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RÉSUMÉ 

Cette recherche a été réalisée en collaboration avec le GKN Hoeganaes 

Innovation Centre & Advanced Materials et porte sur l’amélioration du 

comportement lors de la première hydrogénation de l’alliage Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂. 

L’alliage a été produit par GKN en utilisant la technique d’atomisation gazeuse. 

Les alliages de type TiFe sont connus pour présenter une première hydrogénation 

lente en raison de la présence d’oxydes de surface. Dans cette étude, l’atomisation 

gazeuse a été choisie par notre partenaire industriel afin d’obtenir une 

microstructure fine. Les vitesses de refroidissement rapides associées à ce procédé 

conduisant généralement à une microstructure favorable à l’absorption 

d’hydrogène. L’analyse microstructurale a révélé une microstructure biphasée 

composée d’une matrice TiFe et de phases secondaires filamenteuses. L’analyse 

EDS a montré que la composition de la matrice correspond à TiFe et que celle de 

la phase secondaire est proche de Ti₂Fe. 

En plus de l’alliage tel qu’atomisé, un échantillon recuit sous vide, ayant subi 

un traitement thermique à 1120 °C pendant 1 h après l’atomisation gazeuse, a 

également été étudié. Après le traitement thermique, la composition chimique s’est 

rapprochée de la composition nominale et la morphologie de la phase secondaire 

est passée de filamenteuse à globulaire. L’analyse de la structure cristalline a 

montré que le recuit augmentait la taille des cristallites de la phase TiFe et réduisait 

sa microdéformation. 

Les échantillons atomisés (AS) et recuits sous vide (VA) ont été soumis à 

une hydrogénation dans deux conditions : à température ambiante sous 2000 kPa 

d’hydrogène, et à 90 °C sous 4500 kPa d’hydrogène. Pour les deux échantillons, 

aucune absorption d’hydrogène n’a été enregistrée dans ces conditions après 24 h, 

probablement en raison d’une longue exposition à l’air avant l’hydrogénation. Par 

conséquent, des méthodes d’activation mécanique ont été employées. Après 5 
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passes de laminage à froid, l’échantillon atomisé a absorbé 1,56 % en masse 

d’hydrogène à température ambiante et sous 2000 kPa. En revanche, l’échantillon 

recuit n’a pas pu être activé après 24 h dans les mêmes conditions. Les deux 

échantillons ont absorbé de l’hydrogène à 90 °C et 4500 kPa. Toutefois, 

l’échantillon atomisé a présenté une cinétique plus rapide et une capacité plus 

élevée. Ces résultats indiquent que le recuit après atomisation a un effet néfaste 

sur le processus d’hydrogénation, probablement en raison de la recristallisation et 

des modifications microstructurales associées. 

Par la suite, différents traitements mécaniques, laminage à froid (5 passes), 

broyage à billes (10 minutes) et compactage à froid, ont été comparés afin d’étudier 

leur influence sur le comportement d’hydrogénation de l’alliage atomisé. 

L’analyse MEB a montré que le laminage à froid et le broyage à billes réduisaient 

la taille moyenne des particules, produisant des particules fragmentées avec des 

fissures visibles. Le compactage à froid, en revanche, n’a pas modifié la 

distribution granulométrique, mais de nombreuses fissures ont été observées sur la 

surface des particules. 

L’affinement Rietveld des diagrammes XRD a montré que les paramètres de 

maille restaient presque constants pour tous les échantillons. Cependant, le 

traitement mécanique réduisait la taille des cristallites et augmentait la 

microdéformation. Parmi les échantillons traités, la poudre broyée présentait la 

plus petite taille de cristallite et la plus forte microdéformation, tandis que 

l’échantillon compacté conservait la plus grande taille de cristallite et la plus faible 

microdéformation. 

Le comportement d’absorption de l’hydrogène a été étudié à température 

ambiante et sous 2000 kPa d’hydrogène. Tous les échantillons ayant subi un 

traitement mécanique ont absorbé de l’hydrogène. Le compactage à froid a donné 

la plus grande capacité d’absorption, tandis que l’échantillon broyé a présenté la 

cinétique la plus rapide, ce qui a été attribué à la plus petite taille de cristallite et, 
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par conséquent, à la plus forte densité de joints de grains, facilitant la diffusion de 

l’hydrogène. 

Enfin, l’énergie d’activation de la première hydrogénation a été mesurée. 

L’influence de la température, de la force motrice constante et de la pression 

d’hydrogène sur la première activation ont été évaluées. Les résultats ont indiqué 

que la première hydrogénation suit un comportement de type Arrhenius (k =

Ae− 
EA
RT), et que l’énergie d’activation moyenne a été calculée à 71 kJ/mol H₂. Le 

facteur préexponentiel (A) s’est révélé dépendant de la pression, suivant l’équation 

A = A₀ (P/P₀)1.8, où A₀ = 2.6 × 106 s⁻¹. 

 

Mots-clés: Hydrure métallique, Alliages TiFe, Première hydrogénation, Traitement 

mécanique, Énergie d’activation. 
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ABSTRACT 

This research was carried out in collaboration with GKN Hoeganaes 

Innovation Centre & Advanced Materials and focuses on improving the first 

hydrogenation behaviour of the Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ alloy. The alloy was produced 

by gas atomization by GKN. TiFe alloys are known to exhibit sluggish first 

hydrogenation due to the presence of surface oxides. In this work, gas atomization 

was chosen by our industrial partner to obtain a fine microstructure, as the rapid 

cooling rates associated with the process typically yield a fine microstructure 

favourable for hydrogen absorption. Microstructural analysis revealed a two-phase 

microstructure consisting of a TiFe matrix and filamentous secondary phases. EDS 

analysis showed that the composition of the matrix is TiFe and the secondary phase 

composition is close to Ti₂Fe. 

In addition to the as-atomized alloy, a vacuum-annealed sample, which was 

heat-treated at 1120 °C for 1 h after gas atomization, was also investigated. After 

heat treatment, the chemical composition was closer to the nominal composition, 

and the secondary phase morphology changed from filamentous to globular. 

Crystal structure analysis further revealed that annealing increased the crystallite 

size of the TiFe phase and reduced its microstrain.  

Both as atomized (AS) and vacuum annealed (VA) samples were subjected 

to hydrogenation under two different conditions: at room temperature and 2000 

kPa of hydrogen pressure, and at 90℃ under 4500 kPa of hydrogen pressure. For 

both AS and VA samples, no hydrogen uptake was registered under these 

conditions for 24 hours, probably due to long air exposure before hydrogenation. 

Therefore, mechanical activation methods were employed. After 5 passes of cold 

rolling, the atomized sample absorbed 1.56 wt.% hydrogen at room temperature 

and 2000 kPa hydrogen pressure. In contrast, the annealed sample could not be 

activated within 24 hours under the same conditions. Both the atomized and 
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annealed samples absorbed hydrogen at 90 °C and 4500 kPa; however, the 

atomized sample exhibited faster kinetics and a higher capacity. These results 

indicate that annealing after atomization has a detrimental effect on the activation 

process, likely due to recrystallization and associated microstructural changes.  

Subsequently, the different mechanical treatments, such as cold rolling (5 

passes), ball milling (10 minutes), and cold pressing, were compared to investigate 

their effects on the hydrogenation behaviour of gas atomized alloy. SEM analysis 

revealed that cold rolling and ball milling reduced the average particle size, 

producing fragmented particles with visible cracks. Cold pressing, in contrast, did 

not alter the particle size distribution, but numerous cracks were observed on the 

particle surfaces.  

Rietveld refinement of the XRD patterns showed that the lattice parameters 

remained nearly constant across all samples. However, mechanical processing 

reduced crystallite size and increased microstrain. Among the processed samples, 

the ball-milled powder had the smallest crystallite size and the highest microstrain, 

while the cold-pressed sample retained the largest crystallite size and the lowest 

microstrain.  

Hydrogen absorption behaviour was studied at room temperature and 2000 

kPa hydrogen pressure. All mechanically processed samples absorbed hydrogen. 

Cold pressing resulted in the highest hydrogen absorption capacity. The ball-

milled sample showed the fastest kinetics, which was attributed to the smallest 

crystallite size and, consequently, the highest grain boundary density, which 

facilitates hydrogen diffusion. 

Finally, the activation energy of both the incubation time and the first 

hydrogenation was measured. The influences of temperature, constant driving 

force, and hydrogen pressure on the first activation were evaluated. The results 

indicated that the first hydrogenation follows an Arrhenius behavior (k = Ae− 
EA
RT), 
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and average activation energy was calculated as 71 kJ/mol H2. The pre-exponential 

factor (A) was found to be pressure-dependent, following the equation A = A₀ 

(P/P₀)1.8, where A₀ = 2.6 × 106 s⁻¹. 

 

Keywords: Metal Hydride, TiFe Alloys, First Hydrogenation, Mechanical 

Processing, Activation Energy. 
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CHAPTER I.  

INTRODUCTION 

 

 Hydrogen and the Future of Energy Sustainability 

As global energy demands continue to rise, there is an increasing urgency to find 

sustainable, clean, and efficient energy sources [1]. Among the various alternatives, 

hydrogen has attracted significant attention as an energy vector because of its versatility, 

abundance, and potential for zero greenhouse gas emissions during usage [2]. 

Hydrogen can be produced through various methods, such as solar, wind, 

hydropower, and nuclear sources [3]. Its clean combustion properties make it a better 

alternative to fossil fuels, particularly in transportation and industry [4]. However, utilizing 

hydrogen effectively requires efficient storage solutions. Due to its low density and high 

diffusivity, hydrogen storage presents unique challenges that must be addressed to enable 

widespread use [5].  

 Hydrogen Storage 

Hydrogen storage is a critical aspect of hydrogen technology. There are three primary 

methods for hydrogen storage: gaseous, liquid, and solid-state storage. Each of these 

methods has distinct characteristics, advantages, and challenges [6]. 
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1.2.1 Gaseous Hydrogen Storage  

Gaseous hydrogen is typically stored under high pressure, often in the range of 350-

700 bars. However, this storage method presents several challenges. The tanks must be 

made of materials capable of withstanding extreme pressures, which increases cost and 

adds weight [7]. Additionally, gaseous hydrogen storage suffers from low volumetric 

energy density, meaning that large tanks are required to store sufficient amounts of 

hydrogen for practical applications. Leakage and safety concerns due to the high 

flammability of hydrogen are also notable disadvantages [8]. 

1.2.2 Liquid Hydrogen Storage  

Storing hydrogen in liquid form involves cooling it to cryogenic temperatures              

(-253°C) and maintaining these conditions in specialized insulated tanks. Liquid hydrogen 

offers higher energy density compared to gaseous storage and can be used in applications 

requiring compact storage solutions, such as in aerospace. However, the liquefaction 

process is highly energy-intensive, consuming nearly 30-40% of the stored hydrogen’s 

energy content. Furthermore, the requirement for expensive cryogenic equipment makes 

this method less efficient and economically viable for widespread adoption [9]. 

1.2.3 Solid-State Hydrogen Storage 

 Solid-state hydrogen storage has emerged as a promising alternative to overcome 

the limitations of gaseous and liquid storage. This method involves storing hydrogen in 

solid materials, such as metal hydrides, complex hydrides, or porous materials [10]. The 

primary advantage of solid-state storage is its safety and high volumetric energy density. 

However, solid-state hydrogen storage presents several challenges. The development of 

suitable materials that offer high storage capacity, rapid kinetics, and long-term stability 

remains a key area of research [11].  
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Solid-state hydrogen storage can be broadly classified into two mechanisms: 

adsorption and absorption [12]. In the adsorption mechanism, hydrogen molecules adhere 

to the surface of porous materials through weak van der Waals forces. Materials such as 

carbon nanotubes, zeolites, and metal-organic frameworks (MOFs) with high specific 

surface areas are commonly used for adsorption-based storage. This method is 

advantageous due to its reversibility and the ability to operate at relatively low pressures. 

However, adsorption-based storage often requires cryogenic temperatures to achieve 

significant hydrogen uptake. Additionally, the storage capacity of adsorption is limited by 

the material's specific surface area and pore size distribution, necessitating the development 

of advanced materials to enhance efficiency [13,14]. 

In contrast to adsorption, absorption involves the incorporation of hydrogen into the 

bulk structure of a material through chemical bonding. A schematic representation of 

hydrogen absorption is shown in Figure 1.1. Initially, H₂ molecules interact with the surface 

via Van der Waals forces and are physically adsorbed on the surface. Next, H2 molecules 

dissociate into individual hydrogen atoms. The dissociated hydrogen atoms then diffuse 

into the material, occupying random interstitial sites. Eventually, these hydrogen atoms 

form metallic, covalent, or ionic bonds with the host metal, leading to the formation of a 

hydride compound. These materials offer high volumetric hydrogen density and provide 

safe storage solutions. The challenge with absorption-based storage lies in the kinetics of 

hydrogen uptake and release, as well as the thermodynamic properties that dictate the 

operational temperature and pressure ranges [10,15,16].                

 

Figure 1.1 Schematic representation of the hydrogen absorption [16,17]. 
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 Metal Hydrides 

Metal hydrides have garnered significant attention in the field of solid hydrogen 

storage due to their ability to reversibly absorb and desorb hydrogen under moderate 

conditions. These materials form metal-hydrogen bonds during the absorption process, 

creating stable hydrides that can store hydrogen with high volumetric density.  There are 

two classes of hydrides: metallic hydrides and complex hydrides based on their 

composition and bonding characteristics [17]. Metallic hydrides are typically formed by 

transition or alkaline earth metals and exhibit metallic bonding, where hydrogen atoms are 

incorporated into the metal lattice, creating solid solutions or intermetallic compounds [18]. 

The bonding in these materials is relatively weak compared to covalent or ionic bonds, 

which allows for reversible hydrogen absorption and release under moderate conditions 

[19]. In contrast, complex hydrides consist of a metal combined with hydride anions and 

exhibit ionic or covalent bonding. Complex hydrides tend to offer higher gravimetric 

hydrogen density but face challenges such as poor reversibility and high dehydrogenation 

temperatures [20]. 

Several classes of intermetallic compounds have been identified as promising 

candidates for hydrogen storage. These materials are classified based on their stoichiometry 

and crystal structures, which influence their hydrogen storage properties [21].  

AB-type Hydrides: These compounds, such as TiFe, are among the most studied 

materials for hydrogen storage. Usually, they contain a transition metal (A) that forms stable 

metal hydrides like Ti, Zr and Mg, and another element (B) which interacts more weakly with 

hydrogen, such as Fe, Ni, and Mn. AB-type hydrides exhibit good reversibility and moderate 

operating conditions; however, the first hydrogenation, also called activation, can be 

challenging due to surface oxidation. TiFe-based hydrides require initial activation, often 

achieved by repeated hydrogenation/dehydrogenation cycles. Alloying elements like Mn 

or Co can enhance activation properties and kinetics by reducing oxidation susceptibility 

and modifying thermodynamics [21,22]. 
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AB5-type Hydrides: Represented by materials such as LaNi5, AB5 compounds are 

widely used in rechargeable NiMH batteries. Usually, A is a hydride-forming element, and 

B is a non-hydride-forming element. These materials demonstrate excellent hydrogen 

absorption kinetics and cycling stability but have limited hydrogen capacity [21-23]. 

AB2-type Hydrides: Examples include Zr-based compounds (e.g., ZrMn2, ZrV2). 

These materials offer higher hydrogen storage capacities than AB5 but typically exhibit 

higher activation energies for hydrogen absorption or desorption [21,22]. 

A2B-type Hydrides: This category includes Mg2Ni and related compounds. They 

possess high hydrogen capacities but suffer from high desorption temperatures and slow 

kinetics [21,22]. 

 Thermodynamic of Hydrogen Absorption  

The kinetics and thermodynamics of metal hydride formation determine hydrogen 

storage performance, rate of absorption/desorption, and operational feasibility. Generally, 

the hydrogenation reaction is described by the following equation:  

M +
x

2
 H2 ⇔ MHx +  Q,      (1.1)                           

Where M is the metal element and Q is the reaction heat.  

The process of hydrogen absorption in metal hydrides is represented by the pressure-

composition temperature (PCT) and its associated Van’t Hoff equation. Figure 1.2 shows 

a schematic of PCT curve illustrating the different stages of hydrogen uptake within a metal 

or alloy.  

At low hydrogen pressures, hydrogen atoms dissolve into the metallic host, forming 

a solid solution known as the α-phase. This process occurs gradually as pressure increases, 

with hydrogen atoms occupying interstitial sites in the metal lattice. With further hydrogen 
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intake, the system reaches a critical point where the nucleation of a new hydride phase (β-

phase) starts. The coexistence of α and β phases gives rise to a plateau region in the PCT 

curve, where hydrogen is stored at almost constant pressure while the fraction of the β-

phase increases. The plateau pressure shows the stability of the hydride. Lower equilibrium 

pressures indicate more stable hydrides, while higher pressures indicate weaker metal-

hydrogen bonding, facilitating hydrogen desorption at lower temperatures. The width of 

the plateau shows how much hydrogen can be stored and released reversibly. At the end of 

the plateau, the α-phase fully transforms into the β-phase. For concentrations above this, 

further hydrogen uptake corresponds to solid solution of hydrogen in the β-phase [7,24,25]. 

The Gibbs phase rule helps describe the phase behavior of metal hydrides during 

hydrogen absorption and desorption. It states that the number of independent variables 

(degrees of freedom, F) in a system is given by: 

F =  C −  P +  2,      (1.2) 

where C is the number of chemical components, and P is the number of coexisting 

phases in equilibrium. In the case of hydrogen absorption, the system consists of two 

components: the metal and hydrogen (C = 2). On the plateau region of the pressure-

composition isotherm, three phases coexist—the α-phase (solid solution), the β-phase 

(metal hydride), and hydrogen gas, so P = 3. This results in F = 1, meaning that with the 

change of the composition (C), the equilibrium pressure doesn’t change [26,27]. 

At the end of the plateau, when the entire material has transformed into the β-phase, 

the number of phases decreases to two (P = 2), increasing the degrees of freedom to F = 2, 

and hydrogen concentration increases with hydrogen pressure.  

The relationship between equilibrium pressure and temperature in the plateau region 

is explained by the Van’t Hoff equation: 

ln(
Peq

P0
) =  

ΔH

RT
 −

ΔS

R
,      (1.3) 
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where Peq is the equilibrium pressure, P0 is the standard atmosphere pressure (100 

kPa), R is the gas constant, and ΔH and ΔS are respectively the enthalpy and the entropy 

of metal hydride formation reaction. The Van’t Hoff plot (Figure 1.2), which represents ln 

Peq/P0  as a function of 1/T, provides valuable insight into the thermodynamic stability of 

the hydride. The slope of this plot yields ΔH, while the intercept corresponds to ΔS [28]. 

 

Figure 1.2 Schematic pressure-composition temperatures (PCTs) at different temperatures 

and Van't Hoff correlation [29]. 

 Hydrogen Storage of TiFe Alloys 

TiFe-based intermetallic compounds are among the most studied materials for 

hydrogen storage due to their cost-effectiveness, abundance of raw materials, and moderate 

operating conditions. The hydrogen absorption capacity of TiFe alloy is 1.86 wt.% at low 

pressure at room temperature [29]. During hydrogenation, TiFe forms TiFeH and TiFeH₂ 

hydrides [30]. However, the first hydrogenation or activation of FeTi is usually slow at 

room temperature due to FeTi being highly sensitive to air and a passivation layer formed 

on the surface that acts as a barrier to hydrogen diffusion [31,32]. Typically, thermal 
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activation is required to facilitate hydrogen absorption and enhance its kinetics. These 

activation treatments involve cycling between high temperature and room temperature under 

high hydrogen pressure. In the pioneering work of Reilly and Wiswall, the first 

hydrogenation was preceded by heating the alloy to over 400℃ for 30 minutes, either in a 

vacuum or at low hydrogen pressure, then cooling it to room temperature and applying a 

high hydrogen pressure of approximately 6000 kPa. This process induces thermal stresses 

due to the difference in thermal expansion between the oxide layer and the TiFe substrate, 

leading to the formation of cracks that expose fresh TiFe surfaces to hydrogen. 

Additionally, the volume expansion associated with hydride formation generates further 

microcracks, which facilitate hydrogen diffusion into the bulk. The process had to be 

repeated several times until the hydrogenation occurred in about 15 minutes [33]. Since 

then, several studies have used this type of thermal activation procedure for TiFe alloys 

[34-36]. However, these processes are time-consuming and increase the operational costs.  

To overcome the need for high-temperature and high-pressure conditions required 

for the first activation, mechanical processing techniques such as cold rolling, ball milling, 

and high-pressure torsion have emerged as promising methods to enhance the activation 

behavior of TiFe alloys [37]. 

Ball milling is a mechanical processing technique that reduces particle size, creates 

new surfaces, and introduces defects and grain boundaries, all of which enhance hydrogen 

diffusion. Emami et al. demonstrated that ball milling could synthesize nanocrystalline 

TiFe compounds that could absorb 1.3–1.5 wt.% hydrogen without any extra activation 

process. This enhancement was attributed to the formation of nanograins and a high 

fraction of high-angle grain boundaries, which can serve as hydrogen trapping sites [38]. 

High-Pressure Torsion (HPT) is another severe plastic deformation method that 

involves the application of high pressure combined with torsion shear strain, leading to 

significant grain refinement and the generation of lattice defects. This process can activate 

TiFe, possibly due to the formation of defects and cracks that provide pathways for 

hydrogen diffusion through the oxide layer [19,39]. A study by Edalati et al. demonstrated 
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that nanostructured TiFe remains active even after prolonged air exposure, owing to surface 

segregation, the formation of Fe-rich regions that catalyze hydrogen dissociation, and the 

presence of numerous dislocations, grain boundaries, and microcracks that facilitate 

hydrogen transport from the surface to the bulk [40]. 

Cold Rolling is a mechanical deformation process that reduces the thickness of metal 

sheets at room temperature, resulting in significant work hardening, grain refinement, and 

the generation of dislocations. These structural changes enhance hydrogen absorption by 

providing diffusion pathways [41,42].  

In addition to the above-mentioned mechanical treatment process, the activation issue 

can be overcome by the addition of transition elements such as Mn [43,44], Zr [45,46], Cr 

[47], V [48,49], and Y[50,51]. These additives cause the formation of second phases, which 

can generate microcracks in the material due to local expansion. At the same time, these 

second phases also produce new grain boundaries and interfaces, which act as pathways 

for hydrogen diffusion into the TiFe matrix [52-57].  

Gosselin et al. investigated the first hydrogenation of TiFe with the addition of X 

wt.% Zr (X = 4, 8, 12, 16). Their findings revealed that TiFe with 8 wt.% Zr exhibited the 

fastest first hydrogenation kinetics. They attributed this to the presence of a second phase, 

which they suggested acts as a hydrogen diffusion gateway, thereby facilitating hydrogen 

absorption in the TiFe phase [58]. 

Patel et al. investigated the effect of Zr and Mn on the microstructure and the first 

hydrogenation kinetics of TiFe alloy. They concluded that the fastest kinetic and highest 

capacity was reached by doping with 2 wt.% Mn and 4 wt.% Zr. The enhanced activation 

kinetics was attributed to the presence of a large proportion of Ti2Fe type phase, potentially 

because this phase could act as a gateway, facilitating hydrogen entry into the TiFe phase 

[59].  
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Lv et al. studied the effects of doping, cold rolling, and forging on the microstructure 

and hydrogen storage properties of air-exposed TiFe + x wt.% (Zr+2V) (x = 0, 4, 5, and 6) 

alloys. They concluded that doping with (Zr+2V) significantly improved the first 

hydrogenation kinetics of TiFe due to the formation of an hcp secondary phase, which can 

enhance the diffusion of hydrogen. Forging effectively reduced the incubation time and 

enhanced the first hydrogenation kinetics, while cold rolling improved absorption kinetics 

but resulted in lower hydrogen capacity [46]. 

Guéguen et al. studied the influence of the addition of small amounts of vanadium 

on the hydrogenation properties of TiFe0.9Vx and TiFe0.8Mn0.1Vx (x=0, 0.05, and 0.1) alloys 

synthesized using induction melting. The absorption kinetics of vanadium-containing 

samples was improved. In addition, the absorption capacity increases as a function of 

vanadium content since the affinity of vanadium for hydrogen is higher than that of iron; 

partial substitution of iron by vanadium increased the absorption capacity [49]. 

It is also worth mentioning that some studies have suggested that a finer 

microstructure can improve hydrogenation behavior [52,60-63]. For example, Patel et al. 

studied the effect of cooling rate on the microstructure of TiFe + 4 wt.% Zr by casting the 

alloy in a step mold with varying thicknesses. They found that faster cooling rates led to a 

finer dispersion of the secondary phase, which positively impacted the activation kinetics 

[63]. Similarly, Ulate-Kolitsky et al. compared TiFe-based alloys produced by gas 

atomization and induction melting. Their results indicated that gas atomization, due to its 

rapid solidification process, produced a much finer microstructure and a more uniform 

distribution of secondary phases within the TiFe matrix, leading to improved activation 

behavior [42]. These findings suggest that the choice of synthesis method plays a crucial 

role in determining the hydrogenation properties of TiFe alloys. Gas atomization method 

typically has a rapid cooling rate and can be considered a method that produces fine 

metallic powder with refined microstructure. However, in addition to microstructural 

effects, the surface condition of TiFe powders is also critical for hydrogen absorption. Due 

to their high specific surface area of atomized powders, more oxides layers form on the 

surface during air exposure. These oxide layers act as barriers to hydrogen diffusion. 
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 Research Goals  

This PhD project aims to address the challenges associated with the first hydrogen 

absorption of TiFe-based alloys. Although these materials are attractive for hydrogen 

storage applications due to their cost-effectiveness and suitable thermodynamic properties, 

their first hydrogenation remains difficult, due to surface oxidation. 

To tackle this issue, the first step of this work is the synthesis of a Ti₄₈.₈Fe₄₆.₀Mn₅.₂ 

alloy using the gas atomization method. This composition was selected by the company 

GKN because it is well known that partial substitution of Fe by Mn improves the hydrogen 

storage performances. Gas atomization was chosen as the processing method because it 

generally produces finer microstructures compared to conventional melting techniques 

such as arc melting, which may play a key role in improving activation behavior. 

The overall objective of this work is to improve the first hydrogenation behavior of 

the produced alloy. Particular attention is given to understanding the relationship between 

microstructure, surface conditions, and hydrogen absorption behavior. In this context, the 

study examines how different mechanical activation treatments modify the material and 

facilitate hydrogen uptake. Furthermore, the role of annealing in altering the microstructure 

and its impact on hydrogen absorption is investigated. 

In addition, the effects of temperature, hydrogen pressure, and constant driving force 

on the incubation time of the first hydrogenation are analyzed. The aim of this part of the 

study is to determine the activation energy of the first hydrogenation process and to provide 

insight into the underlying kinetic mechanisms. 
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 Thesis Structure  

This thesis consists of six chapters: 

• Chapter I provides an introduction, emphasizing the importance of hydrogen energy as a 

sustainable solution, the advantages of solid-state hydrogen storage, and the role of metal 

hydrides, with a focus on TiFe-based alloys. 

• Chapter II describes the experimental procedures, including sample preparation 

techniques and characterization methods.  

• Chapter III discusses various mechanical activation methods used to improve the 

activation behavior of the Ti₄₈.₈Fe₄₆.₀Mn₅.₂ alloy. This work was published in the Journal  

hydrogen. 

• Chapter IV investigates the effect of annealing on the first hydrogenation behavior of the 

Ti₄₈.₈Fe₄₆.₀Mn₅.₂ alloy. This work was published in the Journal Metals. 

• Chapter V presents the influences of temperature, constant driving force, and hydrogen 

pressure on the first activation process. The corresponding results have been submitted to 

the journal Materials. 

• Chapter VI concludes the thesis and outlines directions for future research. 
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CHAPTER II.  

EXPERIMENTAL DETAILS 

 

 Materials  

The primary objective of this study was to investigate the activation behavior of a 

Ti48.8Fe46.0Mn5.2 alloy synthesized by gas atomization. The industrial partner, GKN 

Hoeganaes, carried out the gas atomization process. The nominal composition of the alloy 

is presented in Table 2.1.  

Table 2.1 Nominal composition of FeTi-based alloy in at.%. 

 

 Synthesis Method 

The alloy was produced by gas atomization which is one of the most common 

processes to produce metal powders that molten metal is dispersed into a high-velocity gas 

jet, such as air, argon, nitrogen, or helium. The principle of gas atomization is based on the 

gas-to-metal ratio to control particle size, which offers very fine control and low 

contamination. The process involves high-speed gas jets breaking molten metal into fine 

droplets that solidify quickly, resulting in spherical powders. This technique is especially 

valued in industries that require powders with fineness, reactivity, or low oxygen content, 

like additive manufacturing and powder metallurgy [64].  
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Gas atomization was performed by GKN Hoeganaes Innovation Center and 

Advanced Materials under pure argon with a VIGA-type furnace in a free-fall atomization 

ring configuration. Herein, the melting metal leaves the crucible and is promptly atomized 

by a circle of gas jets around the metal stream. This process design enables a homogeneous 

particle-size distribution and maximizes the degree of atomization. The powder obtained 

was subsequently kept in the air. A schematic of the gas atomization process, free-fall 

design, is shown in Figure 2.1 [65].  

 

Figure 2.1 Free-fall atomizer designs (α: the angle created between the free-falling molten 

metal and the jet of the atomizing medium) [65]. 

 Processing Methods  

2.3.1 Annealing  

Annealing is a heat treatment process in which the alloy is heated up to the 

appropriate temperature for a prescribed time, followed by a controlled cooling rate to 

achieve equilibrium microstructures.  Depending upon the purpose, various annealing types 

are carried out at different temperatures. Annealing can influence the hydrogenation 

properties of metal hydrides considerably [66,67]. After gas atomization, a part of the 

https://www.sciencedirect.com/topics/engineering/heat-treatment-process
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atomized powder was vacuum annealed at 1120°C for 1 h in a batch furnace. Annealing 

was performed by the industrial partner, GKN Hoeganaes. 

2.3.2 Cold Rolling 

Cold rolling is a metalworking process in which a metal material is passed through 

rollers to reduce thickness, enhance surface quality, and improve mechanical properties. 

Unlike hot rolling, cold rolling is performed at room temperature. 

In this work, cold rolling was performed vertically in the air using a modified Durston 

DRM 130 rolling mill (High Wycombe, Buckinghamshire, UK). To avoid contamination 

from the rollers, the powder was inserted between two 316 stainless steel plates, as shown 

schematically in Figure 2.2. Samples were cold rolled for 5, 10, and 20 passes, shown as 

5CR, 10CR, and 20CR, respectively. The roller used in this study is shown in Figure 2.3. 

To investigate the effect of the cold rolling atmosphere, the process was conducted 

in an argon-filled glove box. The vertical cold rolling was performed using equipment 

from International Rolling Mills (Pawtucket, USA), as shown in Figure 2.4. 

 

Figure 2.2 Schematic of the vertical cold rolling process. 
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Figure 2.3 Roller Durston DRM 130. 

 

Figure 2.4 Cold rolling in argon setup. 
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2.3.3 Ball Milling 

Ball milling is a mechanical process in which materials are ground and mixed using 

cylindrical containers filled with metal or ceramic balls. The container can either be shaken 

or rotated. The impact and friction between the balls and the material cause size reduction, 

mixing, and sometimes structural changes. This process enhances hydrogen absorption-

desorption kinetics by reducing particle size, increasing specific surface area, and 

introducing defects [68].  

In the present investigation, ball milling was performed using a SPEX 8000M high-

energy ball mill from SPEX SamplePrep, Metuchen, NJ, USA. The milling was conducted 

in a 55 cm³ stainless steel crucible with a powder-to-ball mass ratio of 1:10 for 10 minutes. 

All powder handling, including loading and unloading, took place inside an argon-filled 

glove box to prevent contamination. Figure 2.5 shows the ball milling machine used in this 

research. 

 

Figure 2.5 Ball milling equipment. 
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2.3.4 Cold Pressing 

Cold pressing is one of the most common material processing techniques and is 

widely used in the fabrication of powder metallurgy components. It involves applying high 

pressure to a material, typically metal or ceramic powders, at room temperature to form a 

compacted shape [69].  

Cold pressing was carried out using a hydraulic press manufactured by Research & 

Industrial Instruments Company (London, England) shown in Figure 2.6. A die with a 

diameter of 14 mm was used to compact the powder under uniaxial pressure. The sample 

was subjected to a force of 12 tons for 2 minutes. After cold pressing, the obtained pellet 

was manually crushed into powder using a hardened steel mortar and pestle in the air. This 

crushing step was necessary to meet the size requirements of the sample holder for 

subsequent hydrogenation tests. 

 

Figure 2.6 Cold press machine. 
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 Characterization of Materials  

The crystal structure of the alloys was analyzed by X-ray diffraction (XRD) 

measurement was carried out on a Bruker D8 Focus diffractometer (Madison, WI, USA) 

with CuKα radiation. The XRD patterns were analyzed by the Rietveld method using 

TOPAS software (Bruker, Madison, WI, USA) to determine the alloy's phase abundance, 

lattice parameter, and crystallite size [70].  

The morphology and microstructure of the powder were analyzed using a Hitachi 

SU1510 scanning electron microscope (Hitachi High-Tech Canada, Inc., Toronto, ON, 

Canada) equipped with EDX – Energy-Dispersive X-ray spectrometer (Abingdon, UK).  

The sample's hydrogen capacities and absorption kinetics were evaluated using a 

homemade Sievert-type apparatus. One gram of powder was placed in a sample holder and 

evacuated for 15 minutes before kinetic measurements. The measurements were conducted 

under various pressures ranging from 1500 kPa to 5000 kPa at temperatures of 298 K, 308 

K, 318 K, and 328 K.  

2.4.1 X-Ray Diffraction (XRD) 

XRD is a non-destructive method used to analyze the crystallography of materials by 

observing how they interact with X-rays. It reveals essential details about the crystalline 

substance's phase composition, lattice parameters, and other structural characteristics. The 

underlying principle of XRD is governed by Bragg's Law, expressed as: 

nλ = 2dsinƟ,      (2.1) 

 

where n is the order of reflection, λ is the wavelength of the X-rays, d is the 

interplanar spacing, and θ is the diffraction angle [71]. Figure 2.7 shows the schematic 

diagram of Bragg diffraction. 
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When X-rays interact with a crystal, they elastically scatter off the atoms in the 

lattice. Constructive interference occurs at particular angles (θ), producing diffracted rays. 

The instrument detects and counts these diffracted rays after processing. A resulting 

diffraction pattern specific to the material's crystal structure offers important information 

on lattice parameters, crystallite size, microstrain, and phase composition. Each material 

has a particular pattern of diffraction. These may be matched against standard reference 

databases, such as the International Powder Diffraction File (PDF), for phase identification 

of the material [72].  

 

Figure 2.7 Schematic of Bragg diffraction of incident X-rays by parallel atomic planes 

[71]. 

XRD data were analyzed quantitatively using Rietveld refinement in the TOPAS 

software. In this method, the experimental diffraction pattern is compared with a calculated 

pattern generated from initial crystallographic information (such as approximate unit cell 

parameters, atomic positions, and space group) as well as instrumental parameters. These 

initial values serve only as starting points; the software then iteratively refines the structural 

parameters and phase fractions to obtain quantities such as crystallite size, microstrain, and 

lattice parameters [73]. 
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2.4.2 Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy (SEM) is a high-resolution analytical technique used 

to study the surface morphology and microstructural features of materials. A schematic of 

the SEM is presented in Figure 2.8, showing key components that work together to generate 

detailed images of surfaces. The electron gun produces a high-energy electron beam, which 

is focused and refined for precision by condenser lenses and an aperture. This beam is 

scanned across the sample surface utilizing scanning coils, while the objective lens 

provides fine adjustments for accurate imaging. The sample stage, which is adjustable in 

height, tilt, and rotation, securely holds the sample in place during analysis [74].  

When the electron beam interacts with the sample, various signals are generated. 

Secondary electrons (SE) provide high-resolution images of surface morphology due to 

their low energy and shallow emission depth. Backscattered electrons (BSE), produced by 

elastic scattering with atomic nuclei, retain a large portion of their initial energy, and their 

intensity is dependent on the atomic number (Z) of the material, thus offering 

compositional contrast where elements with higher Z appear brighter. Additionally, 

characteristic X-rays emitted during these interactions are detected by Energy-Dispersive 

X-ray Spectroscopy (EDS), enabling qualitative and quantitative elemental analysis based 

on the unique energy signatures of each element [75]. 
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Figure 2.8 Schematic of scanning electron microscope [76]. 

2.4.3 Sieverts-Type Apparatus 

The Sieverts technique is a volumetric method for evaluating the hydrogen storage 

properties of materials. The volumetric technique measures the change in hydrogen 

pressure within a fixed volume in direct contact with the sample. In this work, the 

hydrogenation properties were characterized by using a homemade volumetric Sievert's 

type apparatus consisting of a hydrogen reservoir, valves, a pressure gauge, a vacuum 

pump, and two calibrated volumes, as illustrated schematically in Figure 2.9. The principle 

of this technique involves the measurement of pressure changes in a calibrated system to 

determine the amount of hydrogen absorbed or desorbed by the material with high 

accuracy. Hydrogen absorption decreases the pressure, whereas desorption increases the 

pressure [76,77]. 
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Figure 2.9 Schematic diagram of Sieverts-type apparatus [77]. 

 

The amount of hydrogen absorbed by the sample is calculated using the real gas 

equation: 

 

PV = nRT (1 +  
nB

V
 ),    (2.2) 

Where P is the pressure, V is the volume, n is the number of moles of hydrogen, R is 

the universal gas constant, B is the second virial coefficient that is temperature dependent, 

and T is the absolute temperature of the hydrogen gas. 

The volume of the apparatus was constant, and the temperature was stable during the 

measurement to provide an accurate value by minimizing thermal fluctuations. The amount 

of hydrogen absorbed or desorbed is calculated as: 
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n =
VΔP

RT(1+
B

V
)
 ,      (2.3) 

The weight percentage of absorbed hydrogen can then be calculated using the 

following equation: 

wt. % H absorbed =
massH

masssample+massH
 ,     (2.4)  
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CHAPTER III.  

EFFECT OF MECHANICAL PROCESSING ON FIRST HYDROGENATION OF GAS-

ATOMIZED Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ ALLOY 

 

This chapter focuses on the primary experimental investigations performed on the as-

received gas atomized Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ alloy. Several mechanical activation techniques, 

including cold rolling, ball milling, and cold pressing, were applied to evaluate their 

effectiveness in the first hydrogenation of the alloy after long air exposure. The 

hydrogenation behavior obtained from these treatments was systematically compared to 

assess differences in activation performance and kinetic response.  

 

 Content of Article  

Chapter III's content was published in hydrogen Journal, Volume 6, Issue 4 on 

December 2, 2025 (Article number 1144). The article is accessible at: 

https://doi.org/10.3390/hydrogen6040114 . 
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 Abstract 

In this paper, we report the effects of cold rolling, ball milling, and cold pressing on 

the first hydrogenation behavior of Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ alloy synthesized by gas 

atomization and exposed to the air for an extended period. It was found that cold pressing 

led to a higher hydrogen absorption capacity of 1.9 wt.%, while ball milling significantly 

improved the kinetics, achieving an incubation time of only 7 min. The cold-rolled sample 

(5 passes) showed a hydrogen absorption capacity similar to the ball-milled sample (1.5 

wt.%) but with a slower hydrogenation rate. To further optimize the cold rolling process, 

the influence of the rolling atmosphere and the number of passes was systematically 

examined. In both air and argon, increasing the number of cold rolling passes resulted in 

longer incubation times. However, samples rolled under argon showed shorter incubation 

times compared to those rolled in the air. The difference between the two atmospheres 

became more pronounced after 20 rolling passes; the sample rolled in argon showed an 

incubation time of 55 min, whereas the sample rolled in air failed to absorb hydrogen even 

after 24 h. 

Keywords: hydrogen storage; metal hydride; TiFe; gas atomization; cold rolling; 

ball milling; cold pressing; argon atmosphere. 
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 Introduction 

Hydrogen storage using metal hydrides is recognized as a safe and cost-effective 

method, providing high volumetric hydrogen density at moderate temperatures and 

pressures [78-80]. Among the reversible metal hydrides, FeTi-based alloys are interesting 

due to their ability to undergo reversible hydrogen absorption at conditions close to room 

temperature and atmospheric pressure, as well as the abundance and accessibility of their 

constituent elements [34,81-83]. 

FeTi hydrogen storage alloys suffer from sluggish hydrogen uptake, primarily due to 

the formation of stable oxide layers on the surface [56,84,85]. Activation of the TiFe alloys 

synthesized through conventional methods such as arc melting requires repeated heating 

cycles at approximately 400 °C under vacuum, followed by exposure to high hydrogen 

pressures (up to 6.5 MPa) to initiate hydrogen absorption [33]. This necessity for high-

temperature and high-pressure activation represents an additional cost and a significant 

barrier to their commercial application. 

Various strategies have been proposed to enhance the absorption kinetics of these 

materials. One common approach is partial substitution of Fe by transition metals such as 

Mn [37,43,86-88], Cr [32,89], and Ni [90,91]. Modi et al. reported that the reactivation of the 

TiFe0.85Mn0.15 alloy, which had been deactivated due to surface oxidation from air 

exposure, was significantly improved by applying a single heat treatment cycle (without 

the need for multiple heat treatments) at temperatures up to a maximum of 300 °C under 

hydrogen pressure [86]. Chung and Lee observed that partially substituting Fe with Mn 

promoted activation, which was attributed to the formation of secondary phases [92]. 

Fruchart et al. also reported that Mn addition increases the unit cell volume, which 

facilitates the hydrogen absorption at lower pressures [93]. 

Furthermore, the addition of a small amount of Zr to TiFe often leads to the formation 

of a secondary phase which acts as a gateway for hydrogen diffusion [45,46,94-97]. Manna 

et al. found that as-cast TiFe + 4 wt.% Zr absorbed 1.5 wt.% hydrogen after 45 min of 
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incubation time [94]. Jain et al. demonstrated that the addition of zirconium, either in its 

pure form or as an alloy, enabled the activation of TiFe after arc melting, without requiring 

any prior treatment [97]. 

Mechanical treatments such as cold rolling (CR) [6,42,94,98], ball milling (BM) 

[38,66,99,100], and high-pressure torsion (HPT) [40,101] are also promising methods for 

improving the activation behavior of TiFe alloys. These techniques can introduce defects, 

reduce particle size, and create fresh surfaces that enhance hydrogen uptake kinetics 

[42,94,102]. Abe et al. found that TiFe alloys synthesized via mechanical alloying followed 

by annealing could absorb hydrogen at room temperature. They observed that the first 

hydrogenation behavior of mechanically alloyed TiFe was significantly improved 

compared to conventional TiFe alloys produced by induction melting [66]. Chiang et al. 

prepared TiFe by arc melting and subjected the alloy to ball milling under hydrogen [103]. 

Their findings indicated that ball milling in hydrogen atmosphere enabled TiFe to absorb 

hydrogen without requiring an activation treatment. Vega et al. reported that TiFe 

processed by arc melting and subsequently subjected to 20 or 40 cold rolling passes under 

an inert atmosphere could absorb hydrogen rapidly at room temperature without the need 

for thermal activation, reaching a hydrogen absorption capacity of 1.4 wt% [6]. Gómez et 

al. found that nanostructured TiFe synthesized by the high-pressure torsion (HPT) method 

could absorb hydrogen at room temperature with fast kinetics after an activation treatment 

by a single-cycle evacuation at 673 K for 2 h [101]. Manna et al. studied TiFe + 4 wt% Zr 

+ 2 wt% Mn alloy produced by the induction melting method and reported that after seven 

days of air exposure, the first hydrogenation kinetics were slow, with a long incubation 

time [94]. After 30 days of air exposure, no hydrogen absorption was observed. However, 

they showed that the air-exposed alloy could still be hydrogenated after ball milling or cold 

rolling, although with reduced capacity and slower kinetics. Similarly, Ulate-Kolitsky et 

al. investigated the same TiFe + 4 wt% Zr + 2 wt% Mn alloy produced by gas atomization, 

a method capable of directly producing metallic powders with high cooling rates, resulting 

in refined microstructures [42]. They demonstrated that gas-atomized alloy exhibited finer 

microstructures compared to induction-melted alloy, and cold rolling was more effective 

in recovering the hydrogenation performance of the atomized alloy compared to induction-
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melted samples. These results indicate that the effectiveness of cold rolling strongly 

depends on the alloy’s microstructure. Patel et al. investigated the effect of cooling rate on 

the microstructure and hydrogenation performance of TiFe + 4 wt.% Zr alloy and found 

that higher cooling rate led to a finer microstructure, which significantly improved 

hydrogen absorption kinetics [63]. These studies suggest that gas atomization could be a 

promising method for the production of metal hydride alloys with refined microstructures. 

Despite these advancements, most studies on TiFe-based alloys have focused on 

samples produced by conventional casting methods, while investigations on gas-atomized 

alloys remain scarce. Moreover, most existing works focus on a single mechanical 

processing technique (such as cold rolling or ball milling), whereas comparative 

evaluations of different treatments are limited. In this work, we address this gap by 

investigating the first hydrogenation behavior of Ti0.488Fe0.460Mn0.052 alloy synthesized by 

gas atomization and stored in air for more than two years. Three mechanical treatments, 

cold rolling, ball milling, and cold pressing, were systematically compared. In addition, the 

effects of rolling atmosphere and number of passes on the first hydrogenation are reported. 

This approach provides new insights into how different processing routes influence the 

activation of gas-atomized TiFe-based alloys. 

 

 Materials and Methods 

3.4.1 Materials 

The Ti0.488Fe0.460Mn0.052 alloy in powder form was provided by GKN Hoeganaes 

(Cinnaminson, USA). The powder was produced via gas atomization under an argon 

atmosphere. After production, the samples were stored in the air for over 2 years. 
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3.4.2 Morphology and Crystal Structure 

The microstructure and morphology of the powder were investigated using a Hitachi 

SU1510 scanning electron microscope (SEM) (Hitachi High-Tech Canada, Toronto, ON, 

Canada). Elemental composition was determined through Energy Dispersive X-ray 

Spectroscopy (EDX) with an Oxford Instrument X-Max system (Abingdon, UK), ensuring 

high analytical resolution. 

The phase composition and crystal structure of the samples were analyzed by X-ray 

diffraction (XRD) using a Bruker D8 Focus powder diffractometer (Madison, WI, USA) 

with Cu Kα radiation. The resulting XRD patterns were evaluated using the Rietveld 

refinement software TOPAS V6. 

3.4.3 Alloy Processing 

High-energy ball milling was performed using a SPEX 8000M high-energy ball mill 

(SPEX SamplePrep, Metuchen, NJ, USA). The powder-to-ball mass ratio was 1:10, and 

milling was carried out for 10 min using a 55 cc stainless steel crucible. The vibration 

frequency was 1060 cycles per minute. All the loading and unloading of the powder were 

performed inside an argon-filled glove box to prevent contamination. 

Cold pressing was carried out using a hydraulic press manufactured by Research & 

Industrial Instruments Company (London, UK). A die with a diameter of 14 mm was used 

to compact the powder under uniaxial pressure. The sample was subjected to a force of 12 

tons for 2 min. After cold pressing, the obtained pellet was manually crushed into powder 

using a hardened steel mortar and pestle in the air. 

Cold rolling in the air was conducted using a modified Durston DRM 130 model 

(Durston Tools, High Wycombe, UK), with powder being rolled vertically between two 

0.5 mm-thick 316 stainless steel plates to avoid contamination. For cold rolling in argon, 

an International Rolling Mills (Pawtucket, RI, USA) was placed inside an argon-filled 
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glove box. Rolling speed was 20 rpm for both air and argon atmospheres. The roller gap 

was set to 1.1 mm; considering the combined thickness of the two steel plates (1.0 mm), 

the effective rolling space available for the powder was approximately 0.1 mm. 

3.4.4 Hydrogenation Properties 

The first hydrogenation tests were carried out at room temperature (25 °C) under a 

hydrogen pressure of 2000 kPa using a homemade Sievert-type apparatus. For each first 

hydrogenation test, one gram of powder was placed in the sample holder and evacuated for 

15 min before the measurement. 

 Results and Discussion 

Figure 3.1 presents the microstructure of the atomized Ti0.488Fe0.460Mn0.052 powder, 

revealing two distinct regions: a grey matrix and a darker grey filamentous region. 

 

Figure 3.1 SEM images of the microstructure of the gas-atomized powder at 

magnifications of (a) 300× and (b) 1000×. 

Figure 3.2a shows a higher-magnification backscattered electrons micrograph. At 

this magnification, three regions are visible. The main region (matrix) is light grey. Two 

secondary regions are seen: a darker grey region (Spectrum 2) and a much smaller black 
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region (Spectrum 3). The chemical composition of the bulk material, matrix, and secondary 

phases, as determined by EDS, is summarized in Table 3.1. 

 

Figure 3.2 (a) High-magnification backscattered electron image of the EDS-analyzed 

regions of the atomized powder, (b) line analysis. 
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Table 3.1.Elemental composition in atomic percent (at. %) from EDX analysis of the gas-

atomized powder. Error on the last significant digit is in parentheses. 

Element Nominal Bulk 
Spectrum 1  

(Matrix) 

Spectrum 2  

(Dark Grey Region) 

Spectrum 3 

(Black Region) 

Ti 48.8 49.4 (3) 47.5 (5) 59.1 (3) 66.6 (2) 

Fe 46 45.3 (4) 48.4 (6) 34.8 (2) 26.3 (4) 

Mn 5.2 5.3 (2) 4.1 (5) 6.1 (3) 7.1 (1) 

 

Based on bulk composition measurement, the Ti, Fe, and Mn concentrations are near 

the nominal composition. The elemental concentrations of the matrix are close to TiFe, 

with Mn seemingly substituting on both Ti and Fe sites. Both the black and darker grey 

regions are rich in Ti and have a Mn concentration slightly higher than that of the matrix. 

For both regions, the composition is close to Ti2Fe. 

The interface of the matrix and second phase was investigated by line analysis 

(Figure 3.2b). The abundance of Ti slowly increases from the edge toward the center of the 

secondary region while Fe abundance decreases. Mn concentration is almost constant in 

both the matrix and the secondary phase. There is no indication of segregation at the edge. 

The atomized Ti0.488Fe0.460Mn0.052 alloy was exposed to hydrogen at room 

temperature under a pressure of 2000 kPa for 24 h. However, no hydrogen absorption was 

observed. Surface oxides are easily formed on TiFe alloys, which can hinder hydrogen 

absorption [45,102,104]. Therefore, this lack of hydrogen absorption is likely attributed to 

the long air exposure before hydrogenation. Previous studies have demonstrated that 

mechanical processing techniques, such as ball milling and cold rolling, could improve 

activation kinetics after air exposure by introducing cracks and generating fresh surfaces 

[6,38,42,66,94,98-100]. To address the activation issue, various mechanical processing 

methods were applied and compared to the activation of gas-atomized Ti0.488Fe0.460Mn0.052 

alloy. These included cold rolling (5 passes), ball milling (10 min), and cold pressing. 
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Figure 3.3 illustrates the morphology of the atomized and mechanically processed powders. 

Figure 3.3a,b show that the atomized powder consists of a mixture of spherical and 

irregularly shaped particles. The spherical particles range in size from less than 20 µm to 

300 µm, while the irregularly shaped particles measure between 100 µm and 400 µm. 

After five passes of cold rolling, the average particle size decreased significantly due 

to the fragmentation of larger particles under mechanical deformation (Figure 3.3c). Most 

of the particles were very small, with sizes below 20 µm. However, some larger particles, 

approximately 100 µm in size, could still be observed, indicating that the fragmentation 

process is not entirely uniform. Figure 3.3d further highlights the formation of cracks and 

highly fragmented particles, which become more evident at higher magnification. The 

cracks are marked with arrows. 

Ball milling also resulted in the breakdown of particles into finer, irregularly shaped 

particles (Figures 3.3e,f). In contrast, cold pressing did not significantly reduce the average 

particle size (Figure 3.3g). However, a higher-magnification image (Figure 3.3h) reveals 

the presence of numerous cracks on both spherical and irregular particles. 

The XRD patterns of atomized Ti0.488Fe0.460Mn0.052 and mechanically processed 

samples before hydrogenation are presented in Figure 3.4. In addition, the XRD pattern of 

atomized TiFe is shown as reference sample. In all cases, only the TiFe phase is seen with 

no indication of other phases. As shown in Figure 3.1, the secondary regions exhibit a thin, 

filamentous structure and are present in a relatively small quantity compared to the matrix. 

Due to its limited volume and morphology, the diffraction intensity of these secondary 

phases was weak. Similarly, surface oxides typically form only a very thin layer (often just 

a few nanometers thick) on the powder surface. Because they are so thin and not very 

abundant, their XRD Bragg’s peaks are very weak and broad, making them hard to 

distinguish from the background. 
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Figure 3.3 Morphology of gas-atomized powder (a,b); mechanically processed powders 

after 5 passes of cold rolling (c,d), 10 min of ball milling (e,f), and cold pressing (g,h). 
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Figure 3.4 XRD patterns of gas-atomized powder and mechanically processed powders 

(5CR-10BM-CP) before hydrogenation. 

Table 3.2 summarizes the Rietveld refinement results based on the XRD patterns of 

Figure 3.4. As the TiFe pattern was taken on a different diffractometer, we could not 

perform Rietveld’s refinement on this one using the fundamental parameters. However, the 

lattice parameter of TiFe phase in reference TiFe alloys was 2.97971 (6) Å. Substituting 

Mn by Fe led to increase in lattice parameter to 2.9828 (4). The lattice parameters remained 

nearly constant across atomized Ti0.488Fe0.460Mn0.052 and mechanically processed samples. 

However, a reduction in crystallite size and an increase in microstrains were observed after 

mechanical processing, which can be attributed to the introduction of defects and 

dislocations in the crystal lattice. Among the samples, the ball-milled powder displayed the 

smallest crystallite size and the highest microstrain, whereas the cold-pressed sample 

exhibited the largest crystallite size and the lowest microstrain. 
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Table 3.2 Rietveld’s refinement of TiFe phase. The error on the last significant digit is 

shown in parentheses. 

Sample 
Lattice 

Parameter (Å) 

Crystallite Size 

(nm) 
Microstrain (%) 

As-Atomized 2.9828 (4) 44.0 (5) 0.132 (6) 

CR5 2.9829 (6) 25.4 (2) 0.196 (2) 

BM10 2.9838 (7) 8.6 (6) 0.302 (3) 

CP 2.9822 (9) 29.6 (4) 0.142 (2) 

 

Figure 3.5 shows the hydrogenation curves for all samples at room temperature and 

hydrogen pressure of 2000 kPa. Unlike the as-received (gas-atomized) Ti0.488Fe0.460Mn0.052 

sample, which did not absorb hydrogen, all mechanically processed samples successfully 

absorbed hydrogen. It is worth mentioning that pure TiFe alloy could not absorb hydrogen 

at room temperature and hydrogen pressure of 2000 kPa, even after mechanical processing, 

whereas the Ti0.488Fe0.460Mn0.052 alloy readily absorbed hydrogen following mechanical 

processing. 

The cold-pressed sample exhibited the highest hydrogen absorption capacity of 1.9 

wt.%, and cold-rolled and ball-milled samples both reached 1.5 wt.% after 24 h. In terms 

of kinetics, the BM10 sample demonstrated the fastest hydrogenation, with an incubation 

time of about 7 min, while both cold-rolled and cold-pressed samples had a longer 

incubation time of approximately 15 min. 

Remarkably, despite the atomized powder being exposed to air for more than two 

years, each type of mechanical processing was able to activate the alloy and achieve good 

hydrogenation kinetics. For comparison, Modi et al. investigated the hydrogenation 

behavior of a TiFe0.85Mn0.15 alloy produced by arc melting [86]. After arc melting the alloy 

was subjected to ball milling for 30 min. Ball-milled alloy exhibited good kinetics and 

absorbed 1.2 wt.% hydrogen with no incubation time. However, after exposure to air for 

just 2 h, the alloy became oxidized and lost its hydrogen absorption capability. By heating 
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to 300 °C under hydrogen pressure, reactivation was achieved, but with a prolonged 

incubation time of 40 min and a reduced capacity of 0.9 wt.%. In the present work, all 

mechanical treatments activated the alloy with shorter incubation times and higher 

hydrogen capacities compared to Modi et al., which can be attributed to microstructural 

differences between gas-atomized and arc-melted alloys. 

 

Figure 3.5 Hydrogenation curves at room temperature under 2000 kPa hydrogen pressure 

for as-received and mechanically processed powders. 

Dematteis et al. further studied TiFe-alloys with partial substitution of Fe by Ti and 

Mn [88]. Samples with different compositions in the range from 48.8 at% to 54.1 at% Ti, 

and from 0 to 5.3 at% Mn were prepared by induction melting and subsequent annealing at 

1000 °C for one week. Their results showed that activation generally required 5 MPa of 

hydrogen pressure and heating up to 400 °C. Only Ti-rich compositions could be activated 

under milder conditions (room temperature and 2500 kPa H2). Although the alloy studied 

here is not Ti-rich, it was activated at room temperature and moderate pressure, which can 
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be attributed to the finer microstructure of the gas-atomized material compared to 

induction-melted alloys. 

The improvement in hydrogenation behavior after mechanical processing can be 

attributed to the refinement of the crystalline structure and the introduction of defects 

during deformation. As observed in Figure 3.3, mechanical processing induced cracks in 

the particles, likely facilitating hydrogen diffusion. The mechanical processing also 

introduces structural defects, such as vacancies and dislocations, which further enhance 

hydrogen transport within the material [105]. Rietveld refinement analysis revealed a 

decrease in crystallite size after mechanical processing, which corresponded to an increase 

in grain boundary density. These grain boundaries could serve as pathways that facilitate 

hydrogen diffusion [38,94,106]. Consequently, the hydrogenation kinetics improve after 

mechanical processing due to the combined effects of particle fragmentation, reduction in 

crystallite size, and the formation of grain boundaries. 

As previously mentioned, the ball-milled sample not only exhibited the shortest 

incubation time but also demonstrated the fastest hydrogenation kinetics. As shown in 

Table 3.2, the BM10 sample had the smallest crystallite size, which implies a higher grain 

boundary density. Grain boundaries can facilitate hydrogen diffusion and act as nucleation 

sites for hydride formation [107]. In the study of Emami et al., it was reported that ball 

milling leads to the formation of nanograins, and the nanograin boundaries act as effective 

pathways for hydrogen diffusion [38]. 

Beyond the kinetics, differences in hydrogen storage capacity among the samples 

indicate the influence of mechanical processing on hydrogen storage behavior. As shown 

in Figure 3.5, the cold-pressed sample exhibited the highest capacity of 1.9 wt.% ± 0.1 

wt.%. This value agrees with the nominal hydrogen capacity of TiFe alloy (1.86 wt.%). 

According to the hydrogenation curves in Figure 3.5, after 1000 min, the cold-rolled 

sample continues to absorb hydrogen at a very slow rate, while the ball-milled sample has 

already reached its maximum capacity (1.5 wt.%). This indicates that the ball-milled 
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sample had a lower overall capacity compared to the cold-pressed one. The reduced 

capacity of the ball-milled sample may be attributed to the crystallite size. As previously 

discussed, the BM10 sample had the smallest crystallite size, resulting in a higher density 

of grain boundaries. Lv et al. found that as ball milling time increased and crystallite size 

decreased, the hydrogen storage capacity decreased [106]. They proposed that although 

grain boundaries facilitate hydrogen diffusion, they do not store hydrogen themselves. This 

may explain the lower overall capacity of the ball-milled sample, despite its faster kinetics 

and shorter incubation time. 

Regarding the cold-rolled sample, the loss of capacity may be explained by the 

formation of oxides as the cold rolling was performed in the air. To verify this hypothesis, 

cold rolling was performed under both air and argon atmospheres for 5, 10, and 20 passes 

to compare the influence of rolling atmosphere on the hydrogenation behavior. 

Figure 3.6 shows hydrogenation curves at room temperature and hydrogen pressure 

of 2000 kPa for cold-rolled samples in the air. After 5 CR in the air, absorption started after 

15 min of incubation time. With 10 CR in air incubation time was increased to 35 min. 

After 20 CR in the air, the sample was not activated in 24 h. The difference in incubation 

time could be related to the surface condition of the materials. Increasing cold rolling passes 

in the air may lead to surface oxidation that can act as barriers to hydrogen absorption. 

Sleiman et al. similarly reported that while the as-cast Ti1V0.9Cr1.1 alloy could not be 

activated, a single cold rolling pass enabled immediate activation [108]. However, when the 

number of passes increased to six, the incubation time rose to about 10 min, the activation 

kinetics slowed, and the absorption capacity decreased. 

Figure 3.7 shows the first hydrogenation of samples cold rolled in argon. Compared 

to rolling in the air, the incubation time is shorter. After 5 and 10 rolling passes, the 

incubation times were only 3 and 4 min, respectively. The hydrogen absorption capacity 

after 24 h was about 1.5 wt.%, which is like the samples rolled in the air. The most notable 

difference appeared after 20 passes; while the 20CR-air sample showed no activation 

within 24 h, the 20CR-argon sample began absorbing hydrogen after 55 min and reached 
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a capacity of 1.6 wt.% after 24 h. Even under argon atmosphere, increasing the number of 

cold rolling passes to 20 resulted in a longer incubation time (55 min), similar to what was 

observed for cold-rolled samples in the air. This suggests that, regardless of oxidation, 

excessive deformation may hinder the first hydrogenation. This could be attributed to the 

excessive plastic deformation induced by multiple passes. As the number of passes 

increases, the material accumulates a higher density of dislocations, defects, and internal 

stresses, which can disrupt hydrogen diffusion. 

 

Figure 3.6 Activation curves of 5, 10, and 20 passes cold-rolled powders in air at RT/2000 

kPa. 
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Figure 3.7 Activation curves of 5, 10, and 20 passes cold-rolled powders in argon at 

RT/2000 kPa. 

The crystal structure of cold rolled samples in the air and argon was investigated by 

X-ray diffraction, and the patterns are shown in Figure 3.8. The corresponding Rietveld 

refinement data are summarized in Table 3.3. We see that increasing the number of rolling 

passes led to a reduction in crystallite size and increasing microstrain. The effect was the 

same for the samples rolled in argon compared to the ones rolled in the air. In fact, the 

crystal parameters were essentially the same for the air and argon cases. Therefore, the 

difference in incubation time between air and argon rolling atmosphere could not be 

attributed to a different crystal structure. It should be due to some surface effect that could 

not be seen by X-ray diffraction due to the large penetration depth of the oxides. The 

possible Ti, Fe and TiFe oxides have penetration depth between 2 and 10 microns. 

Considering that the surface oxide should have a thickness of nm, it is understandable that 

the presence of oxides could not be seen by X-ray diffraction. We are planning to perform 

XPS to obtain a better understanding of the surface composition. 
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Table 3.3 Rietveld’s refinement of TiFe phase in cold rolled samples in air and argon. The 

error on the last significant digit is shown in parentheses. 

Sample Lattice Parameter 

(Å) 

Crystallite Size 

(nm) 

Microstrain (%) 

5CR-Air 2.9829 (6) 25.4 (2) 0.196 (2) 

10CR-Air 2.9839 (5) 14.3 (5) 0.213 (7) 

20CR-Air 2.9841 (3) 12.1 (3) 0.235 (1) 

5CR-Argon 2.9829 (9) 25.1 (8) 0.194 (1) 

10CR-Argon 2.9831(3) 14.4 (8) 0.228 (1) 

20CR-Argon 2.9832 (2) 12.7 (6) 0.231 (1) 

 

 

Figure 3.8 XRD patterns of cold rolled samples in air and argon before hydrogenation. 
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 Conclusions 

The effects of cold rolling, ball milling, and cold pressing on the microstructure and 

hydrogen storage properties of Ti0.488Fe0.460Mn0.052  alloy were investigated. Cold pressing 

resulted in the highest hydrogen absorption capacity among the three methods, while ball 

milling significantly improved the first hydrogenation kinetics compared to cold rolling 

and cold pressing. Increasing the number of cold rolling passes in the air reduced hydrogen 

absorption kinetics, probably because of surface oxidation. Cold rolling under argon 

atmosphere produced a fast first hydrogenation. However, a higher number of passes in 

argon led to longer incubation times, suggesting that excessive deformation may hinder the 

first hydrogenation. These results suggest that combining different mechanical treatments 

could be explored in future studies to optimize both capacity and hydrogenation rate. 
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CHAPTER  IV.  

THE EFFECT OF ANNEALING ON THE FIRST HYDROGENATION BEHAVIOR OF 

ATOMIZED Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ ALLOY 

 

This chapter presents an experimental investigation of the effect of short-duration 

vacuum annealing on the microstructure and first hydrogenation behaviour of a gas-

atomized Ti₄₈.₈Fe₄₆.₀Mn₅.₂ alloy. The microstructural changes induced by annealing, 

particularly the transformation of the Ti₂Fe secondary phase from a filamentous to a 

globular morphology, were found to significantly reduce activation kinetics and final 

hydrogen capacity. The comparison between the as-atomized and annealed samples 

highlights the critical role of secondary phase morphology in hydrogen diffusion. 

 

 Content of Article  

Chapter IV's content was published in the Metals Journal, Volume 15, Issue 3 on 

February 26, 2025 (Article number 251). The article is accessible at: 

https://doi.org/10.3390/met15030251. 
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 Abstract 

In this paper, we report the effect of annealing on the first hydrogenation behaviour 

of Ti48.8Fe46.0Mn5.2 alloy. This alloy was produced by gas atomization and a portion of the 

powder was subjected to vacuum annealing at 1120°C for 1 hour. The goal was to 

investigate the usefulness of this atomized powder for hydrogen storage and to investigate 

the effect of annealing. Scanning electron microscopy (SEM) images revealed that both 

atomized and annealed alloys exhibit a two-phase structure. The atomized alloy consists of 

a main TiFe matrix and a filamentous Ti2Fe-like phase. After annealing, the microstructure 

is globular. In addition to the microstructure, there was a change in the chemical 

composition of the matrix and secondary phase after annealing. The first hydrogenation at 

room temperature of both atomized and annealed samples required cold rolling. However, 

the kinetics was much slower for the annealed sample compared to the atomized sample. 

After the first hydrogenation, the XRD analysis identified the main phases as TiFe, 

TiFeH0.94, and Ti2FeH3, indicating that both the TiFe and Ti₂Fe phases participated in 

hydrogen absorption during hydrogenation. 

Keywords: TiFe alloy; hydrogen storage; metal hydride; first hydrogenation, 

annealing. 
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 Introduction 

Hydrogen is gaining attention as a renewable energy carrier due to its versatility and 

clean energy potential. When it comes to hydrogen storage, a reliable and efficient method 

is crucial for a wide utilization of hydrogen. Solid-state storage in metal hydrides could be 

suitable for storing hydrogen for a variety of applications [5,8]. Among the many different 

types of metal hydrides, TiFe has shown great potential for hydrogen storage applications 

due to its reasonable hydrogen storage capacity of 1.86 wt.% at low pressure and room 

temperature. Furthermore, this alloy is made from cost-effective raw materials. However, 

a major challenge is the first hydrogenation, the so-called activation, which is usually slow 

at room temperature. This is most likely due to the formation of surface oxides that act as 

a barrier for hydrogen dissociation and absorption [29,37,88,105]. In the pioneering work of 

Reilly and Wiswall [33], the first hydrogenation was preceded by heating the alloy to over 

400℃ for 30 minutes, either in a vacuum or at low hydrogen pressure, then cooling it to 

room temperature and applying a high hydrogen pressure of approximately 6000 kPa. The 

process had to be repeated several times until the hydrogenation occurred in about 15 

minutes. Since then, several studies have used this type of activation procedure for TiFe 

alloys [34-36]. 

In addition to the above-mentioned repeated heating process, the activation issue can 

be overcome by other approaches: the addition of transition elements such as Mn [43,44], 

Zr [45,46], Cr [47], V [48,49], and Y[50,51]; addition of excess Ti in the stoichiometry[41]; and 

mechanical treatments [39,42,109]. Lv et al. studied the effects of doping, cold rolling, and 

forging on the microstructure and hydrogen storage properties of air-exposed TiFe + x 

wt.% (Zr+2V) (x = 0, 4, 5, and 6) alloys [46]. They concluded that doping with (Zr+2V) 

significantly improved the first hydrogenation kinetics of TiFe due to the formation of an 

hcp secondary phase, which can enhance the diffusion of hydrogen. Forging effectively 

reduced the incubation time and enhanced the first hydrogenation kinetics, while cold 

rolling improved absorption kinetics but resulted in lower hydrogen capacity. 
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 Patel et al. investigated the effect of Zr and Mn on the microstructure and the first 

hydrogenation kinetic of TiFe alloy [59]. They concluded that the fastest kinetic and highest 

capacity was reached by doping with 2 wt% Mn and 4 wt% Zr. The enhanced activation 

kinetics was attributed to the presence of a large proportion of Ti2Fe type phase, potentially 

because this phase could act as a gateway, facilitating hydrogen entry into the TiFe phase. 

Ulate-Kolitsky et al. investigated the first hydrogenation of both cold-rolled and ball-

milled TiFe-based alloy synthesized by gas atomization [42]. Cold rolling was shown to be 

more effective than ball milling for the regeneration of air-exposed atomized powder. 

Edalati et al. have shown that mechanical processing using severe plastic deformation 

(SPD) is effective at accelerating the hydrogenation kinetics [39]. They attributed it to the 

diffusivity of hydrogen that can be enhanced because of high dislocation and grain 

boundary density and high concentration of vacancies after SPD processing. 

In this paper, the cold rolling method is used for the activation of Ti48.8Fe46.0Mn5.2 

alloy produced by gas atomization. Atomization is a method that is considered by the 

industry to produce commercial alloys. However, as this method involves rapid cooling, 

there are some concerns regarding the stability of the resulting phases. Moreover, atomized 

powders are often fragile and difficult to compact without heat treatment [65]. Therefore, it 

is crucial to understand the effects of annealing on phase stability, microstructural 

evolution, and chemical composition. In addition, annealing can significantly affect the 

hydrogenation properties of metal hydrides. Abe and Kuji noted that the TiFe alloy 

prepared by the mechanical alloying method exhibited a lower plateau pressure and 

reduced hydrogen reversibility at room temperature. However, after annealing at 600 ℃ 

for 3 hours, a wide plateau area could be obtained [66]. According to a study by Lee et al., 

the activation process of the TiFe compound can be facilitated by incorporating a small 

quantity of Cr or Mn as substitutes for Fe. However, when subjected to a homogenization 

treatment at 900°C for 80 hours, the activation rate decreased due to alterations in the 

amount and morphology of the second phase [67]. This indicates that annealing could 

improve the hydrogen absorption properties of the alloys by the reduction in plateau 

pressure in the PCT curve. However, compositional and morphological changes after 
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annealing may adversely affect activation. Also, for industrial applications, annealing for 

a long duration could be too costly. Therefore, the effect of a short time annealing on the 

microstructure and hydrogen storage properties of Ti48.8Fe46.0Mn5.2 alloy synthesized by 

gas atomization was investigated. 

 Materials and Methods 

The Ti48.8Fe46.0Mn5.2 alloy was produced by GKN Hoeganaes Innovation Centre and 

Advanced Materials. The gas atomization was performed under pure argon with a VIGA-

type furnace with a free-fall atomization ring configuration. After synthesis, the powder 

was stored in the air. A portion of the atomized powder was vacuum annealed at 1120°C 

for 1 hour in a batch furnace.  

The morphology and microstructure of the powder were analyzed using a Hitachi 

Su1510 scanning electron microscope (Hitachi High-Tech Canada, Inc., Toronto, ON, 

Canada) equipped with an EDX – Energy Dispersive X-ray spectrometer (Abingdon, UK). 

The crystal structure of the alloys was analyzed by X-ray diffraction (XRD) measurement 

carried out on a Bruker D8 Focus diffractometer (Madison, WI, USA) with CuKα radiation. 

The XRD patterns were analyzed by the Rietveld method using TOPAS software (Bruker, 

Madison, WI, USA) to determine the alloy's phase abundance, lattice parameter, and 

crystallite size [70]. 

Cold rolling was performed vertically in the air with a modified Durston DRM 130 

rolling mill (High Wycombe, Buckinghamshire, UK). The powder was inserted between 

two 316 stainless steel plates to avoid contamination by the rolls. Samples were cold rolled 

for 5 passes (5 CR).  

The sample's hydrogen capacities and absorption kinetics were evaluated using a 

homemade Sievert-type apparatus. One gram of powders was placed in a sample holder 

and evacuated for 15 minutes before kinetic measurements. The absorption measurements 
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were taken at room temperature (25 ℃) under 2000 kPa of hydrogen pressure or at 90 ℃ 

and a hydrogen pressure of 4500 kPa.  

 Results and Discussion 

4.5.1 Microstructure 

Figure 4.1 shows the backscattered electron micrographs of Ti48.8Fe46.0Mn5.2 alloys 

in as atomized (AS) and vacuum-annealed (VA) conditions. The microstructure reveals the 

presence of two distinct regions: a matrix (gray) and a darker gray region. In the as 

atomized alloy, the darker regions have a filamentous structure, while in the VA sample, 

they are globular, forming distinct islands.  

 

 

 

 

 

Figure 4.1 Backscattered electron micrographs of Ti48.8Fe46.0Mn5.2 alloys: (a) as 

atomized; (b) after vacuum annealing. 

Figure 4.2 shows a higher magnification image of the atomized alloy analyzed by 

EDX. At this magnification, two distinct secondary regions are visible: a gray region and 

a black region.  The chemical composition of the bulk material and each region are shown 

in Table 4.1. The values represent the elemental compositions (in atomic percent, at.%) of 

different phases within the as-atomized alloy, determined by Energy Dispersive X-ray 

(EDX) analysis. These compositions reflect the distribution of Ti, Fe, and Mn in the matrix 

and secondary phases. For the matrix region, the composition is TiFe with a small amount 
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of Mn. Both black and gray regions are Ti-rich and have a Mn concentration slightly higher 

than in the matrix. In fact, the stoichiometry of these two regions is close to Ti2Fe. The 

Ti2Fe is not a stable phase and is not included in the ASM phase diagram[110]. Reilly et al. 

tried to synthesize Ti2Fe in order to study its hydrogen absorption behaviour [33]. They 

found that it exists above 1000 ℃ and below this temperature, it decomposes to TiFe and 

Ti. Dong et al. prepared Ti2Fe alloy using an arc furnace followed by remelting in an 

induction furnace and subsequent spin quenching[111]. They reported that the structure type 

of Ti2Fe is Ti2Ni. Guéguen et al. observed Ti2Fe precipitates in the TiFe matrix after arc 

melting and annealing at 1000 ℃ for one week under argon atmosphere [49]. Therefore, 

despite not being a stable phase, Ti2Fe could be relatively easy to obtain in Ti-Fe alloys 

under specific high-temperature conditions followed by rapid cooling or controlled 

annealing. In our study, the sample was produced by gas atomization, where the melt 

underwent rapid cooling. Additionally, the annealing temperature is comparable to the heat 

treatment temperatures in the above-mentioned studies. In the present investigation, the 

Ti₂Fe phase was obtained after just one hour of annealing. 

 

Figure 4.2 Higher magnification image of the microstructure of the as-atomized sample. 

Spectrum 1: matrix, Spectrum 2: black region, Spectrum 3: gray region. 
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Table 4.1 EDX analysis of phases of atomized alloys. Error on the last significant digit is 

indicated in parentheses. 

Element Nominal Bulk Matrix Gray region Black region 

Ti 48.8 49.4(3) 47.5(5) 59.1(3) 66.6(2) 

Fe 46 45.3(4) 48.4(6) 34.8(2) 26.3(4) 

Mn 5.2 5.3(2) 4.1(5) 6.1(3) 7.1(1) 

 
 

A higher magnification image of the vacuum-annealed sample (Figure 4.3) revealed 

a two-phase microstructure: a gray matrix and a dark second phase. The EDX analysis 

results, presented in Table 4.2, provide the elemental composition of both the matrix and 

the secondary phase in the vacuum-annealed alloy, expressed in atomic percent (at.%). The 

matrix composition is TiFe with Fe being substituted by Mn. The dark phase composition 

is close to (Ti, Mn)2Fe.  

 

 

Figure 4.3 Higher magnification image of the microstructure of the vacuum annealed. 

Spectrum 1: matrix, spectrum 2: black region. 
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Table 4.2 EDX analysis showing the elemental composition of the matrix and second 

phase of vacuum annealed alloy. Error on the last significant digit is indicated in parentheses. 

Element Nominal Bulk Matrix Gray region 

Ti 48.8 48.9(5) 49.5(4) 62.2(7) 

Fe 46 46.1(7) 45.5(3) 33.1(6) 

Mn 5.2 5.0(1) 5.0(2) 4.7(1) 

 

Comparing the EDX results before and after annealing shows a change in the matrix 

composition. Before annealing, the matrix composition was Ti47.5Fe48.4Mn4.1 while after 

annealing, the matrix composition was closer to the nominal composition, and Mn only 

substituted for Fe. This is very close to the composition given by Fruchart et al. who found 

that Mn substitutes for Fe in the TiFe crystal structure [112]. In the as-atomized sample, the 

second phase exhibited slightly different compositions, with two distinct regions: gray and 

black, dispersed within the matrix. After annealing, only a black phase is dispersed into the 

matrix. The Ti and Fe concentrations in this region are close to the average of the gray and 

black regions in the as-atomized sample. However, after annealing, the Mn content in the 

second phase decreased compared to that in the as-atomized sample. The stoichiometry of 

the secondary phase is then Ti1.87Mn0.14Fe. Thus, for the TiFe matrix phase, Mn 

substitutes for Fe, while for the secondary Ti2Fe phase, Mn substitutes for Ti.  

The X-ray Diffraction (XRD) patterns of as atomized and vacuum-annealed samples 

are shown in Figure 4.4. The main phase was identified as TiFe for both alloys. The peaks 

of the second phase could be observed in the XRD pattern after annealing, and it was 

identified as Ti2Fe, which is consistent with the results of the EDS analysis.  The absence 

of the Ti2Fe phase in the AS sample can be attributed to the lower abundance and the 

thickness of this phase, which, as observed in SEM analysis, is only a fraction of a micron 

thick, while in the VA sample, the Ti₂Fe phase grows to a thickness of several microns. 
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Considering the penetration depth of X-ray, the Ti₂Fe phase diffracts weakly in the AS 

sample, making it undetectable in the XRD pattern. 

Table 4.3 displays the phase fraction, lattice parameters, and crystallite size for each 

phase as determined by Rietveld refinement. For both AS and VA samples, the lattice 

parameter is slightly bigger than the 2.97838 (6) Å of TiFe measured by Jung et al. [113].     

The annealing process also led to a noticeable increase in crystallite size and 

a reduction of microstrains for the TiFe phase. This growth is easily explained by 

recrystallization because of the annealing temperature (1200°C), which is close to the TiFe 

melting point (1317°C). In addition to the increase in crystallite size, a reduction in 

microstrains was observed. Microstrain is typically reduced during annealing, as the 

material's internal stresses decrease due to the reduction of defects. 

 

Figure 4.4 X-ray diffraction patterns of AS (as atomized) and VA (vacuum annealed) 

alloys. 
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Table 4.3. Rietveld refinement results of AS (as atomized) and VA (vacuum annealed) 

alloys. The error is shown in parentheses. 

Sample Phase 
Phase Fraction 

(wt.%) 

Lattice 

Parameter 

(Å) 

Crystallite 

Size 

(nm) 

Strain (%) 

AS TiFe 100 2.9828(4) 82(11) 0.65(3) 

VA 
TiFe 

Ti2Fe 

77 (7) 

23 (7) 

2.9884 (6) 

11.2362 (8) 

214 (14) 

140 (30) 

0.08(3) 

0.2(1) 

 

4.5.2 First Hydrogenation  

The hydrogenation was performed under two different conditions: at room 

temperature (21°C) and 2000 kPa of hydrogen pressure and at 90℃ under 4500 kPa of 

hydrogen. For both conditions, the experiment ran for a period of 24 hours. For both AS 

and VA samples, no hydrogen uptake was registered under these conditions. This could be 

due to the long air exposure before hydrogenation. In order to ‘regenerate’ the samples, 

they were subjected to 5 passes of cold rolling in the air. Previous studies have shown that 

this technique is effective in enabling the first hydrogenation of TiFe alloys. Ulate-Kolitsky 

et al. reported that 5 passes of cold rolling are efficient for the activation of TiFe alloys 

synthesized by gas atomization [42]. Manna et al. investigated the effect of air exposure on 

the TiFe+4 wt.% Zr alloy and they found that the seven-day air-exposed alloy did not 

absorb hydrogen, but cold rolling successfully led to the recovery of the alloy [94].  

Figure 4.5 shows the curves of the first hydrogenation at RT/2000 kPa after 5 passes 

of cold rolling. The AS-5CR sample started to absorb hydrogen after about 1000 seconds 

and it reached the capacity of 1.56 wt.% in 24h. However, the VA-5CR sample did not 
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absorb hydrogen in 24 h. The fast activation of the AS-5CR sample even at RT has shown 

that 5 passes of cold rolling are efficient for the regeneration of atomized TiFe(Mn) alloys.  

 

Figure 4.5 Activation curves of AS and VA samples after 5 CR at room temperature and a 

hydrogen pressure of 2000 kPa. 

Since the VA-5CR sample did not activate at RT and 2000 kPa, the temperature was 

increased to 90 °C and the hydrogen pressure to 4500 kPa to investigate the effect of 

elevated pressure and temperature on its activation behaviour. As seen in Figure 4.6, under 

these conditions, both samples absorbed hydrogen. The AS-5CR sample exhibited rapid 

kinetics, starting hydrogen absorption within 40 seconds and reaching a capacity of 1.42 

wt.% after 24 hours. In contrast, the annealed sample demonstrated a longer incubation 

time of 7200 seconds and finally achieved a capacity of 1.2 wt.% after 24 hours.  

Based on these results, it was determined that annealing is not appropriate for the 

TiFe alloy studied in this work. It seems that the hydrogenation behaviour of the TiFe alloy 

is strongly influenced by the chemical composition and morphology of the second phase. 

After heat treatment, the phases’ chemical composition is marginally changed but the 
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morphology has been drastically changed from filamentous to globular. These changes may 

be responsible for the longer incubation time of the VA sample. The presence of a 

filamentous second phase seems to facilitate the hydrogen uptake by providing nucleation 

points for the hydride phase and diffusion pathway for the hydrogen. After annealing, the 

second phase becomes more spheroidized, resulting in the reduction of pathways available 

for hydrogen within the alloy. This decrease in the interfacial region ultimately leads to a 

reduction of hydrogenation kinetic. In addition, SEM studies (Figures 2 and 3) revealed the 

presence of two distinct secondary regions within the TiFe matrix of the as-atomized alloy. 

However, after heat treatment, a dark second phase was observed in the matrix. EDS 

analysis (Tables 4.1 and 4.2) further confirmed compositional changes following the heat 

treatment. These compositional changes could potentially influence the hydrogen 

absorption behavior of the alloy. 

Additionally, annealing also induced recrystallization in the primary TiFe phase, as 

evidenced by an increase in crystallite size and a reduction in microstrain determined from 

Rietveld refinement of XRD patterns (Table 4.3). While recrystallization reduces internal 

stresses, it also eliminates some of the grain boundaries that act as key diffusion pathways 

for hydrogen. Grain boundaries enhance hydrogen diffusion by serving as low-energy sites 

for hydrogen absorption and movement. The combination of reduced interfacial area in the 

secondary phase and a decrease in grain boundary density in the matrix likely explains the 

observed decline in hydrogenation performance [38,106]. 

Figure 4.7 presents the X-ray diffraction (XRD) patterns of the samples after cold 

rolling and Table 4.4 shows Rietveld refinement results. Comparing the results before and 

after cold rolling reveals that the cold rolling process reduced the crystallite size and 

increased the microstrain. Decreasing crystallite size leads to more grain boundaries. 

Therefore, the reduction in crystallite size and formation of a fresh surface due to crushing 

during cold rolling could lead to faster hydrogen absorption. The effectiveness of highly 

strained grain boundaries as effective trapping sites for hydrogen has been shown by 

Emami et al. [38]. Similarly, Lv et al. have shown that the grain boundaries formed by cold 

rolling could act as diffusion points for hydrogen [46]. 
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Figure 4.6 Activation curves of AS and VA samples after 5 CR at 90 ℃ and a hydrogen 

pressure of 4500 kPa. 

                                                  

Figure 4.7 X-ray diffraction patterns of AS (as atomized) and VA (vacuum annealed) 

alloys after 5 passes of cold rolling. 
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Table 4.4 Rietveld refinement results of AS-5CR and VA-5CR. The error is shown in 

parentheses. 

Sample Phase 
Phase Fraction 

Wt.% 

Lattice 

Parameter 

(Å) 

Crystallite 

Size 

(nm) 

Strain 

(%) 

AS-5CR TiFe 100 2.991(2) 17(3) 1.0(6) 

VA-5CR 
TiFe 

Ti2Fe 

70 (6) 

30 (6) 

2.9900 (1) 

11.3330 (6) 

19 (6) 

10 (3) 

0.81(8) 

0.10(1) 
 

Figure 4.8 shows the X-ray diffraction (XRD) patterns of AS and VA samples after 

activation in 90 ℃ and 4500 kPa. The corresponding phase fractions, lattice parameters, 

and crystallite sizes are presented in Table 4.5. In order to preserve the hydride state, after 

hydrogenation at 90° C the sample was cooled to room temperature under hydrogen 

pressure. The diffraction pattern was registered in the air shortly after removing the sample 

from the sample holder. Upon analysis of the activated samples, XRD reveals the presence 

of TiFe, TiFeH0.94, and Ti2FeHX phases. The presence of the TiFe peak after activation in 

the XRD pattern indicates that the sample starts desorbing at room temperature and 

atmospheric pressure. TiFe phase fraction was reduced due to the presence of the 

orthorhombic TiFeH0.94 phase. This phase was identified by Reidinger et al. on the 

desorption of TiFe hydride [114]. The lattice parameters of the TiFeH0.94 phase presented in 

Table 5 are close to the lattice parameters reported by Reidinger et al. 

For the VA sample, the unit cell volume of Ti₂Fe before hydrogenation is 1456 Å³, 

which expands to 1803 Å³ after hydrogenation. This corresponds to a volume expansion of 

24 %. This is consistent with previous investigations by Ulate-Kolitsky et al. [41], who 

reported a volume expansion of 21%. The stoichiometry of the Ti2FeHX phase can be 

determined by analyzing the increase in unit cell volume resulting from hydrogen uptake.  

The volume increase is 347 Å³, and there are 32 formula units per unit cell. Therefore, the 
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volume variation per formula unit is estimated to be about 11 Å³. Based on the assumption 

that the volume of a single hydrogen atom is around 2.9 Å³ [115], the resulting stoichiometry 

is approximately Ti2FeH3 (~1.9 wt.%). As this sample is made up of 20% of Ti₂FeH₃, the 

contribution to the total hydrogen capacity is 0.38 wt.%. The TiFeH₀.₉₄ phase makes up 

40% of the sample and contains 1 wt.% of hydrogen. Therefore, its contribution to the total 

capacity is 0.4 wt.% of hydrogen. Consequently, the overall hydrogen content is about 0.8 

wt.%. Given the hydrogen absorption capacity of 1.2 wt.%, this shows that the sample 

partially desorbed before the X-ray diffraction measurement. 

In the activated AS sample, assuming the Ti₂FeHX phase has a stoichiometry of 

approximately Ti₂FeH₃, the 11 wt.% of this phase contributes about 0.2 wt.% hydrogen. 

The sample also contains 73% TiFeH₀.₉₄, which contributes to 0.7 wt.% of hydrogen. 

Consequently, the total hydrogen content in the sample is 0.9 wt.%. Considering the 

hydrogen absorption capacity of 1.4 wt.% (Figure 6), the amount of desorbed hydrogen is 

0.5 wt.%. It should be pointed out that the desorbed capacity of the VA and AS samples 

are almost the same, respectively 0.4 wt% and 0.5 wt.%. 

 

Figure 4.8 X-ray diffraction patterns of AS (as atomized) and VA (vacuum annealed) after activation. 
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Table 4.5 Rietveld refinement results of AS (as atomized) and VA (vacuum annealed) after 

activation. The error is shown in parentheses. 

Sample Phase Phase fraction 

(%) 

Lattice Parameter 

(Å) 

Crystallite Size 

(nm) 

AS-5CR-After 

Activation 

TiFeH0.94 73(11) a=4.37(1) 

b=3.08(1) 

c=4.52 (1) 

11(2) 

Ti2FeHx 11(5) 12.23(2) 17(5) 

TiFe 16(8) 2.994(4) 20 (3) 

VA-5CR-After 

Activation 

TiFeH0.94 40(13) a=4.51 (1) 

b=3.11(1) 

c=4.40(3)                               
15(4) 

Ti2FeHx 20(6) 12.17(2) 22(7) 

TiFe 40(13) 2.986(5) 16 (5) 

 

 Conclusion 

• The microstructure and first hydrogenation of Ti48.8Fe46.0Mn5.2 alloy prepared by gas 

atomization, before and after vacuum annealing, have been investigated.  

• The microstructure of the alloy before and after annealing consists of a TiFe matrix 

and a secondary Ti2Fe-like phase. The secondary Ti2Fe phase exhibited a filamentous 

microstructure in the atomized alloy, whereas it appeared more globular in the 

annealed sample. 

• Both atomized and annealed alloys needed prior mechanical processing by cold 

rolling to absorb hydrogen. After 5 cold rolling passes, the atomized sample absorbed 

1.56 wt.% hydrogen at room temperature and hydrogen pressure of 2000 kPa. 
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However, the annealed sample could not be activated in 24 hours under the same 

conditions. 

• Both atomized and annealed samples absorbed hydrogen at 90ºC and hydrogen 

pressure of 4500 kPa but the atomized sample had faster kinetic and higher capacity.  

• Annealing after atomization had a negative effect on the activation process, probably 

due to recrystallization and changes in the microstructure. 

• X-ray analysis identified the main phases as TiFe, TiFeH0.94, and Ti2FeHx after 

activation. Considering the volume expansion of the Ti2Fe phase upon 

hydrogenation, the resulting stoichiometry is approximately Ti2FeH3. 
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CHAPTER V.  

ACTIVATION ENERGY AND KINETICS OF FIRST HYDROGENATION IN 

Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ ALLOY PRODUCED BY GAS ATOMIZATION 

 

This chapter presents a systematic experimental investigation of the first 

hydrogenation behaviour of a gas-atomized Ti₄₈.₈Fe₄₆.₀Mn₅.₂ alloy, with a particular focus 

on the activation energy measurement. Because the as-atomized powder exhibited no 

hydrogen absorption due to oxidation during air exposure, cold rolling in air was employed 

as a practical activation strategy to introduce cracks and surface defects that facilitate 

hydrogen diffusion. The effects of temperature, hydrogen pressure, and constant driving 

force on the incubation time were examined, revealing that the first hydrogenation follows 

an Arrhenius-type mechanism. Furthermore, the pre-exponential factor was found to be 

pressure dependent. 

 

 Content of Article  

Chapter V's content was published in inorganics Journal, Volume 14, Issue 2 on 

February 17, 2026. The article is accessible at: 

https://doi.org/10.3390/inorganics14020062. 
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 Abstract 

The first hydrogenation behavior of the gas atomized Ti48.8Fe46.0Mn5.2 alloy was 

systemically investigated. The as-received powder showed no hydrogen absorption due to 

the long air exposure before the hydrogenation tests. To overcome this, 5 passes of cold 

rolling were employed as an activation strategy. Cold rolling introduced cracks and defects 

that facilitated hydrogen diffusion, enabling the alloy to successfully absorb hydrogen. The 

influences of temperature, constant driving force, and hydrogen pressure on the first 

hydrogenation were evaluated. The results indicated that the first hydrogenation follows an 

Arrhenius behavior (k = Ae− 
EA
RT ), and average activation energy was calculated as 71 

kJ/mol H2. The pre-exponential factor (A) was found to be pressure-dependent, following 

the equation A = A₀ (P/P₀)1.8, where A₀ = 2.6 × 106 s⁻¹. 

 

Keywords: TiFe alloy; Metal hydride; First hydrogenation; Activation energy; 

Arrhenius mechanism 
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 Introduction 

Hydrogen, as an energy vector, offers a sustainable alternative to fossil fuels, 

addressing global challenges like climate change and rising energy demand [2]. Its high 

gravimetric energy density, significantly higher than that of conventional fuels, makes it 

an attractive option for many practical applications. However, developing efficient storage 

systems remains critical for the widespread usage of hydrogen [1,14,116].  

Hydrogen is mainly stored in three primary forms: as a compressed gas, cryogenic 

liquid, or solid-state material. Compressed and liquid hydrogen storage face challenges 

such as high pressure, cryogenic temperature, and high costs. Solid-state in the form of 

metal hydrides could potentially provide safe storage with high volumetric density under 

relatively mild temperature and pressure conditions [4,5,116]. Solid-state storage involves 

the storage of hydrogen, either on the surface of solids through Van der Waals interactions 

or within solids, by forming chemical bonds with the metal atoms to form metal hydrides 

[117,118]. 

Among metal hydrides, TiFe-based alloys are promising materials for hydrogen 

storage due to their abundance, low cost, and good reversibility during hydrogen absorption 

and desorption [36,47,119,120]. The TiFe alloy is a well-known AB-type intermetallic 

compound capable of storing approximately 1.86 wt% of hydrogen, first reported by Reilly 

and Wiswall in 1974 [33].  

A major limitation of TiFe alloys is their first hydrogenation kinetics. During air 

exposure, a surface oxide layer is naturally formed which acts as a barrier for hydrogen 

diffusion into the alloy. As a result, when TiFe alloy is exposed to hydrogen, a certain time 

is needed for penetration of hydrogen into the alloy and reaction with metal atoms. This 

period is known as the incubation time. Once this barrier is overcome, the hydrogenation 

can proceed [44,121]. 
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To break the oxide layer, and starting the hydrogen absorption reaction, Reilly and 

Wiswall used the method of heating the alloy to 400℃, followed by cooling and applying 

a high hydrogen pressure of approximately 60 bars [33]. This process had to be repeated 

several times until the alloy could be fully hydrided. This method has since been widely 

used in numerous studies on TiFe alloys [122,123].  

Adding transition elements such as Zr [45,46], Mn [32,43,88], Cr [32,47], and Y [124] 

can significantly improve the first hydrogenation kinetics by promoting the formation of 

secondary phases that facilitate hydrogen diffusion. Mechanical deformation techniques 

like ball milling [38,125], cold rolling [6,42], and high-pressure torsion [126] are also 

beneficial for improving first hydrogenation kinetics by creating grain boundaries and 

cracks, which act as pathways for hydrogen to penetrate the oxide layer. Furthermore, 

several studies have shown that powder processing methods like gas atomization could 

enhance the first hydrogenation properties of TiFe-based alloys by producing a finer 

microstructure [42,127,128]. Ulate-Kolitsky et al. compared alloys synthesized by gas 

atomization and induction melting, concluding that gas atomization resulted in a much finer 

microstructure and a TiFe matrix with a more refined distribution of secondary phases [42].  

Previous research has indicated that the hydrogen absorption process generally 

follows an Arrhenius mechanism, and there have been attempts to calculate the activation 

energy of metal hydride formation in these alloys [43,129-132]. Bowman and Tadlock [131] 

investigated the hydrogen diffusion rate in TiFeH phase using nuclear magnetic resonance 

(NMR) techniques, and the temperature dependence of the proton relaxation rate suggested 

Arrhenius behavior, leading to the calculation of activation energy as 31.8 kJ/mol. Chung 

and Lee [132] demonstrated that hydrogen absorption kinetics of TiFe alloys improve with 

partial substitution of Mn and Ni for Fe. They found that the hydriding rate depends on the 

difference between the applied pressure and the equilibrium pressure, and from Arrhenius 

plots of the rate constants versus 1/T, they calculated the activation energies to be 33.5 

kJ/mol for TiFe, 32.6 kJ/mol for TiFe₀.₈₅Mn₀.₁₅, and 31.8 kJ/mol for TiFe₀.₉Ni₀.₁.  
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The above-mentioned studies calculated the activation energy associated with 

hydrogen absorption after the alloy had already hydrogenated, and the incubation stage 

caused by the surface oxide layer was no longer present. However, the first hydrogenation 

where the oxide is broken is critical as it can significantly influence the cost and efficiency 

of metal hydride formation. In the present study, we systematically investigate the first 

hydrogenation behavior of a TiFe-based alloy (Ti₄₈.₈Fe₄₆.₀Mn₅.₂) produced by gas 

atomization. This composition was selected because Mn substitution could promote the 

formation of secondary phases that facilitate hydrogen diffusion [32,43,88]. Unlike previous 

works, which focused only on alloys that were already subjected to a few 

hydrogenation/dehydrogenation steps, this study focus on the first hydrogenation.  The 

effects of temperature, constant driving force, and hydrogen pressure on the incubation 

time of the first hydrogenation was investigated. To our knowledge, this is the first 

systematic investigation of how working conditions influence the first hydrogenation of a 

TiFe-based alloy.  

 

 Materials and Methods 

The gas-atomized alloy, with an atomic composition of 48.8 Ti, 46.0 Fe, and 5.2 Mn, 

was provided by GKN Hoeganaes Innovation Centre and Advanced Materials. Gas 

atomization was carried out by GKN under pure argon using a VIGA-type furnace 

equipped with a free-fall atomization ring set-up. Following synthesis, the powder was 

stored in the air.  

The atomized powder was subjected to five cold rolling passes before hydrogenation. 

Cold rolling was performed vertically in the air using a modified Durston DRM 130 rolling 

mill (High Wycombe, Buckinghamshire, UK). The powder was inserted between two 316 

stainless steel plates to prevent contamination of the powder by the rollers. 
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The powder morphology before and after cold rolling was examined using a Hitachi 

SU1510 scanning electron microscope (SEM) (Hitachi High-Tech Canada, Toronto, ON, 

Canada). 

The hydrogenation tests were carried out using a homemade Sievert’s apparatus. The 

measurements were conducted under various pressures ranging from 15 bars to 50 bars at 

temperatures of 298 K, 308 K, 318 K, and 328 K. Each hydrogenation test was conducted 

on about one gram of fresh sample. The samples were evacuated for 15 minutes at room 

temperature prior to kinetic measurements. The volume of chamber was 44 cm3. 

 Results and Discussion  

The microstructure, crystal structure, and first hydrogenation of Ti48.8Fe46.0Mn5.2 

alloy were reported in our earlier paper [133]. It was found that the microstructure consisted 

of a main TiFe matrix and a filamentous Ti2Fe-like phase. The main TiFe phase exhibited 

a BCC crystal structure with a lattice parameter of 2.9828 ± 0.0004 Å.  

As reported in our previous study, the as-received atomized Ti48.8Fe46.0Mn5.2 alloy 

was unable to absorb hydrogen under two different test conditions: (i) at room temperature 

under 20 bars H₂ pressure, and (ii) at 363 K under 45 bars H₂. To activate the alloy, it was 

subjected to five passes of cold rolling (5CR) in the air. After cold rolling, the obtained 

flakes and powders were manually crushed in air into powder using a hardened steel mortar 

and pestle. The resulting powder had a particle size distribution ranging from 45 to 212 

μm. This obtained powder was subsequently used for the hydrogenation tests. The 5CR 

alloy successfully absorbed hydrogen under both above-mentioned testing conditions. 

Given that cold rolling in air successfully activated the material, and considering industrial 

collaboration of the research and the practical convenience of cold rolling in air, all further 

cold rolling steps were conducted in air.  

Figure 5.1 presents the morphology of the as-received and cold-rolled powders. A 

reduction in particle size is evident after cold rolling, along with the formation of cracks 
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on the powder surfaces. As shown in Figure 5.1.a, a combination of spherical and non-

spherical particles was observed in the atomized powder. The spherical particles have a 

size distribution from 20 µm up to 300 µm, while non-spherical particles fall within the 

100–400 µm range. Figure 5.1.c shows that after five passes of cold rolling, the average 

particle size decreased significantly. Most particles were reduced to below 20 µm, although 

some larger particles (~100 µm) remained. In addition to the decrease in particle size, cold 

rolling introduced numerous cracks and surface defects which are clearly visible under the 

higher magnification of figure 5.1.d. These morphological changes, including particle size 

reduction and the formation of cracks and defects, enhance hydrogen diffusion and 

facilitate hydrogen absorption. This effect has been observed in other alloys such as TiFe 

[42,94,134], LaNi5 [135], Mg [136,137], and high-entropy alloys [138].  

 

Figure 5.1 Morphology of gas atomized Ti48.8Fe46.0Mn5.2 (a, b), and after 5 cold rolling 

passes (c, d). 

After finding that five passes of cold rolling effectively regenerate the 

Ti48.8Fe46.0Mn5.2 alloy for hydrogen absorption, the next step was to evaluate the first 
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hydrogenation parameters systematically. Therefore, in the following sections, we 

investigate the effects of temperature, constant driving force, and hydrogen pressure on the 

first hydrogenation behavior. To prepare the alloy for hydrogen absorption, all kinetic 

experiments were conducted on samples subjected to 5 cold rolling passes prior to each 

test. 

5.5.1 Effect of temperature on first hydrogenation of Ti48.8Fe46.0Mn5.2 -5CR 

The effect of temperature on the first hydrogenation was investigated by measuring 

the incubation time at 298 K, 308 K, 318 K, and 328 K under a hydrogen pressure of 40 

bars. Figure 5.2 shows the first hydrogenation kinetics of the of Ti48.8Fe46.0Mn5.2 -5CR alloy 

at different temperatures under a hydrogen pressure of 40 bars. We see that the incubation 

time decreases with increasing temperature from approximately 3000 s at 298 K to 330 s 

at 328 K.  

 

Figure 5.2 First hydrogenation curves of Ti48.8Fe46.0Mn5.2 -5CR alloy at 298 K, 308 K, 318 

K, and 328 K under a hydrogen pressure of 40 bars. 
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The fact that incubation time varies with temperature indicates that the process may 

follow an Arrhenius-type behavior. The Arrhenius equation describes the relationship 

between the rate of a chemical reaction and temperature, and is expressed as: 

k = Ae− 
EA
RT                                                                (5.1) 

 

 

Where: 

k is the rate constant of the chemical reaction, 

A is the pre-exponential factor or Arrhenius factor, a constant related to the frequency 

of collisions of reacting molecules (s-1), 

Ea is the activation energy for the reaction (J/mol), 

R is the universal gas constant (8.314 J/(mol K)), 

T is the absolute temperature (K). 

Since incubation time (t) is inversely proportional to the rate constant: 

 

t ~ 
1

k
                                                                             (5.2)  

 

Then, equation (5.1) could be written as:  

 

https://en.wikipedia.org/wiki/Rate_constant
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ln t =  −ln A +
Ea

RT
                                                  (5.3) 

 

 

In Figure 5.3, ln t is plotted as a function of 1000/T. From the slope of the fitted line, 

the activation energy is calculated to be Ea = 69 ± 1 kJ/mol H2. Additionally, from the 

intercept, A is 2.6 × 108 s⁻¹ with a range from 1.6 × 108 to 4.2 × 108 s-1. 

 

Figure 5.3 Plot of ln t (incubation time) as a function of 1000/T (T: temperature) for 

activation of Ti48.8Fe46.0Mn5.2  -5CR at 298 K, 308 K, 318 K and 328 K under hydrogen pressure 

of 40 bars. 

 

5.5.2 First hydrogenation behavior under a constant driving force    

In hydrogen absorption reactions, the difference between the applied pressure and 

the hydrogenation equilibrium pressure is defined as the driving force, which controls the 

reaction rate. Driving force can be characterized using the Rudman’s expression [139]: 
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c = T(1 − √P
Pe

⁄ )                                                      (5.4) 
 

Where c is the driving force, T is the temperature, P is the applied pressure, and Pe is 

the equilibrium pressure of the reaction. For the calculation we used the literature 

thermodynamic values of the closely related composition Ti1Fe0.9Mn0.1 [140]. 

A higher C value indicates a stronger driving force for the hydrogen absorption 

reaction. In these experiments, the driving force was maintained constant as C=175, and 

the hydrogen absorption tests were carried out at 298, 308, 318, and 328 K. The 

corresponding pressures were calculated as 15, 20, 27 and 35 bars, respectively. The results 

are shown in Figure 5.4.  

The incubation time is plotted as a function of 1000/T in Figure 5.5 to determine 

whether the Arrhenius mechanism is still applicable. The linear fit demonstrates that the 

incubation time still obeys an Arrhenius law. The fitted slope yields an activation energy 

of Ea = 72 ± 4 kJ/mol H2. The intercept reveals the pre-exponential factor (A) as 1.3×109 s-

1, with a range from 3.2×108 to 5.8×109 s-1. 

The activation energies obtained under constant pressure and constant driving force 

conditions overlap and fall within the same range. This observation suggests that the 

activation energy is an intrinsic property of the alloy and essentially constant across 

different testing conditions. 
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Figure 5.4 Activation curves under constant driving force for Ti48.8Fe46.0Mn5.2 -5CR alloy. 

  

Figure 5.5 Plot of ln t (incubation time) as a function of 1000/T (T: temperature) for activation under 

constant driving force. 
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Regarding the pre-exponential factor (A), it represents the number of interactions per 

second, and obviously, this is pressure dependent. For practical applications, it is important 

to have the pressure dependence of this factor because it will give the range of pressures 

required to have a reasonable incubation time. In a previous investigation on LaNi5 alloy, 

it was also reported that the pre-exponential factor is pressure-dependent [141].   

The dependency of A on pressure can be expressed as: 

A =  A0 (P
P0

⁄ )
x

                                                        (5.5) 
 

Here, A₀ and x are constants, P represents the applied hydrogen pressure, and P₀=1 

bar. 

 

5.5.3 Effect of pressure on first hydrogenation behavior  

To study the effect of pressure on the pre-exponential factor, the first hydrogenation 

was performed at 298 K under 20, 30, 40, and 50 bars of hydrogen pressure. The 

hydrogenation curves are shown in Figure 5.6. With increasing pressure, the incubation 

time decreased. The variation of ln t as a function of ln P/P₀ is shown in Figure 5.7.  
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Figure 5.6 First hydrogenation curves at room temperature under 20, 30, 40, and 50 bars of hydrogen 

pressure. 

 

Figure 5.7 Plot of ln t as a function of ln P/P0, where t is the incubation time, and P is the pressure.    
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Considering equation 5.5, equation 5.3 can be written as: 

ln t =
Ea

RT
− ln A₀ − x ln ( P

P₀
⁄ )                                  (5.6) 

 

 

From the fitted slope of Figure 5.7, x = 1.8 ± 0.2, therefore, the dependence of pre-

exponential factor (A) to applied pressure can be expressed as: 

A =  A0 (P
P0

⁄ )
1.8

                                                     (5.7)   
 

From the intercept value of Figure 5.7: 

13.8 =
Ea

RT
− ln A₀                                                       (5.8) 

 

 

Taking the average activation energy as 71 kJ/mol, A₀ is calculated to be 2.6×106s-1.  

In summary, the activation energy for the first hydrogen absorption, calculated under 

both constant pressure and constant driving force conditions, remains essentially constant 

within the experimental error, with an average value of 71 kJ/mol. The pre-exponential 

factor (A) shows the dependence of the incubation time on the pressure, which follows the 

relationship A =  A0 (P
P0

⁄ )
1.8

, where A0 = 2.6×106 s-1.       

The activation energy reported in the literature have been on samples that were 

subjected to many hydrogenation/dehydrogenation cycles. Bowman and Tadlock [131] 

prepared TiFeH by performing several hydriding–dehydriding cycles between room 

temperature and 400 °C. By using nuclear magnetic resonance (NMR) techniques, they 

observed that the proton relaxation rate exhibited Arrhenius-type temperature dependence. 
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From the slope of their plot, they determined an activation energy of 31.8 kJ/mol, which is 

less than the activation energy found in our study. The activation energy reported by 

Bowman and Tadlock refers to the hydrogenation cycles after the material had been fully 

activated. Our study specifically focuses on the first hydrogenation process, which includes 

both the activation energy for hydrogen absorption and the additional activation energy 

required for the incubation process. Furthermore, Bowman and Tadlock’s study [131] 

measured the activation energy of TiFe alloys without elemental substitution, whereas 

manganese (Mn) was partially substituted for iron (Fe) in the present study. 

On the other hand, several studies have shown that Mn substitution facilitates 

hydrogen absorption kinetics but does not significantly affect the activation energy [43,132]. 

Chung and Lee [132] prepared TiFe and TiFe0.85Mn0.15 alloys by arc melting and activated 

them through heat treatment at 400 °C under hydrogen atmosphere, followed by hydrogen 

absorption–desorption cycles at room temperature. They found that, for both alloys, the 

hydrogenation rate was proportional to the difference between the applied pressure and the 

equilibrium pressure, and it also followed an Arrhenius relationship. From their analysis, 

they measured activation energies of 33.5 kJ/mol for TiFe and 32.6 kJ/mol for 

TiFe0.85Mn0.15. Similarly, Padhee et al. [43] employed Density Functional Theory (DFT) 

calculations to estimate the activation energy of TiFe and TiFe₀.₈₇₅Mn₀.₁₂₅, reporting values 

of 32.6 kJ/mol and 33.3 kJ/mol, respectively. These results also show that Mn substitution 

causes minimal changes in the activation energy. 

Zeaiter et al. [142] reported an activation energy of 19.43 ± 2.52 kJ/mol for 

TiFe₀.₉Mn₀.₁ after 12 absorption/desorption cycles, which is significantly lower than most 

values reported in the literature. This low activation energy may be attributed to the 

thermochemical treatment applied prior to the activation process, which involved heating 

the sample at 400 °C under 32 bar of hydrogen for 24 h in a reactor cell. Compared with 

the as-received powder, which exhibited an incubation time of approximately 6000 min, 

the thermochemically treated powder showed a much shorter incubation time of 1595 min. 

Unfortunately, the activation energy of the as-received powder was not reported, so a direct 

comparison between the two states is not possible.  
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Bakulin et al. [143] calculated an activation energy of 59 kJ/mol for TiFe using density 

functional theory (DFT). They reported that the addition of dopant elements slightly 

reduces the activation energy; for example, the substitution of 5 at.% Mn decreased the 

activation energy to 58 kJ/mol. 

Overall, the literature consistently reports activation energies lower than those in our 

study. The reason is that they evaluated the activation energy of the hydrogen absorption 

reaction after the first hydrogenation had occurred, without considering incubation time in 

first hydrogen absorption cycle. In contrast, our study measured the activation energy for 

both the incubation stage and hydrogen absorption. It is thus reasonable that the activation 

energy measured here is bigger than the activation energy reported in the literature, as it 

includes the activation energy needed to break the oxide layer on the particle’s surface, 

plus the hydrogenation activation energy.  

 Conclusions 

In this study, the first hydrogenation behavior of Ti48.8Fe46.0Mn5.2 alloy, synthesized 

via gas atomization, was investigated. It was found that the as-atomized alloy could not 

absorb hydrogen due to air exposure; however, after five passes of cold rolling in air, the 

alloy was successfully regenerated. 

The effects of temperature, constant driving force, and hydrogen pressure on the first 

hydrogenation were studied. It was observed that increasing the temperature and pressure 

reduced the incubation time required for hydrogen absorption. Analysis of the kinetics data 

confirmed that the first hydrogenation follows an Arrhenius-type mechanism, with an 

average activation energy of 71 kJ/mol H₂. This value reflects the activation energy for 

both the incubation stage, associated with breaking the oxide layer, and the hydrogen 

absorption process, and is higher than the average activation energies reported in previous 

studies, which were determined after the alloys had already undergone the first 

hydrogenation.  
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The effect of pressure on the pre-exponential factor (A) was found to vary as 

A=A₀(P/P₀)1.8, where A₀ equals 2.6×106 s⁻¹. These findings provide important insights for 

optimizing the first hydrogenation of TiFe-based alloys for hydrogen storage applications.  
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CHAPTER VI. 

CONCLUSION 

 

In this thesis, the influence of microstructure, morphology, and processing routes on 

the first hydrogenation of gas-atomized Ti₀.₄₈₈Fe₀.₄₆₀Mn₀.₀₅₂ alloy was systematically 

investigated. The as-atomized alloy did not absorb hydrogen, most likely due to prolonged 

air exposure, which resulted in the formation of a passivating surface layer. This finding 

demonstrates that, despite Fe substitution by Mn and the use of gas atomization, the alloy 

cannot be directly activated without additional treatments. From an industrial perspective, 

considering the higher production cost of gas atomization, relying solely on this method is 

insufficient. Combining gas atomization with strategies such as cold rolling, or adjusting 

the Mn content, may improve direct activation efficiency. 

Mechanical deformation methods, including cold rolling, ball milling, and cold 

pressing, were found to be effective activation routes, as they introduced defects, refined 

crystallites, and increased grain boundary density, collectively enhancing room-

temperature hydrogenation kinetics. Among these methods, cold rolling was identified as 

particularly attractive for industrial applications due to its lower cost and greater 

accessibility. Notably, while TiFeMn alloys could be activated using these methods, pure 

TiFe alloys could not be activated by simple cold rolling in air. Additionally, gas-atomized 

alloys demonstrated superior activation behavior compared to conventionally melted alloys 

after mechanical treatment, highlighting the industrial relevance of this approach. 

Our results further showed that increasing the number of cold rolling passes beyond 

five hindered hydrogen absorption, indicating that minimizing mechanical treatment is 

advantageous for both energy and time efficiency while still achieving effective activation. 

The rolling atmosphere also played a critical role. Rolling under argon significantly 



 

82 

improved hydrogenation behavior compared to rolling in air, whereas annealing negatively 

affected activation by altering the microstructure and reducing hydrogen diffusion 

pathways. These findings provide practical guidance for industrial processing, enabling 

more energy-efficient and time-saving activation strategies. 

Looking forward, several directions for future work emerge from this study. 

Investigating a wider compositional range, including varying Mn contents or substitutions 

with elements such as Al, Cu, Zr, and Ni, could potentially enable direct activation after 

atomization, eliminating the need for additional mechanical or thermal treatments. Such 

compositional optimization would reduce production costs and facilitate large-scale 

industrial implementation. 

Furthermore, a deeper understanding of surface and activation mechanisms is 

needed. Detailed surface characterization, including analysis of defects, crack depth, and 

morphology, could provide insights into how these features influence hydrogen absorption 

and whether the material retains activity after air exposure. A systematic study of air 

exposure duration would also help establish optimal handling, storage, and transportation 

protocols, ensuring that the alloy maintains hydrogenation performance under industrial 

conditions. 

Finally, evaluating the hydrogen desorption behavior, reversible storage capacity, 

and long-term cycling stability of the alloy is essential to fully assess its potential for 

practical hydrogen storage applications. Collectively, these studies would provide a more 

comprehensive understanding of the first hydrogenation behavior of TiFe-based alloys and 

guide the optimization of alloy compositions and processing methods for industrial use, 

ultimately contributing to the development of efficient and cost-effective hydrogen storage 

systems. 
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