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Abstract 
 

This thesis reports the investigation of the microstructure and first hydrogenation process 
of TiHfZrNbV-based and Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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-Rivières.  

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 TiHfZrNb1-xV1+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 
Ti0.3V 0.3Mn0.2Fe0.1Ni0.1. 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 
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small amount of Ti2Fe-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 Ti1V0.9Cr1.1 BCC 
alloy by mechanical deformation techniques. The Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 BCC alloy.  
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Résumé 
 

Cette thèse porte sur l'étude de la microstructure et de la première hydrogénation des 
alliages à base de TiHfZrNbV et Ti0.3V0.3Mn0.2Fe0.1Ni0.1 pour le stockage de l'hydrogène. 
Ces travaux ont été réalisés, sous la direction du professeur Jacques Huot, dans les 
laboratoires de l'Institut de recherche sur l'hydrogène, à l'Université du Québec à Trois-
Rivières. 

Dans le cadre de la commercialisation des alliages, la première hydrogénation dite « 
d'activation » est généralement une étape coûteuse et chronophage. La première partie 
de cette thèse présente une étude systématique de l'effet de la taille des particules, de 
la pression et de la température sur la première hydrogénation de l'alliage à 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'hydrogène 
appliquées lors de la première hydrogénation étaient de 1, 2 et 20 bars. La température 
de la première hydrogénation a varié de 100°C à 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'hydrogène, les courbes 
d'activation ont les mêmes caractéristiques. L'activation est fortement dépendante de la 
température : une température plus élevée réduit drastiquement la durée d'incubation. 
Le paramètre important pour l'activation est la température plutôt que la taille des 
particules. Il a également été constaté que le processus d'activation obéit à une relation 
d'Arrhenius. Lors de l'hydrogénation, 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'hydrogène des alliages TiHfZrNb1-xV1+x (x= 0,1, 0,2, 0,4, 0,6 et 1) a également été 
étudié. Pour x= 0, l'alliage est purement cubique à 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 à 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 première hydrogénation et la rend possible à température ambiante 
sous 20 bars d'hydrogène. La capacité de stockage d'hydrogène de tous les alliages 
substitués était d'environ 2 % en poids. 
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De manière à augmenter potentiellement la capacité gravimétrique de stockage 
d'hydrogène, les éléments lourds Hf, Zr et Nb ont été remplacés par des éléments plus 
légers de période 4 donnant la composition Ti0.3V0.3Mn0.2Fe0.1Ni0.1. L'alliage a été 
synthétisé par fusion à 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 Ti2Fe. La capacité maximale de stockage d'hydrogène 
de l'alliage était de 1,6 % en poids. Nous avons constaté que les échantillons exposés à 
l'air avaient la même capacité que l'échantillon brut de coulée, mais avec un temps 
d'incubation plus long. La synthèse par mécanosynthèse pendant cinq heures a conduit 
à un alliage à structure CC uniquement. La capacité en hydrogène de l'alliage broyé était 
de 1,2 % en poids, inférieur à celle de la coulée. L'effet du broyage à billes de l'alliage 
brut de coulée a également été étudié. Le broyage à billes pendant cinq heures a produit 
une structure CC similaire à celle obtenue en broyant les matières premières pendant le 
même temps. 

Enfin, nous avons essayé de résoudre le problème de la première hydrogénation 
impossible de l'alliage Ti1V0.9Cr1.1 CC par des techniques de déformation mécanique. 
L'alliage Ti1V0.9Cr1.1 a été traité par laminage à froid et broyage à billes. La première 
hydrogénation de l'alliage à température ambiante sous 20 bars d'hydrogène est 
pratiquement impossible. Cependant, les échantillons activés mécaniquement par 
laminage ou broyage absorbaient facilement l'hydrogène. L'échantillon laminé à froid une 
fois a présenté une cinétique plus rapide que l'échantillon broyé à billes pendant cinq 
minutes, mais les deux échantillons ont atteint la même capacité de stockage de 3,6 % 
en poids d'hydrogène. L'augmentation du nombre de laminages ou du temps de broyage 
a diminué la capacité en hydrogène. Le laminage est considéré comme la méthode la 
meilleure et la plus efficace pour l'activation de l'alliage Ti1V0.9Cr1.1 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].  
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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 a 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 AB5, AB, AB2, 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]. AB5 alloy has prototype CaCu5-type hexagonal 

structure. LaNi5 is the main example of AB5 type hydrogen storage alloys. AB5-type 



5 
 

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.   

AB2 alloys crystallize in Laves phase structures. The three types of Laves phases are 

hexagonal C14 structure (prototype MgZn2), hexagonal C36 structure (prototype MgNi2) 

and cubic C15 structure (prototype MgCu2) [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 

AB2  formula unit for C14 and C15 respectively [20]. The reported storage capacity of 

AB2-type alloys is around 2 wt% [21]. 

 

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 
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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]: 

 

∆S𝑚𝑖𝑥 =  ∆S𝑚𝑖𝑥
𝑐𝑜𝑛𝑓

+ ∆S𝑚𝑖𝑥
𝑒𝑥 + ∆S𝑚𝑖𝑥

𝑣𝑖𝑏 + ∆S𝑚𝑖𝑥
𝑒𝑙𝑒𝑐 + ∆S𝑚𝑖𝑥

𝑚𝑎𝑔
    (1.1) 

 

where ∆S𝑚𝑖𝑥
𝑐𝑜𝑛𝑓

 is the configurational mixing entropy, ∆S𝑚𝑖𝑥
𝑒𝑥  is the excess mixing entropy, 

∆S𝑚𝑖𝑥
𝑣𝑖𝑏  is the vibrational mixing entropy of mixing, ∆S𝑚𝑖𝑥

𝑒𝑙𝑒𝑐 is the electronic mixing entropy 

and ∆S𝑚𝑖𝑥
𝑚𝑎𝑔 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:  

∆S𝑚𝑖𝑥
𝑐𝑜𝑛𝑓

= −R∑ CilnCi
N
i=1            (1.2) 

 

Where R is the gas constant, and Ci is the mole fraction of the ith element. 

 

“∆S𝑚𝑖𝑥
𝑐𝑜𝑛𝑓

" is 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: 
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∆S𝑚𝑖𝑥
𝑐𝑜𝑛𝑓

= −R∑
1

5
ln (

1

5
) = 𝑅 ln 5 ≈ 1.61 𝑅    5

i=1    (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 ∆S𝑚𝑖𝑥
𝑒𝑥  to the ideal ∆S𝑚𝑖𝑥

𝑐𝑜𝑛𝑓
, where "∆S𝑚𝑖𝑥

𝑒𝑥 "  takes into consideration the true 

atomic sizes and their packing fractions [38]. 

  

Generally,  ∆S𝑚𝑖𝑥
𝑒𝑥  can be expressed as [39]: 

 

      ∆S𝑚𝑖𝑥
𝑒𝑥 = ∆S𝑚𝑖𝑥

𝑒𝑥  (di , Ci, ξ)                        (1.4) 

               

Where ξ is the atomic packing fraction of the N-element alloy ranging from 0.68 (BCC-

like packing) to 0.74 (FCC-like packing), and di is the atomic diameter of the ith element 

(i = 1, 2, 3…, N) [39]. 

 

The vibrational or electronic entropy of mixing is determined as: 

 

∆S𝑚𝑖𝑥 = S𝑎𝑙𝑙𝑜𝑦 − ∑ Ci S𝑖
N
i=1                (1.5) 

 

where Si is the entropy (vibrational or electronic) of the ith element. 

 

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

 

∆S𝑚𝑖𝑥
𝑐𝑜𝑛𝑓

= S𝑎𝑙𝑙𝑜𝑦
𝑐𝑜𝑛𝑓

             (1.6) 

 

 

∆S𝑚𝑖𝑥
𝑣𝑖𝑏 " 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 Svib is calculated from:  

S𝑣𝑖𝑏 = 3𝑘𝐵  ∫ 𝑛𝑣𝑖𝑏 [(𝑓𝐵𝐸 + 1) ln((𝑓𝐵𝐸 + 1) − 𝑓𝐵𝐸ln 𝑓𝐵𝐸]𝑑𝜀     
∞

0
   (1.7) 

Where nvib is the phonon density of states, and fBE is the Bose-Einstein distribution 

function [40]. 
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“∆S𝑚𝑖𝑥
𝑒𝑙𝑒𝑐" 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 Selec which can be 

determined by: 

 

      S𝑒𝑙𝑒𝑐 = −2𝑘𝐵  ∫ 𝑛𝑒𝑙𝑒𝑐 [𝑓𝐹𝐷ln𝑓𝐹𝐷+ (1 − 𝑓𝐹𝐷)ln(1 − 𝑓𝐹𝐷)]𝑑𝜀
∞

−∞
        (1.8) 

   

Where nelec is the electron density of states, and fFD is Fermi-Dirac distribution function  

[40]. 

 

The magnetic entropy change "∆S𝑚𝑖𝑥
𝑚𝑎𝑔

" is present when the atoms have a large magnetic 

moment such as some rare-earth elements. ∆S𝑚𝑖𝑥
𝑚𝑎𝑔

 is associated with the H (magnetic 

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

 

∆S𝑚𝑖𝑥
𝑚𝑎𝑔 

= ∫ (
𝜕𝑀

𝜕𝑇
)𝐻

𝐻𝑚𝑎𝑥

𝐻𝑚𝑖𝑛
 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: 

∆𝐺𝑚𝑖𝑥 =  ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 < 0         (1.10) 

So that ΔHmix is calculated using the expression: 

 

                          ∆H𝑚𝑖𝑥 = ∑ 4∆𝐻𝐴𝐵
𝑚𝑖𝑥N

i=1,i≠j  𝐶𝑖𝐶𝑗                     (1.11) 

Where ∆HAB
mix is the binary enthalpy of equiatomic AB alloy, taken from reference [42]. 

The stabilization occurs when: │ΔHmix│<│T ΔSmix│and ΔSmix > 0. 

Formation of intermetallic compounds is favoured when│ΔHmix│>│T ΔSmix│and ΔHmix < 

0. While a phase separation can happen for ΔHmix > 0 and ΔHmix >│T ΔSmix│. 

When│ΔHmix│is not remarkably larger than │T ΔSmix│and ΔHmix < 0, then an ordered 

substructure could be seen with some disorder on one or more sublattice sites [36].  
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Yang and Zhang proposed two dimensionless parameters Ω and δ to determine the phase 

formation of HEAs [43]. The parameter Ω combines the effects of entropy of mixing ΔSmix 

and enthalpy of mixing ΔHmix.  

Ω is defined as:  

        Ω =  
𝑇𝑚 ∆𝑆𝑚𝑖𝑥

∆𝐻𝑚𝑖𝑥
                   (1.12)      

where Tm is the melting temperature of the alloy, determined by the rule of mixtures:  

 

                  𝑇𝑚 = ∑ 𝐶𝑖
𝑁
𝑖=1 (𝑇𝑚)𝑖                      (1.13) 

 

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

 

The parameter δ 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. δ is calculated using the equation:  

 

          𝛿 (%) = 100 √∑ 𝐶𝑖 (1 − 𝑟𝑖/𝑟)̅2
𝑁
𝑖=1                    (1.14) 

 

        and  𝑟 ̅ = ∑ 𝐶𝑖
𝑁
𝑖=1  𝑟𝑖                                 (1.15) 

where ri is the atomic radius of the ith element. 

 

Yang and Zhang suggested the formation of solid solution phases when  Ω ≥ 1.1 and 𝛿 ≤

6.6%. In intermetallic compounds and bulk metallic glasses (amorphous phases) are 

favoured for larger δ values and smaller values of Ω as shown in Figure 1.3.  
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Figure 1.3 The relationship between the parameters Ω and δ [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 = ∑ 𝐶𝑖
𝑁
𝑖=1 (𝑉𝐸𝐶)𝑖                        (1.16) 

 

where (VEC)i  is the VEC for the ith 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): 

𝑀𝑒𝑡𝑎𝑙 (𝑀) + 
𝑥

2
 𝐻2         

ℎ𝑦𝑑𝑟𝑖𝑑𝑖𝑛𝑔
→         
←         𝑀𝐻𝑥 + ∆𝐻𝑓                (1.17) 

where M is a metal, MHx is the hydride and ΔHf 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 H2 molecules are attracted to the metal surface by Van der 

Waals forces and physically adsorbed on it. Then, the H2 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 α-phase. This is schematically 

shown in Figure 1.5 from point A to B.  

 

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 

α-phase becomes saturated with hydrogen and the hydride phase (β-phase) starts to 

nucleate. From B to C, the β-phase grows, resulting in a decrease of α-phase until the 

complete transformation to the β-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, α and β phases coexist, so the 

total number of phases is three (α, β 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 α and β phases coexist, there is only one degree of 

freedom thus giving rise to a plateau region. In the region of α (A to B) or region of β (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: 

ln (
𝑃𝑒𝑞

𝑃𝑜
) =  

∆𝐻

𝑅𝑇
− 

∆𝑆

𝑅
                  (1.19) 

where Peq is the equilibrium pressure, P0 is the standard atmospheric pressure (102 kPa), 

ΔH is the enthalpy change during the formation of the hydride (transition α and β), ΔS 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 ΔH and the entropy ΔS can be 

derived from a plot of ln (Peq/P0) versus 1/T (Figure 1.6). The enthalpy and entropy are 

respectively the slope and intercept of the straight line. 

 

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 H2 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 

H2 [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 TiHfZrNb1-xV1+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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 



15 
 

higher. The atomic compositions of the selected elements were chosen using the criteria 

Ω, δ 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 Ti1V0.9Cr1.1 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.  

 

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 TiHfZrNb1-XV1+X alloy was performed. Thirdly, the heavy elements: 

Zr, Nb and Hf were replaced by lighter ones of period 4, in the composition 

Ti0.3V0.3Mn0.2Fe0.1Ni0.1. The microstructure and the hydrogen storage properties of the  

Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy were also studied. Finally, the effect of a mechanical treatment 

on the first hydrogenation of BCC alloy Ti1V0.9Cr1.1 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 TiHfZrNb1-xV1+x alloy 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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. In chapter 6, 

the enhancement of the first hydrogenation of Ti1V0.9Cr1.1 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 

V 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, Ti0.3V0.3Mn0.2Fe0.1Ni0.1 and Ti1V0.9Cr1.1 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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1. Ball milling was also 

performed on as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 and Ti1V0.9Cr1.1 alloys. The samples were 

milled for different time intervals. 

Cold rolling was performed in air on as-cast Ti1V0.9Cr1.1 alloy for different numbers 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 

 

0.2Ti-0.2Hf-0.2Zr-0.18Nb-0.22V 

 

0.2Ti-0.2Hf-0.2Zr-0.16Nb-0.24V 

 

0.2Ti-0.2Hf-0.2Zr-0.12Nb-0.28V 

 

0.2Ti-0.2Hf-0.2Zr-0.8Nb-0.32V 

 

0.2Ti-0.2Hf-0.2Zr-0.4V 

 

0.33Ti-0.3V-0.37Cr 

 

0.3Ti-0.3V-0.2Mn-0.1Fe-0.1Ni 

 

 

0.3Ti-0.3V-0.2Mn-0.1Fe-0.1Ni 

milled for 1, 5 and 10 hours. 

 

 

 

 

 

Cast (0.3Ti-0.3V-0.2Mn-0.1Fe 

0.1Ni), milled for 1, 5 and 10 

hours. 

 

 

 

Cast (0.33Ti-0.3V-0.37Cr), 

milled for 5, 15, 30, and 60 

minutes. 

 

 

Cast(0.33Ti-0.3V-0.37Cr) 

rolled one, three and six 

times. 

 

 

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 milling 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.  

 

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 J 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 Kα 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]. 

 

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. 

 

 

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:  

2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙 = 𝑛 𝜆        (2.1) 

Where, dhkl is the interplanar spacing of crystallographic planes hkl, θhkl is Bragg’s angle, 

n is an integer, the order of the reflection (normally equal to 1) and λ is the wavelength 

of the X-rays. Figure  2.6 presents the schematic diagram of Bragg diffraction [54].  

 

 

Figure 2.6 Schematic diagram of Bragg diffraction. 

 

The interplanar spacing dhkl depends on the crystal structure. For each crystal system, 

there is a formula relating this distance dhkl to the Miller indices (hkl) and and the lattice 

parameters of the crystal lattice. The Equation 2.2 for a cubic system is:  

              𝑑ℎ𝑘𝑙 = 
𝑎

√ℎ2+ 𝑙+𝑘2 
                (2.2) 
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Where a is the lattice parameter of the cubic crystal and h, k, and l 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 +
𝑛𝐵

𝑉
)                                 (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: 

 

   ∆𝑛 = 2 
𝑉 ∆𝑃

𝑅𝑇 (1+
𝐵

𝑉 
)
                                      (2.4) 

 
where ΔP is the pressure change. The factor 2 corresponds to H atoms absorbed. It 

comes because the equation of state of gas is established for H2.  

  

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

% 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐻 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐻

𝑚𝑎𝑠𝑠 𝑜𝑓 (𝑠𝑎𝑚𝑝𝑙𝑒+𝐻)
                    (2.5) 
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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. 

Figure 3.1 Flow chart of synthesis & characterization of TiVZrHfNb alloy. 

 

3.2 Microstructural Study 
 

Figure 3.2 shows backscattered electron micrograph of TiVZrHfNb alloy prepared by arc 

melting. 
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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 2000×. 

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 V 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 

Ti  Kα1 V  Kα1 

Zr Lα1 Hf  Lα1 

Nb Lα1 
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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.   

 

 

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. 

 

 

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 
Volume 

(Å3) 

Lattice 
Parameter 

(Å) 

Crystallite 
Size 
(nm) 

Microstrain 
% 

Rwp 

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 Å) [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 AB2 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. 

 

Figure 3.6 Activation curves at 300°C of TiVZrHfNb 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. 

 

Figure 3.7 XRD patterns 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 
particle 

size 

Cell 
Volume 

(Å
3
) 

Lattice 
parameter 

(Å) 

Crystallite 
size (nm) 

Micro 
strain 
(%) 

Phase 
(%) 

Rwp Amorph
ous 

Less 
than 

0.5 mm 

48.60 (7) a= 3.301 (2) 
c= 4.460 (4) 

5.9 (2) 0.41 (2) 77 
 
 

3.95 23% 

Between 
0.5 and 
1 mm 

48.38 (4) a= 3.260 (1) 
c= 4.551 (3)  

10.6 (5) 0.31 (2) 100 5.06 ------ 

Between 
1 and 2 

mm 

48.50 (5) a= 3.264 (1) 
c= 4.552 (3) 

11.2 (6) 0.41 (2) 100 4.86 ------ 
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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 patterns 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. 

 

 

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 

 
Cell 

Volume 
(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size (nm) 

Micro 
strain 
(%) 

Rwp Amorp
hous 

300°C 48.23 (3) a= 3.257 (8) 
c= 4.546 (2) 

9.2 (2) 0.29 (1) 4.80 ------ 

400°C 48.66 (9) a= 3.287 (2) 
c= 4.505 (5) 

3.05 (7) ------- 5.37 8% 
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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. 

 

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 (ln 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 ln t as a function of the inverse of temperature. It 

is seen that the experimental points follow a linear relationship between 1/T and ln t.  
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Figure 3.11 Graph of ln 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:  

ln𝐾 = ln 𝐴 −
𝐸𝐴
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: 

−ln 𝑡 = ln𝐾 (3.3) 

From the fitted values of Figure 3.11, we get EA = 241 ± 8 kJ/mol H2.  

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. 

 

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 

Volume 
(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size 
(nm) 

Micro 
strain 
(%) 

Rwp Amorp- 
hous 

200°C 48.05 (3) a= 3.253 (1) 
c= 4.541 (2) 

13.5 (6) 0.29 (1) 4.85 -------- 

225°C 48.23 (4) a= 3.258 (1) 
c= 4.545 (2) 

13.9 (7) 0.33 (1) 4.90 ------- 

250 48.15 (5) a= 3.261 (3) 
c= 4.527 (3) 

6.9 (2) 0.51 (1) 4.56 ------- 

275 49.2 (1) a= 3.314 (3) 
c= 4.478 (6) 

6.3 (5) 0.51 (3) 4.01 8% 

300 48.60 (7) a= 3.301 (2) 
c= 4.460 (5) 

5.9 (2) 0.41 (2) 3.95 23% 

 

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.   

 

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 c parameter increases. For the 1 bar hydrogenation the a and c 

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 Å, a value that is intermediate between the a and c parameters of the BCT 

phase. The unit cell volume of the BCC phase is 41.54 Å3, again very close to the BCT 
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value of 41.61 Å3.  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. 

 

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 
Volume 

(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size (nm) 

Micro 
strain 
(%) 

Rwp Amorp 
hous 

1 bar    41.61 (8) a = 3.442 (2) 
c = 3.512 (3) 

8.3 (5) 0.38 (3) 4.23 ----- 

2 bars 47.01 (6) a = 3.349 (2) 
c = 4.191 (3) 

8.5 (5) 0.27 (2) 4.54 ----- 

20 bars 48.60 (7) a = 3.301 (2) 
c = 4.460 (5) 

5.9 (2) 0.41 (2) 3.95 23% 
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We see that, for the 1 bar pattern, the a and c lattice parameters are very close 

(c/a=1.020). The volume of the unit cell is 41.61 Å3 which gives a volume expansion of 

the lattice compared to the as-cast BCC of 3.47 Å3. Taking into account that the volume 

taken by a hydrogen atom is between 2 and 3 Å3, 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 Å3 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.  

 

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 

Volume 
(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size (nm) 

Microstrain 
(%) 

Rwp 

As-cast 
 

38.14 (2) 3.3663 (4) 14.3 (3) 0.08 (1) 4.67 

Desorption 
of activated 

at 300°C 

41.82 (3) 3.4711 (7) 12 (1) 0.14 (2) 5.56 

 

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 Å3, 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 H2. 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. 
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Chapter 4 

Microstructure and hydrogen storage properties of TiHfZrNb1-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 TiHfZrNb1-xV1+x alloy (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. 

 

 

Figure 4.1 Flow chart of synthesis & characterization of TiHfZrNb1-xV1+x alloys 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 ΔSmix, ΔHmix, Ω and δ 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 ΔSmix, ΔHmix, Ω and δ for each alloy. 

x value ΔSmix 
J.K-1mol-1 

ΔHmix 

kJ.mol-1 
Ω δ % 

Criteria for solid solution 
[66] 

Maximum -11 to 5  ≥1.1 ≤6.6 

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 ΔSmix decreased with x, reaching the lowest value for the Nb-free (x= 1) 

alloy. ΔHmix and Ω also decreased with x and their values satisfied the conditions for the 

formation of solid solution phases. In the case of δ, 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 Ω and 

VEC values, all the selected compositions fulfilled the conditions for the formation of the 

BCC phase. However, referring to δ values, the formation of intermetallic compounds is 

expected. 

 

4.3 Microstructural Study 

Figure 4.2 shows the backscattered electron micrograph of TiHfZrNb1-xV1+x alloys 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 TiHfZrNb1-xV1+x alloys 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 

x= 0 x= 0.1 

100 µm 

x= 0.2 

100 µm 

x= 0.4 

100 µm 

x= 0.6 

100 µm 

x= 1 

100 µm 
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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 TiHfZrNb1-xV1+x alloys 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: TiHfZrNb1-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: TiHfZrNb1-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. %) 

0.1 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: TiHfZrNb1-xV1+x alloys for x= 0.1, 0.2, 0.4 and 0.6. Error on all 

values is 1 at %. 

x Ti 
(at. %) 

Hf 
(at. %) 

Zr 
(at. %) 

Nb 
(at. %) 

V 
(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 TiHfZrNb1-xV1+x alloys 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 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. 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 TiHfZrNb1-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) 29 (2) 35 (3) ….. 

FCC ….. 6 (1) 7 (1) 11 (1) 10 (1) ….. 

C15 ….. ….. ….. ….. 16 (2) 69 (1) 
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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 Hf0.5Zr0.5. 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 AB2 , 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 Ti0.36Hf0.54Zr0.48V1.62. 

This is relatively far from an AB2 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. 

 

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 TiHfZrNb1-xV1+x alloys 

for x= 0.1, 0.2, 0.4 and 0.6. Error on the last significant digit is indicated in 

parentheses. 

 

 

 

 

 

 

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 

BCC Cell 
Volume 

(Å
3
) 

Lattice 
parameter 

(Å) 

Crystallite 
size (nm) 

Micro 
strain 
(%) 

Average 
radius 
(pm) 

Ratio 

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) 4.1 (7) ……… 145.9 2.28 

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

HCP Cell Volume 
(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size 
(nm) 

Microstrain 
(%) 

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

38 (9) 0.14 (2) 

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

41 (10) 0.13 (2) 

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

22 (2) 0.07 (2) 

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

21 (1) ……. 
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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 TiHfZrNb1-

xV1+x alloys for x= 0.1 to 0.6. Error on the last significant digit is indicated in 

parentheses. 

 

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 AB2 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. 

 

FCC Cell Volume 
(Å3) 

Lattice 
parameter (Å) 

Crystallite size 
(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) 

C15 Cell Volume 
(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size 
(nm) 

Microstrain 
(%) 

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 TiHfZrNb1-xV1+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. 

 

Figure 4.5 Activation curves of TiHfZrNb1-xV1+x 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 [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 TiHfZrV2 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 TiHfZrNb1-xV1+x 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 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 

TiHfZrNb1-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. 

 

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 

Sample phase Cell 
Volume 

(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size (nm) 

Micro- 
strain 
(%) 

Abund-
ance 
(%) 

 
 

0.1 
 

BCT 47.90 (6) a= 3.286 (2) 
c= 4.437 (3) 

8.1 (5) 0.48 (2) 76 (1) 

HCP 49.88 (6) a= 3.255 (1) 
c= 5.435 (2) 

15 (1) ……. 11 (1) 

FCC 95.8 (2) 4.574 (2) ……… 0.33 (2) 13 (1) 

 
 

0.2 
 

BCT 
 

47.35 (5) 
 

a= 3.273 (2) 
c= 4.419 (3) 

7.5 (6) 0.49 (2) 73 (2) 

HCP 49.43 (5) a= 3.246 (1) 
c= 5.418 (2) 

17 (1) ……. 14 (1) 

FCC 94.4 (1) 4.554 (2) ………. 0.35 (2) 13 (1) 

 
 

0.4 
 

BCT 
 

46.86 (8) a= 3.265 (2) 
c= 4.395 (5) 

5.2 (4) 0.60 (4) 65 (2) 

HCP 49.55 (4) a= 3.249 (1) 
c= 5.421 (2) 

15 (1) ……… 22 (1) 

FCC 93.9 (1) 4.545 (2) ………. 0.36 (2) 13 (1) 

 
 
 

0.6 

BCT 47.47 (9) 
 

a= 3.193 (2) 
c= 4.657 (7) 

3.3 (2) ……… 57 (2) 

HCP 51.33 (4) a= 3.296 (1) 
c= 5.456 (2) 

36 (6) 0.29 (1) 24 (2) 

FCC 93.66 (8) 4.541 (1) 43 (20) 0.15 (2) 15 (2) 

C15 434 (1) 7.574 (6) ……….. 0.31 (4) 4 (1) 

 
1 
 

BCT 
 

49.0 (2) a= 3.339 (5) 
c= 4.40 (1) 

7 (2) 1.09 (7) 31 (2) 

C15 492.8 (1) 7.899 (1) 31 (2) 0.07 (1) 69 (2) 
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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 Å3, the estimated 

amount of hydrogen in each phase was determined from the volume expansion ΔV of 

each hydrided phase. The results are shown in Table 4.11. 

Table 4.11 The variation of volume ΔV and the estimated range of hydrogen 

in each phase in the hydrogenated TiHfZrNb1-xV1+x alloys for x= 0.1, 0.2, 0.4, 

0.6 and 1. 

 

Taking into consideration the abundance of each phase in the hydrided samples, the 

estimated amount of hydrogen is shown in Table 4.12. 

 ΔV 
of 

BCT 
(Å3) 

Estimated 
amount of 
H in BCT 
(wt.%) 

ΔV 
of 

HCP 
(Å3) 

Estimated 
amount of 
H in HCP 
(wt.%) 

ΔV 
of 

FCC 
(Å3) 

Estimated 
amount of 
H in FCC 
(wt.%) 

ΔV 
of 

C15 
(Å3) 

Estimated 
amount of 
H in C15 
(wt.%) 

0.1 9.98 1.87 to 2.8 4.31 0.6 to 0.89 4.19 0.53 to 0.79 …… ……. 

0.2 9.84 1.83 to 2.75 4.05 0.57 to 0.85 3.07 0.37 to 0.56 …… ……. 

0.4 9.85 1.91 to 2.88 4.09 0.56 to 0.84 2.65 0.33 to 0.5 …… ……. 

0.6 10.68 2.09 to 3.14 5.76 0.8 to 1.2 1.92 0.24 to 0.36 37 0.76 to 1.14 

1 9.19 1.68 to 2.52 ……. ………… ……. …….. 80.8 1.7 to 2.55 
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Table 4.12 Estimated capacity of the phases in the hydrided samples.  

 

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 Å3. This is very close to the volume expansion estimated at 2.9 Å3 that Peisl 

found for a wide range of materials [70]. Using 2.7 Å3 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 TiHfZrV2 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.  

 
0.1 0.2 0.4 0.6 1 

Estimated 
amount of H in 

the hydride 
(wt.%) 

1.56 to 2.33 1.46 to 2.2 1.4 to 2.12 1.45 to 2.18 1.69 to 2.54 

Measured 
capacity 
(wt.%) 

2.1 2.1 2.1 2 1.95 
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Figure 4.7 XRD pattern of TiHfZrV2 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 Å3. The volume of the C15 phase after dehydrogenation was larger 

than that of the C15 phase in the as-cast state (412.1 Å3). This indicates that there is still 

hydrogen in the C15 phase. Assuming a volume of hydrogen atom of 2.7 Å3, 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 TiHfZrNb1-xV1+x 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 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 

Ti0.3V0.3Mn0.2Fe0.1Ni0.1 

 

5.1 Overview 

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

properties of a new multi-component alloy of composition Ti0.3V0.3Mn0.2Fe0.1Ni0.1. 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 Ω, the geometric parameter is characterized by the atomic size difference δ 

and the electronic parameter is the valence electron concentration (VEC) of the 

constituent elements.  

 

Ω was determined using Equation (1.12) and it is equal to 1.84 where ΔHmix is equal to -

12.84 kJ.mol-1 (using Eq. 1.11), ΔSmix is 12.51 J.K-1mol-1 (using Eq. 1.2) and Tm is 1894.9 

K (using Eq. 1.13). The δ value was calculated to be 5.4 % from Equation (1.14) using 

the atomic radii taken from reference [71]. Empirically, when Ω ≥ 1.1 and δ ≤ 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 Ω, δ and VEC, the BCC phase is most likely to occur in 

Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 

Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. 
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Figure 5.1 Flow chart of synthesis & characterization of Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. 

 

5.2 Microstructural Study 
Figure 5.2 shows the backscattered electron micrograph of as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 

alloy.  

 

 

 

 

 

 

 

 

Figure 5.2 Backscattered electron (BSE) micrograph of as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 
alloy. 

 

The different shades of grey indicate a multiphase alloy. Using ImageJ, the area 

percentages for the bright, grey, and dark grey phases were found to be, respectively 

50µm 
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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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. Error on the last significant digit is indicated 

in parentheses. 

 

 

 

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. 

Element 
(at %) 

Ti V Mn Fe Ni 

Nominal 30 30 20 10 10 

Measured 29.4 (3) 30.8 (1) 19.1 (2) 10.4 (1) 10.3 (2) 
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Figure 5.3 BSE micrographs with elemental mappings of as-cast 
Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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.  

 

 

 

10µm 

25µm 25µm 

25µm 25µm 

25µm 

Ti V 

Mn Fe 

Ni 
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Table 5.2 EDX analysis showing the elemental composition of all the phases 

of as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. Error on all values is 1 at %. 

 

 

 

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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 MgZn2), BCC phase (Space group Im-

3m, structure type W) and Ti2Fe type phase (space group Fd-3m:2, structure type Ti2Ni). 

The lattice parameters and the abundance of these phases are presented in Table 5.3. 

 

Figure 5.4 X-ray diffraction patterns of as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. The 

bottom curve is the difference between calculated and measured intensities. 

Element (at %) Ti  V  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 
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Table 5.3 Crystal parameters and abundance of each phase of as-cast 

Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy. Error on the last significant digit is indicated in 

parentheses. 

Phase Unit cell 
volume 

Å3 

Lattice 
parameter 

Å 

Crystallite 
size 
nm 

Micro-
strain 

% 

Abundance 
% 

C14 164.98 (3) a= 4.8900 (4) 
c= 7.9651 (9) 

125 (48) 0.04 (1) 79 

BCC 26.58 (1) 2.9841 (5) 31 (5) -------- 17 

Ti2Fe 1418 (3) 11.234 (8) ------ --------- 4 

 

Correlating the abundance of the phases as measured by ImageJ 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 Ti0.96V0.69Mn0.57Fe0.33Ni0.45. For the relatively close composition 

Ti1V0.64Mn0.81Fe0.15Ni0.4, 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 4f site and the other atoms were evenly 

distributed on the other two sites (2a and 6h) [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 

Ti0.16V0.51Mn0.21Fe0.09Ni0.03. This is supported by the fact that there is a wide range of Ti1-

x-yVxMny that has the BCC structure [76-84]. The least abundant phase (dark grey) has a 

composition that could be written as Ti1.53V0.39Mn0.33Fe0.33Ni0.42. The diffraction pattern 

indicates the presence of a Ti2Fe-like phase which roughly matches the abundance of the 

dark grey phase. As Ti2Ni is the structure type of Ti2Fe, it is reasonable to assume that 

the dark grey phase has the Ti2Fe structure with vanadium most likely substituted for Ti 

and Mn substituting for Ni/Fe.  

According to the criteria used Ω, δ and VEC, the as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy should 

adopt a BCC phase. However, the main phase found is the C14 phase instead of BCC. 

One can see that Ω is 1.84 higher than the condition proposed by Yang and Zhang [43]. 

However, the absolute of ΔHmix (12.84 kJ.mol-1) 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.  

 

Figure 5.5 Activation curve of as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 
volume 

Å3 

Lattice 
parameter 

Å 

Crystallite 
size 
nm 

Micro-
strain 

% 

Abundance 
% 

C14 187.85 (9) a= 5.1091 (1) 
c= 8.2835 (2) 

11 (3) 0.62 (3) 92 

BCC 34.5 (2) 3.257 (6) 7 (2) ---------- 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 Ti2Fe 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 Å3 [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 
Expansion (Å3) 

H/M Estimated capacity of 
the phase (wt.%) 

C14 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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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. 

 

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 
(hr) 

Unit cell 
volume 

(Å3) 

Lattice 
parameter 

(Å) 

Crystallite size 
(nm) 

5 28.0 (2) 3.035 (6) 2.30 (5) 

10 27.7 (4) 3.03 (1) 1.40 (2) 



72 
 

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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 

alloy. The X-ray patterns are shown in Figure 5.9. 

 

Figure 5.9 X-ray diffraction patterns of as-cast Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy after 
milling for 1, 5 and 10 h. 

Before milling the Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy was multiphase with C14, BCC, and Ti2Fe-

type phases. After milling for one hour, the crystal structure was mainly BCC with some 

C14 phase. The peaks of the Ti2Fe 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 TiCrx alloys. They found that TiCrx 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 

Ti0.3V0.3Mn0.2Fe0.1Ni0.1 alloy before and after milling. Error on the last 

significant digit is indicated in parentheses. 

Milling 
Time 
(hr) 

Phase Unit cell 
volume 

(Å3) 

Lattice 
parameter 

(Å) 

Crystallite 
size 
(nm) 

Abundance 
(%) 

 
 
 
0 

C14 164.98 (3) 4.8900 (4) 
7.9651 (9) 

125 (48) 79 

BCC 26.58 (1) 2.9841 (5) 31 (5) 17 

Ti2Fe 1418 (3) 11.234 (8) ------ 4 

 
1 

C14 165.9 (6) 4.897 (7) 
7.989 (2) 

13.0 (2) 36 

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) Å3, a= 2.99 (2) Å and c= 3.36 (3) 

Å. 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 Å3, 

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.   
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5.9 Conclusions 
The alloy Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 Ti2Fe-type phase. Its 

maximum hydrogen storage capacity was 1.6 wt.%. Upon hydrogenation, Ti2Fe-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 H2) 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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 

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 Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 alloy.  

Figure 6.1 represents the summary of this work.  

 

 

Figure 6.1 Flow chart of synthesis & characterization of Ti1V0.9Cr1.1 alloy. 

 

6.2 Morphology 
Figure 6.2 shows the morphologies of Ti1V0.9Cr1.1 alloy in the as-cast state after hand 

crushing and CR.  



78 
 

 

Figure 6.2 Scanning electron microscopy (SEM) micrographs of hand crushed (a), 
CR-1× (b), CR-3× (c), and CR-6× (d) of Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 alloy and after 1x, 3x, and 

6x CR. All patterns showed a BCC structure (S.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-1×, CR-3×, and CR-6× of, Ti1V0.9Cr1.1 
alloy. 

 

Table 6.1 Crystal structure parameters and the Rwp values of the as-cast, CR-

1×, CR-3×, and CR-6× of Ti1V0.9Cr1.1 alloy. Error on the last significant digit is 

indicated in parentheses. 

Sample Phase Unit Cell 
Volume 

(Å3) 

Lattice 
Parameter 

(Å) 

Cryst-
allite 
Size 
(nm) 

Micro 
strain 
(%) 

Phase 
Abun-
dance 
(%) 

Rwp 

As-cast BCC 
Ti 

28.04 (2) 
36.25 (1) 

3.0379 (9) 
a = 2.961 (4) 
c = 4.773 (1) 

24 (2) 
13 (2) 

0.26 (1) 
……… 

97 (3) 
3 (3) 

7.76 

CR-1× BCC 28.24 (3) 3.0453 (1) 28 (5) 0.40 (1) 100 5.95 

CR-3× BCC 28.34 (4) 3.0487 (1) 25 (4) 0.40 (1) 100 6.07 

CR-6× 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. 

 

Figure 6.4 Activation curves of the as-cast, CR-1×, CR-3×, and CR-6× of Ti1V0.9Cr1.1 

alloy. 

The as-cast Ti1V0.9Cr1.1 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-3× sample also demonstrated good hydrogen uptake but with a slight reduction in 

capacity. Further rolling to 6× showed a 4 min incubation time followed by a slower 

absorption and reduced total capacity. The effectiveness of CR in activating the Ti1V0.9Cr1.1 
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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-1×, CR-3×, and CR-

6× of Ti1V0.9Cr1.1 alloy. 

 

Figure 6.5 X-ray diffraction (XRD) patterns of hydrogenated of CR-1×, CR-3×, and 
CR-6× of Ti1V0.9Cr1.1 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 6× 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 
Volume 

(Å3) 

Lattice 
parameter 

(Å) 

Crys- 
tallite 
Size 
(nm) 

Micro 
strain  
(%) 

Phase 
Abund-

ance (%) 

Rwp 

CR-1× FCC 
BCC 

79.03 (1) 
30.84 (8) 

4.2914 (2) 
3.136 (3) 

20.2 (2) 
7 (2) 

0.34 (1) 
0.43 (1) 

84 (2) 
16 (2) 

5.34 

CR-3× FCC 
BCC 

78.90 (1) 
30.65 (9) 

4.289 (2) 
3.130 (7) 

17.3 (1) 
4.0 (6) 

0.40 (1) 
0.33 (1) 

76 (3) 
24 (3) 

5.28 

CR-6× FCC 
BCC 

78.61 (1) 
30.67 (7) 

4.284 (2) 
3.130 (2) 

29 (6) 
4.9 (6) 

0.53 (2) 
0.36 (8) 

72 (2) 
28 (2) 

4.93 

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 Å3. Considering that a hydrogen atom 

occupies a volume between 2 and 3 Å3, 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 Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 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 Ti1V0.9Cr1.1 alloy for different ball milling times. 

 

Table 6.3 Crystal parameters and the Rwp values of Ti1V0.9Cr1.1 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 
Volume 

(Å3) 

Lattice 
Parameter 

(Å) 

Crystall
ite Size 
(nm) 

Microst
rain 
(%) 

Phase 
Abund
ance 
(%) 

Rwp 

As-cast BCC 
Ti 

28.04 (2) 
36.25 (1) 

3.0379 (9) 
a = 2.961(4) 
c = 4.773 (1) 

24 (2) 
13 (2) 

0.26 (1) 
…….. 

97 (3) 
3 (3) 

7.76 

BM 5 
min 

BCC 28.29 (3) 3.0471 (9) 20.5 (1) 0.30 (1) 100 5.20 

BM 15 
min 

BCC 28.18 (3) 3.0432 (1) 16.1 (1) 0.40 (2) 100 7.84 

BM 30 
min 

BCC 28.28 (3) 3.0468 (1) 14.5 (8) 0.40 (1) 100 7.46 

BM 60 
min 

BCC 28.32 (3) 3.0481 (1) 12.2 (6) 0.40 (1) 100 7.30 
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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. 

 

Figure 6.8 Activation curves of Ti1V0.9Cr1.1 alloy for different BM times as compared 

to the 1 cold-rolled sample. 

 

BM enabled the activation of Ti1V0.9Cr1.1 alloy. Milling for 5 min significantly improved the 

kinetics with a maximum capacity of 3.6 wt.% H2. 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 V40(TiCr)51Fe8Mn 

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-1× with that of BM-5 min, both are beneficial for activation 

of the Ti1V0.9Cr1.1 alloy, but CR-1× is more effective since full hydrogenation occurs much 

faster. 

In a previous investigation, we showed that an addition of 12 wt.% Zr to Ti1V0.9Cr1.1 alloy 

produced fast activation kinetics, reaching a maximum capacity of 3 wt.% H2 within 3 

min [50]. Therefore, adding 12 wt.% Zr still produces faster kinetics compared to CR-1× 

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. 

 

Figure 6.9 Diffraction patterns of Ti1V0.9Cr1.1 alloy for different BM times after 

hydrogenation. 
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Table 6.4 Crystal parameters of Ti1V0.9Cr1.1 alloy for different ball milling 

times after hydrogenation. Error on the last significant digit is indicated in 

parentheses. 

Activated 
BM 

Phase Unit 
Cell 

Volume 
(Å3) 

Lattice 
Parameter 

(Å) 

Crys-
tallite 
Size 
(nm) 

Micro 
strain 
(%) 

Phase 
Abund-

ance 
(%) 

Rwp 

5 min FCC 
BCC 

78.97 (7) 
31.06 (7) 

4.2903 (1) 
3.144 (2) 

15.4 (8) 
3.8 (5) 

0.35 (1) 
0.34 (1) 

79 (2) 
21 (2) 

 
4.12 

15 min FCC 
BCC 

78.38 (1) 
29.33 (5) 

4.280 (2) 
3.0841 (2) 

15.8 (2) 
8.6 (1) 

0.42 (2) 
1.09 (4) 

36 (2) 
64 (2) 

 
5.12 

30 min FCC 
BCC 

78.49 (2) 
28.75 (5) 

4.282 (3) 
3.0634 (2) 

14.0 (2) 
5.1 (3) 

0.29 (3) 
0.49 (3) 

23 (2) 
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 Ti1V0.9Cr1.1 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 

TiHfZrNb1-xV1+x alloy (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 Ti0.3V0.3Mn0.2Fe0.1Ni0.1 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 Ti1V0.9Cr1.1 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 TiVZrHfNb, 

TiHfZrV2 and of Ti1V0.9Cr1.1 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 TiHfZrV2, Ti0.3V0.3Mn0.2Fe0.1Ni0.1 and 

of Ti1V0.9Cr1.1 alloys. 

Since cold rolling is effective for the activation of Ti1V0.9Cr1.1 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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