order to have the definitive crystal structure of the
secondary phases. We are now undertaking neutron experiments and these will be reported

in a future paper.

It could be concluded that using two Laves phases for fitting the secondary phase peaks
confirm the finding of electron microscopy where two different secondary phases were

found.

[t should also be pointed out that, on Figure 3.3 only the main peaks of C14 and C15 have
been indexed. As these two phases have small abundances, only the main peaks are
showing in the diffraction patterns and indexing all possible peaks would have confused
the reader, especially for overlapping peaks that are so small that they are

undistinguishable from the background.

Referring to Table 3.6 at which the phase abundances are presented for all studied alloys,
the total abundance of C15 + C14 phases roughly matched the abundance measured with
ImagelJ software.

3.2.3 Activation process

The first hydrogenation (activation) of as-cast TiiVooCri1 + x wt % Zr alloys was
performed at room temperature under a hydrogen pressure of 2 MPa after the alloys had

been crushed in argon. Results are presented in Figure 3.4.
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Figure 3.4: Activation curves of: Ti1VosCrii1 +x wt % Zr for x =10, 2,4, 8, and
12 at room temperature under 2 MPa of hydrogen

The first hydrogenation for x = 0 is practically impossible. This sample did not absorb
hydrogen even after 900 min of hydrogen exposure. Adding only 2 wt % of Zr to the alloy
resulted in a good hydrogen uptake, but the full hydrogenation still took about 10 h.
Increasing x value to 4 wt % had the effect of greatly enhancing the kinetics and full
hydrogenation was achieved after 150 min. Further increase of zirconium content slightly
improved the kinetics but the total capacity decreased. Among all doped samples, the one
with 12 wt % Zr has the fastest activation kinetics, reaching maximum capacity within 3
min. For hydrogen storage purposes, the optimum amount of zirconium seems to be 4 wt
%. However, even if the capacity slightly decreases with addition of more zirconium, the

decrease in capacity is not very important.
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In the alloy with 12 wt % of Zr the secondary phases comprise between 35 wt % (as
measured from SEM images) and 34 wt % (as determined from Rietveld refinement).

Taking the low estimation of 34 wt %, if these secondary phases do not absorb hydrogen,
and assuming that pure BCC absorbs about 4 wt % of hydrogen, we should expect a
capacity of about 2.7 wt % which is clearly not the case. The measured capacity can not
be explained by the presence of the BCC alloy itself. Thus, we have evidence that, at least
one of the secondary phases absorbs hydrogen.

Nonetheless, this then raises the question of the kinetic curves. Except for the 2 wt % Zr
alloy, all activation curves do not show any kinks or slope change. This is the signature of
a single-phase alloy which is evidently not the case here. However, it has been shown by
Akiba and Iba [20] that the BCC Laves phase related alloys could actually be formed by
a BCC phase and a Laves phase and still display a single-phase behaviour upon hydrogen

absorption. It seems to be the case in the present system.

As the alloys with Zr addition have a multiphase structure, it is clear that interphase
boundaries probably play a role in the activation. Similar investigation in other systems

seems to point that way [48].

Nanocrystallinity is also well known to enhance hydrogenation/dehydrogenation kinetics
[23]. However, in the present case it is not the main factor as evidenced by Table 3.6.
From this table, we see that the samples with x=2 and x=4 have almost the same crystallite

size but their activation curve is drastically different.

Moreover, the sample with x=8 has a larger crystallite size but the hydrogenation is faster.
Therefore, nanocrystallinity alone could not explain the behaviour of this system.
Dislocations and defects could lead to a faster first hydrogenation in metal hydrides and

this was shown for cold rolled alloys [49, 50].

Another explanation for the quick activation of alloys with zirconium addition may be
stability of the FCC hydride. As the matrix of the Zr-containing alloys has a stoichiometry
different from the nominal value and also, taking into account the fact that the BCC alloy
contains some zirconium, it may well result in some change of the formation enthalpy of

the FCC hydride phase.
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Obviously, thermodynamics should play a role in the improvement of kinetics. From the
EDX measurements, we saw that the amount of Zr in the BCC matrix is small, then we
don’t expect a big change of thermodynamics of our alloys compared to the work of
Miraglia [32]. However, to have a complete understanding of Ti,VooCri .1 alloys with Zr
addition, and to determine the effect of thermodynamic change in the variation of kinetics,
the pressure-composition curves and associated Van’t Hoff plot should be made.
Unfortunately, this type of investigation is too time-consuming to be within the scope of

the present thesis.

3.2.4 XRD patterns after Hydrogenation

In order to study the crystal structure of the hydride phase in this set of experiments, the
absorption experiment was stopped after reaching full hydrogenation and thereafter the
hydrogen pressure was lowered to 1 bar. No vacuum was applied to the sample so that
desorption does not occur during the sample holder removal. In separate tests, we exposed
the samples to a pressure of 10 kPa and no desorption was noticed. Figure 3.5 shows X-

ray diffraction patterns of all alloys after first exposure to hydrogen.
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Figure 3.5: X-ray diffraction patterns of: TiiVo9sCri.1+ x wt % Zr alloys in the
hydrogenated state for x =0, 2, 4, 8, and 12

We see that for x = 0, the structure is BCC. For x = 2, the crystal structure is essentially
FCC which is usually the crystal structure adopted by a fully hydrided BCC alloy. The
FCC phase is also seen in the patterns for x =4, 8, and 12 but there are clearly other phases
present. Indexation of the supplementary peaks is helped by doing a Rietveld’s refinement.
Even if in a Rietveld refinement prior knowledge of the phase present is mandatory, we
could use this technique to first fit the patterns by using the known phase such as FCC in

the present case. The residue of the fit then shows the unindexed peaks more clearly and
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it is easier to figure out which crystal structure is possible for the remaining peaks. This
procedure was performed for all patterns. By doing this, it is found that the supplementary
peaks could be associated with a C14 and a C15 phases.

The crystal parameters and abundance of each phase in all hydrogenated samples as

determined by Rietveld’s analysis are presented in Table 3.7.

Table 3.7: Crystal parameters and abundance of each phase in hydrogenated:
Ti1VosCrii + x wt % Zr alloys for x=0, 2, 4, 8 and 12. Error on the last significant
digit is indicated in parentheses

Sample Phase Lattice Crystallite Phase
parameter (A) size (nm) abundance (%)
BCC 3.0375 (4) 20 (5) 93 (8)
x=0 Ti a=2.9622 (2) 11(3) 7(3)
o . 4T O) .
FCC 4.2856 (6) 34 (3) 80 (2)
Cl4 2=6.141 (7) 6 (3) 10 (1)
c=7.262 (2)
 BCC miismn 255 564
- FoC 3.1443 (1) ) 41 (4)
Cl4 4.2912 (2) 113 3(1
2=5.800 (2) @) M
¢=8.03 (4)
~ x=8  FCC 42875(2) 16 (2) YO
C15 7.605(7) 8(3) 28 (3)
x=12 FCC 4.289 (2) 12 (2) 56 (6)
C15 7.646 (4) 12 (1) 44 (6)

The lattice parameter of the BCC structure for the hydride of x=0 is the same as the lattice
parameter of the as-cast one. This confirms that the undoped sample wasn’t hydrogenated
at all. In the case of x = 2, the FCC phase abundance in the hydrogenated sample is less
than the BCC abundance in the as-cast alloy (80% vs. 92%) while both C14 and C15

phases are more abundant in the hydrogenated sample.
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For x = 4, there is a presence of both BCC and FCC phases in the hydrogenated alloy.
This is surprising, considering that the hydrogen capacity is slightly higher than for x = 2.

It is well known that the monohydride of the BCC phase is a BCT (Body Centred
Tetragonal) but, as the lattices parameters are very close to each other it is practically

impossible to distinguish between the BCC and BCT phases.

However, the lattice parameter of the BCC phase in the hydrogenated state is much larger
than in the as-cast state. From the difference in volume of the unit cells and assuming that,
on average, a hydrogen atom occupies a volume of 2.5 A3, we could estimate that the BCC
phase in the hydrogenated state has a ratio of H/M of about 0.56 which is equivalent to 1

wt %.

When x = 8, we see that the hydrogenated alloy has 72 wt % of FCC phase which
corresponds closely to the abundance of BCC phase in the as-cast alloy (68 wt %). Only
the C15 phase is present in the hydrogenated sample and the abundance is almost the total
of the C14 and C15 phases in the as-cast alloy. Thus, it seems that, upon hydrogenation,
the C14 phase turns into a C15 phase.

Finally, for x = 12, the FCC phase has an abundance of 56 wt % which is lower than the
abundance of the BCC phase in the as-cast alloy (66 wt %). As for x = 8, there is no C14
phase in the hydrogenated pattern.

For high addition of zirconium x > 8, the C14 phase was not detected by X-ray diffraction.
This may be due to the fact that, upon hydrogenation, the crystallite size is reduced thus,
broadening the peaks of this phase. As the C14 phase is already present in relatively small
amount (less than 12 wt %) this makes that phase practically undetectable by X-ray

diffraction as the peaks are merged into the background.

3.2.5 Air exposure effect

For industrial production, it could be beneficial to be able to handle the cast alloys in air.

This motivated us to investigate the air exposure effect on the alloy with 12 wt % of
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zirconium. Figure 3.6 shows the activation curves for this alloy crushed in air, in argon

and after two days of air exposure.
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Figure 3.6: First hydrogenation curves of Ti1Vo9Cri.1+ 12 wt % Zr crushed under

argon and under air and after 2 days of air exposure at room temperature and
under 2 MPa of hydrogen

The sample crushed in air has a very short incubation time of 1.6 minutes while the sample

after two days of air exposure presents a longer incubation time of 3.75 hours.

However, after incubation time the intrinsic kinetic is as fast for the sample exposed to

the air two days as for the samples only crushed in air or in argon.

The longer incubation time shown by the sample stored in air for 2 days is most probably

due to presence of surface oxide.
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3.3 Conclusion

Addition of Zr generated a multiphase microstructure made of a main BCC phase and
secondary phases. The secondary phase’s abundance increased with Zr content. The two
secondary phases were found to be Laves phases: a hexagonal C14 phase and a cubic C15
phase. The first hydrogenation kinetics of Ti1VooCri1 + x wt % Zr (x = 2, 4, 8, and 12)

alloys was found to be increased with the amount of Zr.

Upon hydrogenation, most of the BCC phase transforms to the dihydride FCC phase but
a small fraction of the BCC phase also seems to transform to a C15 phase with bigger

lattice parameter, indicating that this phase also absorbs hydrogen.

For high zirconium loading (x > 8), only the C15 phase is present in the hydride pattern
beside the FCC phase. Therefore, hydrogenation seems to promote the transformation of

C14 and some fraction of BCC phase into C15 phase.

The faster first hydrogenation of the alloys containing zirconium could be explained by
the presence of the C14 and C15 secondary phases. This made the first hydrogenation at

room temperature much faster.

Addition of 4 wt % of Zr produced fast kinetics and the highest hydrogen storage capacity

while higher abundance of zirconium (x > 4) leads to a decrease in hydrogen storage
capacity.

The effect of air exposure was investigated for the sample doped with 12 wt % Zr. It was
found that, for the first hydrogenation, air exposure produces a long incubation time and

a slight decrease in the hydrogen capacity.
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Chapter 4: The article

4.1 Abstract

The effect of adding Zr on microstructure and hydrogen storage properties of BCC
Ti11VosCri. synthesized by arc melting was studied. The microstructures of samples with
Zr were multiphase with a main BCC phase and secondary Laves phases C15 and C14.
The abundance of secondary phases increased with increasing amount of zirconium.

We found that addition of Zr greatly enhanced the first hydrogenation kinetics. The
addition of 4 wt % of Zr produced fast kinetics and high hydrogen storage capacity.
Addition of higher amount of Zr had for effect of decreasing the hydrogen capacity.

The reduction in hydrogen capacity might be due to the increased secondary phase
abundance. The effect of air exposure was also studied. It was found that, for the sample
with 12 wt % of Zr, exposure to the air resulted in appearance of an incubation time in the

first hydrogenation and a slight reduction of hydrogen capacity.
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Abstract: The effect of adding Zr on microstructure and hydrogen storage properties of BCC
Ti)VooCry,; synthesized by arc melting was studied. The microstructures of samples with Zr were
multiphase with a main BCC phase and secondary Laves phases C15 and C14. The abundance of
secondary phases increased with increasing amount of zirconium. We found that addition of Zr
greatly enhanced the first hydrogenation kinetics. The addition of 4 wt % of Zr produced fast kinetics
and high hydrogen storage capacity. Addition of higher amount of Zr had for cffect of decreasing
the hydrogen capacity. The reduction in hydrogen capacity might be due to the increased secondary
phase abundance. The effect of air exposure was also studied. It was found that, for the sample
with 12 wt % of Zr, exposure to the air resulted in appearance of an incubation time in the first
hydrogenation and a slight reduction of hydrogen capacity.
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1. Introduction

Hydrogen is considered a possible alternative energy carrier in the future. One of the most
challenging barriers of using hydrogen is to cstablish a safe, reliable, compact, and cost-cffective means
of storing hydrogen [1-4]. Because of their high volumetric hydrogen capacity, metal hydrides could
potentially replace the conventional storage in gaseous or liquid state. Moreover, metal hydrides are,
in many respects, safe and cost effective [5,6]. Among the many different metal hydride systems,
the Ti-based body-centred cubic (BCC) solid solution alloys are considered to be good candidates for
hydrogen storage tanks because of their tunable pressure plateau and safety [7-10]. However, these
alloys suffer from slow and difficult first hydrogenation, the so-called activation step [11]. Different
approaches have been taken to overcome this drawback. These include heat treatment [12], addition
of Zr;Niyp [12-16], or Zr [17,18] and by element substitution [19,20]. Another approach was made
by Edalati K. et al. [21] who used high-pressure torsion to induce microstructural modification and
so enhancing hydrogen storage properties of Ti-V BCC alloys. With respect to Zr7Ni addition,
the ease of activation may be due to the two-phase microstructure consisting of a main BCC phase
and a secondary phase. Recently, Banerjee et al. [22] found that with increasing secondary phase
concentration, faster kinctics was obtained but the hydrogen storage capacity was reduced. Moreover,
Shashikala et al. [19] noticed that Zr is the element responsible for producing the secondary phase
that ensures a rapid reaction with hydrogen and observed that hydrogen absorption capacity was
decreased as the Zr content increased due to a greater fraction of Laves phase. In addition, Martinez
and Santos found that TiV(oCry ; alloy with addition of 4 wt % of Zr;Ni;y showed fast hydrogenation
kinetics and high capacity (3.6 wt %) [14]. Lately, Bellon et al. showed that by substituting Zr for
V in the alloy TiCrV resulted in a two-phase structure made up of a main BCC structure and a less

Inorganics 2017, 5, 86; dei:10.3390/ inorganics5040086 www.mdpi.com/journal/inorganics
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abundant cubic-type Laves phase C15. They concluded that the Laves phasc acts as a catalyst for the
hydrogenation [17]. In this paper, we report our investigation on the effect of addition of Zr on the
microstructure and hydrogen storage properties of Ti; Vo 4Cry 1. Contrary to the work of Bellon et al.,
in the present investigation zirconium was not substituting for vanadium but instead added to the
TiVgsCry | composition. By varying the Zr addition from 2 to 12 wt % we aimed to see how the amount
of zirconium affect the relative abundance of BCC and Laves phases as well as their composition and
the effect on hydrogen storage.

2. Results and Discussion

2.1. Microstructure Analysis

Figure | shows the backscattered electron micrographs of Ti; Vo yCr; | + x wt % Zr alloys where
x=0,2, 4,8, and 12. 1t is clear that the microstructure changes with x content. Pure Ti;V(yCry
(Figure la) shows a network of black areas structure. From EDX analysis these black areas were found
to be titanium precipitates. Even with a slight doping of Zr (x = 2), a bright secondary phase appeared.
All the modified alloys were found to be multi-phase: a matrix phase and a bright phase. Dendrites
appeared from x = 8 and were clearly observed for x = 12. It is seen that more Zr leads to higher
secondary phase abundance.

(a): Ti;ViosCry 4 (b): Tis¥poCriy +2wt. %2Zr

'

(C]: T_ilV.-_. Crz.; + 4Wt‘}"2r

(BT o Oyt 120t %2

Figure 1. Backscattered electrons (BSE) micrographs of: Ti; Vg oCry y + X wt % Zr with x = 0 (a); 2 (b);
4 (c); 8 (d); and 12 (e).
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Using Image ] software, the bright phase surface areas were measured. The percentage of the
bright areas are 0, 4, 12, 26, and 35 respectively for x =0, 2, 4, 8, and 12. It shows that, as the amount
of doped Zr increases, the bright phase surface area is getting bigger. To determine the chemical
composition, EDX measurement was performed on all alloys. Table | shows the bulk measured atomic
abundance compared to the nominal composition for all alloys studied. We see that the bulk measured
composition agrees with the nominal one in all cases. This was expected as all these elements have
similar melting points.

Table 1. Bulk atomic abundance: nominal and as measured by EDX of: Ti|Vg4Cr( | + x wt % Zr alloys
forx =0,2, 4,8, and 12. Error on the last significant digit is indicated in parentheses.

Sample Ti (at %) V (at %) Cr(at %) Zr(at %)

-0 Nominal composition 33 30 37 0
= Measurement 34.0(2) 29.8 (3) 362 (3) 00
=2 Nominal composition 326 29.7 36.6 1.1

x= Measurement 32.8(2) 29.4 (2) 36.4 (3) 14(1)
e d Nominal composition 323 29.3 36.2 22

S Measurement 34.0 (3) 282 (1) 352 (3) 26 (1)
8 Nominal composition 316 28.7 354 43

s Measurement 323(2) 27.7(2) 34.5(3) 5.5 (1)
12 Nominal composition 309 28.1 347 6.3

e Measurement 317(2) 26.2(2) 33.9(2) 8.2(1)

Using EDX, we also measured the atomic composition of each phase for all alloys. In Figure 2a
representative of elemental mapping is shown for the compound Ti;Viyg Cryj + 4 wt % Zr alloy. Similar
features were seen for the other alloys.

: Ti
Ti,V oCF, , + AWt.%Zr '

Figure 2. Backscattered electron micrograph of: Tiy Vg 9Cry | + 4 wt % Zr alloy with elements mapping,.

In these micrographs, specific locations are indicated by numbers. The matrix phase is numbered
1. Close inspection has shown that the bright secondary phase is in fact composed of two phases
having different shades of white. Thus, two secondary phases were indexed. They are indicated by
point 2 and point 3. Finally, the dark area is identified as point 4. The quantitative analysis at these
specific locations are listed in the Tables 2-5. Table 2 presents the composition of the matrix (point 1)
for all alloys.
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Table 2. EDX analysis showing the elemental composition of the matrix (point 1) of: Ti;VpoCry; +x
wt % Zr alloys forx =0, 2, 4, 8, and 12.

Sample Ti (at %) V (at %) Cr(at%)  Zr(at %)

x=0 27.8 338 384 0.0
x=2 27.4 33.4 389 0.3
x=4 25.8 35.0 389 0.3
x=8 293 316 38.2 09
x=12 28.5 317 389 0.9

From Table 2, we see that the matrix is a Ti-V-Cr solid solution with- inclusion of only a very small
amount of Zr (<1 at %). The matrix composition does not significantly change when more zirconium is
added. On average, the atomic composition of the matrix is Tig g4 V1Cry 2Zrg 03 which is quite different
than the nominal value. The main difference is that, compared to the nominal composition, the titanium
proportion is reduced, the vanadium amount increased, and the chromium abundance stays almost the
same. The zirconium abundance in the matrix is always less than 1 at % which is far from the nominal
composition. As the amount of zirconium was very small in the matrix, we expect that zirconium will
be mainly confined in the secondary phases. This could be seen in Tables 3 and 4 which show the
atomic composition of the two secondary phases. Secondary phase one (point 2) is rich in Ti and Zr
while secondary phase two (point 3) has a relatively high content of the four elements.

Table 3. EDX analysis showing the elemental composition of the secondary phase 1 (point 2) of
Ti\VooCr + xwt % Zralloys forx=0,2, 4,8, and 12.

Sample Ti (at %) V (at %) Cr(at %)  Zr(at %)
x=2 64.0 7.0 6.2 22.8

x=4 64.0 6.7 6.2 231
x=8 58.3 6.8 46 30.3
x=12 55.8 7.2 5.1 32.0

From Table 3, we see that the secondary phase 1 (point 2) is close to composition Ti 9V 2Cro2Zr0 7
for x = 2 or 4 and to composition Ti; 7V ,Crg2Zrpy for x = 8 and 12. To our knowledge, there are
no quaternary alloys that have stoichiometry close to these. Therefore, this secondary phase may
be metastable. 1t has to be mentioned that, when x is higher than 8 there is a higher proportion
of zirconium and lower proportion of titanium while the abundances of the two other elements
are constant.

Table 4 shows the composition of secondary phase 2 (point 3). This phase has an almost constant
composition Ti; ;V4Cry 1Zrys and also has a high zirconium content but here chromium is the most
abundant element. Contrary to secondary phase 1, the relative atomic abundance of this phase does
not vary with increasing of x.

Table 4. EDX analysis showing the elemental composition of secondary phase 2 (point 3) of: Ti; Vi yCry
+xwt% Zralloysforx=0,2,4, 8, and 12.

Sample Ti (at %) V (at %) Cr(at%) Zr(at %)

x=2 337 123 38.0 16.0
x=4 328 123 379 17.0
x=8 328 155 33.6 18.1
x=12 28.5 14.8 36.5 20.2

Close inspection of Figure 2 also indicates that secondary phase 2 is usually on the edge of the
bright surfaces while secondary phase 1 is more in the centre of the bright areas. Thus, it seems that
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secondary phase 2 is bridging secondary phase 1 with the matrix. Close inspection of Tables 3 and 4
demonstrates that the chemical composition of the secondary phases slightly changes when x increases.
The main characteristics of these phases are however constant. When x increases, secondary phase
1 remains rich in titanium and zirconium with the proportion of titanium slightly decreasing and
zirconjium increasing. Regarding secondary phase 2, this phase is rich in chromium but also the
proportions of zirconium and titanium relatively important. When x increase zirconium content
increases, titanium abundance decreases and chromium only slightly decreases. Chemical composition
of the black phase (point 4) was measured and the results are reported in Table 5.

Table 5. EDX analysis showing the elemental composition at point 4 of: Ti;VoCr, ; + x wt % Zr alloys
forx=0,2, and 4.

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x=0 87.7 7.0 53 0.0
x=2 88.2 33 2.0 6.5
x=4 79.6 6.8 5.6 8.0

It is evident that the black areas are titanium precipitates. The amount of precipitation tends to
decrease with increasing Zr content and for 8 and 12 wt % of Zr there are no Ti-precipitates.

2.2, Structural Characterization

Figure 3 shows the XRD pattern of all the studied samples in the as-cast state. The major
diffraction peaks of all as cast alloys can be identified as BCC phase (space group in-3n1). Small peaks
appeared as the zirconium doping increases. These peaks are surely related to the secondary phases.
Due to the smallness of the peaks and their relatively small numbers, indexing them is not obvious.
However, as demonstrated by Akiba and Iba, Laves phases could be closely related to BCC alloys [7].
Laves phases are well known intermetallic phases that crystallize in three different structures: a cubic
MgCu,-type (Space group Fd-3m), a hexagonal MgZn;-type (space group P63/mnic), or a hexagonal
MgNi,-type (Space group P63/ nimc). Following the Strukturbericht nomenclature, these phases will be
thereafter respectively designated C15, C14, and C36. In the specific case of Ti-V-Cr BCC alloys, it was
also shown by Bellon et al. [17] that when zirconium is substituted for vanadium in these alloys there
is the appearance of a C15 Laves phase.

We analyzed our diffraction patterns by Rietveld’s refinement. The obtained crystal parameters
and the abundance of each phase in all samples are shown in Table 6. In these refinements, we tried to
index the secondary phases’ peaks with Laves phases. We found that the peaks could be indexed by
using two Laves phases, namely the C15 and C14 phases. Tentatively, the C14 phase was assigned
to the composition Tij 9V 2Crp2Zrp7 (secondary phase 1) and the C15 phase to the composition
Tiy gV0.4Cry.1Zrg 5 (secondary phase 2). However, as it is difficult to distinguish between Ti, V, and Cr
by X-ray diffraction the exact assignment could be only done by using neutron diffraction. Also,
the problem with these compositions is that the ratio A/B is not 2 as it should be. For these reasons,
we should stress that the indexing of C14 and C15 is tentative and more experiments are needed
in order to have the definitive crystal structure of the secondary phases. We are now undertaking
neutron experiments and these will be reported in a future paper. In the present case, we could
conclude that using two Laves phases for fitting the secondary phase peaks confirm the finding of
electron microscopy where two different secondary phases were found. We should also point out that,
on Figure 3 only the main peaks of C14 and C15 have been indexed. As these two phases have small
abundances, only the main peaks are showing in the diffraction patterns and indexing all possible
peaks will have confused the reader, especially for overlapping peaks that are so small that they are
undistinguishable from the background. Referring to Table 6 at which the phase abundances are
presented for all studied alloys, we see that the total abundance of C15 + C14 phases roughly matches
the abundance measured from image J.
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Figure 3. X-ray diffraction patterns of as cast: Ti| VpoCr) | + x wt % Zr alloys with x = 0,2, 4, 8, and 12.

Table 6. Crystal parameters and abundance of each phase in as cast: Ti; VgCr) | + ¥ wt % Zr alloys for

x=0,2,4,8, and 12. Error on the last significant digit is indicated in parentheses.

Lattice Crystallite Phase Bright Area
Sample Phase Parameter (A) Size (nm) Abundance (%) Abundance (%)
BCC 39 (9 24 (2) 97 (3)
x=0 T a=2.961 (4) e o) 0
c=4.773 (1) ‘ 3¢
BCC 37‘0]47729 (‘75)’ 2 (1) 92 (2)
x=2 Cis st N 14 (7) 2(1) 4
Cl4 ol 8(2) 6(2)
=726 (2)
BCC 37‘0]4573 ) 23(2) 89 (3)
v=4 15 _'5‘9'3(3)] 20 (8) 3(1) 12
Cl4 a=5935(1) 5(1) 8(3)
c=8.09 (4)
BCC 3,/;0148502 (1) 38 (9) 68 (5)
‘=8 Ci5 7 845;3)7) 6(1) 21(4) 26
Cl4 n=>5.849 ( 6(1) 11(2)
c=8.109 (2)
BCC 36;059190 ((7])) 8(3) 66 (4)
v=12  CI5 R 10(1) 2(2) 35
Cl4 o) 3(1) 12 (2)
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2.3. Activation Process

The first hydrogenation (activation) of as-cast Ti; Vg 9Cry | + x wt % Zr alloys was performed at
room temperature under a hydrogen pressure 2MPa after the alloys were crushed in argon. Results
are presented in Figure 4. The first hydrogenation for x = 0 is practically impossible. This sample did
not absorb hydrogen even after 900 min of hydrogen exposure. Adding only 2 wt % of Zr to the alloy
resulted in a good hydrogen uptake, but the full hydrogenation still takes about 10 h. Increasing x value
to 4 wt % had the effect of greatly enhancing the kinetics and full hydrogenation was achieved after
150 min. Further increase of zirconium content slightly improved the kinetics but the total capacity
decreased. Among all doped samples, the one with 12 wt % Zr has the fastest activation kinetics,
reaching maximum capacity within 3 min. For hydrogen storage purposes, the optimum amount
of zirconium seems to be 4 wt %. However, even if the capacity slightly decreases with addition of
more zirconium, the fact is that even when the amount of secondary phases is high, the decrease in
capacity is not very important. For example, in the alloy with 12 wt % of Zr the secondary phases
comprise between 35 wt % (as measured from SEM images) and 34 wt % (as determined from Rietveld
refinement). Taking the low estimation of 34 wt %, if these secondary phases do not absorb hydrogen,
and assuming that pure BCC absorbs about 4 wt % of hydrogen, we should expect a capacity of
about 2.7 wt % which is clearly not the case. The measured capacity could not be explained by the
presence of the BCC alloy itself. Thus, we have evidence that, at least one of the secondary phases
absorbs hydrogen. Nonetheless, this then raises the question of the kinetic curves. Except for the
2 wt % Zr alloy, all activation curves do not show any kinks or slope change. This is the signature of a
single-phase alloy which is evidently not the case here. However, it has been shown by Akiba and
Iba [7] that the BCC Laves phase related alloys could actually be formed by a BCC phase and a Laves
phase and still display a single phase behaviour upon hydrogen absorption. It seems to be the case in
the present system.
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Figure 4. Activation curves of: Ti; VpoCr | + x wt % Zr for x = 0, 2, 4, 8, and 12 at room temperature
under 2MPa of hydrogen.

Interphase boundaries probably play a role in the activation. Similar investigation in
other systems seems to point that way. Nanocrystallinity is also well known to enhance
hydrogenation/dehydrogenation kinetics [6]. However, in the present case it is not the main factor
as evidenced by Table 6. From this table, we see that the samples with x = 2 and x = 4 have almost
the same crystallite size but their activation curve is drastically different. Moreover, the sample with
x = 8 has a larger crystallite size but the hydrogenation is faster. Therefore, nanocrystallinity alone
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could not explain the behaviour of this system. Dislocations and defects could lead to a faster first
hydrogenation in metal hydrides and was shown for cold rolled alloys [23,24].

Another explanation for the quick activation of alloys with zirconium addition may be stability
of the FCC hydride. As the matrix of the Zr-containing alloys has a stoichiometry different than the
nominal value and also, taking into account the fact that the BCC alloy contains some zirconium,
it may well result in some change of the formation enthalpy of the FCC hydride phase. A more stable
hydride may result in an easier activation but to have a definitive answer, the pressure-composition
isotherms have to be registered. Such an investigation is planned for the near future.

2.4. XRD Patterns after Hydrogenation

In this set of experiments, in order to study the crystal structure of the hydride phase,
the absorption experiment was stopped after reaching full hydrogenation and thereafter the pressure
just lowered to one bar of hydrogen. No vacuum was applied to the sample to be sure that no
desorption occurred during removal of the sample holder. In separated tests, we exposed the samples
to a pressure of 10 kPa and no desorption was noticed.

Figure 5 shows X-ray diffraction patterns of all alloys after first exposure to hydrogen. We see
that for x = 0, the structure is still BCC which confirms what was seen on Figure 4. For x = 2, the crystal
structure is essentially FCC which is usually the crystal structure adopted by a fully hydrided BCC
alloy. The FCC phase is also seen in the patterns for x = 4, 8, and 12 but there are clearly other phases
present. Indexation of the supplementary peaks is helped by doing a Rietveld refinement. Even if, in a
Rietveld refinement prior knowledge of the phase present is mandatory, we could use this technique
to first fit the patterns by using the known phase such as FCC in the present case. The residue of the fit
then shows the unindexed peaks more clearly and it is easier to figure out which crystal structure is
possible for the remaining peaks. This is the procedure we pefformed for all patterns and by doing it
we found that the supplementary peaks could be associated with a C14 and a C15 phases.

The crystal parameters and abundance of each phase in all hydrogenated samples as determined
by Rietveld’s analysis are presented in Table 7. For x = 0, the sample did not absorb hydrogen and
the crystal structure is still BCC. There is practically no change in the lattice parameter and crystallite
size, which means that there was no reaction with hydrogen. In the case of x = 2, the FCC phase
abundance in the hydrogenated sample is less than the BCC abundance in the as-cast alloy (80% vs.
92%) while both C14 and C15 phases are more abundant in the hydrogenated sample. The reason for
this behaviour is unclear but a premature conclusion should be avoided because the abundance values
are associated with relatively high experimental errors. For x = 4, there is a presence of both BCC
and FCC phases in the hydrogenated alloy. This is surprising, considering that the hydrogen capacity
is slightly higher than for x = 2. Tt is well known that the monohydride of the BCC phase is a BCT
(Body Centred Tetragonal) but, as the lattices parameters are very close to each other it is practically
impossible to distinguish between the BCC and BCT phases. However, the lattice parameter of the
BCC phase in the hydrogenated state is much bigger than in the as-cast state. From the difference
in volume of the unit cells and assuming that, on average, a hydrogen atom occupies a volume of
2.5 A3, we could estimate that the BCC phase in the hydrogenated state has a ratio of H/M of about
0.56. When x = 8, we see that the hydrogenated alloy has 72 wt % of FCC phase which corresponds
closely to the abundance of BCC phase in the as-cast alloy (68 wt %). Only the C15 phase is present
in the hydrogenated sample and the abundance is almost the total of the C14 and C15 phases in the
as-cast alloy. Thus, it seems that, upon hydrogenation, the C14 phase turns into a C15 phase. Finally,
for x = 12, the FCC phase has an abundance of 56 wt % which is lower than the abundance of the BCC
phase in the as-cast alloy (66 wt %). As for x = 8, there is no C14 phase in the hydrogenated pattern.
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Figure 5. X-ray diffraction patterns of: Ti;VpgCr| ) + x wt % Zr alloys in the hydrogenated state for
x=0,2,4,8 and 12.

Table 7. Crystal parameters and abundance of each phase in hydrogenated: Ti)VyoCr) | + x wt % Zr
alloys for x = 0, 2, 4, 8, and 12. Error on the last significant digit is indicated in parentheses.

Sample Phase Lattice Parameter (A) Crystallite Size (nm)  Phase Abundance (%)
BCC 3.0375 (4) 20 (5) 93 (8)
x=0 Ti a=2.9622(2) 113) 70)
¢=4.773 (6)
FCC 47'%181536((16)) 34 (3) 80 (2)
x=2 C15 = 6141 (7 402 10(2)
C14 £=7.262(2) 6(3) 10(1)
BCC i;g‘]‘; 8 25 (5) 56 (4)
x=4 FCC ) 42 (2) 4134
Cl4 0 =5809 2) 113) 3()
¢=8.03(4)
- s FCC 4.2875(2) 16 (2) 72.(6)
- C15 7.605(7) 8(3) 28 (3)
D ECC 4289 (2) 12(2) 56 (6)
= C15 7.646 (4) 12(1) 44 (6)
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For high addition of zirconium x > 8, the C14 phase was not detected by X-ray diffraction.
This may be due to the fact that, upon hydrogenation, the crystallite size is reduced thus, broadening
the peaks of this phase. As C14 phase is already present in relatively small amount (less than 12 wt %)
this makes that phase practically undetectable by X-ray diffraction as the peaks are merged into
the background.

2.5. Air Exposure Effect

For industrial production, it could be beneficial to be able to handle the cast alloys in air.
This motivated us to investigate the air resistance of the alloy with 12 wt % of zirconium. Figure 6
shows the activation curves for this alloy crushed in air, in argon and after two days of air exposure.
The sample crushed in air has a very short incubation time of 1.76 min while the sample after two days
of air exposure presents a longer incubation time of 3.75 h. However, after incubation time the intrinsic
kinetic is as fast for the sample exposed to the air two days as for the samples only crushed in air or in
argon. The longer incubation time shown by the sample stored in air for two days is most probably
due to the presence of surface oxide.

3.5

|/-I- crushed in air.
crushed in Argon
| After 2 days of air exposure.

N
[3,] o
1 Y 1

&
® |

-
(3]
i

—
>

Absorbed Hydrogen (wt.%)
; 4
®

1E4 0.001 0.01 0.1 1 10
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Figure 6. First hydrogenation curves of Ti; Vp9Cr; ) + 12 wt % Zr crushed under argon and under air
and after two days of air exposure at room temperature and under 2MPa of hydrogen.

3. Materials and Methods

Synthesis of Ti;VggCri1 + x wt % Zr alloys were performed using an arc melting apparatus.
The raw materials were purchased from Alfa-Aesar (Ward Hill, MA, USA) and had the following
purity: Ti sponge (99.95%), V pieces (99%), Cr pieces (99%), and Zr sponge (99.95%). They were mixed
at the desired stoichiometry and melted together under argon atmosphere. To ensure homogeneity,
each pellet was melted, turned over, and remelted three times. Each pellet was then hand crushed
using a steel mortar and pestle under argon atmosphere. Crushing in air was performed only for the
air exposed sample. The material was filled into a sample holder and kept under vacuum for one hour
at room temperature before exposing it to hydrogen. The hydrogen sorption properties were measured
using a homemade Sievert’s type apparatus. The measurements were done at room temperature
under a hydrogen pressure of 20 MPa for absorption. The crystal structure was determined by X-ray
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powder diffraction on a Bruker D8 focus apparatus with Cu K« radiation (Bruker AXS INC, Madison,
WI1, USA). Lattice parameters were evaluated by Rietveld’s refinement of the X-ray patterns using
Topas software [25]. Microstructure and chemical analysis were performed using a JEOL-JSM 5500
scanning electron microscopy (Ebay, Carson, CA, USA) equipped with an EDX (energy dispersive
X-ray) apparatus from Oxford Instruments. The percentage of different phases was analyzed by image
] software [26,27].

4. Conclusions

The first hydrogenation kinetics of Ti;VgoCry | + x wt % Zr (x = 2, 4, 8, and 12) alloys was found
to be increased with the amount of Zr. Doping with Zr generated a multiphase microstructuremade of
a main BCC phase and secondary phases. The secondary phases abundance increased with Zr content.
The two secondary phases were found to be Laves phases: a hexagonal C14 phase and a cubic C15
phase. Upon hydrogenation, most of the BCC phase transforms to the dihydride FCC phase but a.
small fraction of the BCC phase also seems to transform to a C15 phase with bigger lattice parameter,
indicating that this phase also absorbed hydrogen. For high zirconium loading (x > 8), only C15 phase
is present in the hydride pattern beside the FCC phase. Therefore, hydrogenation seems to promote the
transformation of C14 and some fraction of BCC phase into C15 phase. The faster first hydrogenation
of the alloys containing zirconium could be explained by the presence of the C14 and C15 secondary
phases. This made the first hydrogenation at room temperature much faster. Addition of 4 wt % of Zr
produced fast kinetics and the highest hydrogen storage capacity while higher abundance of zirconium
(x > 4) leads to decrease in hydrogen storage capacity. We also found that air exposure has a relatively
small impact on the activation of Ti; Vg oCry 1 + 12 wt % Zr alloy.
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Conclusions and perspectives

In this master’s thesis the effect of Zr addition to TiVCr alloy was studied. The

microstructure, crystal structure and hydrogen storage properties were investigated.

We found that without addition of Zr, the activation was practically impossible. Adding
Zr even with a small percentage by weight (2 wt %) the activation became possible. This
is attributed to change in the microstructure and to appearance of secondary phases. These

secondary phases ensure a rapid reaction with hydrogen.

By this work, it is clearly shown that addition of Zr is an effective way for enhancing the
activation of Ti| Vo.9Cr;.1 BCC alloy without any prior treatment. Moreover, Ti1VooCry.1+
4 wt % Zr can be a good candidate for hydrogen storage having fast kinetics and high
storage capacity. In addition, we found that we are able to handle T11VooCri.1 + 12 wt %

Zr alloy in air and this give a benefit for large-scale production.

During this work, X-ray diffraction did not allow to identify the exact chemical
compositions of secondary phases since the distinction between Ti, V and Cr is difficult
by that technique, so it would be interesting to investigate the chemical compositions of
C14 and C15 phases by neutron diffraction. As a future work, the pressure-composition
isotherms should be conducted to assess the influence of Zr on the thermodynamic

parameters as well as the stability of the hydride phase.

Regarding the production cost of alloys for hydrogen storage and since the 4wt% addition
of Zr is the optimum case, we think that replacing vanadium by niobium in TiVCr + 4 wt
% Zr could be promising. The reason is that the cost of niobium is about six times lower

than vanadium, so such a substitution could be taken into consideration.
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