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“Yes, my friends, I believe that water will

one day be employed as fuel, that hydrogen and
oxygen which constitute it, used singly or together,
will furnish an inexhaustible source of heat and

light, of an intensity of which coal is not capable.’

—Jules Verne
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RESUME

Ce projet se concentre sur l'amélioration de la cinétique de la premiere
hydrogénation (activation) des alliages a base de TiFe. Plusieurs facons d'améliorer
l'activation ont été¢ étudiées. Premiérement, une méthode de synthése industrielle,
'atomisation au gaz, a été utilisée pour déterminer si cette technique de syntheése pouvait
générer un alliage a base de TiFe qui serait capable de s'activer a la température de picces
sous faible pression d’hydrogéne. L'atomisation au gaz a été réalisée par le partenaire
industriel GKN. L'atomisation au gaz est utilisée dans la métallurgie des poudres, mais en
raison de son cott, elle n'était pas utilisée auparavant dans le développement d'alliages a
base de TiFe pour le stockage de 1'hydrogéne. Deux compositions ont ét¢ atomisées au
gaz, mais seuls les résultats pour TiFe + 2 % en poids de Mn + 4 % en poids de Zr sont
présentés en raison des accords de confidentialité avec GKN. La poudre atomisée a été
caractérisée, traitée mécaniquement et activée. La poudre atomisée présentait une
microstructure extrémement fine par rapport a son homologue produit par induction.
A partir de ces résultats et de la comparaison avec des études antérieures, il a été conclu
que l'atomisation au gaz est un bon candidat pour produire des alliages a base de TiFe qui
présentent une bonne cinétique et une bonne capacité apres exposition a l'air. De plus,
le laminage a froid s'est avéré plus efficace que le broyage a billes en tant que technique

de traitement régénératif pour les alliages TiFe exposés a l'air.

Une autre approche qui a été étudiée était I'effet du Ti sursteechiométrique sur TiFe
+ 4 % en poids de Zr. Les échantillons ont été produits par fusion a l'arc avec de petites
variations sur le contenu en Ti, TixFexx+ 4 % en poids Zr (x = 1,1, 1,15, 1,2). Toutes les
compositions étudiées formaient des systémes triphasiques avec une matrice TiFe,
une phase de type Ti2Fe et une phase cubique a corps centré riche en Ti. L'effet des phases
secondaires sur la cinétique d'activation et la capacité réversible a ¢été¢ étudié.
Le comportement d'hydrogénation de la phase de type Ti2Fe n'avait pas été précédemment
rapporté en raison de sa difficulté a étre synthétisée. Toutes les phases ont formé des

hydrures lors de l'activation. Cependant les phases secondaires ont formé des hydrures



vi

stables qui n'ont pas ét¢ désorbés dans les conditions expérimentales (température
ambiante, 0.1 bar). La stecechiométrie de I'hydrure stable formé par la phase de type TizFe
a été calculée et est comprise entre Ti2FeHzs et Ti2FeHs. La capacité réversible a été
entierement attribuée a la phase TiFe. De plus, il a ét¢ déterminé que l'augmentation de la
quantité relative de titane rend I'alliage plus stable en augmentant 1égérement la teneur en

Ti dans la phase TiFe.

Finalement, l'effet de la surstecechiométrie du Ti sans Mn ou Zr a été étudié par fusion
par induction de la composition Tii2Feos. L'alliage présentait un systéme triphasé d'une
phase principale TiFe et des phases secondaires de type Ti2Fe et d'une phase cubique a
corps centré riche en Ti. Cependant, I’alliage Tii2Feos a nécessité un laminage a froid
pour obtenir l'activation, mais 1'a fait avec une bonne cinétique atteignant la saturation en
environ 6 heures a température ambiante et 20 bars. Les résultats du Tii2Feos fondu par
induction ont été comparés a des études précédentes qui rapportaient les mémes phases
secondaires. Un petit échantillon de 3 grammes de Ti1.2Feos a été synthétisé par fusion a
l'arc et activé sans avoir besoin de laminage a froid. Cela montre comment la
microstructure obtenue par fusion par induction n'est pas aussi avantageuse que la
microstructure plus fine obtenue par fusion a l'arc, mais est toujours capable de s'activer.
On conclut que la différence de microstructure est la cause des problémes d'activation de

I'échantillon fondu par induction.

La section de travaux futurs décrit plusieurs directions que 1'étude des alliages a base
de TiFe pourrait prendre en compte pour tirer pleinement des recherches présentées dans
la these. La voie d'atomisation au gaz nécessiterait des collaborateurs industriels, mais si
elle était bien faite, elle donnerait des résultats nouveaux et intéressants sur 1'effet de la
solidification rapide sur les propriétés d'hydrogénation du TiFe. Le développement de
traitements thermiques pour les lingots fondus par induction de TiFe afin d'obtenir une
microstructure qui correspond a la cinétique d'activation des échantillons fondus a 1'arc
serait une voie tres bénéfique dans 1'avancement de la mise a I'échelle industrielle des

résultats obtenus a partir de petites tailles d'échantillons en laboratoire.



ABSTRACT

This project focuses on the improvement of the first-hydrogenation (activation)
kinetics of TiFe-based alloys. Several ways to improve activation were investigated.
First, an industrial synthesis method, gas atomization was used to determine if this
synthesis technique could generate a TiFe-based alloy that would be able to activate under
mild conditions. Gas atomization was performed by the industrial partner, GKN.
Gas-atomization is used in powder metallurgy but due to its cost it was not previously
used in the development of TiFe-based alloys for hydrogen storage. Two compositions
were gas-atomized. However only the results for TiFe + 2 wt.% Mn + 4 wt.% Zr are
presented here due to confidentiality agreements with GKN. The atomized powder was
characterized, mechanically processed, and activated. The atomized powder presented an
extremely refined microstructure compared to its induction-melted counterpart. Based on
the results and the comparison with previous work it was concluded that gas-atomization
is a good candidate to produce TiFe-based alloys that present good kinetics and capacity
after air exposure. In addition, cold rolling was shown to be more effective than ball

milling as a regeneration processing technique for air-exposed TiFe alloys.

Another approach that was studied was the effect of overstoichiometric-Ti on
TiFe + 4 wt.% Zr. The samples were produced by arc-melting with small variations on the
Ti content, TixFe2x +4 wt.% Zr (x=1.1, 1.15, 1.2). All compositions studied formed three
phase systems with a TiFe matrix a Ti2Fe-like phase and a Ti-rich BCC phase. The effect
of the secondary phases on the activation kinetics and reversible capacity was studied.
The hydrogenation behavior of the secondary phases specifically the Ti2Fe-like phase had
not been previously reported due to its difficulty to be synthesized. All phases formed
hydrides during activation. However, the secondary phases formed stable hydrides that
were not desorbed under the experimental conditions (room temperature, 0.lbar).
The stoichiometry of the stable hydride formed by the Ti2Fe-like phase was calculated to
be between Ti2FeHz s and Ti2FeHa. The reversible capacity was fully attributed to the TiFe
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phase. Additionally, it was determined that increasing the relative amount of titanium

makes the alloy more stable by slightly increasing the Ti content in the TiFe phase.

Lastly, the effect of Ti overstoichiometry on TiFe without Mn or Zr was studied by
induction-melting the composition Tii2Feos. The alloy also presented a three-phase
system of a main TiFe phase and secondary Ti2Fe-like phase and a Ti-rich BCC. However,
this alloy required cold rolling to achieve activation but did so with good kinetics reaching
saturation in ~ 6 h at room temperature and 20 bar. The results of the induction melted
Tii2Feos were compared to previous studies that reported similar secondary phases.
A small 3-gram sample of Tii1.2Feo.s was synthesized by arc-melting and activated without
the need for cold rolling. This shows how the microstructure obtained by induction
melting is not as advantageous as the finer microstructure obtained by arc-melting but is
still able to activate under mild conditions. The different microstructure is thought to be

the cause for the activation issues of the induction-melted sample.

The future work section describes several directions that the study of TiFe-based
alloys could go in to take full advantage of the research presented in the thesis.
The gas-atomization route would require industrial collaborators but if done well would
yield new and exciting results on the effect of rapid solidification on the hydrogenation
properties of TiFe. Finally, the author’s perspective on the direction of TiFe research is

discussed and the importance of the reversible capacity from an industrial point of view.
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CHAPTER1

INTRODUCTION

1.1 Hydrogen storage

The energy sector is now turning to green hydrogen as an alternative form of clean
energy. Hydrogen possesses the highest energy density per unit mass in comparison with
other fuels. However, its low volumetric density at room temperature and pressure make
it difficult to store at high energy density per unit volume [1]. The development of
hydrogen storage is a key requirement for the advancement of hydrogen and fuel cell
technologies in applications such as stationary power, portable power, and transportation
[2, 3]. Hydrogen storage methods can be classified into two categories: physical-based or

material-based.

Physical storage is achieved in gas form by the use of high-pressure systems
(350 — 700 bar) and/or in liquid form by the use of cryogenic temperatures, below the
boiling temperature of hydrogen at atmosphere pressure (-252.8 °C). Tanks storing
compressed or liquefied hydrogen have high discharge rates and efficiencies of around
99%, making them appropriate for applications where a local stock of fuel needs to be
available upon demand. However, compressed hydrogen (at 700 bar) has only 15% of the
energy density of gasoline so storing the equivalent amount of energy at a vehicle

refueling station would require nearly seven times the space [4].

Material-based storage or solid-state storage uses different materials to store
hydrogen either on the surface of solids (physisorption) or within solids (chemisorption)
depending on the nature of the materials. In physisorption, molecular hydrogen (H2) is
adsorbed on the surface by van der Waals interactions. While in chemisorption atomic

hydrogen (H) is absorbed to form hydrides [5]. The Hzreacts with the surface of the solid



and dissociates into hydrogen atoms (Figure 1a). The hydrogen is then absorbed into
random locations of the material (Figure 1b). Finally, the hydrogen forms metallic,
covalent or ionic bonds with the metal atoms to yield a hydride compound where the

hydrogen occupies a specific position in the structure (Figure Ic) [6].

0 p’h’b’b
s’.’u’é

Figure 1. Schematic representation of chemisorption in hydride formation [6].

In this chapter, the focus is set on metal hydrides, their thermodynamics and types.
Special emphasis will be set on the hydride forming intermetallic TiFe. The research topic
of the thesis is specifically on TiFe-based alloys. Therefore, relevant studies on the subject
will be included in order to provide a clear overall idea of the current state of the art on

TiFe.

1.2 Metal Hydrides

Metal hydrides are composed of metal atoms that constitute a host lattice and
hydrogen atoms [7], where the hydrogen atoms are located within the lattice.

The localization of the hydrogen atom allows for two groups of hydrides to be classified,



interstitial and non-interstitial hydrides. Interstitial hydrides form metallic bonds by
occupying the interstitial spaces of tetrahedral and/or octahedral sites in the sublattice with
hydrogen atoms (LaNisHs, TiCr2Ha4, TiFeHz, Ti-V-Cr-H,), non-interstitial hydrides form
covalent and/or ionic bonds with neighbor elements (NaAlH4, Mg(NH2)2, LiBHa4,
a-MgHb>) [8].

Both non-interstitial (NIH) and interstitial (IH) hydrides have their advantages and
disadvantages. For example, NIH possess much higher hydrogen capacity than IH, above
5 wt.% and some reach close to 20 wt.%. However, IH show better reactivity toward
hydrogen (lower reaction temperature, faster reaction kinetics and better cycling
behavior). Table 1 illustrates the differences between interstitial and non-interstitial
hydrides. All the alloys studied in this project are IH. The thermodynamics of

IH formation will be described in the following section.

Table 1. Characteristic of interstitial and non-interstitial hydrides.

Type Metal Elements Characteristics

- Weaker bond allowing a lower
desorption temperature.

» Mainly transition | — Absorption and desorption depend on
Interstitial
metals dissociation and recombination on the surface
and the diffusion in the bulk of hydrogen

atoms.

- Higher hydrogen capacity per mass.

- Desorption depends on the
decomposition of the non-interstitial hydrides.
Non-interstitial | Light elements | —  Absorption occurs via recombination of
decomposed products, requiring the diffusion
of not only hydrogen atoms, but also the other

constituent elements.




1.2.1 Thermodynamics

The hydrogenation reaction between the hydride-forming metal (M) and hydrogen

is exothermic and can described by the following reaction, where @ is the heat of reaction.

X
M +5H, & MH, +Q

However, this reaction does not give a lot of insight into the thermodynamic.
The thermodynamics of metal hydride formation are best described by the pressure-
composition isotherm (PCI) and the resulting Van’t Hoff plot. The PCI curve has
three regions as seen in Figure 2a. In region I, the concentration of hydrogen, Cu, increases
as hydrogen pressure increases up to the plateau pressure. The hydrogen concentration in
region [ is very small and hydrogen atoms dissolve into sublattice of metal/alloy to form
solid solution phase (a-phase). In region II, hydrogen concentration increases at constant
pressure (plateau region), where the saturated a-phase converts to B-phase (hydride phase)
with the concentration increment. While the two phases coexist, the isotherms show a flat
plateau, the length of which determines how much hydrogen can be stored reversibly with
small pressure variations [8-10]. At higher hydrogen pressure, further plateaus and further

hydride phases may be formed, however in Figure 2a only one plateau is shown.

The plateau behavior is explained by the degree of freedom of the system according
to the Gibbs phase rule. The Gibbs phase rule (Equation 1) gives the relationship between
the number of phases P and components C in a given alloy under equilibrium conditions
at constant pressure, where n is the number of thermodynamic degrees of freedom in the
system [11]. The degrees of freedom, designates the number of intensive independent

properties that must be specified to fix the state of a system for each phase.
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Figure 2. Schematic representation of Pressure-Composition-Isotherm (PCI) curve and
the Van't Hoff Plot obtained from the PCI.

P+n=C+2 (1)

In region II the system now has three phases (hydrogen gas, a and ) and
two components (metal and hydrogen). According to the Gibbs phase rule n = 1 which
means that only one intensive property must be specified to determine the state of the
system in each phase [12]. Therefore, in the two-phase region the concentration increases
while the hydrogen pressure is constant. Once the pure [ phase is reached (complete
disappearance of the a phase) the system has two degrees of freedom. This marks the
beginning of region III where hydrogen enters into solid solution in the B phase and the

hydrogen pressure again rises with concentration.

The plateau or equilibrium pressure (Peq) depends strongly on temperature (T) and
is related to the changes of enthalpy (AH) and entropy (AS). Since the entropy change
corresponds mostly to the change from molecular hydrogen gas to dissolved hydrogen,
it can be considered a constant. The Gibbs free energy (AG) in the plateau region is a

function of temperature, as Peq depends on T [8], see Equation 2 and Figure 2.

AG = RT In(P,,) (2)



From Equation 2, the Van’t Hoff equation can be obtained (see Equation 3).
The equilibrium pressure at a—f phase transformation is given by the Van’t Hoff law and
is seen plotted in the graph in Figure 2b. In the graph, the AH and AS are the slope and
intercept of the straight-line plotting In (Peq) versus T-'. The temperature dependent
plateau pressure is the equilibrium dissociation pressure of the hydride (B-phase),
thus being a measure of the stability of the hydride. In other words, thermodynamic
stability of the hydride can be reduced by increasing the plateau pressure at a given
temperature. Moreover, the width of the plateau region determines the maximum amount

of reversibly absorbed and desorbed hydrogen.

In(P,q) = 2228 3)

1.2.2 Types of interstitial hydrides

Intermetallic hydrides represent the hydrides of alloys composed of transition
metals. Hydrogen occupies the tetrahedral and/or the octahedral sites of intermetallic

hydrides. Figure 3 shows a schematic representation for the fcc, hep and bece structures.

Figure 3. Interstitial octahedral (O) and tetrahedral (T) sites in face centered cubic (fcc),
hexagonal close packed (hcp) and body-centered cubic (BCC) lattices [10].



In most cases, intermetallic compounds (AxBy) consist of a metal that easily forms
stable hydrides (A) and another element which does not form stable hydrides (B).
The intermetallics thus formed could then be grouped according to their stoichiometry
such as: ABs (LaNis, CaNis), AB2 (ZtMnz2, ZrV2), AB (TiFe) and A2B (Mg2Ni). Table 2
shows the most studied hydride forming compounds and classifies the type each one

belongs to, as well as the wt%, vol% and entropy.

Table 2. List the most studied hydride forming compounds.

Type Hydride Cowt.% | Cv/kgm? | AH/kJ-mol’ Ref.
AB:s LaNisHs 1.4 92 312 [13]
TiCr2Ha 2.57 108 23
AB2 TiMn1.sHz.s 1.86 119 285 [14]
BCC V22 TissCras 2.5 156 -39 [15]
AB TiFeH> 1.89 96 28.1 [16]
1.3 TiFe

The alloy TiFe is a well-known metal hydride that has a hydrogen absorption
capacity of 1.86 wt.% at low pressure at room temperature[17],[18]. First hydrogenation
or so-called “activation” is usually slow at room temperature. The activation mechanisms
have been shown to be dependent on the surface condition [19, 20]. TiFe is highly
sensitive to air and forms a passivation layer that inhibits the activation. Generally, some
form of heat treatment is needed to speed up the activation kinetics of pure TiFe.
This activation heat treatment requires cycling between high temperature and room
temperature under high hydrogen pressure, a process that is time consuming and would

ultimately increase the hydride’s cost and the cost of any tank that would hold the hydride.



The activation of TiFe has been improved by different approaches. For example the
use of mechanical processing techniques such as ball milling, cold rolling, high-pressure
torsion [2, 21-24] and/or the addition of transition metals [25-30] have both shown to

improve the kinetics.

Previous studies have shown how the addition of Zr greatly improves the TiFe
activation kinetics by forming secondary phases [31-35]. The addition of 4 wt.%
represents the minimum threshold in order to achieve activation without any pretreatment
[31]. Further increase of Zr wt.% enhances the abundance of the secondary phases which
improves the kinetics but decreases the reversible capacity [36]. Extensive work has been
done on the phase equilibria diagram of the Ti-Fe-Zr system [37-42]. Zeng et al.
experimentally investigated the phase relations of isothermal sections of the Ti-Fe-Zr
ternary system at 875 and 1173 K. Four stable ternary phases were identified as 71, 12, 13,
14 and eight three-phase equilibria regions were detected. The t1 and 13 phases presented a
C14 structure and the 12, t4 phase presented a Fd3-m cubic structure [38]. The ternary
phases are of interest for metal hydride research since they are likely to be formed as

secondary phases.

Faisal et al. investigated first cycle hydrogenation properties of Ti-Fe-Zr ternary
alloys but their compositions were highly Ti-understoichiometric (25 at.% Ti, 50 at.% Fe,
25 at.% Zr) and (38.1 at.% Ti, 33.3 at.% Fe, 28.6 at.% Zr) [37]. It is therefore difficult to
compare their finding with the present Ti- overstoichiometric system. Nevertheless, their
XPS studies indicates the presence of an Fe” metallic state directly below the alloy surface,

which may catalyze hydrogen dissociation at room temperature.

TiFe alloy with overstoichiometric-Ti has been previously studied with the goal of
obtaining the metastable phase Ti2Fe [17, 43]. Reilly et al. were the first to try to obtain
Ti2Fe to study the hydrogenation properties. However after synthesizing and annealing at
1000K the stoichiometry Ti2Fe (63% Ti — 37% Fe) the attempt was unsuccessful and the
phases formed were TiFe and Ti [17]. Park et al. synthesized and annealed at 1470 K the
composition Ti12Fe (60% Ti — 40% Fe). They obtained three phases TiFe (92%), Ti2Fe
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(3%) and TisFemcc) (5%). The Tii2Fe alloy could be activated at low pressure and room
temperature reaching 2.1wt.% H in 6 hours. The composition of each phase was measured
to study the surface of each phase by XPS. However only the TiFe and TisFemcc) alloys
were synthesized as the Ti2Fe composition was not possible to synthesize as a single-
phase alloy. From this work it was concluded that the improvement of the kinetics is due
to the formation of the Ti2Fe and TisFemcc) phases, or the formation of a Ti-rich oxide
layer measured on the TisFencc) alloy [44]. The possibility of using Ti itself as the
alloying element instead of other more expensive transition metals [25, 31] or rare earth
elements to improve the activation kinetics of TiFe is of great interest because this would

decrease the cost of the alloy and simplify production.

Besides activation, the production cost of metal hydride forming alloys in an
industrial scale is also of importance for commercialization. The typical process to obtain
metal hydride alloys is by fusion (arc-melting, induction melting, electron beam).
Other methods such as electrochemical reduction, mechanical alloying, combustion
synthesis, etc. are also used [18, 45]. The development of a one-step synthesis process that
results in an alloy with an ideal microstructure is a task that has not been achieved.
Most of the prior mentioned synthesis techniques require processing or heat treatment to
achieve good hydrogenation properties. Gas atomization is a synthesis process that can
directly produce metallic powders at an industrial scale. This is one of the reasons why it
would be benefitial to study the effect of this synthesis method on the hydrogen storage
of TiFe-based alloys to determine if it is a viable option. The second reason concerns the
fine microstructure that this synthesis method produce. The microstructure of an alloy will
greatly affect its hydrogenation properties. Patel et al. studied the effect of the cooling rate
on the microstructure of TiFe + 4wt% Zr by casting in a step mold with different
thicknesses. Higher cooling rates resulted in finer distribution of the secondary phase that

proved to be beneficial to the activation kinetics [46].

There have been no previous investigations on the hydrogenation behaviour of
atomized TiFe-based alloys. There is some work done on metal hydride powders produced

by gas atomization for hydrogen storage and for nickel-metal hydride batteries.
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Some focus on electrochemical cycling and the discharge capacity: ABs-type alloys
(LaNi4.75Sno.25, MmNi3.6C00.56Mno.s6Alo.2s, Zr-based) [47-50], while others did report the
gas-phase hydrogenation (MmNi36Coos6MnoseAlo2s and Zr-based AB2) [48, 51].
Kim et al. [51], showed that, for the AB: alloy Zro.s5Ti0.45V0.54Mno.24Ni0.8sC00.16Cro.16
produced by gas atomization, the particles smaller than 50 um present a highly sloped
plateau and a larger hysteresis loop than particles larger than 50 pm as well as a decrease
of the storage capacity. This was explained by a partially amorphous phase which
inhibited the hydride—dehydride reaction between the gas—solid. Chung et al. [48] found
that, particles smaller than 10 um showed slower kinetics and lower capacity than larger

particles of ABs type alloy. However, no amorphous phase was found.

1.4 Research goals

The goal of the PhD project was to investigate the activation kinetics of TiFe-based

alloys for hydrogen. The objectives can be divided as follows:

o Compare different synthesis and processing techniques to obtain TiFe-based

alloys for hydrogen storage.

o Examine the effect of new alloying compositions of TiFe-based alloy for
hydrogen storage. (Overstochiometric Ti: TixFexx + 4 wt% Zr (x = 1.1, 1.15
and 1.2) and Tii.2Feos).

o Investigate the effect air-exposed on activation kinetics.

1.5 Thesis structure

The thesis has been divided into six chapters. Chapter I is the introduction to
hydrogen storage in metal hydrides, focusing on the intermetallic TiFe. Chapter II presents
the description of the experimental details and a brief description of the theory behind
each technique. Chapter III covers the study of the first hydrogenation of mechanically
processed alloy (TiFet+ 2 wt.% Mn + 4 wt.% Zr) synthesized by gas atomization.
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Chapter IV shows the results of the addition of overstoichiometic-Ti to the alloy TixFe2-x
+ 4 wt.% Zr (x = 1.1, 1.15 and 1.2). Chapter V shows investigation of the activation
kinetics and regeneration ability of TiFe doped with Ti. The results corroborate how Ti
used as a doping element can be as effective as adding other more expensive transition

metals. Finally, in Chapter VI the conclusion and future work are presented.



CHAPTER II

EXPERIMENTAL DETAILS

2.1 Synthesis methods

2.1.1 Arc-melting

The arc-melting equipment used was a lab scale synthesis method available at the
Hydrogen Research Institute. Before scaling up any composition it is of great importance
to run initial hydrogenation trials on smaller sample sizes before investing into costly
production techniques as gas-atomization or induction melting. For arc melting,
the composition is calculated and weight to a 3 grams sample size. A standard Tungsten
Inert Gas (TIG) welding unit is used as a power source. Heating is done via an electric arc
between the tungsten electrode and the metals placed in the copper crucible. Figure 4
shows the arc-melting set up. To avoid oxidation, the chamber is evacuated and then filled
back with argon gas. To ensure the homogeneity of the sample, the pellets are turned over

and remelted three times.

Figure 4. Arc-melting equipment.
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2.1.2 Gas-atomization

Gas atomization is a synthesis technique that is used in the powder metallurgy field.

It is also known as two phase or two fluid atomization [52, 53]. Figure 5 shows a
schematic representation of gas atomization processing. The first phase will always refer
to the molten metal while the second phase in this case will be a gas, such as, air,
an oxygen mixture, nitrogen, argon, or helium [53-55]. Inert gas is generally used. This is
usually desired because reactions between the phases are avoided. As seen in Figure 5,
the molten metal is forced through an orifice at moderate pressure and is disintegrated into
small droplets or splats when the metal stream is impacted by high energy jets of a
particular fluid medium. The high solidification rates (~10° K/s) classify the technique as

a rapid solidification technique.

Thermocouple
Stopper Rod
Induction Coils
Allay Melt
Crucible
Atomizer Nozale
High Prezsure
Inert Gas

Atomized Droplets

Chamber

Exhaust Gas
N

-— Cyclone Separator

[ ‘-i Atomized Powder

Figure 5. Diagram of atomization structure and processing basic design [56].

The gas atomization synthesis performed for the project was of composition TiFe +
2 wt.% Mn + 4 wt.% Zr. It was carried out by the industrial collaborator GKN Hoeganaes
Innovation Center & Advanced Materials, using industrial grade Fe (ASTM 1005),
Ti (ASTM B265 grade 1), Zr 702 (99.2%) and electrolytic manganese Mn (99.7%).
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The atomization was done under pure argon with a VIGA-type furnace with a free fall

atomization ring configuration. The resulting powder alloy was packed in air and shipped.

2.1.3 Induction melting

Induction melting is done in an electrical furnace; the operation is based on heating
through electromagnetic induction. This technology mainly consists of an inductor and a
crucible. The crucible is surrounded by a copper tube that forms a coil. An alternative
current passes through the primary inductive circuit (coil), leading to the generation of an
alternating magnetic field. Under the influence of a magnetic field in a body placed inside
the inductor, an electric field appears which induces eddy currents (also called Foucault
current). These eddy currents will generate heat by Joule effect. This will ultimately melt
the material inside the crucible. The induction melting furnace model was a CONSARC
furnace (see Figure 6), this model operates between 0.06 - 0.1 Torr with a water-cooled
copper crucible. During the heating process, the material in contact with the crucible might
not melt or will re-solidify after some time. The sample was melted under vacuum and
left to solidify inside the crucible. The sample did not present a slag layer and only a thin

oxidized superficial layer which was later removed by sandblasting.

Figure 6. CONSARC furnace.
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2.2 Processing methods

2.2.1 Cold Rolling

Cold rolling (CR) is commonly used in industrial applications as a precision forming
technique that applies the principle of plastic forming to obtain different shaft parts.
Currently cold rolling has also been reported to greatly improve the hydrogenation kinetics
of hydride forming alloys (HFA) [2, 21, 35, 57]. The cold rolling of HFA is performed on
a previously crushed sample that is placed between two stainless steel plates in order to
better constrict the sample. The plates are set between two rollers as shown in Figure 7.
The rollers generate mechanical stress by applying a reduction to the powder and plates
inducing deformation on the powder. The main different with cold rolling on HFA and
the typical industrial use of the technique is the nature of the HFA samples which are
typically brittle, and although plastic deformation may be occurring the most notable

effect is the fissuring of particles which exposes fresh surface area.

Figure 7. Schematic representation of cold rolling process.

The cold Rolling was performed under air using a modified version of Durston DRM
130 model where the powder samples could be cold rolled vertically. Samples were cold

rolled for 1 or 5 passes (CR1, CRY).
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2.2.2 Ball milling

Ball milling is a powder processing technique, where powder is introduced into a
crucible that contains balls or cylinders that will generate collisions with the powder.
The crucible rotates in one or more axis and can do so at different speeds. The design of
the ball mill determines the classification of the equipment. Ball mills are classified
as planetary, tumbler, attrition, vibration, and high energy ball milling [22, 24, 58, 59].
For this project a high energy milling machine SPEX 8000M (1725 RPM) apparatus was
used. Figure 8 shows a schematic representation of the SPEX mixing dynamics. The ball
to sample mass ratio was 10:1. The powder was prepared, processed, and handled under

argon.

Figure 8. Schematic representation of cold rolling process.

2.3 Characterization techniques

2.3.1 Scanning electron microscopy (SEM) and Energy dispersive X-Ray (EDS)

The elements of a scanning electron microscope are detailed in Figure 9.
The electron gun produces a beam of electrons that is attracted through the anode and
condensed by the condenser lens and then focused as a very fine point on the specimen by
the objective lens. A set of small coils of wire, called the scan coils, are located within the
objective lens. The coils are energized by a varying voltage produced by the scan generator

and create a magnetic field that deflects the beam of electrons back and forth in a
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controlled pattern called a raster. The raster is very similar to a raster used in a television

receiver.

Electron gun

_

Electron beam

Scan
generator
Scan coils
é % Computer|
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Cathode-ray
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Photomultiplier tube
Light pipe
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Figure 9. Schematic representation of scanning electron microscope (SEM).

The varying voltage from the scan generator is also applied to a set of deflection
coils around the neck of a cathode-ray tube (CRT). The magnetic field from this coil
causes the deflection of a spot of light back and forth on the surface of the CRT.
The pattern of deflection of the beam of electrons on the sample is exactly the same as the
pattern of deflection of the spot of light on the CRT. When the incident beam electron
strikes the surface of a sample, it undergoes a series of complex interactions with the
electrons of the atoms of the sample. The interaction produces a variety of secondary
products, such as electron of different energy, X-rays, heat, and light. Many of these
secondary products are used to produce the images of the sample and to collect additional
data from the sample [60, 61]. Figure 10 illustrates some of the interactions that occur due

to the incident electron interaction with the surface. The analysis performed in the project
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are: Secondary electrons (SE), backscattered electrons (BSE) and characteristic X-ray

(EDS).

Electron Beam

Auger Electrons (AE) Secondary Electrons (SE)

Surface atomic composition Topographical information (SEM)
Characteristic X-ray (EDX) Backscattered Electrons (SE)
Thickness atomic composition Atomic number and phase differences

Cathodoluminescence (CL) Continuum X-ray
Electronic states information (Bremsstrahlung)

X

Sample

Inelastic Scattering
Composition and bond states (EELS)
Incoherent Elastic Scattering

lastic Scattering
Structural analysis and HR imaging (diffraction)

Transmitted Electrons

Figure 10. Schematic representation of interactions that occur due to the incident electron
beam with the surface.

2.3.2 Sieverts-type apparatus

Although testing a material in a prototype storage unit is probably the most effective
method for determining how well it performs as a hydrogen store, this is not practical
when developing, or searching for, new materials. The Sieverts-type apparatus is a gas
sorption measurement device. Gas sorption measurements can be broadly separated into
categories: gravimetric and volumetric. The Sieverts-type apparatus is a type of
volumetric techniques were the amount of hydrogen absorbed or desorbed by the sample

is determined by measuring the change in pressure in a fixed, known volume: absorption
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or adsorption results in a decrease in the observed pressure, whereas desorption results in
an increase [62]. The number of moles sorbed is given by Equation 3. Where Zitand Zst
are the compressibility coefficients under Pi (initial pressure) and T and Pt (final pressure)
and T. P is the pressure of the gas, V the volume of the gas, n is the amount of substance
of gas (moles) absorbed, R is the gas constant and 7 the absolute temperature of the gas.

The diagram in Figure 11 further describes Equation 3.

P;V, Pr(Vi+V3)
An =L L2 (3)
Z;TRT ZfTRT

A schematic diagram of a basic manometric system is shown in Figure 11 [63].
The valves B and C are first opened to evacuate V7 and V2. After sufficient time, valves B
and C are then closed. Valve A is opened, allowing V; to fill with hydrogen to an initial
pressure Pi. Valve C is then opened thus filling V2. Any drop in pressure beyond that which
is expected from the volume difference between V7 and (V: + V2) is then assumed to have

resulted from the absorption of hydrogen.
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Figure 11. A schematic diagram of volumetric sorption apparatus [63].

To extend this measurement to a full isotherm, the subsequent step would then use
the values of An and Pras a starting point. The repetition of the above procedure will result

in the measurement of a complete absorption isotherm [63].

2.3.3 X-ray diffraction

X-ray diffraction is based on the constructive interference of monochromatic X-rays and
a crystalline sample. These X-rays are generated by a copper target, filtered to produce
monochromatic radiation, collimated, and directed toward the sample. The interaction of
the incident rays with the sample produces constructive interference (and a diffracted ray)

when conditions satisfy Bragg's Law (see Equation 4) [64].

nd = 2dsinf 4)

This law relates the wavelength (1) of electromagnetic radiation to the diffraction

angle (0) and the lattice spacing (d) in a crystalline sample. Figure 12 shows a schematic
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representation of the X-ray interaction with the atoms. These diffracted X-rays are then
detected, processed and counted. By scanning the sample through a range of 20 angles,
all possible diffraction directions of the lattice should be obtained due to the random
orientation of the powdered material [64, 65]. Conversion of the diffraction peaks to
d-spacings allows identification of the alloy because each phase has a set of unique
d-spacings. Typically, this is achieved by comparison of d-spacings with standard

reference patterns.
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Figure 12. Visualization of the Bragg equation. Maximum scattered intensity is only
observed when the phase shifts add to a multiple of the incident wavelength A [65].
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CHAPTER III

FIRST HYDROGENATION OF MECHANICALLY PROCESSED TIFE-BASED
ALLOY SYNTHESIZED BY GAS ATOMIZATION

The content of Chapter III has been published in the International Journal of
Hydrogen Energy. Volume 46, Issue 10, 8 February 2021, Pages 7381-7389. The article
can be found in the following link: https://doi.org/10.1016/].ijhydene.2020.11.237

3.1 Authors contributions

The authors of the article are Ms. Elena Ulate-Kolitsky, Doctor Bernard Tougas,

Mme Bettina Neumann, Dr. Chris Schade and Doctor Jacques Huot.

Ms. Ulate-Kolitsky was responsible for the entirety of the experimental work
presented in the article. The analysis of the results was done by Ms. Ulate-Kolitsky who
was also responsible for the initial manuscript and finalizing any changes after discussion
with the other authors. Dr. Tougas (Co-advisor) and Dr. Huot (Advisor) assisted with
insightful discussion, comments, and suggestions on the article. Several versions of the
manuscript were written until everyone was satisfied with the article. Dr. Huot played an
important role finalizing the Rietveld refinement. Mme. Neumann and Mr. Schade both
work for the industrial partner GKN. They were both involved in the synthesis of the alloy

that was studied as well as the final revision and approval of the article.

3.2 Summary of the article

The overall project focuses on TiFe-based alloys and different approaches to
improve its first-hydrogenation kinetics. Therefore, a look into an alternative synthesis

method was possible thanks to the help of the industrial partner GKN. The alloy TiFe +
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2 wt.% Mn + 4 wt.% Zr synthesized by induction melting has been previously studied and
shown to possess good first hydrogenation (activation) kinetics without the need for an
activation heat treatment [66]. This article focuses on the effect of gas-atomization
on TiFe + 2 wt% Mn + 4 wt% Zr microstructure and its activation kinetics.
The microstructure obtained by gas-atomization is different than those obtained by
"standard” commercial methods. Atomization does not yield an ingot but directly

produces alloyed-powder. The powder was stored in air after synthesis.

The as-received powder did not activate under the experimental conditions (20 bar,
room temperature) after a period of 24 hours. Mechanical processing was performed in
order to achieve activation, cold rolling (1 and 5 passes) and Ball milling (5, 10 and
30 minutes). It is thought that being exposed to air for over 2 months generates a
passivation layer which was broken up during the mechanical processing. In the case of
the cold rolled 5 passes samples the exposure of fresh surface area resulted in fast

activation kinetics that reached saturation in about 2 hours.

To see the actual effect of the gas-atomized microstructure the results were
compared to the work reported by Manna et al. who studied the effect of air exposed TiFe
+ 2 wt.% Mn + 4 wt.% Zr synthesized by induction melting. After air exposure their
samples required cold rolling (5 passes) to achieve activation. Based on the results from
the comparison with previous work it was concluded that gas-atomization is a good
candidate to produce TiFe-based alloys that present good kinetics and capacity after air

exposure.

3.3 Results and discussion

3.3.1 Morphology

Figure 13a and 13b show the microstructure of the as-atomized TiFe + 2 wt.% Mn
+ 4 wt.% Zr alloy. The powder presents a dendritic structure where the microstructure

consists of a matrix (grey phase), a darker grey secondary phase and a bright phase.
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The phase fractions were calculated by image processing, the matrix accounts for 76% of
the alloy, with the secondary and bright phases are respectively 20% and 4% of the total
surface. Figure 13c and 13d show the microstructure of the TiFe + 2 wt.% Mn + 4 wt.%
Zr alloy synthesized by induction melting previously reported by Patel et al. Their work
serves as a comparison with the atomized powder. A clear difference is notable,
the atomized powder’s microstructure is much finer. The induction melted alloy presents
a eutectic microstructure within the interphase region. The eutectic reaction is between
the matrix (TiFe) and the bright phase (Zr-rich 20 at.%). The explanation for the different
microstructure is the nature of the synthesis process and the solidification rate of each
technique. The alloy that was gas-atomized undergoes rapid solidification, meaning that
the melt becomes solid at an extremely high cooling rate between ~10°> K/s. Therefore,
the eutectic reaction does not have time to occur. On the other hand, the cooling rate for

the cast obtained by induction melting would have presented a standard cooling rate.



Figure 13. Backscattered electrons image of an atomized TiFe + 2 wt.% Mn + 4 wt.% Zr
particle cross section. a) low - b) high magnification. Backscattered electron image
induction melted TiFe + 2 wt.% Mn + 4 wt.% Zr c) low - d) high magnification.

Figure 14a shows the as-received atomized powder. The particles are mainly
spherical, some present small satellites, where two spheres are joined. The particle size
distribution, Dso, was determined to be 105 pum. The as-atomized powder was subjected
to 20 bars of hydrogen at room temperature for a period of at least 24 hours. No hydrogen

uptake was registered.

The application of mechanical processing techniques was done to improve the
activation kinetics of the atomized (as-received) powder. The following techniques were
studied: cold rolling (1 and 5 passes) in air and ball milling (5, 10 and 30 minutes) under
argon. The conditions studied for cold rolling and ball milling are designated, CR1, CRS,
BMS5, BM10 and BM30. The micrographs of the processed powder can be seen in
Figure 14b, 14c, 14d, 14e and 14f respectively. The CR1 image shows that most of the

big spheres were cracked while there is some consolidation of the smaller particles
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forming a porous plate sample. For CRS5 the cracking of the big sphere is less apparent,
and most particles are compressed together in the same way to CR1 formed a porous plate
structure. The ball milled samples were broken up into fine irregular powder particles.
As the time of BM increases a decrease of particle size is noted as well as the formation

of larger agglomerations of these small particles.

Figure 14. Morphology of atomized powder by processing: a) as atomized, b) cold rolled
1 pass (CR1), c) cold rolled 5 passes (CRS), d) ball milled 5 min, e) ball milled 10 min
and f) ball milled 30 min.
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3.3.2 Chemical analysis

Figure 15 shows the regions where EDS point analysis was performed. The chemical
composition of the bulk and each specific region was measured by EDS, and the results

are shown in Table 3.

5

J‘ a
" Spectrum 2
.

Figure 15. Backscattered electrons image of atomized particle cross section.
Spectrum 1: matrix; spectrum 2: dark grey phase; spectrum 3: bright phase.

Table 3. Chemical composition, in at.%, of the gas atomized EDS analysis
(uncertainty is =1 for all values).

Nominal Bulk
Spectrum 1 Spectrum 2 Spectrum 3
composition composition

Ti 47.9 55.6 51.0 71.2 58.4
Fe 47.9 39.8 46.9 21.5 23.2
Mn 1.9 2.2 1.7 2.2 24

Zr 23 24 0.4 5.1 16.0
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The bulk measurement shows that the alloy is titanium-rich, and the composition
could be written as Ti1.11Feo.s0Mno.04Zro.0s. This is different from the nominal composition
(Ti0.96Fe0.96Mno.04Zr0.0s) however, the Mn and Zr abundances do match the nominal
composition. The bulk composition is close to the composition reported in the work

reported by Patel et al. on TiFe + 2 wt.% Mn + 4 wt.% that has been used as comparison.

The matrix (Spectrum 1) is essentially TiFe alloy with a slight amount of Mn and
very small proportion of Zr. The secondary phase (Spectrum 2) is Ti-rich and has higher
content of Mn and Zr than the matrix. In fact, assuming that Mn and Zr are on the same
site as Fe, this phase has a stoichiometry close to Tiz(Fe,Mn,Zr). The bright regions

(Spectrum 3) are Zr rich.

3.3.3 First hydrogenation

Figure 16a shows the activation curves of all the conditions. The as-received sample
did not activate even after more than 24 hours. The fastest activation and highest capacity
were achieved by the CR5 sample. Both the CR 1 and CRS5 present high kinetics, reaching
saturation in 3 and 2 hours respectively and no loss of capacity. All ball milled samples
presented very slow kinetics. BMS5 and BM10 reached a capacity of ~1.8 wt.% but were
still slowly absorbing when the experiment was stopped after 60 hours (see Figure 16b).
BM30 suffered a severe decrease of kinetics reaching only ~0.85 wt.% after 60 hours of
hydrogen exposure. Ball milling’s highly energetic character has been shown to become
detrimental after a certain time reducing the amount of hydrogen being able to be
absorbed. Although grain boundaries have been shown to enhance hydrogenation kinetics
[24], when the surface area of the grain boundaries exceeds that of the grains capacity can

be affected as seen in the BM30 sample.
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Figure 16. a) Activation under 20 bars of hydrogen pressure and at RT for all samples,
b) long-term activation for BMS, BM10 and BM30.
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3.3.4 Structural characterization

Figure 17a shows the XRD patterns all the powder for the conditions: As-received,
CRI1,CRS5, BM5, BM10 and BM30. and desorption. In the patterns in Figure 17a the
following phases were identified: TiFe, Ti2Fe and a BCC phase. By correlating the phases
identified by SEM and EDS, it can be assumed that the matrix and dark grey phase are
respectively TiFe and Ti2Fe. The presence of the BCC phase is more problematic and is

discussed below with the Rietveld refinement results.

Figure 17b shows a side to side comparison between CRS5 and CRS after
hydrogenation. In the pattern shown in Figure 17b for CRS5 after dehydrogenation the TiFe
phase was present and a new phase peak appeared at lower angles. There was no clear

evidence of the Ti2Fe phase.
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Figure 17. X-ray diffraction patterns of a) As-atomized powder, BM5, BM10, BM30,
CR1 and CRS5; b) CRS before and after activation.

Table 4 presents the Rietveld refinement performed on the patterns of Figure 17a,
as the cold rolled samples presented the best hydrogenation kinetic, the pattern for CR5-
after activation and the patterns of the CR1-after activation (not shown in Figure 17b)

were also refined. Starting with the as-atomized sample, three phases were identified:
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TiFe, Ti2Fe and a body-centered cubic (BCC) phase. They correspond respectively to the
matrix, dark grey and bright phases seen in Figure 15. The Bragg’s peaks of the BCC
phase are very broad and almost buried in the background at high angles. This made the
phase quantification difficult. However, by keeping the BCC phase abundance to a value
of 4 wt.% as determined from the SEM observations, the abundance of the TiFe and Ti>Fe
were refined to be respectively 77% and 19% which was agrees with what was determined
from Figure 13b. The lattice parameter of Ti2Fe phase was determined to be 11.4227 (2)
A and crystallite size of 6.6 (5) nm. As the BCC phase is of such low abundance,

the crystallite size and microstrain could not be refined.

Table 4. Rietveld refinement of TiFe-phase and amorphous peak for conditions
(the uncertainty on the last significant digit is given by the number in parenthesis).

Lattice
Crystallite size Strain
parameter a
(nm) (um) A)
As-atomized 77 (3) 0.0417 (1) 2.9878 (1)
CR1 30 (1) 0.077 (4) 2.9882 (3)
CRS5 19 (2) 0.14 (1) 2.9881 (9)
BM5 14.2 (6) 0.14 (1) 2.9896 (8)
BM10 12.6 (5) 0.20 (1) 2.9917 (9)
BM30 9.(6) 0.26 (2) 2.9892 (2)
CRI after activation 25(2) 0.158 (7) 2.9913(6)
CRS5 after activation 18 (2) 0.22 (2) 2.988 (1)

The cold rolling and ball milling process decreased the crystallite size (CS) and
increased the microstrain of the TiFe phase. As BM is an energetic process the reduction
of CS was more important than for CR. CR5 showed the same strain effect as BM for only
5 minutes. Higher microstrain is also produced by BM. For all patterns, the BCC phase is
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reduced to one identifiable Bragg peaks at 40 degrees. In fact, a better fit of the pattern is
possible by using an amorphous phase instead. However, as we do not have other proofs
of transformation of BCC to amorphous phase upon a few cold rolling passes or short ball
milling times, the BCC was used for the refinements even if just one peak was visible.
The Ti2Fe phase is also affected and the peaks are too broad and the intensity too small

for the refinement to accurately determine the CS and strain values.

The patterns of CR1 and CRS after activation and desorption, showed an increase
in microstrain in the TiFe phase. This increase comes from the expansion stress the lattice
undergoes when hydrogen is introduced and later removed. After desorption a new Bragg
peak appears at 35 degrees pointing to the formation of a stable hydride phase from one
of the secondary phases. Since the secondary phases cannot be reliably discerned from the

background, their hydrogen uptake cannot be estimated.

The Ti2Fe metastable phase, has not been formally studied regarding its

hydrogenation.

3.3.5 Comparison with other works

In order to discuss the influence of gas-atomization as a synthesis technique a
comparison is made with the work done by Patel et al. were the same alloy composition,
TiFe + 2 wt% Mn 4 wt% Zr, was obtained by induction melting under vacuum [67].
A conclusion of that work was that the Zr-rich secondary phase is responsible for the fast-
first hydrogenation. In our atomized powder study, the sample required mechanical
processing in order to have activation despite a much finer microstructure. However,
as the atomized powder was exposed to the air for more than two months while the sample
synthesized by induction melting was always protected against air exposure means that a
definitive conclusion about the microstructure scale could not be reached at this moment.

Future work will be performed to evaluate fresh powder without air exposition.
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An interesting comparison could be made with Manna et al. work for the same
system, TiFe+ 2 wt% Mn 4 wt% Zr [68]. Their samples were produced by induction
melting, hand crushed and left in air for 7 and 30 days in order to see the effect of air
exposure and the regeneration ability of CR and BM. The 7- and 30-day samples did not
activate after air exposure but were able to activate after CR5 in air. As presented above,
cold rolling was also beneficial to regenerate the atomized alloy exposed to the air for
more than two months. However, as seen in Table 5 cold rolling was much more efficient
on the atomized powder than on the induction melt one. The kinetic was faster and the
capacity higher. The induction melted sample presented a loss of kinetics and capacity.
This may be an indication that the effectiveness of cold rolling highly depends on the

microstructure of the alloy.

Table 5. Effect of cold rolling on TiFe + 2 wt.% Mn + 4 wt.% Zr alloys.

Synthesi
yreests Activation Ref.
process
TiFe +2 wt.% Mn 4 wt.% Zr ) ) 2wt.%
Induction melting [67]
(Fresh sample) 12 hours
TiFe + 2 wt.% Mn + 4 wt.% Zr > 24 hours
(7 days in Air_CRS) Induction melting 1.3wt.% [68]
(30 days in Air_CRS) 1.2wt.%
TiFe + 2 wt.% Mn 4wt.% Zr o 2.1wt.% This
) Gas atomization
(+60 days in Air_CRS) 2 hours work

3.4 Conclusions

e Gas atomization resulted in TiFe matrix with finely distributed secondary
phases. No eutectic microstructure was observed by SEM, as previously
reported for the TiFe + 2wt%Zr + 4wt%Mn system produced by induction

melting.
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The air exposed atomized powder did not absorb hydrogen and had to be
regenerated by cold rolling or ball milling. Cold rolling was shown to be more
efficient than ball milling for regeneration. The cold rolled samples absorbed

hydrogen quickly and achieved full hydrogen capacity.

From comparison with induction melted alloys, it seems that the effectiveness

of cold rolling depends on the microstructure of the alloy.



CHAPTER 1V

HYDROGENATION OF TIXFE2-X-BASED ALLOYS WITH
OVERSTOCHIOMETRIC TI RATIO (X =1.1, 1.15 AND 1.2)

The content of Chapter IV has been published in the International Journal of
Hydrogen Energy. Volume 46, Issue 77, 8 November 2021, Pages 38363-38369. The
article can be found in the following link: https://doi.org/10.1016/j.ijhydene.2021.09.077

4.1 Authors contributions

The authors of the article are Ms. Elena Ulate-Kolitsky, Doctor Bernard Tougas,

and Doctor Jacques Huot.

Ms. Ulate-Kolitsky was responsible for the entirety of the experimental work
presented in the article. The analysis of the results was done by Ms. Ulate-Kolitsky who
was also responsible for the initial manuscript and finalizing any changes after discussion
with the other authors. Dr. Tougas (Co-advisor) and Dr. Huot (Advisor) assisted with
insightful discussion, comments, and suggestions on the article. Several versions of the
manuscript were written until everyone was satisfied with the article. Dr. Huot played an
important role finalizing the Rietveld refinement and guiding the research performed for

the project.

4.2 Summary of the article

The hydrogenation behavior of TixFeaxt 4 wt.% Zr alloys, for x = 1.1, 1.15 and 1.2
has been investigated. The compositions were synthesized by arc melting.
All compositions presented a multiphase microstructure with a TiFe-matrix along

with secondary Ti2Fe-like and Ti-rich BCC phases. The phase fraction varied with “x”.
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Ti2Fe is a metastable phase that was identified, it is thought that the alloying elements
stabilize the structure and form a Ti2Fe-like phase. The effect of the secondary phases on
the activation kinetics and reversible capacity was studied. The hydrogenation of the
secondary phases, specifically the Ti2Fe-like phase has not been previously reported due

to its difficulty to be synthesized in a large enough phase fraction.

The increase of titanium abundance decreases the plateau pressure of the alloy,
but this comes with a loss of hydrogen capacity. The hydrogen absorbed by the TiFe phase
for each composition matched the contribution expected for the corresponding phase
abundance. The secondary phases formed stable hydrides Ti2FeHx and FCC, these were
formed during activation and did not desorb under the experimental conditions.
The stoichiometry of the stable hydrides was calculated based on the Rietveld refinement

results.

Based on the results the first hydrogenation kinetics are fast due to the presence of
the secondary phases which act as gateways for hydrogen. However, the reversible

capacity is fully attributed to the TiFe phase.

4.3 Results and discussion

4.3.1 Morphology

Figure 18 shows the morphology of all studied compositions. They all show a light
grey matrix and secondaries grey and bright regions. Increasing Ti from x = 1.1 to 1.15
does not drastically change the microstructure. The x = 1.2 composition shows a notable
decrease of the total area of the secondary bright region. The surface area percentage of
the different regions was measured by image analysis. For x = 1.1 and 1.15 compositions,
the matrix covered about 69% of the area and the secondary regions 31%. In the x = 1.2
composition, the secondary bright region covered around 10%. Because of the similar
contrast of the matrix and secondary grey region we were unable to quantified by image

analysis the relative proportion of these two phases in x = 1.2.
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Figure 18. Backscattered electron micrograph of overstochiometric-Ti, TixFeax +
4wt% Zr (x=1.1, 1.15 and 1.2).
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Figure 19 shows a secondary electron image of the x = 1.1 composition. It is noted
that the grey region is topographically lower than the matrix. This means that the grey and

the bright region is softer than the matrix.

Figure 19. Secondary electron micrograph of Tii.iFeo9 + 4 wt.% Zr.

4.3.2 Chemical analysis

Figure 20 shows the microstructure at higher magnification, the annotations on the
image correspond to where the EDS point analysis were taken. The chemical composition
of the matrix (1), secondary grey region (2) and secondary bright region (3) were measured

by EDS point analysis.
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Figure 20. Backscattered electrons image of overstochiometric-Ti, TixFexx + 4 wt.% Zr
(x=1.1, 1.15 and 1.2). Spectrum 1: matrix; spectrum 2: grey region; spectrum 3: bright
region.
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Table 6 presents the EDS chemical analysis for each region. The matrix for the
three compositions has the TiFe stoichiometry with only a small substitution of Ti by Zr
in the x = 1.1 alloy. The secondary grey region composition is essentially the same for the

three alloys.

Table 6. EDS analysis of overstochiometric-Ti, TixFexx + 4wt.% Zr (x = 1.1, 1.15
and 1.2).

Average at.%

X Spectrum Region

Fe Ti Zrx

1 Matrix 51 48 1

1.1 2 Grey region 23 73 4
3 Bright region | 32 60 8

1 Matrix 48 52 0

1.15 2 Grey region 25 71 4
3 Bright region | 33 60 7

1 Matrix 48 52 0

1.2 2 Grey region 21 75 4
3 Bright region 11 24 61 15

4.3.3 Hydrogenation kinetics and PCI

Figure 21 shows the activation curves for the as-cast alloys. All samples absorbed
hydrogen relatively quickly, reaching full capacity after about 2 hours. The activation
capacity reached by all samples is higher than the 1.86 wt.% H capacity of pure TiFe.

This means that the secondary phases are also absorbing hydrogen.
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Figure 21. Activation of overstochiometric-Ti, TixFexx + 4 wt.% Zr (x = 1.1, 1.15
and 1.2).

Figure 22 presents the pressure composition isotherm (PCI) curves after activation
and desorption. The absorption 1% plateau (~200 kPa) for all samples is at a lower pressure
than the ones reported for pure-TiFe where the absorption plateau is ~500 kPa. However,
this drop in plateau pressure has been previously reported for TiFe + X wt.% Zr [69].
Regarding the effect of increasing x, it slightly stabilizes the hydride as indicated by a
lower pressure of the plateau. The plateau pressure decreasing with the increase of x value

is possibly due to the slight change of composition of TiFe phase.

The small ‘loop, seen at high pressure for the three isotherms is due to experimental
artefact. At high pressure, there is a systematic shift of the pressure due to the hysteresis
of the strain gauge. This loop has also the effect of shifting the capacity toward lower
value. As the effect is accumulative, this is the reason for the small negative value of the

capacity at the end of desorption.
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Figure 22. Pressure Composition Isotherm (23 °C) of overstochiometric-Ti, TixFezx +
4wt% Zr (x=1.1, 1.15 and 1.2).

4.3.4 Structural characterization

Figure 23 shows the XRD pattern of all compositions. The main phase identified is
TiFe which confirms the EDS measurements of the matrix. The other peaks were indexed
as a Ti2Fe phase and a BCC phase. This three-phase microstructure matches the phase
equilibria reported previously reported by Zeng et al. for the 60.6 at.% Ti, 34.6 at.% Fe
and 4.8 at.% Zr alloy. This alloy reportedly presented three stable phases TiFe, a cubic
phase called 14 of composition (33.3 at.% Fe, 50.4 — 60.9 at% Ti) and a  (Ti,Zr) phase
(Structure type W) [38]. As indicated in Table 6, the secondary bright region for
compositions x = 1.1 and 1.15 has a Fe abundance close to 33 at.%. This matches perfectly
the 74 line composition discussed by Zeng et al. [38]. Thus, the secondary region may be
associated with the Ti2Fe-like phase where Zr substitutes Ti and can be written as
(Ti, Zr)2Fe. For the x = 1.2, as seen in Figure 18, the secondary bright region has a much
smaller area and a different chemical composition. This is reflected in the diffraction
pattern where the relative intensities of the Ti2Fe peaks are reduced. In the case of x = 1.2

the stoichiometry associated with the bright region II phase in Table 6 does not match the



45

line compound, 14, identified by Zeng et al. Nonetheless in the x = 1.2 pattern the phase
Ti2Fe was indexed although, we could not be affirmative about the presence of this phase

because of the weak peak intensities.
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Figure 23. X-ray diffraction patterns of overstochiometric-Ti, TixFezx + 4 wt.% Zr for
x=1.1,1.15and 1.2.

The BCC structure is associated to the secondary grey region reported in Table 6.
The averaged composition of the BCC phase 23 at.% Fe, 73 at.% Ti and 4 at.% Zr is close
to that of the B(T1,Zr)scc phase in Zeng et al.’s work 17,5 at.% Fe, 79.3 at% Ti and
3.2 at.% Zr.

Table 7 shows the Rietveld refinement results of the XRD patterns shown in
Figure 23. For the compositions x = 1.1 and 1.15, the phase abundance estimated from
EDS agrees with the phase fractions calculated from Rietveld refinement. For the x = 1.2
compositions, the situation is not as straightforward. The backscattered images show only
10% of the secondary bright region as measured by image analysis. This does not match
quantitatively the 18.8 wt.%. However, as mentioned above, because of the weak Bragg’s

peaks we could not be affirmative that this phase has a Ti2Fe structure. As seen in Table 7,
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the change of composition leads to an increase of the lattice parameter with x. A bigger
lattice parameter means a bigger interstice for hydrogen and thus a lower plateau pressure

as shown in Figure 22.

Table 7. Rietveld refinement of overstochiometric-Ti, TixFeox + 4 wt.% Zr where,
x = 1.1, 1.15 and 1.2 (the uncertainty on the last significant digit is given by
the number in parentheses).

Phase Fraction Lattice parameters Unit cell
Phase W% “a” volume
A) (A3)

TiFe 68 2.9844 (1) 26.582 (4)
x=1.1 TizFe 28 11.451 (1) 1501.4 (4)
BCC 4 3.205 (1) 3291 (3)
TiFe 65 2.9867 (2) 26.642 (6)
x=1.15 TizFe 25 11.456 (2) 1503.4 (7)
BCC 10 3.2021 (9) 32.83 (3)

TiFe 57 2.9895 (4) 26.71 (1)

x=12 Ti2Fe 19 11.469 (3) 1509 (1)
BCC 24 3.203 (1) 32.85(3)

Using the phase abundance of the TiFe phase determined by Rietveld refinement,
the hydrogen absorption contribution of this phase for x = 1.1, 1.15 and 1.2 would
respectively be 1.26 wt.% H, 1.21 wt.% H and 1.06 wt.% H. Thus, the missing capacity
should be coming from the secondary phases. All compositions (x = 1.1, 1.15, 1.2) were
cycled 10 times to corroborate that the reversible capacity was stable (1.21 wt.% H,
1.2 wt.% H and 1.1 wt.% H respectively). The reversible capacity closely matches the

contribution calculated for the TiFe phase according to the Rietveld refinementh.
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Figure 24 shows the XRD patterns of the samples after cycling (10 cycles).
The phases identified are TiFe, a Ti2Fe-like phase and an FCC phase.

Condition: Cycled 10 times Phases
Composition: Ti Fe, + 4wt% Zr ¢ TiFe
. v TiFeH,
& FCC

Intensity (a.u.)

20 (degree)

Figure 24. X-ray diffraction patterns of the cycled overstochiometric-Ti, TixFezx +
4wt% Zr (x=1.1, 1.15 and 1.2).

Table 8 shows the crystal structure parameters for each phase identified in
Figure 24. Considering that the structure type of the Ti2Fe phase is Ti2Ni, we can expect
that the Ti:Fe-like hydride presents the same structure as Ti2Ni hydride (Ti2NiHzs,
Fd-3m, Pearson’s symbol cF96) [70]. The volume expansion by a Ti2Fe-like phase due to
hydrogen uptake has been previously reported for two alloys that presented a (Ti,Zr)2Fe
minor phase. The volume change was reported as 16.4% and 24.4% [37].

The stoichiometry of the hydrided Ti:Fe-like phase for the x = 1.1, 1.15 and
1.2 compositions were determined by the unit cell volume increase due to the
hydrogen uptake. In the case of x = 1.1 the volume increase is 266 A* (~16%). Considering
32 formula units per unit cell, this gives a volume per formula unit of 8.3 A3. Assuming
that a single hydrogen atom usually occupies a volume between 2 and 3 A3, this gives a

range of stoichiometry between Ti2FeHs (2.6 wt.% H) and Ti2FeHzs (1.8 wt.% H).
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Similar range has been found for the other two compositions. Using the phase abundance
from Table 7, the contribution of the Ti2Fe-like phase for sample x = 1.1 would then be
0.72 - 0.5 wt.% H. Similarly, the capacity coming from Ti2Fe-like phase for x = 1.15 is
between 0.57 and 0.39 wt.% H and for x = 1.2 it is between 0.5 and 0.34 wt.% H.

It is well known that the dihydride of a BCC phase is FCC. Thus, the origin of the
FCC could be directly related to the presence of a BCC phase in the as-cast alloy.
Considering the phase fraction of BCC given in Table 7, the full capacity of the BCC
phase for samples, x = 1.1, 1.15 and 1.2 are respectively 3 wt.% H, 5.6 wt.% H and
3.8 wt.% H. As the H/M of the FCC phase is 2, the ‘theoretical’ capacity of the FCC
should be 3.7 wt.% H which agrees relatively well with the estimation from X-ray

diffraction patterns.



49

Table 8. Crystal structure parameters of cycled overstochiometric-Ti, TixFeax+ 4 wt.% Zr
where, x = 1.1, 1.15 and 1.2 (the uncertainty on the last significant digit
is given by the number in parenthesis).

Lattice .
Phase Sarameters Unit cell volume
(A%
(A)

TiFe 2.9877 (3) 26.670 (7)
x=1.1 Ti2FeHx 12.092 (2) 1768 (1)

FCC 4.421 (2) 86.4 (1)

TiFe 2.9868 (4) 26.65 (1)
x=1.15 Ti2FeHx 12.010 (7) 1732 (3)

FCC 4.418 (2) 86.2 (1)

TiFe 2.9910 (4) 26.75 (1)
x=12 Ti2FeHx 12.094 (4) 1769 (2)

FCC 4.4157 (9) 86.10 (5)

4.3.5 Comparison with previous works

Table 9 shows the activation results of previous studies with different TixFe-Zry-M,
compositions, and the respective secondary phases reported. From a purely kinetic point
of view the samples with Ti overstoichiometry (x = 1.1, 1.15 and 1.2) all present the fastest
activation. The work done on TiFe + 2 wt.% Mn + 4 wt.% Zr [67], presents the most
similar phase fractions of TiFe and Ti2Fe phases however the kinetics are slower.
This points to a synergetic effect due to presence of a BCC phase alongside Ti2Fe phase.
Also, the capacity increase with Ti points to the BCC phase absorbing hydrogen during
activation. However, the kinetics are not further improved by the increase of BCC phase.
It is important to keep in mind how the uptake on hydrogen by the secondary phases may
ultimately affect the reversible capacity because of the high stability of the secondary
hydride phase.



Table 9. Summary of activation results of previous studies and current work.
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Composition Synthesis Phases present Capacity Ref.
TiFe 1.45 wt.% H
_ Arc-melting Minor secondary 7h
TiFe + 4 wt.% Zr [36]
No heat treatment phases not 2.5 MPa
identified @25 °C
. TiFe 0.1 wt.% H
Arc-melting
) Minor secondary 6 h (poor
TiFe + 4 wt.% Zr Annealed 1173 K [71]
vah phases not kinetics)
identified 2 MPa @25 °C
Arc-melting TiFe (91.8 wt.%) 5 1wi% H
1 Wt.70
. Homogenization TiFe (2.8 wt.%)
Ti; oFe 6 hours [44]
Annealing 1473 K TisFewco) 4 MPa @25 °C
a
—10h (5.4 wt.%)
) . _ TiFe (70 wt.%) 2wt.% H
TiFe + 2 wt.% Mn+  Induction melting
TioFe(28 wt.%) ~10h [66]
4 wt.% Zr No heat treatment
Ti (2 wt.%) 2 MPa @25 °C
1.73 wt.% H
Induction melting TiFe (94.8 wt.%) Total time 7 h
Annealed 1273 K B-Ti (2.8 wt.%) with
TiFeo.ssMno o5 . [72]
—168 h Ti4Fe20 6 h incubation
Water quenched (2.4 wt.%) 2.5 MPa
@25 °C
. TiFe (68 wt.%) 2.1 wt%H
Arc-melting Current
TiriFeoo+ 4 wt.% Zr TizFe (28 wt.%) 2h
No heat treatment work
BCC (4 wt.%) 2 MPa @25 °C
. TiFe (65 wt.%) 225 wt% H
Tii.15Feoss +
TixFe (25 wt.%) 2h
4 wt.% Zr
Arc-melting BCC (10 wt.%) 2 MPa @25 °C  Current
No heat treatment TiFe (57 wt%) 2.4 wt.%H work
Tii2Feos+ 4 wt.% Zr TizFe (19 wt%) 2h
BCC (24 wt%) 2 MPa @25 °C
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4.4 Conclusions

Alloys of composition TixFexx+ 4 wt.% Zr alloys, with x = 1.1, 1.15 and 1.2 were
investigated. We found that all alloys are composed of a main TiFe phase with zirconium-
rich secondary phases. The secondary phases were identified as a Ti2Fe-like phase and a
Ti-rich BCC phase. The secondary phases match the t4 and B(Ti,Zr) phases described by
Zeng et al. The first hydrogenation kinetics are fast due to the presence of these secondary
phases which act as gateways for hydrogen. Both secondary phases form stable hydrides
that do not desorb under the present experimental conditions (vacuum at room
temperature). The hydride capacity of all phases was determined and match well with the
reversible capacity measured experimentally. The reversible capacity is fully attributed to
the TiFe phase. Pressure-composition isotherms taken at room temperature shown that
increasing the relative amount of titanium makes the alloy more stable by increasing the

Ti content in the TiFe phase.



CHAPTER V

FIRST HYDROGENATION KINETICS OF INDUCTION
MELTED TIFE + 20 WT.% TI (TI1.2FE.s5)

The content of this chapter will be submitted to the International Journal of

Hydrogen Energy.

5.1 Contribution des auteurs

The authors of the article are Ms. Elena Ulate-Kolitsky, Doctor Bernard Tougas,

and Doctor Jacques Huot.

Ms. Ulate-Kolitsky was responsible for the entirety of the experimental work
presented in the article. The analysis of the results was done by Ms. Ulate-Kolitsky who
was also responsible for the initial manuscript and finalizing any changes after discussion
with the other authors. Dr. Tougas (Co-advisor) and Dr. Huot (Advisor) assisted with
insightful discussion, comments, and suggestions on the article. Dr. Bernard Tougas

played a key role with the synthesis of the induction-melted ingot.

5.2 Summary of the article

The effect of titanium overstochiometry was studied to determine if the activation
kinetics can be improved without addition of Zr or Mn. The alloy of composition Tii.2Feos
was synthesized by induction-melting into a 9 kg ingot. The alloy presented the same
three-phase system as the arc-melted, TixFexx + 4 wt.% Zr (x = 1.1, 1.15, 1.2) alloys and
Ti12Fe alloy studied in previous works: a main TiFe phase, a secondary Ti2Fe-like phase
and a Ti-rich BCC phase. Unlike the arc melted alloys the induction melted Tii2Feos

required cold rolling to achieve activation. However, it did so with good kinetics, reaching
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saturation in ~ 6 h at room temperature and under 20 bars of hydrogen pressure. As the
microstructure of induction-melted ingot is different than the structure of laboratory scale
alloys synthesized by arc melting, a small 3-gram sample of Tii2Feo.s was synthesized by
arc-melting. This sample could be activated without the need for cold rolling. This showed
how the microstructure obtained by induction melting is not as advantageous as the finer
microstructure obtained by arc-melting but is still able to activate under mild conditions
after cold rolling. The microstructure is shown to be of special importance for the

activation behaviors.

5.3 Results and discussion

5.3.1 Morphology

Figure 25 shows the microstructure of the induction melted Tii2Feos 9 kg ingot.
Three regions are observed in the micrograph: a bright main region (a) and two grey
regions. A grey region (b) that consists of rounded areas that are in contact with the bright
region and a dispersed dark-grey region (c). The phase fractions were measured by image
processing. The main bright region accounts for 58% of the micrographs area and the

secondary grey and dark-grey regions for 12 and 30% respectively.
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Figure 25. Backscattered electron micrograph of the induction melted Tii2Feo.s alloy.

5.3.2 Chemical analysis

The difference in contrast between the regions reflects the difference in
composition. Figure 26 shows a higher magnifications image of the regions analyzed by
EDS. The chemical composition of the overall alloy and each specific region was

measured, and the results are shown in Table 10.



55

Spectrum 1

/;‘.‘ - 1 & -r S : 4N
(__/’/\ < ") C_)@Spectru
\  Spectrum 3
B> ol |

y
/.
ek

&y -]
o i~ O + 4
O " spectriim 4

———}

Figure 26. Backscattered electron micrograph of the induction melted Tii.2Feo.s alloy and
EDS point spectrums.
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Table 10. EDS analysis of induction melted Tii2Feos alloy (uncertainty is =1
for all values).

Ti Fe
Region

wt.% wt.%
Nominal composition N/A 56 44
Overall composition N/A 59 41
Spectrum 1 and 2 Bright 49 51
Spectrum 3 Grey 63 37
Spectrum 4 Dark-grey 79 21

The overall composition measurement shows how the real composition of the alloy
is Ti1.26Feo.74 instead of the nominal composition Tii.2Feos. This difference is not uncomon
when working with industrial synthesis. Since the difference is small we will use the
nominal composition in our discussion. The main phase (Spectrum 1 and 2) matches the
composition for the intermetallic TiFe. The secondary grey phase (Spectrum 3) presents

a composition close to Ti2Fe and the secondary dark-grey phase (Spectrum 4) is Ti-rich.

5.3.3 Activation kinetics

Figure 27a and b show the activation curves of the Tii.2Feo.s alloy at different times
in the x-axis. The as-cast sample did not activate after over 20 hours under 2000 kPa of
hydrogen pressure. The sample cold rolled 5 times in air (CRS) presented fast activation
kinetics reaching ~ 2.6 wt.% H with an incubation period of ~ 40 minutes and saturation

in ~ 6 hours.
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Figure 27. Activation curve of Tii2Feos with and without cold rolling a) 20 hours,

b) 3 hours.
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5.3.4 Structural characterization

Figure 28 shows the XRD patterns of the Tii2Feos alloy in the as-cast condition.
The phases identified in the as-cast condition are TiFe, Ti2Fe and BCC. By correlating the
phases identified by EDS, it can be assumed that the main region, grey region, and dark-
grey region respectively correspond to TiFe, Ti2Fe and BCC phases. Table 11 presents the
results from the Rietveld refinement performed on the as-cast condition. The abundance
of each phase from image analysis were included for comparison. The phase abundance
on the refinement results is higher than the one measured by image analysis however, it is
important to keep in mind that Rietveld refinement reports the wt.%. If the phase fraction
measured by image analysis is multiplied by the density of each phase (TiFep = 6.6 g/cm’,
Ti2Fep = 5.7 g/em®, BCCp (TigossFe20%) = 5.2 g/lem?) and each result is divided by the sum
the phase fraction obtain is 63.3 wt.% TiFe, 11.2 wt.% Ti2Fe and 25.5 wt.% BCC. This an

almost exact match to the Rietveld refinement.
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Figure 28. X-ray diffraction patterns of the induction melted Tii2Feo.s.
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Table 11. Rietveld refinement of the as-cast induction melted Ti;»Feos (the uncertainty on
the last significant digit is given by the number in parenthesis).

Lattice parameters
Phase Fraction Image  Phase Fraction Rietveld

Phase | Refi “a”
analysis efinement
A)
TiFe 58 64 2.9904 (2)
Ti2Fe 12 10 11.328 (1)
BCC 30 26 3.1850 (3)

Figure 29 shows the XRD patterns of the Tii.2Feos alloy in the CRS condition and
the CRS post-activation. The phases identified in the CRS condition match those identifies
in the as-cast condition (TiFe, Ti2Fe and BCC) with the difference that the peaks are
slightly broader which is typical for samples that have undergone mechanical deformation.
The phases identified in the CRS post-activation patterns are TiFe, Ti2FeHx and FCC.
The hydride phases Ti2FeHx and FCC are both stable hydrides formed during activation.
It is well known that the dihydride of a BCC phase is FCC. Thus, the origin of the FCC
could be directly related to the presence of a BCC phase in the as-cast alloy. The stable
hydrides identified match those previously reported [73].

Table 12 shows the crystal structure parameters of the Ti2Fe and Ti2FeHx refined
for the CR5 and the CRS5-post activation conditions respectively. The volume expansion
of the Ti2Fe phase on the CRS post-activation condition was determined to be 21% this
expansion is close to the one previously reported by Faisal et al. for their hydrated Ti2Fe-
like phase, 16.4% and 24.4% [37]. The stoichiometry of the Ti2FeHx was determined by
the unit cell volume increase. The volume increase is 305 A3, since there are 32 formula
units per unit cell, this gives a volume per formula unit of 9.5 A®. Assuming that a single
hydrogen atom usually occupies a volume between 2 and 3 A®, this gives a range of

stoichiometry between Ti2FeHa.75 (3.09 wt.% H) and Ti2FeHs.2 (2.08 wt.% H).
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Figure 29. X-ray diffraction patterns of the induction melted Tii1.2Feo.s cold rolled 5 passes

(CR5) and CRS5 post-activation.

Table 12. Crystal structure parameters of Ti2Fe and Ti2FeHx phases identified in Figure 30
(the uncertainty on the last significant digit is given by the number in parenthesis).

CRS CRS Post-activation
Lattice Unit cell Lattice Unit cell
Phase parameters volume Phase parameters volume
A) (A% Q) (A3
Ti2Fe 11.320(3) 1450.5(11) Ti2FeHx 12.064(5) 1756(2)

Now considering the phase fractions obtained by Rietveld refinement in Table 11,

the theoretical composition for TiFe (1.86 wt.% H), FCC (H/M =2, 3.7 wt.% H) and the

stoichiometry calculated by unit cell volume increase for Ti2FeHx, the hydrogen intake

contribution during activation of each phase can be calculated as follows: the 64% of TiFe

would contribute 1.19 wt.% H, the 10% of Ti2FeHx between 0.2 — 0.3 wt.% H and the

26% of BCC — 0.96 wt.% H, for a total of 2.35 — 2.45 wt.% H. These results are not far
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off from the 2.6 wt.% H measured during activation. The effect of the absorption of each
phase is not seen in the activation curve, meaning that in Figure 27 the activation curve

presents only one slope this points to the system acting as a single phase.

5.3.5 Comparison with previous works

Table 13 shows the activation results and the phase fraction of TiFe, Ti2Fe and BCC
of previous studies with different TixFe2x-Zry-M. compositions. All the studies showed
that the addition of these doping elements would result in secondary phases that improve
the activation kinetics. The work done on Tii2Fe by Park et al. [44], demonstrated how a
Ti-Fe alloy with TiFe, Ti2Fe and BCC phases can activate at 25 °C under 4000 kPa of
hydrogen pressure with an incubation time of 4 min reaching full saturation in 5.8 h.
The alloy in their study was arc-melted and all handling of the samples was performed
under argon atmosphere. As previously mentioned, the induction melted Tii2Feos alloy
despite presenting a TiFe, Ti2Fe and BCC system cold rolling was required to promote
activation under 2000 kPa of hydrogen pressure and room temperature with an incubation

time of ~ 40 min and saturation time of 6 h.

As seen in Table 13 the hydrogen capacity and the time to achieve saturation varies
a lot between the different studies. The hydrogen capacity is directly correlated to the
phase fraction of each phase in the specific alloy. Regarding the saturation time/kinetics,
it seems that the samples synthesized at lab scale tend to present faster kinetic than those
produced by induction melting. However, the samples that required CR cannot be
compared with those that were simply crushed since this processing technique has been
shown to improve kinetics. However, between the studies that report the activation
kinetics after CRS, the sample with finer microstructure (gas-atomized) presents faster
kinetics. Determining the effect of each phase on the kinetics will require future work to

focus solely on phase abundance.



62

Table 13. Summary of activation results and phase fractions of previous studies and

current work.

Composition Synthesis Phases present Capacity Ref.
Arc-melting )
TiFe (91.8 wt.%) 2.1 wt.% H
H izati
Ti, Fe Oogeiization TisFe (2.8 wt.%) 6 hours [44]
Annealing 1473 K- 10 h .
T14F6(BCC) (54 Wt.%) 4MPa @25 °C
Crushed under Ar
. Induction melting TiFe (70 wt.%) 2 wt.% H
TiFe+2w.t%Mn +
No heat treatment TiyFe (28 wt.%) ~12h [66]
4 wt.% Zr
Crushed under Ar Ti (2 w.t%) 2MPa @25 °C
TiFe+ 2w t%Mn + Atomized powder TiFe (76 wt.%) 23 wt.% H
No heat treatment TicFe (4 wt.%) ~2h [74]
4 wt.% Zr
CRS5 - Air BCC (20 w.t%) 2MPa @25 °C
. Arc-melt TiFe (57 wt.%) 2.1 wt%H
Tii2Feos +
4 wi% 7t No heat treatment TixFe (19 wt.%) ~2h [73]
Crushed under Ar BCC (24 wt.%) 2MPa @25 °C
Induction melting TiFe (67.8 wt.%) 2.6 wt.% H
) Current
TiioFeos No heat treatment TizFe (9.4 wt.%) ~6h "
wor
CRS - Air BCC (22.8 wt.%) 2MPa @25 °C

As the comparison between studies that used arc melting and induction melting is

unfair because the microstructure obtained by each synthesis method is different and it is

known that microstructure influences activation kinetics. To see the effect of the

microstructure, a small 3-gram sample was prepared by arc-melting of Tii2Feos.

Figure 30 shows the activation curve of the arc-melted sample. It activated without the

need of any heat treatment or mechanical processing, reaching a capacity of 2 wt.% H

in ~12 hours.
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Figure 30. Activation curve of the arc-melted Tii.2Feo.s.

Figure 31 shows a side-to-side comparison of the microstructure obtained by
induction melting (a) and arc-melting (b). It is clear from this figure that the arc-melted
sample presents a much finer microstructure with a higher area abundance of the bright
main phase, 77 % according to image analysis. The ability to activate without the need for
cold rolling is attributed to the fine microstructure generated by arc-melting along with

the secondary phases.

Figure 31. Backscattered electrons image of induction melted (a) and arc-melted
(b) Ti12Feos.
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Figure 32 shows the XRD patterns of the arc-melted Tii2Feos alloy. The phases
identified are TiFe, Ti2Fe and BCC, matching those in the induction melted condition.
The phase fraction obtained by Rietveld refinement are 80 wt.% TiFe, 4 wt.% Ti2Fe and
16 wt.% BCC. This shows how lower percentages of the secondary phases can be enough

to achieve activation under mild conditions if the microstructure is correct.

Arc-melted Ti, ,Feg ¢ Phases
¢ + TiFe

v TiFe

% BCC

Intensity (a.u.)

2 theta

Figure 32. X-ray diffraction patterns of the induction melted Tii2Feos.

5.3.6 Conclusions

o Tii2Feos forms secondary phases with the same crystal structure (Ti2Fe and

BCC) as those reported when alloying TiFe with Zr and Mn.

e Induction melted Tii.2Feo.s alloy requires cold rolling to activate. It then reaches

a capacity of 2.6 wt.% H with good kinetics.

e The microstructure obtained by arc-melting Ti1.2Feo.s provides better activation

kinetics than that formed by induction melting.



CHAPTER VI

CONCLUSIONS

6.1 Conclusions

In this thesis the effect of microstructural, morphological and chemical variations
on TiFe-based alloys for hydrogen storage were studied. The results showed how the
microstructure obtained by different synthesis methods affects the activation kinetics of
the alloys and how finer microstructure obtained by arc-melting have better activation
kinetics than the same alloy synthesized by induction melting. Gas atomization was shown
to be a novel synthesis route for the hydrogen storage field which yields TiFe-based alloys
that can potentially be used in the hydrogen storage field. The effect of mechanical
deformation by cold rolling has been shown to be a processing method that improves the
activation kinetics of TiFe-based alloys. Additionally, it was shown that the same
secondary phase structures (BCC — [-3m and Ti2Fe — Fd-3m:2) formed when alloying

TiFe with Zr and Mn can also be formed by the addition of overstoichiometric Ti.

6.2 Future work

6.2.1 Study of gas-atomized TiFe based alloys TiFe + 4wt.% Zr + 2 wt.% Mn and
Tii2Fe

In Chapter III it was seen that the atomized powder was unable to activate without
cold rolling. However, the sample had been air-exposed for over 2 months when the
experiments were performed. The study of freshly gas-atomized TiFe + 4 wt.% Zr +
2 wt.% Mn would allow to understand the effect of air exposure on the powder.
Additionally, the study of gas-atomized overstoichiometric Tii2Fe would allow us to
compare the different synthesis methods and better understand the benefits of

gas-atomization. One way to perform these studies could be to partner with a company
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that possess a gas-atomizer and would be interested in the development of metal-hydrides

for hydrogen storage applications.

6.3 Perspective

The development of TiFe-based alloys mainly focuses on the improvement of
activation kinetics. This focus is important since activation is the main obstacle facing the
TiFe research however, the information on reversible capacity is lacking. Both the
reversible capacity and the diffraction pattern after activation should be reported on when
presenting a study on the activation behavior of TiFe-based alloys. For example, in our
studies on overstoichiometric-Ti the secondary phases that improve the activation kinetics
form stable hydrides that will ultimately not contribute to the reversible capacity.
The possibility that only the TiFe phase contributes to the reversible capacity under mild
conditions points to an ideal scenario where the goal is to obtain the highest wt.% of TiFe
with just enough secondary phases abundance to improve the activation kinetics.
This might not be the case for all secondary phases being formed but it is essential for

researchers to report on it to better understand the alloy they studied.
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The study shows the first hydrogenation (activation) of both a cold-rolled and a ball
milled TiFe-based alloy synthesized by gas-atomization. Gas atomization’s primary effect
was on the microstructure: a TiFe-matrix surrounded by a finely distributed secondary
phases. The as-received sample did not activate, probably due to the long air exposure
before hydrogenation tests. Cold rolling for one and five passes (CR1-CRS5) was tested as
a way to reactivate the alloy. After CR1 and CRS5 activation occurs with fast kinetics,
reaching a capacity of 2.1-%wt. Ball milling also resulted in activation but the kinetics
were sluggish, requiring more than 60 hours to reach full capacity. Based on the results
shown and on the comparison between the work done on the same composition
synthezided by induction casting it can be concluded that gas-atomization is a good
candidate for the production of TiFe-based alloys that present good kinetics and capacity
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Introduction

Hydrogen has the potential to become a versatile and clean
fuel for stationary, portable and mobile applications. For
practical applications, storing hydrogen should be safe and
economical. Beside the conventional methods of high pres-
sure and liquid, the utilization of metal hydrides is an
attractive and safe method to store hydrogen in a compact
way. However, to be used in practical applications, metal hy-
drides have to show acceptable hydrogenation and dehydro-
genation kinetics, good hydrogen capacity, cyclability and low
cost [1]. Several alloys have been proposed as possible candi-
dates e.g., Mg-alloys [2-4], LaNi; [5- 7], complex hydrides [5,9],
High Entropy Alloys [10,11]. The alloy TiFe is a well-known
metal hydride that has a hydrogen absorption capacity of
1.86 wt% at low pressure at room temperature [12,13]. How-
ever, this alloy usually requires a heat treatment to achieve
the first hydrogenation (activation) [12]. This activation pro-
cess implies cycling between high temperature and room
temperature under high hydrogen pressure, a process that is
time consuming and increases the hydride cost.

Activation of TiFe has been improved by different ap-
proaches like mechanical processing such as ball milling, cold
rolling, high-pressure torsion [14-18] and/or addition of
transition metals [19-24]. It has been recently shown that
adding zirconium or zirconium-based alloys to TifFe greatly
enhanced the activation kinetics [25-29)]. Patel et al. have re-
ported fast activation and high capacity (2 wt%) for the
composition TiFe + 2 wt% Mn + 4 wt% Zr [30].

Besides activation, the production cost of a metal hydride
in an industrial scale is crucial for commercialization. The
typical process to obtain metal hydride alloys is by fusion (arc-
melting, induction melting, electron beam). Other methods
such as electrochemical reduction, mechanical alloying,
combustion synthesis, etc. are also used [6,13]. The determi-
nation or development of what could be a one-step process
that results in a powdered alloy with an ideal microstructure
is a task that has not been achieved. Most of the prior
mentioned synthesis techniques require processing or heat
treatment to achieve good hydrogenation properties, Gas at-
omization is a synthesis process that can directly produce
metallic powders at an industrial scale. It will be interesting to
see the effect of this synthesis method on the hydrogen
storage of TiFe-based alloys to determine if it is a viable
option.

The microstructure of an alloy will greatly affect its hy-
drogenation properties. Pattel et al. studied the effect of the
cooling rate on the microstructure of TiFe + 4 wt% Zr by
casting in a step mold with different thicknesses. Higher
cooling rates resulted in finer distribution of the secondary
phase that proved to be beneficial to the activation kinetics
[31]. The study showed a linear trend between the change of
the microstructure and the cooling rate.

Typical cooling rates for gas atomization are between 10*
and 10° K/s [32,33]. In regards to the previous work by Pattel
et al. atomization cooling rates are order of magnitude higher.
This may have an impact on the alloy's microstructure and
thus on the hydrogen storage properties. To our knowledge,
there previous investigations on the

have been no

hydrogenation behavior of atomized TiFe-based alloys. There
is some work done on metal hydride powders produced by gas
atomization for hydrogen storage and for nickel-metal hy-
dride batteries. Some focus on electrochemical cycling and the
discharge capacity: ABs-type alloys (LaNiy. ys5np 25, MmMiag.
Cop.seMnp.seAly 25, Zr-based) [34-37], while others did report
the gas-phase hydrogenation (MmMi;¢Coyg seMny cefly 5 and
Zr-based AB,) [35,38]. Kim et al. [38], showed that, for the AB,
alloy Zry s Tiy. 45V, saM1y. 0Ny 35C00.16Crg 15 produced by gas
atomization, the particles smaller than 50 ym present a highly
sloped plateau and a larger hysteresis loop than particles
larger than 50 pm as well as a decrease of the storage capacity.
This was explained by a partially amorphous phase which
inhibited the hydride-dehydrate reaction between the
gas—solid. Chung et al. [35] found that, particles smaller than
10 pm showed slower kinetics and lower capacity than larger
particles of ABs type alloy. However, no amorphous phase was
found.

In this paper, we report the effect of cold rolling and ball
milling on hydrogen storage behavior of TiFe +2 wt%
Mn + 4 wt% Zr alloy synthesized by gas atomization. This
composition was chosen due to its good activation kinetics
and high hydrogen capacity [30]. Comparison with the same
composition obtained by a traditional casting method is also
presented.

Material and methods

Gas atomization was done by GKN Hoeganaes Innovation
Center & Advanced Materials, using industrial grade Fe (ASTM
1005), Ti (ASTM B265 grade 1), Zr 702 (99.2%) and electrolytic
manganese Mn (99.7%). The atomization was done under pure
argon with a VIGA-type furnace with a free fall atomization
ring configuration. The resulting powder alloy was packed in
air.

The morphology and microstructure of the powder were
analyzed using a scanning electron microscope (Hitachi
5U3500) equipped with an EDX - Energy Dispersive X-ray
spectrometer (Oxford Instrument Model X-Max™*%. Image
analysis was performed using Image] software.

Activation kinetics was measured using a homemade Sie-
verts' type apparatus, at room temperature (RT) and under
20 bars of hydrogen. The samples were studied under three
conditions, i) As-received, ii) Cold Rolled (CR) and iii) Ball
milled (BM). Cold Rolling was done in air using a modified
version of Durston DRM 130 model where the powder samples
could be cold rolled vertically between stainless steel plates to
avoid contamination of the powder by the rollers. Samples
were cold rolled for 1 or 5 passes (CR1, CR5). Ball milling was
done for 5,10 and 30 min (BMS5, BM10, BM30) on a SPEX 8000 M
(1725 RPM) apparatus using a ball to sample mass ratio of 10:1.
Ball milled powder was processed and handled under argon.

The crystal structure of the samples was analyzed by X-ray
Diffraction (XRD) using a Bruker D8 powder diffractometer
with CuKa radiation. Crystal structure parameters were
evaluated with the Rietveld refinement method using TOPAS
software (Ve.0).

The rate-limiting step was determined using several ki-
netic models’ equations to evaluate the best fit for the CR1and
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CRS5 samples. The models used were Chemisorption, ]MA2D,
JMA3D, CV2D, CV3D, GB2D and GB3D.

Results and discussion

Fig. 1a and b shows the microstructure of the as-atomized
particles. We see that the internal structure of the particle
consists of a matrix (grey phase), a darker grey secondary
phase and a bright phase. Fig. 2 shows a higher magnification
image of the regions analyzed by EDX. The chemical compo-
sition of the bulk and each specific region was measured by
EDX and the results are shown in Table 1.

The bulk measurement shows that the alloy is actually
titanium-rich and the composition could be written as Ti; 4.
Fey oMy guZ1; ps. This is different from the nominal compo-
siion (Tiy.oeFep.oeMnyg. paZrpes) but it falls within the
composition range for Tife phase according to the Ti-Fe
phase diagram [39]. The Mn and Zr abundances match quite
closely the nominal composition.

The matrix (Spectrum 1) is essentially TiFe alloy with slight
amount of Mn and very small proportion of Zr. The secondary
phase (Spectrum 2) is Ti-rich and has higher content of Mn
and Zr than the matrix. In fact, assuming that Mn and Zr are
on the same site as Fe, this phase has a stoichiometry close to
Tiz(Fe,Mn,Zr). Zirconium is mainly located in the bright re-
gions (Spectrum 3). The phase fractions were calculated by
image processing, the matrix accounts for 76% of the alloy,
with the secondary and bright phases are respectively 20%
and 4% of the total surface.

IJ
" Spectrum 2 e
-

Fig. 2 — Backscattered electrons image of atomized particle
cross section. Spectrum 1: matrix; spectrum 2: dark grey
phase; spectrum 3: bright precipitate.

Fig. 1c and d shows the induction melted TiFe +2 wt%
Mn + 4 wt% Zr alloy previously reported by Patel et al. [30]. A
clear difference is notable with the atomized alloy. The
microstructure is much finer for the atomized powder. The
cast alloy presents a eutectic microstructure within the
interphase region. The eutectic reaction is between the matrix
(TiFe) and the bright phase (Zr-rich 20 at%). This indicates that
atomization is a way to oversaturate the Zr in the interphase
by avoiding a eutectic reaction thanks to rapid solidification.

The as-atomized powder was subjected to 20 bars of
hydrogen at room temperature for a period of at least 24 h.
No hydrogen uptake was registered. This is thought to be
caused by the long-term air exposure undergone by the

Fig. 1 — Backscattered electrons image of an atomized TiFe +2 wt% Mn + 4 wt% Zr particle cross section. a) low
magnification; b) high magnification. Backscattered electron image induction melted TiFe +2 wt% Mn + 4 wt% Zr c) low

magnification; d) high magnification [30].
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Table 1 — Chemical composition, in at.%, of the gas atomized EDX analysis (uncertainty is +1 for all values).

Nominal composition Bulk composition Spectrum 1 Spectrum 2 Spectrum 3
Ti 479 55.6 51.0 71.2 584
Fe 479 398 469 21.5 232
Mn 19 22 1.7 22 24
Zr 23 24 0.4 5.1 160

sample. After the powder was synthesized, it was packed in
air and remained under this condition for 2 months before
the activation attempt was performed. It is known that,
after air exposure, TiFe is resistant to hydrogenation
[14,40-432).

It has been shown in other metal hydrides systems that
cold rolling and ball milling could improve the activation ki-
netics or regenerate powders that were exposed to the airand
were inert to hydrogen [14,15,17]. It has also been shown that
the milling time shouldbe kept minimal [18]. Therefore, in the
present study we performed 1 and 5 cold rolling passes in air
while the ball milling was performed for 5, 10 and 30 min. The
micrographs of the processed powder using these two tech-
niques can be seen in Fig. 3.

Fig 3a shows the as-received atomized powder. The par-
ticles are mainly spherical, some present small satellites,
where two spheres are joined. The particle size distribution
was obtained by sieving 100 g of the powder and the mean
diameter, Dsg, was determined to be 105 pm.

Fig. 3b and c shows respectively the CR1 and CR5 samples.
The CR1 image shows that most of the big spheres were
cracked while there is some consolidation of the smaller
particles forming a porous plate sample. For CR5 the cracking
of the big sphere is less apparent, and most particles are
compressed together in the same way to CR1 formed a porous
plate structure.

Fig 3d, e and 3f show the ball milled samples for 5, 10 and
30 min respectively. Ball milling is a high energy process and

Fig. 3 — Morphology of atomized powder by processing: a) as atomized, b) cold rolled 1 pass (CR1), c) cold rolled 5 passes
(CRS), d) ball milled 5 min, e) ball milled 10 min and f) ball milled 30 min.
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Fig. 4 — a) Activation under 20 bars of hydrogen pressure and at RT for all samples, b) long-term activation for BM5, BM10

and BM30.

after 5 min of milling the spheres are broken up into fine
irregular powder particles. Further increase of BM time results
in a decrease of particle size and the formation of agglomer-
ations of small particles.

Fig 4a shows the activation curves of all the samples. The
as-received sample did not activate even after more than 24 h.
The fastest activation and highest capacity were achieved by
the CR5 sample. Both the CR1 and CRS5 present high kinetics,
reaching saturation in 3 and 2 h respectively and no loss of
capacity. All ball milled samples presented very slow kinetics.
BM5 and BM10 reached a capacity of ~1.8 wt% but were still
slowly absorbing when the experiment was stopped after 60 h
(see Fig. 4b). BM30 kinetics suffered a severe decrease of ki-
netics reaching only -0.85 wt% after 60 h of hydrogen expo-
sure. Peng et al. [18] correlated the BM processing time with a
decrease of crystallite size and a decrease of capacity. They
also discuss the formation of grain boundaries that act as
diffusion points for the hydrogen but ultimately do not store
hydrogen. Emami etal. [16] described the highly strained grain
boundaries as trapping sites for the hydrogen. The CR process
also induces a decrease in the crystallite size and an increase
of the microstrain. However, the effect is mild compared to
the highly energetic deformation caused by BEM.

Fig. Sa shows the XRD patterns of the powder for the con-
ditions shown in Fig. 3: As-atomized, CR1,CRS, BMS, BM10and
BM30. Fig. 5b shows a side to side comparison between CRS
and CRS after hydrogenation and desorption. In the patterns
in Fig. 5a the following phases were identified: TiFe, Ti,Fe and
a BCC phase. By correlating the phases identified by SEM and
EDX, it can be assumed that the matrix and dark grey phase
are respectively TiFe and TisFe. The presence of the BCC phase
is more problematic and will be discussed below. In the
pattern shown in Fig. 5b for CRS after dehydrogenation the
TiFe phase was present and a new phase peak appeared at
lower angles. There was no clear evidence of the Ti;Fe phase.

Table 2 presents the Rietveld refinement performed on the
patterns of Fig. 5a, as the cold rolled samples presented the
best hydrogenation kinetic, the pattern for CR5-after activa-
ton and the patterns of the CR1-after activation (not shown in
Fig. 5b) were also refined. Starting with the as-atomized
sample, three phases were identified: TiFe, Ti;Fe and a body-
centered cubic (BCC) phase. They correspond respectively to
the matrix, dark grey and bright phases seen in Fig. 2. The
Bragg's peaks of the BCC phase are very broad and almost
buried in the background at high angles. This made the phase
quantification difficult. However, by keeping the BCC phase

a —— Atomized

) + TiFe BM5
| v Tife BMI0

& Amorphous BM30

5 ‘l —CR1

s

=

=

2

2

1=

Intensity (a.u.)

* TiFe

v TiFe

& Amorphous
A Hydride phase

| .

2 theta

30 40 50 80 70 80 o0 100
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Fig. 5 — X-ray diffraction patterns of a) As-atomized powder, BM5, BM10, BM30, CR1 and CRS5; b) CRS before and after

activation.
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Table 2 — Rietveld refinement of TiFe-phase and
amorphous peak for conditions (the uncertainty on the

last significant digit is given by the number in
parenthesis).

Crystallite size Strain Lattice parameter

(nm (um) a(4)
As-atomized 77 (3 0.0417 (1) 29878 (1)
CR1 30 (1) 0.077 (4) 2.9882 (3)
CRS 19 (2) 0.14 (1) 2.9881 (9)
BMS 14.2 (6) 014 (1) 2.9896 (8)
BM10 12.6 (5) 0.20 (1) 29917 (9)
BM30 9(6) 0.26 (2) 2.9892 (2)
CR1 after 5 (2 0.158 (7) 2.9913 (6)
activation
CRS after 18 (2) 0:22(2) 2.988 (1)
activation

abundance to a value of 4 wt% as determined from the SEM
observations, the abundance of the TiFe and Ti.Fe were
refined to be respectively 77% and 19% which is what was
determined from Fig 1. The lattice parameter of Ti;Fe phase
was determined to be 11.4227 (2) A and crystallite size of 6.6 (5)
nm. As the BCC phase isof such low abundance, the crystallite
size and microstrain have a high error attached to them and
therefore are not reported.

The cold rolling and ball milling process decreased the
crystallite size (CS) and increased the microstrain of the Tife
phase. As BM is an energetic process the reduction of CS was
more important than for CR. CRS showed the same strain ef-
fect as BM for only 5 min. Higher microstrain is also produced
by BM. For all pattems, the BCC phase is reduced to one
identifiable Bragg peaks at40°.In fact, abetter fit of the pattern
is possible by using an amorphous phase instead. However, as
we do not have other proofs of transformation of BCC to
amorphous phase upon a few cold rolling passes or short ball
milling times, the BCC was used for the refinements even if
just one peak was visible. The Ti;Fe phase is also affected and
the peaks are too broad and the intensity too small for the
refinement to accurately determine the CS and strain values.

The patterns of CR1 and CRS after activation and desorp-
tion, showed the increase in microstrain in the TiFe phase.
This increase comes from the expansion stress the lattice
undergoes when hydrogen is introduced and later removed.
After desorption a new Bragg peak appears at 35° pointing to
the formation of a stable hydride phase from one of the sec-
ondary phases. Since the secondary phases cannot be reliably
discerned from the background, their hydrogen uptake cannot
be estimated.

The Ti;Fe metastable phase [43], has not been formally
studied regarding its hydrogenation properties due to its dif-
ficulty to be synthesized by its own. Future work will be per-
formed in order to obtain more information of the BCC and
Ti;Fe-like phase.

Cold rolling showed a clear kinetic advantage. This may be
due to a change of the rate-limiting step of the reaction. Table
3 list the rate-limiting step models that we investigated. To
determine the correct rate-limiting step, the left side of each
equation was plotted as a function of time. The fits were fora
completion ratio (& = %Haps/%Hmax) from 10 to 90% [44]. The
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Model name

Model description

Equation

CRS
0.7878
0.9477
0.9477
0.9697
0.9808
0.9302
0.9993

CR1
0.8334
0.9757

Surface controlled

=kt
[~In(1

o

Chemisorption

Nucleation-growth-impingement model (MA2D)

2D growth of existing nuclei with constant interface velocity

1o

)]

0.9757
0.9196
0.9421
0.9643
0.9764

Nucleation-growth-impingement model (MA3D)

Contracting volume model (CV2D)
Contracting volume model (CV3D)

3D growth of existing nuclei with constant interface velocity

2D growth with constant interface velocity

=
&

3D growth with constant interface velocity

Ginstling-Brounshtein model (GB2D)
Ginstling-Brounshtein model (GB3D)

2D growth, diffusion controlled with decreasing interface velocity
3D growth, diffusion controlled with decreasing interface velocity

Underline and bold signifies the models that most closely match the rate limiting step for CR1 and CR5 kinetics.
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Fig. 6 — Rate limiting step curves for the first hydrogenation of the (a) CR1 and (b) CR5 samples. The straightlines are the best

linear fit for each model.

Table 4 — Effect of cold rolling TiFe-based alloys.

Synthesis process Activation Ref.
TiFe+2 witf Mn 4 wt% Zr (Fresh sample Induction melting 2wt 12h [30]
TiFe+2 wtf% Mn 4 wt% Zr (7 days in Air_CRS) (30 days in Air_CR5) Induction melting >24h 1.3 wt% 1.2 wt% 2]
TiFe+2 wit% Mn 4 wt% Zr (+60 days in Air CRS) Gas atomization 21wt%2h This work

model that results on the best linear fit is the rate-limiting
step. Fig. 6a and b respectively show the regressions for CR1
and CRS samples and the corresponding R values are listed in
Table 3. For the CR1 sample the JMA2D, JMA3D and GB3D
models presents close R* values. This makes pinpointing the
rate-limiting set to one specific model difficult. The CRS ki-
netics more clearly obey to GB3D model.

In order to discuss the influence of gas-atomization as a
synthesis technique a comparison is made with the work
done by Patel et al were the same alloy composition,
TiFe+2 wt% Mn 4 wt% Zr, was obtained by induction melting
under vacuum [30]. A conclusion of that work was that the Zr-
rich secondary phase is responsible for the fast-first hydro-
genation. In this work, the atomized powder required me-
chanical processing in order to have activation despite a much
finer microstructure. However, as the atomized powder was
exposed to the air for more than two months while the sample
synthesized by induction melting was always protected
means that a definitive conclusion about the microstructure
scale could not be reached at this moment. Future work willbe
performed to evaluate fresh powder without air exposition.

An interesting comparison could be made with Manna
et al. work for the same system, TiFe+2 wt% Mn 4 wt% Zr [42].
Their samples were produced by induction melting hand
crushed and left in air for 7 and 30 days in order to see the
effect of air exposure and the regeneration ability of CR and
BM. The 7- and 30-day samples did not activate after air
exposure butwere able to activate after CRS in air. The present
work's processing was carried out under the same experi-
mental conditions as reference [42]. As presented above, cold
rolling was also beneficial to regenerate the atomized alloy
exposed to the air for more than two months. However, as
seen in Table 4 cold rolling was much more efficient on the
atomized powder than on the induction melt one. The kinetic
was faster and the capacity higher. The induction melted
sample presented aloss of kinetics and capacity. This maybe

an indication that the effectiveness of cold rolling highly de-
pends on the microstructure of the alloy.

Conclusions

e Gas atomization resulted in TiFe matrix with finely
distributed secondary phases. No eutectic microstructure
was observed by SEM, previously reported for the TiFe +
2 wit%Zr + 4 wt%Mn system produced by induction
melting,

o The air exposed atomized powder did not absorb hydrogen
and had to be regenerated by cold rolling or ball milling.
Cold rolling was shown to be more efficient than ball
milling for regeneration. The cold rolled samples absorbed
hydrogen quickly and achieved full hydrogen capacity.

From comparison with induction melted alloys, it seems
that the effectiveness of cold rolling depends on the
microstructure of the alloy.
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Abstract

The hydrogenation behavior of TixFexx+ 4 wt.% Zr alloys, for x =1.1, 1.15 and 1.2
has been investigated. All compositions presented a multiphase microstructure with a
TiFe-matrix along with a secondary Ti2Fe-like phase and Ti-rich BCC phase. The phase
fraction varied with “x”. The increase of titanium abundance makes the alloy more stable,
but this comes with a loss of hydrogen capacity. The hydrogen absorbed by the TiFe phase
for each composition matched the contribution expected for the corresponding phase
abundance. The secondary phases formed stable hydrides Ti2FeHx and FCC, these were
formed during activation and did not desorb under the experimental conditions.
The stoichiometry of the stable hydrides was calculated based on the Rietveld refinement

results.
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The hydrogenation behavior of TiyFe, .+4 wt% Zr alloys, x = 1.1, 1.15 and 1.2 has been
investigated. All compositions presented a multiphase microstructure with a TiFe-matrix
along with a secondary Ti;Fe-like phase and a Ti-rich BCC phase. The phase fraction
varied with “x". The increase of titanium abundance makes the alloy more stable, but this
comes with a loss of hydrogen capacity. The formation of stable hydrides (Ti;FeH, and FCC)
by the secondary phases is reported. The full capacity according to the Rietveld refinement
data is calculated. The contribution of each phase matches well with the reversible ca-
pacity measured experimentally. The results shown and discussed give insight into the
hydrogenation properties of the secondary phases and their effect on a TiFe-based alloy.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Due to its low cost and mild operating conditions (room
temperature and low pressure) TiFe is an attractive metal
hydride for hydrogen storage [1,2]. However, the first hydro-
genation or so-called “activation™ is usually slow at room
temperature. Generally, some form of heat treatment is
needed to speed up the activation kinetics. The activation
mechanisms have been described being dependent on the

* Corresponding author.

surface condition [3,4]. To improve the activation kinetics
different approaches have been studied such as mechanical
processing like ball milling [5—2], cold rolling [9,10] and high-
pressure torsion [11,12] or the addition of elements such as
Cr, Mg, Mn, Ni, V, Y and Zr [6,13—28]. This addition of elements
has been shown to improve the activation kinetics and form
secondary phases that act as gateways for hydrogen into the
TiFe phase and decrease its sensitivity to air [259-31].
Previous studies have shown how the addition of Zr greatly
improves the TiFe activation kinetics by forming secondary
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phases. The addition of 4 wt% represents the minimum
threshold in order to achieve activation without any activa-
tion pretreatment [32). Further increase of Zr proportion en-
hances the abundance of the secondary phases which
improves the kinetics but decreases the reversible capacity
[33]. Han et al. measured the effect of added zirconium on the
bond characteristics in TiFe alloys and found that the Ti Fe
and TiFe, phases formed by the addition of Zr have the same
work function while TiFe work function is slightly higher [34].

Extensive work has been done on the phase equilibria di-
agram of the Ti-Fe-Zr system [35-40]. Zeng et al. experimen-
tally investigated the phaserelations of isothermal sections of
the Ti-Fe-Zr ternary system at 875 and 1173 K. Four stable
ternary phases were identified as 11, 2, 13, T4 and eight three-
phase equilibria regions were detected. The 7, and t3 phases
presented a C14 structure and the t,, s phase presented aFd3-
m cubic structure [36]. The ternary phases are of interest for
metal hydride research since they are likely to be formed as
secondary phases.

Faisal et al. investigated the first cycle hydrogenation
properties of Ti-Fe-Zr ternary alloys but their compositions
were highly Ti understoichiometric (25 at.% Ti, 50 at.% Te,
25at.% Zr)and (38.1 at.% Ti, 33.3 at.% Fe, 28.6 at.% Zr) [35]. Itis
therefore difficult to compare their finding with the present Ti
overstoichiometric system. Nevertheless, their XPS studies
indicates the presence of an Fe” metallic state directly below
the alloy surface, may catalyze hydrogen dissociation at room
temperature.

The TiFe alloy with overstoichiometric Ti has been previ-
ously studied with the goal of obtaining the metastable phase
TiyFe[2,41]. Reilly etal. were the first to try to obtain Ti;Fe with
the goal of studying its hydrogenation properties. However
after synthesizing and annealing at 1000 K the stoichiometry
TisFe (63% Ti — 37% Fe) the attempt was unsuccessful and the
phases formed were TiFe and Ti[2]. Park et al. synthesized and
annealed at 1470 K the composition Ti, oFe (60% Ti — 40% Fe).
They obtained three phases TiFe (92%), Ti;Fe (3%) and Tis.
Ferog (5%). The Ti;,Fe alloy was able to activate at low
pressure and room temperature reaching 2.1 wt% Hin 6 h. The
composition of each phase was measured separately to study
the surface of each phase by XPS. However only the TiFe and

TisFepce) alloys were able to be synthesized as the TiFe
composition was not possible to synthesize as a single-phase
alloy. From this work it was concluded that the improvement
of the kinetics is due to the formation of the Ti;Fe and Tis.
Fepce phases, or the formation of a Ti-rich oxide layer
measured on the TisFepc() alloy [42].

In this paper we report the hydrogenation behavior of Ti
overstoichiometry Ti,Fe, ,+4 wt% Zr (x = 1.1, 1.15 and 1.2),
and the contribution of the secondary phases.

Methodology

Industrial grade Fe (AISI 1005), Ti (CP Grade 1) and Zr (99.5%
pure Alfa Aesar) were used to synthesize all samples. The
compositions Ti;Fes x + 4 wt% Zr (x = 1.1, 1.15, 1.2) were pre-
pared by arc melting under argon atmosphere. To achieve
homogeneity, each pellet was turned and melted three imes.
After synthesis, the samples were transferred to an argon fil-
led glovebox for further manipulation. The pellets were
crushed in a hardened steel mortar and pestle. The hydrogen
storage properties were measured using a home-made Sie-
verts-type apparatus. The initial hydrogen pressure for kinetic
measurements was 20 bars for absorption and 0.1 bar for
desorption. All measurements were taken at room
temperature.

The crystal structure was determined by X-ray diffraction
(XRD) on a Bruker D8 Focus diffractometer with CuKa radia-
tion. Lattice parameters were calculated by Rietveld refine-
ment using the TOPAS software (V6.0) [43]. Microstructural
and chemical analysis of the samples were performed on a
Hitachi SU3500 scanning electron microscope (SEM) equipped
with an Oxford Max"50 Energy Dispersive X-ray spectrometer
(EDS). Image analysis was performed using Image] software
[44).

Results and discussion

TFig 1shows the morphology of all studied compositions. They
all show a light grey matrix and secondaries grey and bright

Fig. 1 — Backscattered electron micrograph of overstochiometric-Ti, TixFes.x + 4 wt% Zr (x = 1.1, 1.15 and 1.2).
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regions. Increasing Ti from x = 1.1 to 1.15 does not drastically
change the microstructure. The x = 1.2 composition shows a
notable decrease of the total area of the secondary bright re-
gion. The surface area percentage of the differentregions was
measured by image analysis. For x = 1.1 and 1.15 composi-
tions, the matrix covered about 69% of the area and the sec-
ondary regions 31%. In the x = 1.2 composition, the secondary
bright region covered around 10%. Because of the similar
contrast of the matrix and secondary grey region we were
unable to quantified by image analysis the relative proportion
of these two phases.

The bottom row of Fig. 1 shows the microstructure at
higher magnification. The chemical composition of the matrix
(1), secondary grey region (2) and secondary bright region (3)
was measured by EDS point analysis.

Table 1 presents the EDS measurements for each region.
The matrix for the three compositions has the TiFe stoichi-
ometry with only a small substitution of Tiby Zrinthe x = 1.1
alloy. The secondary grey region composition is essentially
the same for the three alloys.

Fig 2 shows the XRD pattern of all compositions. The main
phase is TiFe which comoborates the EDS measurements of
the matrix. The other peaks could be indexed to a Ti,Fe phase

Table 1— EDS analysis of overstochiometric-Ti, Ti;Fes.x+

4wt% Zr (x = 1.1, 1.15 and 1.2).

X Spectrum Region Average at.%
Fe Ti Zr
11 1 Matrix 51 48 1
2 Grey region 23 73 4
3 Bright region I 32 60 8
115 1 Matrix 48 52 0
2 Grey region 25 71 4
3 Bright region 1 33 60 7
12 1 Matrix 48 52 0
2 Grey region 21 75 4
3 Bright region II 24 61 15
Condition: As-cast Phases
Composition: Ti Fe, + 4wt% Zr + TiFe
* v Ti,Fe
—_ « BCC
3
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Fig. 2 — X-ray diffraction patterns of overstochiometric-Ti,
TixFes.x + 4 wt% Zr for x = 1.1, 1.15 and 1.2.

and a BCC phase. The three-phase microstructure matches
the phase equilibria reported by Zeng et al. for the (60.6 at.% Ti,
34.6 at.% Fe and 4.8 at.% Zr) alloy. This alloy reportedly pre-
sented three stable phases TiFe, a cubic phase called s of
composition (33.3 at.% Fe, 50.4-60.9 at% Ti) and a B(Ti,Zr)
phase (Structure type W) [36]. As indicated in Table 2, the
secondary bright region for compositions x = 1.1 and 1.15 has
aFe abundance close to 33 at.%. This matches perfectly the .
line composition discussed by Zeng et al. [36]. Thus, the sec-
ondary region may be associated with the Ti,Fe-like phase
where Zr substitutes Ti and can be written as (Ti, Zr).Fe. For
the x = 1.2, as seen in Fig. 1, the secondary bright region has a
much smaller area and a different chemical composition. This
is reflected in the diffraction pattern where the relative in-
tensities of the Ti;Fe peaks are reduced. In the case of x = 1.2
the stoichiometry associated with this phase in Table 1is far
from the line compound mentioned by Zeng et al. We stll
indexed this phase as t4 but because of the weak peak in-
tensities we could not be affirmative about this.

The BCC structure is associated to the secondary grey re-
gion identified in Table 1. The averaged composition of the
BCC phase (23 at.% Fe, 73 at.% Ti and 4 at.% Zr) agrees with the
B(Ti,Zr)scc phase in Zeng et al’s work for the A18 alloy
(17,5 at.% Fe, 79.3 at.% Ti and 3.2 at.% Zr).

Fig. 3 shows a secondary electron image of the x = 1.1
composition. Compared to the high magnification shown in
Fig 1, it is clear that the secondary region is lower than the
matrix. This means that the secondary phase is softer than
the TiFe phase. The Ti-rich BCC phase would be expected tobe
softer than an intermetallic hence going deeper in the
microstructure with polishing further corroborating the
match between the regions observed by SEM and the XRD
phases.

Table 2 shows the Rietveld refinement results of the XRD
patterns shown in Fig. 2. For the compositions x = 1.1 and
115, the phase abundance estimated from EDS agrees with
the phase fractions calculated from Rietveld refinement. For
the x = 1.2 compositions, the situation is not as straightfor-
ward. The backscattered images show only 10% of the sec-
ondary bright region as measured by image analysis. This
does not match quantitatively the 19 wt%. However, as
mentioned above, because of the weak Bragg's peaks we

Table 2 — Rietveld refinement of overstochiometric-Ti,
Ti,Fe, , + 4 wt% Zr where, x = 1.1, 1.15 and 1.2 (the

uncertainty on the last significant digit is given by the
number in parentheses).

Phase Phase Lattice Unit cell
fraction wt% parameters volume (A%
" (&)

x=11 Tife 68 2.9844 (1) 26.582 (4)
TisFe 28 11.451 (1) 1501.4 (4)
BCC 4 3.205 (1) 3291 (3)

x=115 Tife 65 29867 (2) 26642 (6)
TiFe 25 11.456 (2) 1503.4 (7)
BCC 10 32021 (9) 32.83 (3)

x=12 Tife 57 2.9895 (4) 26.71(1)
TisFe 19 11.469 (3) 1509 (1)
BCC 24 3.203 (1) 32.85 (3)
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Fig. 3 — Secondary electron micrograph of Ti, ;Fey g + 4 wt
% Zr.

could not be completely affirmative that this phase has a
Ti,Fe structure.

Fig. 4 shows the activation curves for the as-cast alloys. All
samples absorbed hydrogen relatively quickly, reaching full
capacity after about 2 h. The activation capacity reached by all
samples is higher than the 1.86 wt% H capacity of pure TiFe.
This means that the secondary phases are also absorbing
hydrogen. Usingthe phase abundance determined by Rietveld
refinement, the contribution of TiFe phase forx = 1.1, 1.15and
1.2 is respectively 1.26 wt% H, 1.21 wt% H and 1.06 wt% H.
Thus, the missing capacity should be coming from the sec-
ondary phases.

Table 3 shows the activation results of previous studies
with different Ti,Fe-Zry-M, compositions, and the respective
secondary phases reported. From a purely kinetic standpoint
the samples with Ti overstoichiometry (x = 1.1, 1.15 and 1.2)
all present the fastest activation. The work done on TiFe +2 wt
% Mn + 4 wt% Zr [17], presents the most similar phase frac-
tions of TiFe and Ti,Fe phases however the kinetics are slower.
This points to a synergetic effect occurring due to presence of

25
20 F 3
T
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E
=
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Fig. 4 — Activation of overstochiometric-Ti, TixFes.x + 4 wt
% Zr (x = 1.1, 1.15 and 1.2).

BCC with the Ti,Fe. Also, the capacity increase with Ti points
to the BCC phase absorbing hydrogen during activation.
However, the kinetics are not further improved by the in-
crease of BCC phase. It is important to keep in mind how the
uptake on hydrogen by the secondary phases may ultimately
affect the reversible capacity because of the high stability of
the secondary hydride phase.

The compositions x = 1.1, 1.15, 1.2 were cycled 10 times to
corroborate that the reversible capacity was stable (1.21 wt%
H, 1.2 wt% H and 1.1 wt% H respectively). The reversible ca-
pacity closely matched the contribution calculated for the
TiFe phase. Fig. 5 shows the XRD patterns of the samples after
cycling (10 cycles). The phasesidentified are TiFe, a Ti;Fe-like
phase and an FCC phase.

Table 4 shows the lattice parameter and unit cell volume
for each phase identified in Fig. 5. Considering that the
structure type of the TiFe phase is Ti;Ni, we can expect that
the TisFe-like hydride presents the same structure as TioNi
hydride (Ti;NiHzs, Fd-3m, Pearson's symbol cF96) [46]. The
volume expansion by a Ti;Fe-like phase due to hydrogen up-
take has been previously reported for two alloys that pre-
sented a (TiZr),Fe minor phase. The volume change was
reported as 16 4% and 24.4% [35].

The stoichiometry of the hydrided Ti,Fe-like phase for the
x=1.1, 115 and 1.2 compositions were determined by the unit
cell volume increase due to the hydrogen uptake. In the case
of x = 1.1 the volume increase is 266 A’ (-16%). Considering 32
formula units per unit cell, this gives a volume per formula
unit of 8.3 A”. Assuming that a single hydrogen atom usually
occupies a volume between 2 and 3 A%, this gives a range of
stoichiometry between Ti.FeH. (2.6 wt% H) and TiFeH,s
(1.8 wt% H). Similar range has been found for the other two
compositions. Using the phase abundance from Table 2, the
contribution of the Ti,Fe-like phase for sample x — 1.1 would
then be 0.72-0.5 wt% H. Similarly, the capacity coming from
TisFe-like phase for x = 1.15 is between 0.57 and 0.39 wt% H
and for x = 1.2 itis between 0.5 and 0.34 wt% H.

It is well known that the dihydride of a BCC phase is FCC.
Thus, the origin of the FCC could be directly related to the
presence of a BCC phase in the as-cast alloy. Considering the
phase fraction of BCC given in Table 2, the full capacity of the
BCC phase for samples, x = 1.1, 1.15 and 1.2 are respectively
3wt%H, 5.6 wt% H and 3.8 wt% H. As the H/M of the FCC phase
is 2, the ‘theoretical’ capacity of the FCC should be 3.7 wt% H
which agrees relatively well with the estimation from X-ray
diffraction patterns.

Fig 6 presents the pressure composition isotherm (PCI)
curves after activation and desorption. The absorption 1st
plateau (~200 kPa) for all samples is at a lower pressure than
the ones reported for pure-TiFe where the absorption plateau
is ~500 kPa. However, this drop in plateau pressure has been
previously reported for TiFe + X wt.% Zr [30]. Regarding the
effect of increasing x, it slightly stabilizes the hydride as
indicated by a lower pressure of the plateau. The plateau
pressure decreasing with the increase of x value is possibly
due to the slight change of composition of TiFe phase. As seen
in Table 2, this change of composition leads to an increase of
the lattice parameter with x. Abigger lattice parameter means
a bigger interstice for hydrogen and thus a lower plateau
pressure.
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Table 3 — Summary of activation results of previous studies and current work.

Composition Synthesis Phases present Capacity Ref.
TiFe+4 witf Zr Arc-melting TiFe 145wt H [33]
No heat treatment Minor secondary 7h

phases not identified 2.5MPa@25°C
TiFe+4 wth Zr Arc-melting TiFe 01wtic H [45]
Annealed 1173K-24h Minor secondary 6 h (poor kinetics)
phases not identified 2 MPa @25°C
Ti, ,Fe Arc-melting TiFe (91.8 wt%) 21wt% H [42]
Homogenization TizFe (2.8 witd) 6h
Annealing 1473 K-10h TisFemag (54 wiik) 4 MPa @25°C
TiFe+2 wtH Mn Induction melting TiFe (70 wt%) 2wt H [17]
+4 with Zr No heat treatment Ti;Fe(28 witi) ~10h
Ti (2 wit) 2 MPa @25°C
TiPey ssMnogs Induction melting TiFe (94.8 wt%) 1.73 witde H [26]
Annealed 1273K-168 h B-Ti (2.8 witi) Total time 7 h with
Water quenched TisFe 0 (2.4 wi) 6 h incubation
25MPa@25°C
Tiy 1Feg o+4 Wit Zr Arc-melting TiFe (68 wt%) 21wt H Current work
No heat treatment TizFe (28 wi%h) 2h
BCC (4 wt%) 2 MPa @25°C
Tiy 1sFeq as+4 W% Zr TiFe (65 Wt%) 2.25 wt% H
Ti Fe (25 wt%) 2h
BCC (10 wt%) 2 MPa @25°C
Tiy oFeq g+ 4 Wt% Zr TiFe (57 Wt%) 2.4 wt% H
TizFe (19 wi%%) 2h
BCC (24 wit%) 2 MPa @25°C

The small 'loop, seen at high pressure for the three iso-
therms is due to experimental artefact. Athigh pressure, there
is a systematic shift of the pressure due to the hysteresis of the
strain gauge. This loop has also the effect of shifting the ca-
pacity toward lower value. As the effect is accumulative, this

Table 4 —Lattice parameter and unit cell volume of cycled
overstochiometric-Ti, TiyFes.x + 4 wt% Zr where, x = 1.1,

1.15 and 1.2 (the uncertainty on the last significant digit is
given by the number in parenthesis).

; . . Phase Lattice Unit cell
is the reason for the small negative value of the capacity at the parameters (&) volume (A3
end DdeSDrptiDl’l. 11 TiFe 2.9877 (3 26.670 (7

: - x=1. I )

'I“he PCI caplac1ty closely 1I'natches the calculatenl:l capa::lthTs Ti,FeH, 12,002 E2; 1768 (1)( )
attributed to TiFe phase. This confirms how the TiFe phase is FCC 4.421 (2) 86.4 (1)
responsible for the reversible capacity of the alloy. PCI x=115 TiFe 2.9868 (4) 26.65 (1)

TizFeHx 12.010 (7) 1732 (3)
FCC 4.418 2) 86.2 (1)
x=12 TiFe 2,9910 (4) 26.75 (1)
Condition: Cycled 10 times Phases TizFeH, 12.094 (4) 1769 (2
Composition: Ti Fe, +4wt% Zr + TiFe EES SEEE/ (G ZHEVE)
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Fig. 5 — X-ray diffraction patterns of the cycled
overstochiometric-Ti, TixFes.x + 4 wit% Zr (x = 1.1, 1.15and
1.2).

Fig. 6 — Pressure Composition Isotherm (23 “C) of oversto-
chiometric-Ti, TizFesx + 4 wt% Zr(x =1.1, 1.15 and 12).
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measurements after cycling (not shown) indicated that the
reversible capacity remained stable with cycling.

Conclusions

Alloys of composition TiyFes..+ 4 wt% Zr alloys, with x = 1.1,
1.15 and 1.2 were investigated. We found that all alloys are
composed of a main TiFe phase with zirconium-rich second-
ary phases. The secondary phases were identified as a Ti;Fe-
like phase and a Ti-rich BCC phase. The secondary phases
match the t; and p(Ti,Zr) phases described by Zeng et al. The
first hydrogenation kinetics are fast due to the presence of
these secondary phases which act as gateways for hydrogen.
Both secondary phases form stable hydrides that do not
desorb under the present experimental conditions (vacuum at
room temperature). The hydride capacity of all phases was
determined and match well with the reversible capacity
measured experimentally. The reversible capacity is fully
attributed to the TiFe phase. Pressure-composition isotherms
taken at room temperature shown that increasing the relative
amount of itanium makes the alloy more stable by increasing
the Ti content in the TiFe phase.
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In this paper, we report the first hydrogenation (activation) of Tii2Feos alloy
synthesized by induction-melting (9 kg ingot). The alloy presented a three-phases
structure composed of a main TiFe phase, a secondary Ti2Fe phase and a Ti-rich BCC
phase. The alloy required cold rolling to achieve activation at room temperature. However,
it did so with good kinetics, reaching saturation (2.6 wt.% H) in about 6 hours.
After activation, the phases identified were TiFe, Ti2FeHx and an FCC phase. The Ti2FeHx
and FCC are the stable hydrides formed by the secondary Ti:Fe and BCC phases
respectively. The stoichiometry of the Ti2FeHx was calculated to be between
x = 3.2 — 4.75. As the microstructure obtained by an industrial-scale synthesis method
(induction-melted) may be different than the one obtained by laboratory-scale method
(arc-melting), a small 3-gram sample of Tii2Feos was synthesized by arc-melting.
The lab-scale sample activated (2 wt.% H in ~ 12 h) without the need of cold rolling.
The phases identified for the lab-scale sample matched those found for the induction-
melted sample. The phase fractions differed between the samples; the lab-scale sample
presented a lower abundance and a finer distribution of the secondary phases.
This explains the difference in the kinetics and H capacity. Based on these results it can
be concluded that the alloy of composition Tii1.2Feo.s can absorb hydrogen without the need
for a heat treatment and that finer microstructures have a strong influence on the activation

kinetics regardless of the secondary phases’ phase fractions.

Keywords: TiFe; overstoichiometry; activation kinetics; Tiz2Fe; stable hydrides.
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Abstract

In this paper, we report the first hydrogenation (activation) of T1i12Feos alloy synthesized by
induction-melting (9 kg ingot). The alloy presented a three-phases structure composed of a main
TiFe phase, a secondary Ti2Fe phase and a Ti-rich BCC phase. The alloy required cold rolling to
achieve activation at room temperature. However, it did so with good kinetics, reaching saturation
(2.6 wt.% H) in about 6 hours. After activation, the phases identified were TiFe, Ti2FeHy and an
FCC phase. The Ti2FeHx and FCC are the stable hydrides formed by the secondary Ti2Fe and BCC
phases respectively. The stoichiometry of the Ti2FeHx was calculated to be between x=3.2 -4.75.
As the microstructure obtained by an industrial-scale synthesis method (induction-melted) may be
different than the one obtained by laboratory-scale method (arc-melting), a small 3-gram sample
of Ti12Fens was synthesized by arc-melting. The lab-scale sample activated (2 wt.% Hin~ 12 h)
without the need of cold rolling. The phases identified for the lab-scale sample matched those
found for the induction-melted sample. The phase fractions differed between the samples; the lab-
scale sample presented a lower abundance and a finer distribution of the secondary phases. This
explains the difference in the kinetics and H capacity. Based on these results it can be concluded
that the alloy of composition Ti2Feps can absorb hydrogen without the need for a heat treatment
and that finer microstructures have a strong influence on the activation kinetics regardless of the
secondary phases’ phase fractions.

Keywords: TiFe; overstoichiometry; activation kinetics; Ti2Fe; stable hydrides.
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Introduction

TiFe is an attractive hydride forming alloy for hydrogen storage due to its low cost and mild
operation conditions (room temperature and low pressure) [1, 2]. However, TiFe is highly sensitive
to air and forms a passivation layer that inhibits the activation. Generally, an activation heat
treatment is needed to speed up the activation kinetics of pure TiFe. This activation heat treatment
requires cycling between high temperature and room temperature under high hydrogen pressure
[3). The focus of TiFe research is the improvement of the activation kinetics by different
approaches that will ultimately eliminate the need for an activation heat treatment. For example,
the use of mechanical processing techniques (ball milling, cold rolling, high-pressure torsion) [4-
12] and/or the addition of alloying elements [13-20] have both shown to improve the kinetics.

Several studies on the alloying of TiFe with Zr [21-24] and Zr-Mn [8, 25-27] have reported
the formation of a T12Fe-like secondary phase. Little is known of this phase because of it is difficult
to synthesize. Reilly et al. were the first to try to obtain Ti2Fe to study its hydrogenation properties.
However after synthesizing and annealing at 1000K the stoichiometric T12Fe (63% Ti— 37% Fe),
the attempt was unsuccessful and the phases formed were TiFe and Ti. More recently Park et al.
synthesized by arc-melting and annealed at 1470K Ti12Fe alloy (60% Ti — 40% Fe) [28]. In their
work they reported three phases TiFe (92%), Ti2Fe (3%) and TisFe BCC (Body Centred Cubic)
(5%). The Ti12Fe alloy was activated at low pressure and room temperature reaching 2.1 wt.% H
in 6 hours. One conclusion of their work was that the kinetics improvement was due to the
formation of the Ti;Fe and TisFe@cr) phases.

The possibility of using T1 as the alloying element instead of other more expensive transition
metals or rare earth elements to improve the activation kinetics of TiFe is of great interest because
it would decrease the alloy cost. Besides the alloying elements, the viability of using an industrial-
scale synthesis method for the production of the alloy 1s also of importance for commercialization.

In this paper, we report the activation behavior of an induction-melted (9 kg ingot) TiFe +
20 wt.% Ti (Ti12Feqs) alloy, and the phases present before and after hydrogenation. The same
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microstructures of each sample.

Methodology

Industrial grade Fe (1005), Ti (CP Grade 1) and Zr (99.5% pure Alfa Agsar) were used to
synthesize all samples. The compositions Ti12Feos was synthesized by induction melting (9 kg
ingot) and by arc melting (3 g pellet) under argon atmosphere. After synthesis, the samples were
transferred to a glovebox for further manipulation under argon. The pellets and ingot samples were
crushed in a hardened steel mortar and pestle.

The induction melted samples were cold rolled (5 passes) in air using a modified version of a
Durston DRM 130 model where the crushed sample was rolled vertically between stainless steel
plates to avoid contamination of the powder by the rollers.

The hydrogen storage properties were measured using a home-made Sieverts-type apparatus. The
initial hydrogen pressures for kinetic measurements were 20 bars for absorption and 0.1 bar for
desorption. All measurements were taken at room temperature.

The crystal structures were determined from X-ray powder diffraction (XRD) on a Bruker D8
Focus diffractometer with a CuK & radiation source. Lattice parameters were calculated by
Rietveld refinement using the TOPAS software (V6.0) [29]. Microstructural and chemical analysis
of the samples were performed on a Hitachi SU3500 scanning electron microscope (SEM)
equipped with an Oxford Max"50 Energy Dispersive X-ray spectrometer (EDS).

Results and Discussion

Figure 1a) shows the microstructure of the induction melted Ti12Feps 9 kg ingot. Three
regions are observed in the micrograph: a bright main region (1-2) and two grey regions. A grey
region (3) that consists of rounded areas that are in contact with the bright region and a dispersed
dark-grey region (4). The phase fractions were measured by image processing. The main bright
region accounts for 38% of the micrographs area and the secondary grey and dark-grey regions for
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86 12 and 30% respectively. Figure 1b) shows a higher magnification image of the regions analyzed
97 by EDX. The chemical composition of the overall alloy and each specific region was measured,
88  and the results are presented in Table 1.

99
100
101 Figure 1. Backscattered electron micrograph of the induction melted Ti1 2Feps alloy a) low
102 magnification and b) higher magnifications — EDX point spectrums.
103
104 ., Table 1. EDX analysis of the induction melted Ti) 2Fen g alloy (uncertainty is =1 for all values).
. Ii Fe
Region
wt.% wt.%
Nominal composition NA 56 44
Overall composition N/A 59 41
Spectra 1 and 2 Bright 49 51
Spectrum 3 Grey 63 37
Spectrum 4 Dark-grey 79 21
105 []
106 The overall composition measurement shows how the measured composition of the alloy 1s

107  Ti126Fen s instead of the nominal composition Ti2Fegs. This difference is not uncommon when
108  working with industrial synthesis methods. Since the difference is small, we will use the nominal
108  composition in our discussion. The main phase (Spectra 1 and 2) matches the composition for the
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intermetallic TiFe. The grey phase (Spectrum 3) presents a composition close to TioFe and the
dark-grey phase (Spectrum 4) is Ti-rich.

Figure 2 shows the XRD patterns of the Ti1 2Feos alloy in the as-cast condition. The phases
identified are TiFe, Ti2Fe and BCC. By correlating the phases identified by EDX, it can be assumed
that the main region, grey region, and dark-grey region respectively correspond to TiFe, Ti2Fe and
BCC phases. Table 2 presents the results from the Rietveld refinement performed on the as-cast
condition. The abundances of each phase from image analysis are included for comparison. The
phase abundance on the refinement results is higher than the one measured by image analysis.
However, it is important to keep in mind that Rietveld refinement reports the wt.%. If the phase
fraction measured by image analysis is multiplied by the density of each phase (TiFep = 6.6 g/cm’,
TuFep = 5.7 g/lem®, BCCp (TiseFex) = 5.2 g/em?®) and each result is divided by the sum, the
phase fraction obtained 1s 63 wt.% TiFe, 11 wt.% T1:Fe and 26 wt.% BCC. This is an almost exact
match to the Rietveld refinement.
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Figure 2. X-ray diffraction patterns of the induction melted T112Fens

100



101

130 Table 2. Rietveld refinement of the as-cast induction melted Ti1 2Feo s (the uncertainty on
131 the last significant digit is given by the number in parentheses).
Phase Phase Fraction Image Phase Fraction Rietveld Lattice ga:;ameters
analysis (area %) Refinement (wt.%) (1)
TiFe 58 64 2.9904 (2)
TisFe 12 10 11.328 (1)
BCC 30 26 3.1850(3)
132
133 Figure 3 shows the activation curves of the Tii2Feos alloy. The as-cast sample did not

134  activate after over 20 hours under 2000 kPa of hydrogen pressure. The sample that was cold rolled
135 5 times 1in air (CR3S) presented a fast activation kinetics reaching ~2.6 wt.% H with an incubation
136  period of ~ 40 minutes and saturation in ~ 6 hours.
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135 Figure 3. Activation curve of T1; 2Feo s with and without cold rolling.
140
141 Figure 4 shows the XRD patterns of the CRS Ti12Fep s alloy before and after activation. The

142  phases identified after cold rolling match those identified in the as-cast condition (TiFe, Ti2Fe and
143 BCC) with the difference that the peaks are slightly broader, which is typical for samples that have
144  undergone mechanical deformation. The phases identified after activation are TiFe, Ti2FeHy and
145  FCC (Face Centered Cubic). The hydride phases Ti2FeHy and FCC are both stable hydrides formed
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during activation. It is well known that the dihydride of a BCC phase is FCC. Thus, the origin of
the FCC could be directly related to the presence of a BCC phase in the as-cast alloy. The stable
hydrides identified match those previously reported on TiFe-based alloys with Ti
overstoichiometry [26, 28].
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Figure 4. X-ray diffraction patterns of the cold rolled 5 times CRS induction melted Ti12Feqs
alloys before and after activation.

Intensity (a.u.)

Table 3 shows the crystal structure parameters of the refined Ti2Fe and Ti2FeHx respectively
for the CRS before and after activation. The volume expansion of the TiFe phase in the CRS post-
activation condition was determined to be 21%. This expansion is close to the ones previously
reported by Faisal et al. [21]. They reported the hydrogen storage behavior of a minor (T1,Zr)2-Fe
phase present in two alloys by measuring a volume expansion of 16.4% and 24.4%. The
stoichiometry of the Ti2FeHy was determined by the unit cell volume increase. The volume
increase is 305 A3, since there are 32 formula units per unit cell, this gives a volume per formula
unit of 9.5 A%, Assuming that a single hydrogen atom usually occupies a volume between 2 and 3
A3, this gives a range of stoichiometry between Ti2FeH4 75 (3.09 wt.% H) and Ti2FeHs 2 (2.08 wt.%
H).
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Table 3. Crystal structure parameters of Ti2Fe and TizFeHx phases identified in figure 4 (the
uncertainty on the last significant digit is given by the number in parentheses).

103

CRS CRS Post-activation
Lattice Unit cell Lattice Unit cell
Phase parameters volume Phase parameters volume
(A) (A} (A) (AY
TirFe 11.320(3) 1451(1) Ti2FeHx 12.064(5) 1756(2)

Now considering the phase fractions obtained by Rietveld refinement in table 2, the
theoretical composition for TiFe (1.86 wt.% H), FCC (3.7 wt.% H) and the stoichiometry
calculated by unit cell volume increase for Ti2FeHy, the hydrogen intake contribution during
activation of each phase can be calculated as follows: the 64% of TiFe would contribute 1.19 wt.%
H, the 10% of TizFeH; between 0.2 — 0.3 wt.% H and the 26% of BCC - 0.96 wt.% H, for a total
of 2.35 — 2.45 wt.% H. These results are not far off from the 2.6 wt.% H measured during
activation. The effect of the absorption of each phase is not seen in the activation curve, meaning
that in figure 3 the activation curve presents only one slope. This points to the system acting as a
single phase.

To see the effect of the microstructure, a small 3 g sample of Ti) 2Feos was prepared by arc-
melting. Figure 5 shows a side-by-side comparison of the microstructure obtained by induction
melting (2) and arc-melting (b). It 1s clear from the image analysis of figure 5 that the arc-melted
sample presents a much finer microstructure with a higher area abundance of the bright main phase,
77 % compared to the 58 % measured for the induction melted sample.
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Figure 5. Backscattered electron images of induction melted (a) and arc-melted (b) Ti12Fegs.

Figure 6 shows the activation curve of the arc-melted sample. It activated without the need
of any heat treatment or mechanical processing, reaching a capacity of 2 wt.% H in ~12 hours. The
ability to activate without the need for cold rolling 1s attributed to the fine microstructure generated
by arc-melting. Nevertheless, the presence of the secondary phases is essential for activation
without heat treatment.
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Figure 6. Activation curve of the arc-melted Ti1 2Fens.

Figure 7 shows the XRD patterns of the arc-melted Ti) 2Feo s alloy. The phases identified are
TiFe, Ti2Fe and BCC, matching those in the induction melted condition. The phase fractions
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obtained by Rietveld refinement are 80 wt.% TiFe, 4 wt.% Ti;Fe and 16 wt.% BCC. This shows
how lower percentages of the secondary phases can be enough to achieve activation under mild
conditions if the microstructure presents a finer scale. Regarding the difference in H capacity
between the induction-melted sample (2.6 wt.% H) and the arc-melted sample (2 wt.% H) this is
due to the difference in phase fraction of secondary phases. However most importantly is the phase
fraction of TiFe which is the phase that ultimately provides reversible hydrogenation behavior.
Therefore, the reversible capacity of the induction-melted sample is thought to be 1.19 wt.% H (64
% TiFe) and 1.49wt.% for the arc-melted sample (80% TiFe).
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Figure 7. X-ray diffraction patterns of the induction melted T11 2Feqs
Conclusions

o TiyaFepsforms secondary phases with the same crystal structure (T12Fe and BCC) as those
reported when alloying TiFe with Zr and Mn.

¢ Induction melted Ti12Fens alloy requires cold rolling to activate under mild conditions. It
then reaches a capacity of 2.6 wt.% H with good kinetics. Arc-melted Ti)2Feo s sample was
able toactivate without the need for mechanical processing reaching 2.0 wt.% Hin~12 h.

o The three-phase system (TiFe, TiFe and BCC) activates as a single-phase system
regardless of the formation of two stable hydrides (Ti2FeHx and FCC).
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