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Résumé

Des considérations économiques et environnementales nécessitent de remplacer les combustibles
fossiles par des options renouvelables. Dans cette perspective, ['hydrogéne est considéré comme
un bon candidat comme vecteur énergétique pour les applications mobiles et stationnaires. Les
moyens classiques pour stocker I'hydrogene sont sous forme liquide a trés basse température (20K)
ou a I'état gazeux dans des réservoirs haute pression (350 ou 700bar). Cependant, ces deux
techniques présentent des défis liés a la manipulation et a la sécurité liées a la basse température
ou a la haute pression. Le stockage a I'état solide est une méthode siire, volumétriquement efficace
et simple pour le stockage de I'hydrogeéne. Les hydrures métalliques sont de bons candidats parmi
les matériaux de stockage a I'état solide, ou I'hydrogene est chimiquement lié a des atomes
métalliques. Dans les hydrures métalliques, ['hydrogene peut étre stocké de maniere compacte a
température et pression modérées, rendant ainsi cette technique particulierement stre. Cependant,
pour utiliser les hydrures métalliques a grande échelle, le colit des hydrures métalliques doit étre
réduit. Le but de cette €tude est de comprendre l'effet comparatif de Zr, Mn et V sur les
caractéristiques d'hydrogénation de l'alliage TiFe, en utilisant du Fe de qualité industrielle (ASTM
10005) et Ti (ASTM B265 grade 1) comme matiere premiere. L'effet du traitement thermique et
de la vitesse de refroidissement ont €galement été étudiés afin d'optimiser les paramétres de
synthése. La structure cristalline des alliages TiFe avec et sans ajout d'additifs a été étudiée par
diffraction des rayons X. La morphologie et la composition ont été étudiées respectivement par
microscopie €lectronique a balayage (SEM) et spectroscopie a rayons X a dispersion d'énergie
(EDX). Nous avons constaté que l'ajout de manganese rend possible I'activation a température
ambiante, mais la cinétique était tres lente. L'alliage avec 2% en poids de Zr n'a pas absorbé
d'hydrogene. Cependant, avec I'addition de 4% en poids de Zr, l'alliage a absorbé tres rapidement
1,2% en poids d'hydrogene. Une synergie a été trouvée lorsque le zirconium a été€ ajouté avec du
manganese. L'alliage avec 1% en poids de Mn et 2% en poids de Zr avait une meilleure cinétique
que l'alliage ayant seulement Mn ou seulement Zr. La capacit¢ maximale d’hydrogene obtenue
était également plus élevée, atteignant ~ 1,8% en poids en 7 heures. Une combinaison de 4% en
poids de Zr et de 2% en poids de Mn a absorbé 2% en poids d'hydrogene en 5 heures. L'alliage
avec 2 et 4% en poids de V n'a pas du tout absorbé d'hydrogéne. Cependant, la combinaison de
2% en poids de Zr + 2% en poids de V conduit & une meilleure cinétique que l'alliage avec un

additif individuel (Zr ou V) et absorbe 1,6% en poids d'hydrogene. La combinaison de trois additifs



Zr + Mn + V avec chacun a un niveau de concentration de 2% en poids s'est avérée également
bénéfique en termes d'amélioration de la cinétique et de minimisation du niveau de concentration
des additifs. Une autre combinaison de Mn et V était également efficace pour l'activation de
l'alliage TiFe a un niveau de concentration de 2% en poids Mn et 2% en poids V. L'étape limitative
de vitesse v pour chaque alliage activé s'est avérée étre contrdlée par diffusion avec une vitesse
d'interface décroissante. Le principal effet du traitement thermique était de réduire 'abondance de
la phase secondaire. Le changement dans la composition de la phase TiFe et des phases secondaires
était relativement limité. Malgré les changements relativement mineurs dans les structures
cristallines, la premiére cinétique d'hydrogénation était beaucoup plus lente et la capacité
d'hydrogene plus petite pour les échantillons traités thermiquement par rapport a leurs homologues
tels que coulés. Le mécanisme responsable de la cinétique d'hydrogénation plus lente peut étre la
modification de la composition chimique de l'interface entre la phase TiFe et la phase secondaire.
L'effet de la vitesse de refroidissement a été étudi€ en utilisant un moule a gradins d'une épaisseur
de 25, 13, 6 et 3 mm. Il a été constaté qu'une vitesse de refroidissement plus élevée conduit a une
solidification rapide et une distribution plus fine de la phase secondaire. Il n'y avait aucun effet de
la vitesse de refroidissement sur la composition chimique des différentes phases présentes pour
toutes les épaisseurs de moule. Cependant, une vitesse de refroidissement plus rapide conduit a
une cinétique de premiere hydrogénation plus rapide. La raison en est que la vitesse de la premiere
cinétique d'hydrogénation est proportionnelle au périmetre entre la phase TiFe et la phase
secondaire. Pendant l'activation, I'étape de limitation de la vitesse d’hydrogénation pour tous les
alliages s'est avérée étre une croissance 3D, diffusion controlée avec une vitesse d'interface
décroissante. Le mécanisme de passerelle pour la cinétique améliorée de la premiére
hydrogénation a été¢ confirmé et il a été constaté que I'hydrogeéne entre d'abord dans la phase
secondaire puis passe a la phase principale de TiFe. Quatre échantillons de TixFe>.x + 4% en poids
Zr,oux =1.1, 1.05, 0.99, 0.94 ont été préparés afin de comprendre l'effet de la phase riche en Ti
sur la premiére cinétique d'hydrogénation de l'alliage TiFe. L'analyse de la microstructure et du
diagramme de diffraction des rayons X révele la formation de la phase principale TiFe avec des
phases secondaires de type TixFe et TiFes. Lorsque x = 1.1, une distribution fine et homogene de
la phase secondaire a ét€ observée dans la microstructure de l'alliage TiFe. Lorsque le rapport Ti/Fe
diminue, la premiére cinétique d'hydrogénation est plus lente et la capacité maximale d'hydrogene

diminue également. Le meilleur alliage était Tii Feoo + 4% en poids de Zr en termes de capacité
g g p p
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maximale d'hydrogene et de cinétique. Tii1Feoo + 4% en poids Zr absorbe 2% en poids

d'hydrogéne et atteint sa capacité maximale en deux heures.
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Abstract

Economic and environmental considerations necessitate to replace the fossil fuels by renewable
options. In this perspective, hydrogen is considered to be a good candidate as an energy carrier for
mobile and stationary applications. The conventional ways to store hydrogen are in the liquid form
at a very low temperature (20K) or in a gaseous state in high-pressure tanks (350 or 700bar).
However, these two techniques have challenges associated with handling and safety related to
either low temperature or high pressure. Solid state storage is a safe, volumetrically efficient and
simple method for hydrogen storage. Metal hydrides are good candidate among the solid state
storage materials, where the hydrogen is chemically bonded to metal atoms. In metal hydrides, the
hydrogen could be stored in a compact way at moderate temperature and pressure thus making this
technique particularly safe. However, in order to use metal hydrides on large scale, the cost of
metal hydrides must be reduced. The aim of this study is to understand the comparative effect of
Zr, Mn and V on hydrogenation characteristics of TiFe alloy, using industrial grade Fe (ASTM
10005) and Ti (ASTM B265 grade 1) as a raw material. Effect of heat treatment and cooling rate
has also been studied in order to optimize synthesis parameters. Crystal structure of TiFe alloys
with and without addition of additives were studied using X-ray diffraction. Morphology and
composition were studied by Scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDX) studies respectively.

We found that addition of manganese makes possible the activation at room temperature, but
kinetics was very sluggish. Alloy with 2 wt% Zr did not absorb hydrogen. However, with addition
of 4 wt% Zr, the alloy absorbed 1.2 wt% of hydrogen very fast. A synergetic effect was found
when zirconium was added along with manganese. Alloy with | wt% Mn and 2 wt% Zr had better
kinetics than the alloy having only Mn or only Zr. The maximum hydrogen capacity achieved was
also higher, reaching ~ 1.8 wt% in 7 hours. Combination of 4 wt% Zr and 2 wt% Mn absorbed 2
wt% of hydrogen in 5 hours. Alloy with 2 and 4 wt% V did not absorb hydrogen at all. However,
combination of 2 wt% Zr + 2 wt% V leads to better kinetics than the alloy with individual additive
(Zr or V) and absorbs 1.6 wt% hydrogen. Combination of three additives Zr + Mn + V with each
at a concentration level of 2 wt% was found to be also beneficial in terms of improving kinetics
and minimizing the concentration level of additives. Another combination of Mn and V was also

effective for the activation of TiFe alloy at concentration level of 2 wt% Mn and 2 wt% V. The



rate limiting step for each activated alloy was found to be diffusion controlled with decreasing

interface velocity.

The main effect of heat treatment was to reduce the abundance of the secondary phase. Change in
the composition of the TiFe phase and the secondary phases was relatively limited. Despite the
relatively minor changes in crystal structures, the first hydrogenation kinetics was much slower
and hydrogen capacity smaller for heat-treated samples compared to their as-cast counterparts. The
mechanism responsible for the slower hydrogenation kinetics may be the modification in the

chemical composition of the interface between the TiFe phase and the secondary phase.

Effect of cooling rate was studied by using a step mold with a thickness of 25, 13, 6 and 3 mm. It
was found that higher cooling rate leads to a rapid solidification and finer distribution of the
secondary phase. There was no effect of cooling rate on the chemical composition of the different
phases present for all mold thicknesses. However, faster cooling rate leads to faster first
hydrogenation kinetics. The reason is that rate of the first hydrogenation kinetic is proportional to
the perimeter between the TiFe phase and the secondary phase. During activation, the
hydrogenation rate limiting step for all alloys was found to be 3D growth, diffusion controlled
with decreasing interface velocity. The gateway mechanism for the enhanced first hydrogenation
kinetics has been confirmed and it was found that hydrogen entering first the secondary phase and

then transfer to the main TiFe phase.

Four samples of TixFexx + 4 wt% Zr, where, x = 1.1, 1.05, 0.99, 0.94 was prepared in order to
understand the effect of Ti-rich phase on the first hydrogenation kinetics of TiFe alloy.
Microstructure and X-ray diffraction pattern analysis reveal the formation of TiFe main phase with
TixFe-like and TiFe,-like secondary phases. When x = 1.1, a fine and homogeneous distribution
of secondary phase was seen in the microstructure of TiFe alloy. When TV/Fe ratio decreases, first
hydrogenation kinetics is slower and maximum hydrogen capacity also decreases. The best alloy
was Tii.1Feoo+ 4 wt% Zr in terms of maximum hydrogen capacity and kinetics. Tii.1Feoo+ 4 wt%

Zr absorbs 2 wt% ot hydrogen and reaches its maximum hydrogen capacity within 2 hours.
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Chapter 1
Introduction

1.1 Hydrogen energy

Evolution of industrial sectors and increase in human population increased the global energy
demand. Energy systems of most of the countries worldwide depend on fossil fuels (coal, oil and
natural gas). Emission of COz and other greenhouse gases due to the intensive use of these fossil
fuels necessitates the development of alternative clean energy systems [1, 2]. These alternative
clean energy systems could be developed using the renewable and sustainable energy resources
such as solar, wind, wave and geothermal. Dependence of solar and wind energy on weather
conditions limits the use of these renewable resources-based energy system Wave energy and
geothermal energy are strongly location dependent. The intermittency associated with most of the
renewables impose the requirement of storage integrated with these so as to have an uninterrupted

supply of energy and meet the demand.

One of the alternative solutions to tackle the current energy crisis and environmental concerns is
considered to be hydrogen economy. Hydrogen is a potential energy carrier and can store and
transport energy easily due to its light weight, high gravimetric energy density. Hydrogen is the
most abundant element but only found in compound form, i.e. water and hydrocarbon; only 1%
exists as molecular hydrogen. Thus, the first issue in developing hydrogen economy is the large-
scale production of hydrogen via economic and environment friendly routes. Water splitting using
solar, photoelectrochemical and nuclear are very promising and might lead to cost reduction in
hydrogen production. Hydrogen economy includes the productions, storage, distribution and usage
of hydrogen. Hydrogen based energy conversion devices are more efficient for e.g. a fuel cell,

further the only by product released on producing electricity is water.

1.2 Hydrogen as a fuel

Hydrogen is the lightest of all elements. Its combustion results in water as the main byproduct i.e.
it’s non-polluting. It is colorless, odorless and nontoxic in gaseous form. Hydrogen gas has very
low density of 0.08 kg/m> (7 % of the density of air) at normal temperature (293.15 K) and pressure
(101.325 kPa). However, liquid hydrogen has a density 71 kg/m? (7% of water density). In liquid

form, hydrogen has boiling point (~ 20.3 K) because of which it requires a very energy intensive



liquefaction process and insulation to maintain liquid state. There are several advantages of using
hydrogen as a fuel over other fuels. A technical comparison of properties of hydrogen as a fuel
with other conventional fuels is shown in Table 1.1. Hydrogen has the best energy to weight ratio
(heating value) of any fuel, but its energy to volume ratio is poor. The HHV (higher heating value)

of hydrogen is 141.78 MJ/kg of H» and its lower heating value is 120 MJ/kg of Ho.

Other properties listed in the lower half of Table 1.1 are important for safety consideration.
Diffusivity of hydrogen in air is very fast in comparison to other fuels. Its upper flammability limit
in air i1s very high and it requires very low ignition energy to ignite compared to other fuels. It has
a remarkably higher flame velocity than other fuels. These properties make the hydrogen a unique

fuel from both safety and utilization aspects.

Table 1.1: Properties of hydrogen fuel and other conventional fuels [3]

-P_ro_perty Hydrogen Petroleum Methanol Methane Propane 7
Normal Boiling point, K 20.3 350-400 337 111.7 230.8
Liquid density, kg/m®, NBP* 71 702 797 425 507
Gas density, kg/m’, NTP™  0.08 4.68 - 066 187
Heat of vaporization, kJ/kg 444 302 1168 577 388
Higher heating value, MJ/kg 141.6 46.7 22.7 55.5 50.3
Lower heating value, MJ/kg 120.0 4438 180  50.0 45.6
Lower heating value (liquid), 8960 31170 16020 21250 23520
MJ/m?

Diffusivity in air, cm*s” 0.63 0.08 0.16 020  0.10
Lower flammability limit vol. % 4 1 7 5 2
(in air)

Upper flammability limit vol. % 75 6 36 15 10
(in air)

‘Ignition temperature in air, °C 585 222 385 534 466
_igniluibn energy, MJ ) 0.02 025 - 0.30 0.25
Flame velocity, cm/s 270 30 - 34 38

*Normal boil_i-ng pofr{t, ** Normal E:mperature ("2_§3. 15 K) and pressure (101.325 kPa).



1.3 Hydrogen storage

Hydrogen storage is a crucial aspect for the development of the hydrogen economy. Solid-state
storage is a safe and volumetric efficient method to store hydrogen. Today’s most research into
hydrogen storage is focused on developing a material that can store hydrogen in a compact way
and work in the range of practical applications. There are more challenges for vehicular application
than stationary application. For the vehicular application, material should have low cost, high
hydrogen capacity, fast kinetics and work at near room temperature under mild pressure condition.
The U.S. DOE (department of energy) has set technical targets for onboard hydrogen storage
systems (Table 1.2). These targets mainly focus on the research and development of material-
based technologies in order to compete with conventional fossil fuel based vehicles in the market
place. These targets show the importance of both gravimetric and volumetric capacity, as one does
not want the store to be heavy (limiting the range of the vehicle) or too voluminous (limiting the
luggage space).

Table 1.2: Technical targets: onboard hydrogen storage systems [4]

B étorage parﬁméter Units 2020 2025 Ultimate
_ gystem gravi_met;ic_cabacify - _k_Wh_/l_<g - 1.5 18 2.2
B System volumetric capa(:ify ~ kWHL 1.0 1.3 1.7
o S_to_rage s_ysfem cost ~ $KkWhnet 10 9 8
($/kg H2) (333) (300)  (266)
Fuel cost at pump $/gge 4 4 : 4 N
System filling time for5kg ~ min 42 33 25
H> - _ -
(kg H2/ min) (1.2) (1.5) (2.0

Note. 1 gasoline gallon equivalent (gge) 1 kg hydrogen.

A lot of research work has been carried out for the storage of hydrogen in gaseous, liquid and
solid-state forms. These three ways of hydrogen storage are briefly discussed in the following

section.



1.4 Compressed Hydrogen storage

High compression ratio is required to store a sufficient amount of hydrogen to run a vehicle for
about 500 km. Due to pressure involved, the safety of storage and integrity of the tank is an issue.
High strength steel is good from strength perspective, but the weight of the tank is then high. There
is also problem of high diffusivity and hydrogen embrittlement. Other options are austenitic steel
or composite cylinders. Commercially available tanks are four types (type I, II, Il and IV) which
can store hydrogen up to pressure of 700 bar [5]. Commercially available type [ hydrogen tanks
are made of stainless steel with hydrogen pressures varying from 200 to 300 bar [6]. Type I tanks
are quite heavy with an energy density of 0.4 kWh/kg. In type II, IIl and I'V tanks, steel is replaced
by composite materials and stability is given by carbon fibers or synthetic materials. These

hydrogen tanks are lighter and safer than the steel tanks but very expensive.

1.5 Liquid Hydrogen storage

Hydrogen gas was first liquefied by J. Dewar in 1898 [7]. The major issue with liquid state
hydrogen storage is boil off losses. Liquefaction process is also highly energy intensive. The
energy utilized for cooling from gaseous to liquid hydrogen requires an estimated 30% of LHV of
hydrogen, which is very large compared to compression energy required for high pressure tanks.
Despite excellent insulation, within a period of time, the liquid hydrogen gains heat from the
surroundings and convert into gas. This gas has to be released to avoid excess pressure. These boil
off losses are estimated to be around 4% per day for a 4.6 kg tank, but losses are small in bigger
volume tank. The cryo-compressed hydrogen storage is a response to these issues and insulated

pressure vessels which are heavier than compressed hydrogen storage [8, 9.

1.6 Hydrogen storage in solids

There are two main ways to store hydrogen in a solid: physisorption and chemisorption. Hydrogen
molecules are adsorbed on the material surface area in physisorption. In chemisorption, hydrogen
forms a chemical compound (e.g. metal hydrides, chemical hydrides and complex hydrides) after

reacting with the materials.



1.6.1 Physisorption

The mechanism by which hydrogen molecule adsorbed without dissociating on the surface of solid
material 1s called physisorption. The hydrogen molecule held at the surface of solid due to weak
van der Waals forces between the atoms of solid material and hydrogen molecule. Adsorption of
hydrogen on the surface of solid is an exothermic process i.e. heat is released during adsorption.
This heat value is very low, in the range of 1-10 kJ/mol, due to weak van der Waals force. Porous
materials which have received considerable attention include high surface area materials such as
carbon nanotubes (CNT), metal organic frameworks (MOF), zeolites and recently investigated

polymers of intrinsic porosity (PIMs).

1.6.2 Chemisorption

Hydrogen molecule when coming in contact with a solid surface with the appropriate properties,
could dissociate into two hydrogen atoms which diffuse in the solid and form a chemical bond
with the solid. This phenomenon is known as chemisorption. Many metals and alloy react
reversibly with hydrogen to form hydride. Complex hydrides are also used to store hydrogen

chemically.

1.6.2.1 Complex hydrides
Complex hydrides are salt like materials in which hydrogen is covalently bound to the center

atoms, in this way a crystal structure consisting of complex anions is formed. In general, the
complex hydrides have the formula AMeyH, compounds where A is generally an element of the
first and second groups of the periodic table and Me is usually boron or aluminum. Complex
hydrides are known as “one pass” hydrogen storage systems which mean that the materials once
release hydrogen doesn’t take back that hydrogen i.e. are irreversible. Sodium, lithium and
beryllium are the only elements lighter than magnesium that can also form solid state compounds
with hydrogen. The hydrogen content is as high as 18 wt% for LiBH4 [5]. Use of complex hydrides
for hydrogen storage is challenging because of both kinetic and thermodynamic limitations.
Intense research interest has been developed in low weight complex hydrides such as alanates,

amides, imides and borohydrides.



1.6.2.2 Metal hydrides
Metal hydrides are excellent candidates for hydrogen storage application. The main advantages of

storing hydrogen in a metal hydride are the high volumetric densities (sometimes higher than in
liquid hydrogen), safe method, optimum operating conditions and the possibility to absorb and
desorb hydrogen with a small change of hydrogen pressure [10]. These features are particularly
attractive for small portable systems and stationary applications. Metal hydrides can be categorized
based on the type of bonding between the host metal and hydrogen. There are elemental, ionic,
covalent and metallic hydrides. In metal hydrides, intermetallic compound is also an alternative
way to store hydrogen. Intermetallic compounds are generally synthesized by alloying a metal
which easily forms stable hydrides (A) and another element which does not form stable hydrides
(B). There are different types of intermetallic compounds based on their stoichiometry such as
ABs, AB2, A2B and AB. Solid solution alloys with body-centered cubic (BCC) structure are also
another type of intermetallic compound. A brief literature survey on these types of intermetallic
compounds is given in the following sections after discussing the thermodynamics and hydriding

process of metal hydrides.

1.7 Thermodynamics of Metal Hydrides

Metal hydrides are generally formed by simply exposing the metal to hydrogen gas. A reversible

reaction of hydrogen with metal, forming metal hydride can be written as

X
Mgoiia + EHZ gas 5 MHy go1iq + Heat, AH = enthalpy of formation <0

Where M is the metal element or alloy, MHx is the metal hydride and AH is the enthalpy of
tormation of the metal hydride. Here, forward reaction is exothermic (AH < 0), that means heat is
released, whereas the reverse reaction is endothermic (AH > 0), there is a need to add heat to release
the hydrogen. The reaction of the metal or alloy with hydrogen gas is illustrated in Figure 1.1 by

pressure -composition - temperature curve (PCT curve).
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Figure 1.1: P-C-T curve for metal hydrides |7|

When at a given temperature, hydrogen gas is introduced into a vessel containing metal or alloy,
firstly, hydrogen molecule dissociates into hydrogen atom on the material surface. Then hydrogen
atom dissolves in crystal lattice of the metal or alloy to form a solid solution (designated as the a-
phase). Further increase in pressure of hydrogen, leads to more dissolved hydrogen.

When saturation limit of the solid solution phase is reached, the metal hydride begins to form as a
distinct second solid phase (designated as B-phase). Pressure of the hydrogen remains constant and
hydrogen to metal ratio increases with progressive conversion of a-phase into B-phase. This
pressure 1s known as plateau pressure. The plateau continues, as long as there are two distinct
phases, as required by Gibbs’ phase rule:

F=C-P+2

But temperature is fixed, so

F=C-P+1

Where F is the degree of freedom, P is the number of phases and C is the number of components.
In plateau pressure region, C = 2 (Hydrogen gas and metal), P = 2 (a-phase and B-phase), so

| F=1
The plateau region is the most important segment of the PCT curve. The value of plateau pressure
represents the pressure of hydrogen in equilibrium with the metal-metal hydride (o + B) phases,
or, also known as dissociation pressure of the metal hydride at a certain temperature. Its value
indicates the thermal stability of the metal hydride and can be used as an index of the relative

thermal stabilities of different metal hydrides at a given temperature.

7



1.7.1 Effect of temperature increase

The effect of temperature on PCT curve is shown in Figure 1.2 (a). In particular, increase of the
isotherm temperature causes the plateau pressure to increase and at the same time, reduces the
width of the plateau which represents the miscibility regime of the a-phase and B-phase. At a
certain critical temperature (T.), the width of the plateau pressure completely reduces where the

miscibility of the two phases is zero and a-phase converts continuously into the B-phase.
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Figure 1.2: (a) The effect of temperature on PCT curve (b) van’t Hoff plot of equilibrium pressure
with respect to 1/T [5]

The thermodynamics for the formation of a metal hydride can be derived from the van’t Hoff
relation between the equilibrium pressure (Pu2) and the absolute temperature (T), at constant

hydrogen concentration in metal. This relation is given as
dlnK  AH
dT ~ RT?

Where R is the gas constant, T is the temperature, AH is the heat of reaction or enthalpy and K is

the equilibrium constant. K can be written in the term of activities of the products and reactants.



The reaction of the metal hydride is written as

X
Msolid + EHZ gas S MHX solid T Heat

So, K for this reaction is given by

AMHy
dym X aHZ

K =
The activities of the metal and metal hydride (ayand ayy, ) might be taken as equal to unity, since
these refer essentially to pure solid phases, and ay, may be substituted by Py, in atm. Hence above

equation for K reduces to

K= Py, */?
By putting this value in this equation,
dInK  AH
dT = RT2
X AH
dIn (PHZ 2) = (W) dT
InP _zan + C
NP TXRT

Where C is the constant of integration. If the hydride is stoichiometric and the solubility of
hydrogen is small in the a-phase, then enthalpy of formation can be determined from the slope of
a plot of In Py, with respect to 1/T as shown in Figure 1.2 (b). Where Py, represents the plateau
pressure at a certain temperature T. The practical significance of AH is that it indicates the thermal

stability of a metal hydride. If AH value is high, then metal hydride is more stable and dissociation



pressure is lowered. Therefore, high temperature is needed to decompose the metal hydride and
liberate the hydrogen.
Since, standard Gibbs ‘free energy can be written as

AG® = —RTInPy,

Since, AG® = H® — TS, so, we find an equation from where, value of entropy directly calculated
by the intercept of van’t Hoff plot.
AH®  AS°

P, = R "R

In general, entropy change of the metal hydride formation is mainly given by the loss of standard
entropy of the hydrogen gas when it enters the metal lattice. It means the entropy does not depend

significantly on the nature of the metal. So, entropy value is usually considered to be constant.

1.8 Hydriding process

The hydrogenation process is generally made of five steps: migration of hydrogen molecules (step
1), physical adsorption (step 2), dissociation of hydrogen molecule (step 3), chemisorption (step
4), and hydride formation (step 5). These steps are shown in Figure 1.3. The dehydrogenation
process is just the reverse of hydriding process. The slowest step among these steps gives us idea
about the kinetics behaviour of'alloys. There are different kinetic models that have been developed
for the determination of rate limiting step. A detailed discussion on these kinetic models is given

in chapter 4.



Figure 1.3: Different steps in the hydrogenation process

1.9 ABs-type alloys

ABs-type alloys are mainly combination of rare earth metals and d-block metals. Generally, ABs
compounds form hydrides at equilibrium pressure of a few atmospheres and at temperature up to
100 °C [11]. These alloys have good hydrogen storage capacity (~1.5 wt%), low hysteresis,
resistance to the gaseous impurities and easy activation in the initial cycle. These alloys have a
hexagonal structure with CaCus type lattice. The most studied alloy in this group is LaNis, which
reacts with hydrogen as follows:

LaNis + 3H, 2 LaNisHg

However, nickel and lanthanum are the main metals in LaNis which makes it costly. Upon
hydrogenation, the crystal structure remains hexagonal but with a lattice expansion of about 25%.
Here, La has strong affinity for hydrogen and Ni does not absorb hydrogen or absorb little.
However, the major issues with LaNis alloy are high cost of raw material and low theoretical
hydrogen capacity (1.5 wt%). Several research work on tackling these two major issues of LaNis
alloy has been reported in literature [12-16]. Partial substitution of Ni changes the thermodynamic

properties and also reduces the degradation during pressure cycling [11]. Effect of partial
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substitution of Ni with Al, Cr, Cu, Sn, Fe, Mn, Co, Ga, Zn or other metals has been investigated
by Sharma et al. and they found that partial substitution of Ni with Al, Co and Mn provides a wide
range of thermodynamic properties [14]. Sharma et al. also found that partial substitution of Ni
with Al improves cycling stability and also reduces the plateau pressures significantly. Partial
substitution of La with Ce in LaNis was also investigated in order to improve its hydrogen storage
capacity and plateau pressures for high pressure applications [16]. However, CeNis requires
several activation cycles under high hydrogen pressure before first absorption in order to absorb
hydrogen [17]. Jain et al. [18] studied the effect of partial substitution of Ni with Cr in CeNis on
the hydrogen storage properties of CeNis alloy and results reveals that maximum hydrogen storage
capacity of substituted alloys was higher than parent alloy (CeNis) with a value of 3.5 and 3.8 for
CeNisCr, CeNi3Cry, respectively. Partial substitution of Ce with La in CeNi3Cr; was also
investigated by Jain et al. [19] as a continuation of previous study [18] and they found that increase
in La content improves the maximum hydrogen storage capacity while decreases the plateau
pressure. Partial substitution of Ni with Zr in CeNis was also performed by Jain et al. [20] and
results clearly indicates that maximum hydrogen capacity was around 4 and 4.3 for the CeNisZr
and CeNi3Zr; alloy, respectively at operating temperature (293-333 K) under 3.2 MPa pressure

conditions.

1.10 AB:-type (Lave phase) alloys

In AB>-type alloys, A can be one or more of titanium, zirconium, hafnium and rare earth elements
and B can be one or more of vanadium, chromium, manganese and iron. It consists of three
structure type which are cubic MgCuy (C15), hexagonal MgZn, (C14) and hexagonal MgNi;
(C36). This family of structure types is known as Laves phase. Laves phase makes a large group
of alloys, therefore, it has wide range of properties. In AB: alloys, mostly, Zr based alloys has been
studied previously due to their good hydrogen storage capacity (~2 wt%) and kinetics, long cycling
life and low cost [21]. However, these alloys are more sensitive to the gaseous impurities and their
hydrides are too stable at room temperature. Multicomponent systems ZrixTx(Mn, Cr)2yMy where
T=Ti Y, Hf, Sc, Nb and M =V, Mo, Mn, Cr, Fe, Co, Ni, Cu, Al, Si, Ge is an effective way to
optimize the hydrogenation properties of AB»-type alloys [17, 22-25]. A systematic investigation
on the hydrogen storage properties of vanadium (V)-containing or V-free AB2-type alloys has been
shown by Young et al. [24]. They observed that hydrogen storage capacity of V-free

(Tii0Zr27N135CosMn5CrgAlp.1) alloy was larger in gaseous phase compared to the V-based alloy
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(Ti12Zr215Vio Nizz7Mny35CrasAlosSno3). Partial substitution with other transition metals in
ZrFei sMo alloy where M =V, Cr, Mn, Fe, Co, Ni, Cu, Mo was studied by Mitrokhin et al. [17]
in order to improve the hydrogenation properties and they found the larger hydrogen storage
capacity ~ 1.8 wt% for V, Cr and Mn substitution than other substituted alloys. Young et al. also
investigated the effect of cobalt (Co) with yttrium (Y) on the hydrogen storage performance of
Zr215V10Cr75Mng.1Cos.0Ni3225n03Al 4 alloys [25] and they found that maximum reversible
hydrogen storage capacity (1.36 wt%) could be obtained at 333 K for the 2 at % Y. These previous
studies on AB; alloys suggest improvement in the hydrogen storage capacity and that the alloys

are more attractive for stationary applications.

1.11 Solid solution alloys
Ti-based Laves phase alloys of ABa-type contains the body-centered cubic (BCC) and Laves

phases, where both phases contribute to the hydrogenation. These phases show the same
equilibrium pressure. Due to this reason, this new class of alloys has been called Laves phase
related solid solution alloys. In solid solution alloys, vanadium-based solid solution alloys with
body-centered cubic (BCC) structures have been extensively studied because of their good
hydrogen storage capacity (~ 4 wt%), low hydrogen absorption/desorption temperature and fast
first hydrogenation kinetics. However, these alloys are still considered to be not satisfactory for
vehicular application due to the involvement of activation step before first hydrogenation. Several
methods have been applied earlier to the BCC solid solution alloys in order to improve the first
hydrogenation kinetics such as annealing [26], surface modification [27], element substitution
[28]. Young et al. studied the effect of annealing on Laves phase related BCC (body-centered-
cubic) solid solution metal hydride alloys [26]. They found that annealing at 800 °C and 900 °C
promotes the formation of the main hydrogen storage BCC phase abundance and reduced C14 and
TiNi catalytic phases. Ti-based solid solution alloys with BCC structure such as Ti-V-Cr, T—-V—
Mn and Ti~Cr—Mo were also studied previously because it has good hydrogen capacity ~ 2 wt%
and fast absorption kinetics [29, 30]. These Ti-based alloys such as Tio.sVosMn has fast first
absorption/desorption kinetics and high reversible hydrogen capacity ~ 1.9 wt% at 260 K
temperature under 35 MPa [31]. All these previous investigations on BCC solid solution make
possible hydrogen absorption at reasonable temperature and pressure and suggest that these can be

potential hydrogen storage material.



1.12 A;B-type alloys

In A2B-type alloys, A mostly represents alkali earth metals or transition metals and B represents
the transition metals. Among A2B-type alloys, TizNi and MgzNi are the most studied alloys
because of its desirable structural and hydrogen storage properties [32, 33]. It was found that
Mgz Ni can absorb ~ 3.6 wt% at a temperature of 250 °C [33]. Partial substitution of magnesium
(Mg) with neodymium (Nd) in MgzNi alloy was also performed by Xie et al. [34]. They prepared
Mgo-:Nd:Ni (x =0, 0.1, 0.2, 0.3) using induction melting under helium atmosphere. The best
alloy’s composition was found to be Mg 9Ndo.1Niand it absorbed 3.50 wt% at 350 °C temperature.
Effect of Partial substitution of Zr on the hydrogenation behaviour of Ti2Ni alloy was investigated
by Zhao et al. [32]. Substitution of Zr resulted an increase in hydrogen desorption capacity and the

cyclic stability.

1.13 AB-type alloys

AB-type alloys have good volumetric and gravimetric reversible hydrogen storage capacities
compared to ABs and AB: alloys. In this group of alloys, most studied alloy is TiFe because it can
absorb hydrogen ~ 1.9 wt% at room temperature under mild pressure condition [35]. It crystallizes
in CsCl-type structure. However, one issue with TiFe alloy is that activation step is needed such
as element substitution, annealing or mechanical activation before first hydrogenation in order to
break the oxide layer at the surface. A detailed review on the process of improvement in the first

hydrogenation of TiFe alloy has been discussed in chapter 2.

The hydrogen absorption/desorption properties of different intermetallic compounds have been
shown in Table 1.3. These intermetallics hydrides have high hydrogen storage capacity at

moderate temperature and pressure conditions.



Table 1.3: Hydrogen absorption/desorption properties of various intermetallic hydrides [36]

Intermetallic compound

Temperature Pressure

Hydrogen storage |

K) (MPa) capacity
(wt%)
CeNiuZr Taes: 293-333  3.200 4.00
“CeNuCr © Taes: 293-333  3.100 430
CeNisCr Taes: 293-333  3.250 3.80
LaNia sSnoss Tans: 298 0.750 0.95
ZrooTioiCrosVosNioa — Taes: 373 0.100 2.00 )
Zr215V10Cr7.sMns 1Co60Y20Ni322Sm03Alos Tas: 333 0.056 136
Tees: 333

TiosVosMn Taes: 260 35000 190
Tio47Vo.46Mn Tees: 303 12000 153

1.14 Motivation

Two of the major characteristics of metal hydrides should have in order to fulfill the requirements
for mobile and stationary applications are low cost and utilization in a practical range of
temperature and pressure (0-100°C, 1-10 atm) [37-39]. TiFe alloy is a promising candidate to meet
these requirements. TiFe alloy has low cost of raw material, good hydrogen capacity (maximum
hydrogen capacity ~1.9 wt% at room temperature) and works at room temperature under mild
pressure [35, 40]. One major problem with this alloy is that the first hydrogenation, the so-called
activation, is difficult. The alloy must be exposed to high temperature and high hydrogen pressure
in order to absorb hydrogen. This makes the production of this metal hydride more complicated
and costly.

Addition or partial substitution of transition metals or rare-earth metals to TiFe alloy is an effective

method to improve this activation step. Recently, Jain et al. found that addition of small amount
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of Zr to TiFe made the activation possible at room temperature [41, 42]. First hydrogenation of
TiFe alloy can also be improved by partial substitution of Fe and/or Ti with transition metals such
as Cr, Mn, Ni[43, 44], V [45]. A faster and easier activation means a cost reduction and thus more
attractive for practical applications. However, one issue is the production of this alloy at industrial
scale. Therefore, TiFe alloy with Zr, Mn and V were synthesized by using industrial grade Fe and

Ti and hydrogen storage properties of these alloys have been studied.

Another way towards easy activation is by producing an ultra-fine microstructure. There are
different methods such as ball milling [46, 47], cold rolling [48], high-pressure torsion [48, 49] to
alter the microstructure of alloys. Annealing of the alloy is also an effective method to alter the
crystallinity, chemical composition, phase abundance and catalytic properties of alloys. In the case
of metal hydrides, the flatness of the plateau region in PCT curve (Pressure-composition isotherm)
of hydrogen storage alloys is important for practical applications. Usually, annealing has the eftect
of flattening the plateau region [50, 51]. Therefore, annealing is widely used during alloy synthesis.
Abe and Kuji observed that plateau pressure decreases (~1 MPa) for TiFe prepared by the
combination of ball milling and post-annealing [52]. All these investigations show that annealing
reduces the hysteresis in PCT curve and also improve activation of alloys. All these results
motivated us to investigate the effect of heat treatment on hydrogen storage properties and

microstructure of TiFe alloys with Zr as additive.

The cooling rate is another important parameter during synthesis of alloys for determining the
microstructure of the alloys [53, 54]. Higher cooling rate leads to less solidification time and
reduces the grain size of the cast alloy and thus increasing grain density [55]. Chen et al. studied
the effect of cooling rate on the microstructure and mechanical properties of TiFe alloy [56]. They
found that lamellar structures become finer as the cooling rate increase. To our knowledge, there
are no previous investigations in which effect of cooling rate on the hydrogenation behavior of

TiFe alloy has been reported.

From previous investigations, it is known that addition of 4 wt% Zr enhances the activation (first
hydrogenation) kinetics of TiFe alloy [41, 42, 57, 58]. It was also found that the microstructure
plays an important role via the beneficial effects of the zirconium-rich secondary phase in this

alloy. For industrial scale synthesis, it is important to know the effect of cooling rate on the



microstructure and thereby on the hydrogen storage properties. In this investigation, we studied

the effect of cooling rate on hydrogen storage properties of TiFe with 4 wt% Zr as an additive.

1.15 Objectives

The objective of this work is to study the effect of heat treatment and cooling rate on the
microstructure and hydrogen storage properties of TiFe alloys with additives. The ultimate
objective will be to optimize the chemical composition of the alloy and synthesis parameters of
industrial methods, in order to have a TiFe alloy that will absorb hydrogen quickly and reversibly
at low temperature. In order to work with industrial-scale facilities, this project was done in

collaboration with the ‘Quebec Metallurgy Center’ CMQ.

1.16 Thesis structure

Introduction, background studies, and objectives of the work are mentioned in chapter 1. Literature
review on the different methods for improvement in the activation kinetics behaviour of TiFe
alloys has been reviewed in chapter 2. Experimental details are described in chapter 3. Study on
the microstructure and hydrogen storage properties of TiFe with Zr, Mn, and V (as a single additive
or as a combination of two or three additives) are reported in chapter 4. Effect of heat treatment
on TiFe with Zr additive is explained in chapter 5. Effect of cooling rate on the microstructure and
hydrogenation behaviour of TiFe with Zr is described in chapter 6. Chapter 7 mainly focused on
the study of microstructure and hydrogen storage properties of TixFea.x + 4 wt% Zr, where, x =

1.1, 1.05, 0.99, 0.94. Conclusion and future scope are included in chapter 8.



Chapter 2
Literature review on TiFe

2.1 Introduction

TiFe alloy is an alloy of AB group which is low cost and absorb hydrogen at a low equilibrium
pressure at room temperature. TiFe as a hydride was first recognized by J.J. Reilly and Wiswall
[35]. There are two stable intermetallics formed by Ti-Fe alloy, TiFe and TiFe,. TiFe; does not
absorb hydrogen appreciably. TiFe crystallizes in the form of CsCl type structure. When hydrogen
is exposed to the TiFe then there are two hydrides formed FeTiH and FeTiHz. The solid solution
takes up hydrogen to a composition of FeTiHo.10 (a-phase). After solubility limit, these following

two reactions occur:

2.13FeTiHg 1, (a0 — phase) + H, S 2.13FeTiH, (B — phase)

2.13FeTiH, ¢4 (B — phase) + H, < 2.20FeTiH; ¢5s(y — phase)

|
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Figure 2.1: P-C-T plot for FeTi-H system [35]



The P-C isotherms for FeTi-H system are shown in Figure 2.1. These P-C isotherms were obtained
at a set of temperatures from 0 °C to 70 °C. The isotherms exhibit two plateaus. First plateau is for
monohydride (B-phase) and second is for dihydride (y -phase). The enthalpy values by van’t Hoff
plots were obtained -28.14 kJ/mol of hydrogen and -30.66 kJ/mole of hydrogen for monohydride
and dihydride, respectively. It is necessary to initially activate TiFe before it could react to
hydrogen at a practical rate [59]. The reason is the presence of an oxide layer of TiO» that is formed
due to air exposure. The presence of TiOz layer on TiFe alloy hinders the dissociation of hydrogen
molecules, thereby decreasing the absorption rate. In TiFe alloy, its oxide layer can be broken by
heating the sample at a very high temperature for several days. The process of heating alloy at high
temperature and pressure is known as activation step. Activation step can be improved by addition
of elements to alloy or substitution of one of the two elements with other elements. Mechanical
alloying, severe plastic deformation such as high-pressure torsion, plastic deformation using
groove or cold rolling and annealing are also other ways to ease the activation step. A detailed
literature survey on these methods of improving hydrogenation properties of TiFe alloy is

presented in the following sections.

2.2 Effect of substitution and additives on TiFe alloy

Addition or substitution of elements in TiFe alloy leads to ease in the activation step and also
improve the first hydrogenation kinetics. Substitution of Fe with Be and Al in TiFe was done by
Bruzzone et al. [60]. Beryllium and aluminum were selected because of their low atomic weight,
in view of practical applications. Substitution of Fe with Be [60] and Al [61] in TiFe alloy leads
to low hysteresis compared to reported TiFe alloy’s PCT [35]. However, Beryllium is extremely
hazardous for health. The requirement of annealing of alloys at 1000 °C for 4 days before
hydrogenation has been also reported. Further, substitution of Fe with Al in TiFe up to 1-5 at. %
has been carried out by Lim et al. [62] and it was found that higher aluminum content results in
low hysteresis but the maximum hydrogen capacity decreases. Partial substitution of Ti with Zr in
TiFe was also studied in order to improve activation step [63-65]. Jang et al. [63], Nagai et al. [64]
and Nishimiya et al. [65] investigated the composition Ti|..FeZra(wherea=0.01,0.1 and 0.2, 0.02
[63], 0.1, 0.2 and 0.3 [64] and 0.1, 0.2 and 0.5 [65]). They found that partial substitution of Zr
improves the first hydrogenation kinetics and lowers the equilibrium pressure. Addition of Ni to
TiFe alloy was also found to effective in terms of improving kinetics and maximum hydrogen

capacity without any activation process [66]. Jain et al. showed the effect of individual elements
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Zr, Ni and simultaneous addition of these two elements(Zr7Nijo) to understand the effect on
hydrogenation properties of TiFe alloy [41]. First hydrogenation curves were obtained at 40 °C
under 2 MPa H; pressure as shown in Figure 2.2. TiFe with Zr was reported to absorb more
hydrogen (~ 1.6wt %) at a higher rate than Ni, Zr7Nijo and the supply pressure of hydrogen can
also be reduced to 2 MPa.

2.2
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—a2Zr
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Figure 2.2: First hydrogenation curve of pure TiFe alloy and with 4 wt% additives under 2 MPa H,
at 40 °C [41]
The desorption curves obtained under 0.1 MPa of hydrogen for TiFe alloys with additives are
shown in Figure 2.3. Alloys with the addition of Zr only and Zr7Nijo as additives desorbed
hydrogen around 1.2 wt% with faster kinetics than Ni. The value of desorbed hydrogen is same

for Zr and Zr7Nijo. This indicates that addition of only Zr is sufficient for activation improvement.
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Figure 2.3: Desorption Curve of TiFe with 4 wt% additives under 0.1 MPa H2 at 40 °C [41]
After first hydrogenation cycle, P-C isotherms for the alloys having Zr, Ni and Zr7Nijp were
measured at 40 °C and reported which are as shown in Figure 2.4. From PCI desorption curves, it

was concluded that additives lower the plateau pressure of TiFe alloy. For Zr and Zr7Ni0, plateau
pressure was respectively 0.3 MPa and 0.12 MPa.
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Figure 2.4: PCT curve of TiFe with different additives [41]



The reduced plateau pressure obtained by using Zr7Nijp alloy is mainly due to nickel, as the plateau
pressure of TiFe alloy with 4 wt% Ni was also found to have the same value. No change in the
width of the plateau pressure was found with changing the additive material from Zr7Niio to Zr.
However, the isotherm exhibits large hysteresis with Zr additive in comparison to Zr7Nijo additive.
Recently, a comparative study on the addition of Zr and substitution of Ti or Fe with Zr has been
shown by Peng et al. [67]. A clear difference in the first hydrogenation kinetics of Tip.9sFeZro o5,
TiFeo.95Zro.05 and TiFeZroos could be seen in Figure 2.5. A faster first hydrogenation kinetics for
TioosFeZroos than for the other two alloys was seen. The cause for this discrepancy was reported

to be the finer distribution of secondary phase in the microstructure of Tip9sFeZroos alloy.
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Figure 2.5: The activation behaviour of TiossFeZros, TiFeo95Zro0s and TiFeZrgos alloys at room

temperature under 2 MPa hydrogen pressure [67]

Effect of addition of Zr at higher concentration level; TiFe+ X wt% Zr with X =4, 8, 12, and 16
on the first hydrogenation kinetics was studied by Gosselin et al. [57]. It was found that increasing

the Zr content from 4 to 16 wit% greatly increases the kinetics and also maximum hydrogen

capacity.

Addition or substitution of Mn is also an effective way to improve the first hydrogenation kinetics
of TiFe alloy [43, 44, 68]. Partial Substitution of Fe and/or Ti in TiFe with transition metals such
as Cr, Mn and Ni [43, 44] resulted in improving the reaction kinetics and also avoiding the
activation step. However, in these works, samples were either annealed at 900 °C [44] or at 400
°C [43] prior to hydrogenation. Lanyin et al. studied the hydriding characteristics of composition;

Ti + x Fer - v MnyMmgz (X = 0.01-0.09, Y = 0.1-0.2, Z = 0.002-0.028) and it was found that
22



combination of misch metal (Mm; mainly Ce and La) and Mn leads the easy activation at room
temperature without any annealing and reaches 2.05-2.15 wt% hydrogen capacity [68]. Recently,
substitution or addition of other elements to Mn substituted TiFe alloys has been carried out [69-
71]. Leng et al. found that introduction of small amount of Ce to TiFeo9Mno.| alloys remarkably
improved activation properties as could be seen in Figure 2.6 [70]. Hydrogen absorption was
possible at 353 K under an initial hydrogen pressure of 4.0 MPa but only ~ 1 wt% maximum

hydrogen storage capacity was achieved.
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Figure 2.6: Initial hydriding curves of TiFeysMnyCe: (x =0, 0.02, 0.04, 0.06) at 353 K and under
initial pressure of 4.0 MPa [70]
In several other literature studies, the effect of simultaneously adding over-stoichiometrical Ti and
addition or partial substitution of elements on hydrogen storage properties of TiFe alloy has been
reported [68, 72-76]. Guéguen et al. showed the effect of addition of vanadium on the
microstructure and hydrogen storage properties of TiFeo oV and TiFeosMno.1V x where x =0, 0.05
and 0.1 [45]. Addition of vanadium results in a decrease of plateau pressure and also in flattening
the plateau region of TiFeo.sMno.1. Hydrogenation properties of different substituted TiFe alloys,
TiFe alloy with addition of elements or TiFe alloys with excess of Ti are summarized in Table

2.1.
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Table 2.1: The hydrogenation properties of various substituted TiFe alloys

_ Amoy composition

TiFe (MP)
TiFe + 4 wt% Zr
“Tin.osFeZro os

TiFeo.95Zr0.05

_;l:iFleo‘os

TiFeo.g8sMno.1 (MP)

TiFeo.86Mno.04C00.06

TiFeo.gsMng.15 (MP)

TiFeooMno |
TiFepoMno.1Cep.04

Tii.1FeosMno.2 (MP)

T11.09Proo1 FeosMno2

Ti1.00Smo.01 FeosMno 2

~ Maximum
hydrogen

capacity

(Wt%)

1.72
1.72

1.8

~ 1.8

1.8

_ Désorptiog
plateau

pressure, P
(atm)
~5
2.96
~2.66

~ 1 (sloping

plateau)
~2.66

~ 5.9 (sloping

plateau)

~4.8

~1 (slong N

plateau)
~6.9
~6.9

1.8 (sloping

plateau)

2.3 (sloping

plateau)

2.5 (sloping

plateau)
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Temperature References
(°C)
30 [35]
40 41
25 [67]
25 [67]
25 1671
45 [69]
45 [69]
20 7]
40 S [70]
40 [70]
40 [75,76]
40 [75]
40 [75]



Alloy composition

Ti.00Ndo.oiFeosMno2

Ti).1Feo.oNio.1

Ti1.00 Mgo.o1 Feo.oNio 1

TiFel—,\;Nix (X = O —
0.4)
TiFe + 4 wt% Ni

TiFeo.ssMno.1 Yo.0s
Cuo.0s

TiFeoo (MP)
TiFeosVo.os (MP)
TiFeooVo.1 (MP)

TiFeosMno.1 Vo.os
(MP)

TiFeosMno.1 Vo1 (MP)

MP: }nultgle pﬁeau B

Table 2.1 (c-ontinue)

Maximum o Desorption Temperature References
hydrogen plateau (°O)
capacity (wt%) pressure, P
(atm)
-~ 175 263 (sloping 40 751
plateau)
13 ~1(sloping 40 771
plateau)
~13 . ~1 40 [77]
~0.8-1.12 ~7-9.8 (sloping 40 [78]
plateau)
065 1.2 40 4]
189 ~13(sloping 10  [79]
plateau)
162 4.7 25 [45]
1.88 925 [45]
1.96 1.5 25 [45]
168 14 25 [45]
1.71 ~1 25 [45]
1.76 ~1 25 [45]
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2.3 Mechanical activation processes

Grain refinement techniques or mechanical activation methods are also an alternative solution to
improve the hydrogenation properties of alloys. These processes result in altering the
microstructure of alloys and lead to the formation of cracks, vacancies and new grain boundaries
which help in easy activation. Ball milling, high pressure torsion, cold rolling and annealing are

effective methods for the microstructural modification of alloys.

A lot of research work on the synthesis of TiFe by ball milling (mechanical alloying) of elementary
powders [46, 47, 52, 80-84] or ball milling TiFe alloy [43, 66, 80, 83, 85-88] have been reported.
In these references, several authors reported that TiFe alloy readily activate after ball milling and
no pre activation treatment is required in order to absorb hydrogen at room temperature [52], [83],

[85], [86], [88].

Some authors also reported that ball milling process did not activate TiFe alloy, still requiring
thermal treatment of milled TiFe compound at high temperature under high hydrogen pressure
before first absorption [80], [82], [89]. Literature reports can be divided into two groups, while
reviewing the articles since the 1990s. The first group can be called as the ones where in situ results
are reported where absorption happens at the same place; means in the milling vial i.e. milling
done under hydrogen environment [85], [86]. The second group of reports includes the ex situ
results where milled TiFe compound was activated after milling [52], [83], [88]. Ball milling of

TiFe compound by varying the composition (Ti-rich compound) has been also reported [90].

For the activation of alloys, treatment of alloys by severe plastic deformation such as high-pressure
torsion (HPT) [91-93], plastic deformation using groove [48] or cold rolling [94] and annealing
[50, 51] has been investigated in recent years. Edalati et al. showed the influence of microstructure
on the activation of TiFe alloy by formation of cracks and grain boundaries using high-pressure
torsion [48, 49, 95, 96]. Vega et al. investigated the effect of cold rolling on the hydrogen storage
properties of TiFe [94]. They found that cold rolling of TiFe alloy in inert atmosphere leads to a
rapid hydrogen absorption at room temperature. All these processes resulted in better activation
kinetics of TiFe alloy. Abe and Kuji observed that plateau pressure decreases (~1 MPa) for TiFe

prepared by the combination of ball milling and post-annealing [52].

A summary on the effect of various mechanical activation methods on the hydrogenation

properties of TiFe alloy has been shown in Table 2.2.
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Table 2.2: The hydrogenation properties of TiFe via different mechanical activation methods

Activation

method

Annealing

Groove

rolling

HPT

Ball milling

“Cold rolling

Grain

size

Maximum
hydrogen
capacity (wt%)

1.4

) Desorptfonﬁ

plateau pressure,

P (atm)

~ 4 (fifth cycle)
~4

~1-7 (éloping

plateau)
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:Femperature

°O)

30

30

Room

temperature

References

[95, 97]

[48, 97]

[95, 97]

- [88]

[94]



Chapter 3
Experimental Details

3.1 Introduction

The experimental details of the work done are mentioned in this part of the chapter. They are
divided into three parts: (1) alloy synthesis by arc melting or induction melting, (2)
Characterization by scanning electron microscopy/energy-dispersive X-ray spectroscopy
(SEM/EDS) and X-ray diffraction and (3) hydrogen sorption measurements on a Sieverts

apparatus.

Synthesis of TiFe alloys with Zr, Mn and V as additives was carried out by GKN industry using
induction melting. For the cooling rate effect, step mold was utilized for the melted composition
using induction melting at CMQ industry. Heat treatment effect and Ti/Fe ratio effect were
performed at laboratory scale at UQTR. Cooling rate and heat treatment effects were examined for
TiFe with Zr as additive in order to optimize synthesis parameter. Effect of Ti/Fe ratio on the
hydrogenation behaviour of TiFe + 4 wt% Zr was also studied in order to optimize chemical

composition.

3.2 Starting material

Industrial steel grade (AISI 1005) and commercial titanium (ASTM B265 grade 1) were used as
starting raw materials for the synthesis of TiFe alloy. Zirconium alloy 702 (99.2 wt% Zr),
Ferrovanadium (80.09 wt% V, 18.75 wt% Fe, 0.85 wt% Al, 0.04 wt% P, 0.23 wt% C, and 0.04
wt% S) and electrolytic manganese (99.7%) were used for the synthesis of TiFe alloy with the Zr,
Mn and V additives. At laboratory scale, pure element Zr (99.5%) from Alfa Aesar was utilized
for the synthesis of TiFe + 4 wt% Zr.

3.3 Alloy synthesis

Arc melting and induction melting were respectively used for the laboratory scale and industrial

scale synthesis. Figure 3.1 shows the arc melting furnace and induction melting furnace.



(a) Arc melting furnace (b) Induction melting furnace

j Movable ellectr
' ;%

Figure 3.1: Arc melting facility at UQTR and Induction melting facility at industry

Arc melting consists of movable electrode, water-jacketed chamber, copper-cooled hearth and
vacuum system. In arc melting, raw materials are heated by an electric arc. In induction melting
process heat is applied through induction. At laboratory scale, ~3 g of sample was synthesized by
arc melting. Consarc induction skull melting furnace (ISM) was utilized for the synthesis of

industrial scale samples as shown in Figure 3.2(b). The size of the melt was 6.5 kg.

3.3.1 TiFe with Zr, V and Mn (synthesized by Industry)
TiFe with Zr, V, and Mn (see Table 3.1) were synthesized by GKN Powder Metallurgy. In the

first batch, nine alloys of TiFe base alloy with different additives were made. TiFe alloy without
any additive (Heat#5) was used as a baseline. TiFe alloys with Zr, V and Mn as additives were
synthesized to see the comparative eftect of these additives on the hydrogenation properties of
TiFe alloy. TiFe alloy with different combinations of additives (Zr and Mn, Mn and V, Heat#1, 2,
3 and 4) had also been synthesized to see the possible synergetic effect.
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Table 3.1: Chemical composition (in mass %) of samples synthesized by GKN Powder

46.11 50.74 1 2 0.026 0.001 0.17 0.006
44.61 49.14 2.48 3.6 0.013 0.001 0.13 0.003
45.84 49.69 2.32 1.94 0.014 0.001 0.16 0.006
44.92 49.42 1.73 3.78 0.009 0.001 0.15 0.011

539 45.94 0.011 0.001 0.15 0.004
51.5 46.48 1.85 0.008 0.001 0.13 0.004
50.6 45.63 3.72 0.023 0.001 0.09 0.002
52.19 45.88 1.88 0.019 0.001 0.11 0.003
50.83 45.65 3.5 0.012 0.001 0.07 0.007
50.48 47.69 1.75 0.013 0 0.07 0.0036
48.46 48.04 2.51 0.870 0.053 0.001 0.11 0.019
44.86 47.71 4.04 3.29 0.024 0.001 0.09 0.009
45.4 48.7 5.9

45.67 50.03 1.97 2 0.02 0.13 0.01

44.30 49.20 2.05 2.01 2.01 0.03 0.2 0.01

* Heat#1-10, 12, 15, 25, 26 represents the name of the alloy which is given by Industry for different alloy’s composition.
*% STD (standard) is notation civen bv Industrv for 6 wt% of Mn.




There was not any sample of TiFe alloy only with Mn as an additive during the first batch sample.
Therefore, in the second batch sample, TiFe with different weight percent of Mn (Heat#10, STD)
were synthesized by GKN Powder Metallurgy. Two samples of TiFe with the combination of Mn
and V (Heat#12 and Heat#15) were also synthesized by varying the weight percent of Mn and V.
Combination of Zr and V (Heat#25) were also synthesized to compare with the samples having
only Zr and only V. Three additives Zr, Mn and V were added simultaneously at a concentration
level of 2 wt% (Heat#26) to see the effect on the hydrogenation properties and microstructure of

TiFe alloy as compared to other additives.

3.3.2 Heat treatment
Pellets of TiFe + X wt% Zr (X =4, 8) of about 3 g were synthesized by arc melting. In the process

of arc melting, alloys were turned over three times in order to get homogeneity. Two pellets of
each composition were synthesized by arc melting: one was kept in as-cast condition and the other
was heat-treated at 1173 K for 24 h under argon atmosphere. After heat treatment, the ingot’s
surface was scratched off using sandpaper to remove oxide layer on the surface. Also, it must be

stressed that the ingots were crushed in a glove box before hydrogenation.

3.3.3 Cooling rate

Ingots of TiFe + 4 wt% Zr were synthesized under vacuum using a Consarc induction skull melting
furnace (ISM). The size of the melt was 6.5 kg. Industrial steel grade (AISI 1005), commercially
pure titanium (ASTM B265 grade 1) and zirconium alloy 702 (99.2 wt% Zr) were used as raw
material. Firstly, Fe was melted then Tiand Zr were added to synthesize the alloy. For varying the
cooling rate, a ductile cast iron step mold of 25 mm, 13 mm, 6 mm and 3 mm thickness was used

(Figure 3.2). The size of the cast part was 225 mm in length and 100 mm wide.
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Figure 3.2: Step molds for varying cooling rate during alloy synthesis

The mold was placed in the chamber in the upright position. Temperature was taken with an
infrared pyrometer from the top of the vacuum chamber. However, it should be pointed out that
copper water cooled ISM (induction skull melting) does not permit giving high superheat to the
melt. A balance between the heat extraction of the copper mold and the heat input by the induction
happens and a superheat of only 75 to 150 °C can be obtained depending on the melt composition,
1.e.: 1ts heat conduction and coupling with the induction. As for the shrinkage in the cast part, the
mold was designed so that the shrinkage was happening in the riser. Four samples at different
cooling rates were prepared. All ingots of different thicknesses were crushed in air into small

chunks for further experiments.

3.3.4 Synthesis of TixFe:« + 4 wt% Zr, (x = 1.1, 1.05, 0.99, 0.94)

Four samples of TixFe).x + 4 wt% Zr, where, x = 1.1, 1.05, 0.99, 0.94, ~ 3 g were synthesized by
arc melting. Alloys were turned over three times during melting to acquire homogeneity. These
alloys were prepared in order to optimize chemical composition and understand the effect of Ti-

rich phase on the activation behaviour and microstructure of TiFe alloy.
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3.4 Alloy characterization

The microstructure of all alloys and the chemical composition of each phase were recorded using
Hitachi SU-3500 scanning electron microscope equipped with an EDX (Energy Dispersive X-ray)
Spectrometer from Oxford Instruments. Metallographic observations were made in the cross-
section of the ingots. All samples were polished before observation. For each phase and each
sample, four small areas have been analyzed in order to estimate the uncertainty and

reproducibility.

The crystal structure of all samples was determined from X-ray powder diffraction patterns
acquired using a Bruker D8 Focus X-ray with Cu ka radiation. For the cooling rate investigation,
the X-ray diffraction patterns were recorded using Panalytical X'Pert Pro (PW3050/60) X-ray
diffraction with Co ka source. Lattice parameter and crystallite size were evaluated from Rietveld

method using Topas software and fundamental parameters approach [98].

Hydrogen storage properties of all these samples were measured on a homemade Sieverts
apparatus. Image J software was used to compute the area and perimeter of different phases in the

SEM micrograph of each alloy [99].

3.4.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is widely used to study the morphology and chemical composition
analysis of a range of materials. SEM consist of an electron gun producing an electron beam,
magnetic lenses to focus the electrons, electron detector, vacuum chamber (Figure 3.3). When a
high-energy electron beam focused through the magnetic lenses strikes the surface of the sample,
the excited region produces many types of electrons such as secondary electrons, back-scattered
electrons, Auger electrons and transmitted electron. Morphology and topography of samples can
be studied by detecting secondary electrons. Back-scattered electrons strongly depend on atomic

number of elements which is useful to study multiphase samples.
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electron detector

Figure 3.3: The set-up of scanning electron microscope [100]

When a high-energy electrons beam bombarded on specimen, it results in creating positively
charged “electron holes’ in the occupied bands. The “holes” are then filled by electrons of the
higher states. Attraction of electron from the higher state to the “holes” results in the emission of
X-rays. Each element gives a unique energy characteristic of X-rays. Energy dispersive
spectroscopy detects the emitted X-rays and gives information about the elemental composition of
the selected area or volume. Three consecutive measurements of EDX analysis were made for the
same phase at different area in the back scattered image. Thereafter, the average value was

calculated and accordingly gave the uncertainty.

3.4.2 X-ray diffraction

X-ray diffraction (XRD) technique is generally used to determine the crystal structure of
crystalline matter. In 1913, Bragg proposed one theory to explain the pattern that was obtained
from the scattering of X-rays after interaction with crystalline material [101]. Bragg’s observation
can be illustrated by the schematic diagram shown in Figure 3.4. In this schematic diagram, each
plane of atoms acts as a source of scattered radiation and diffraction occurs when the distance

between sources is comparable to the wavelength of radiation.



Figure 3.4: Schematic diagram for the formulation of Bragg’s diffraction |102]

Equation 3.1 is the Bragg’s law equation which correlates the wavelength of electromagnetic

radiation and the angle of scattered radiation with the crystal’s inter-planar distance.
2dpu Sin © = nA (3 1)

Where A is the wavelength, 8 is the Bragg’s angle and d is the inter-planar distance. The inter-
planar distance (d) can be obtained by knowing the Miller indices (h, k, 1) and the lattice parameter
(a, b, ¢). For orthogonal crystal system, a correlation formula of d value with Miller indices and
lattice parameters can be given by equation 3.2.

1 h* k* 2 (3.2)

ot prEta

Each phase has its own specific crystal structure and lattice parameter. X-ray diffraction pattern
analysis helps us in phase identification using important information such as lattice parameter,

crystallite size, microstrain obtained from the pattern’s analysis of a material.

3.4.3 X-ray fluorescence

X-ray fluorescence (XRF) technique is widely used for the elemental analysis of all kind of
material. In XRF, when high energy X-ray photon irradiates the material, it results in the ejection
of inner shell electron and creating a hole as shown in Figure 3.5. This hole can be occupied by

the upper shell electron which results in producing X-ray fluorescence radiation. This x-ray
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fluorescence radiation has specific characteristic for each element as energy emitted is proportional

to the binding energy of the element.

Incident Radiation from
Primary X-ray Source

M-Shell electron

: fills vacancy
Ejected /—\ ¥ o
K-shell ), O Ejected
( 338

electron L-Shell
electron

Figure 3.5: Schematic diagram of production of X-ray fluorescence radiation [103]
The incident X-ray energy must be higher than the binding energy of the electron in order to expel

the electron from the inner shell. This technique is very useful in a broad range of applications.

3.4.4 Sieverts apparatus

In this research, all sorption measurements were carried out on a homemade Sieverts apparatus.
Sieverts apparatus is the most widely used for hydrogen gas sorption measurement. This is also
known as volumetric method. Schematically, in this method, there are two known volume V, and
V2 as shown in Figure 3.6. There are three valves A, B and C where valve A controls the hydrogen
inlet, valve B controls the evacuation down to atmospheric pressure and valve C controls the
vacuum outlet below atmospheric pressure. Valves D and E allow the introduction or removal of
gas to or from volume V, and V3 respectively. There are high and low-pressure gauges to measure

the pressure. The hydrogen sorbed by a sample is calculated using real gas law,

PV =nZRT (3.3)

Where n is the number of moles of hydrogen and Z is the gas compressibility, P is the pressure, V

is the volume, R 1s the universal gas constant and T is the temperature.
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Figure 3.6: Real time picture and schematic diagram of Sieverts apparatus with different
components

In sorption process, firstly, sample is loaded in sample holder and kept under dynamic vacuum for
1 hour by opening valve C and valve E. After that, hydrogen is allowed to the volume V, by
opening valve A and closing valve E with initial hydrogen pressure Pi. Thereafter, valve A 1s
closed, and valve E is opened to fill V2. Pressure will drop due to volume difference Vi and
(Vi+V2). Any further drop of pressure will be due to the absorption of hydrogen by the sample.
The experiment is performed at constant temperature T and the final measured pressure is Pr. the
number of moles sorbed is given by,

PV B Pe(Vy +V3) (3.4)

An =
"TZRT Z; RT
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Where, Z; tand Zy, t are the compressibility factor of hydrogen at temperature T and the pressure

P; and Py, respectively.

The compressibility factor during hydrogen sorption measurements was taken | for hydrogen gas.
For the hydrogen absorption or desorption measurements on a Sieverts apparatus, the synthesized
samples were crushed into powder in an argon atmosphere using a hardened steel mortar and pestle
and around 1 g of powder was filled in the reactor and kept under dynamic vacuum for one hour
before hydrogen sorption measurements. First hydrogenation curve of all samples was measured
at room temperature under 20 bar hydrogen pressure. Reactor temperature was controlled using an
air furnace. To have a better heat conductivity and also a bigger thermal mass, an annulus of copper
was in close thermal contact to the reactor. This restricted the temperature change during

hydrogenation or dehydrogenation to a few degrees at maximum.
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Chapter 4

Microstructure and hydrogen storage properties of TiFe alloys with
Zr, V and Mn as additives

4.1 Introduction

In this chapter, the results of TiFe alloys with different additives i.e. Zr, V, and Mn are being
reported. The reason for selection of these three elements is as follows: Zr is very effective to
enhance the first hydrogenation [65]; Mn is also known to facilitate the activation kinetics [44]
and V is a well-known catalyst for hydrogenation of various metal hydrides [45]. Combination of
these elements has been made in order to study a possible synergy between these different
additives. The study reported includes the results on the alloys cast by GKN Powder Metallurgy

using industrial grade raw materials.

4.2 Activation kinetics of alloys (in granules form) shown in Table 3.1

Samples received from the company were in two forms: granules of about 40 mesh and ingots
(Table 3.1). First form; the granules were in the vial with the closed lid for many days without any
argon atmosphere and it was tested for activation by filling it in the reactor directly in the air. First
hydrogenation (activation) curves of the granules of all samples were observed at room

temperature under 20 bar hydrogen pressure.

1.0

0.8

0.6 4

TiFe + 2 wt% Mn + 4 wi% Zr
at room temperature under 20 bar H3 pressure

wt% H

0.2+

o.o-ﬂl--ll--.l..........ll--

T M T T v T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Time (h)

Figure 4.1: Activation curve of TiFe + 2 wt% Mn + 4 wt% Zr (in granules form) at room
temperature under 20 bar hydrogen pressure



A representative graph of activation curve for TikFe + 2 wt% Mn + 4 wt% Zr (Heat#2) granules is
shown in Figure 4.1. Under these conditions, none of the alloys absorbed hydrogen, which was a
surprising result considering that, on a laboratory scale, TiFe alloys with Zr additive have been
proved to be able to absorb hydrogen. In order to help the first hydrogenation, we decided to
increase the temperature and pressure for selected alloys TiFe + 2 wt% Mn + 4 wt% Zr (Heat#2)
and TiFe + 4 wt% Zr (Heat#7). These two compositions were selected because, in our opinion,
they were the most susceptible to have good activation kinetics. Therefore, tests were performed
on these two alloys at 75 °C and 90 °C under 40 bar of hydrogen. Results for TiFe + 2 wt% Mn +
4 wt% Zr as a representative of activation curve are shown in Figure 4.2 and it is clear that even

under these more drastic conditions there was no hydrogenation.

1.0

0.8
T 06 TiFe+ 2 wt% Mn + 4 wt% Zr
X —&— 3t 40 bar HZ pressure, room temperature
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0.2
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Figure 4.2: Activation curve of TiFe + 2 wt% Mn + 4 wt% Zr at room temperature, 75 °C, and 90

°C under 40 bar hydrogen pressure

For the measurement of laboratory scale samples, we usually synthesize a ~ 3 g pellet which is
crushed in argon atmosphere and filled in reactor. In order to replicate the same procedure for the
industrial samples, small chunks of all industrial samples were taken and crushed in argon
atmosphere. First hydrogenation curves of all these samples were measured at room temperature

under 20 bar hydrogen pressure (under the same pressure and temperature conditions as in case of
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40 mesh powders of samples). Remarkably, when prepared this way, the samples could be

activated.

4.3 TiFe alloys with only Zr, only Mn and combination of Zr + Mn as additives
In previous work, Peng et al. found that addition of 4 wt% (Zr + 2 Mn) to TiFe alloy improves the
activation of TiFe alloy but kinetics is still slow [58]. This justified the study of the effect of
individual elements (Zr, Mn) as additive and also combination of these two elements on the
kinetics of first hydrogenation of TiFe alloy. The bulk composition of all alloys, as measured by
X-ray fluorescence spectrometer (Bruker XRF Sltitan), are shown in Table 4.1 and compared
with the nominal composition of each alloy. The measured composition is close to the nominal
one but, it is seen that for manganese containing alloys the amount of titanium is higher and iron
is lower than the nominal values. In fact, this discrepancy seems to get bigger as manganese
concentration increases.

Table 4.1: Bulk chemical analysis: nominal and as measured by XRF (X-ray fluorescence)
spectrometer of all alloys. Uncertainty on all values is + 1 at. %

Alloy Ti(at. %) Fe(at. %) Zr (at. %) Mn (at. %)
TiFe (Heat#5) Nominal composition 50 50
Measurement 50 50
TiFe +2 wt% Zr  Nominal composition 50 49 1
Heat#6
( ) Measurement 50 48 1
TiFe + 4 wt% Zr  Nominal composition 49 49 2
eat#7
(Heat#7) Measurement 50 48 2
Nominal composition 50 49 <l
TiFe + 1 wt% Mn
(Heat#10) Measurement 51 47 [
Nominal composition 47 47 6
TiFe + 6 wt% Mn
(STD) Measurement 52 42 6
TiFe + 1 wt% Mn Nominal composition 49 49 1 <]
+2 wt% Zr
(Heat#1) Measurement 55 43 1 <1
TiFe + 2 wt% Mn Nominal composition 48 48 2 2
+ 4 wt% Zr
(Heat#2) Measurement 53 42 2 2
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4.3.1 Result and discussion
4.3.1.1 Morphology

Microstructure of all the compositions is shown in Figure 4.3. In the microstructure of pure TiFe
alloy, small secondary phase (bright grey phase over a uniform grey phase) could be clearly seen.
[t should be pointed out that, for pure TiFe alloy, the secondary phase abundance was very small.
A close-up of a region with secondary phase but is not representative of the whole alloy is shown
in Figure 4.3 (a). The other compositions had a more uniform distribution of the secondary phases.
The TiFe alloys with only Zr additive (2 wt% and 4 wt%) have grey phase, light grey phase, and
a bright phase. The alloy with 2 wt% Zr has much more globular secondary phase compared to the
4 wt% Zr alloy. In the case of 2 wt% Zr, the bright phase is found to be at the edge of light grey
phase. However, in the microstructure of TiFe alloy with 4 wt% Zr, the bright phase is more clearly
embedded in the light grey phase. The microstructures of alloys with only Mn as additive are
shown in Figure 4.3 (d), (e). For low concentration level of manganese (1 wt% Mn), black
precipitates and islands of dark grey phase within the main grey phase could be seen. For 6 wt%
Mn alloy, the black precipitates are very small. The microstructures of alloys with Zr and Mn

simultaneously as additives are shown in Figure 4.3 (f) and (g).

For the addition of | wt% Mn and 2 wt% Zr (Figure 4.3 (f)), the alloy is made of a main grey
phase and a secondary phase that is brighter at its edge. This change of brightness within the
secondary phase indicates a variation in chemical composition. A similar situation is seen in alloy
with 2 wt% Mn and 4 wt% Zr (Figure 4.3 (g)) but with a much more abundant secondary phase.

Also, closer inspection (Figure 4.4) shows stripes of dark phase inside the secondary phase.
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Figure 4.3: Microstructure of (a) as-cast TiFe alloy, TiFe with (b) 2 wt% Zr, (¢) 4 wt% Zr, (d) 1
wt% Mn, (€) 6 wt % Mn, (f) 1 wt% Mn + 2 wt% Zr and (g) 2 wt% Mn + 4 wt% Zr
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2 wt% Mn + 4 wt% Zr

Figure 4.4: Microstructure of TiFe + 2 wt% Mn + 4 wt% at 20 pm scale

The chemical composition of each phase was evaluated by EDX analysis. Elemental mapping
using EDX for TiFe alloy is shown in Figure 4.5. Area analysis of the grey and bright grey phases
are presented in Table 4.2. It shows that the bright grey phase has a chemical composition very

close to TiFe; which is a phase expected from the phase diagram.

Figure 4.5: EDX analysis and elemental mapping of TiFe
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Table 4.2: Chemical composition of different phases present in TiFe (uncertainty on all values is +

1)
TiFe Ti(at. %) Fe (at. %)
Area I (grey phase) 50 50
Area 2 (bright grey phase) 40 60

The area analysis of each phase in TiFe alloys with 2 and 4 wt% Zr only as additive is shown in
Figure 4.6. The chemical composition of each phase is shown in Table 4.3. This confirms that the
main grey phase is TiFe. For both alloys, zirconium is essentially concentrated in the bright phase.
Bright phase has an average composition close to Ti 40 at. %, Fe 40 at. % and Zr 20 at.%. The

light grey phase has a different chemical composition in the two alloys.

(a) 2 Wt% Zr (b) 4 Wt% Zr
R ]

Figure 4.6: EDX analysis of TiFe with Zr as additive (a) 2 wt% Zr and (b) 4 wt% Zr

For 2 wt% Zr, light grey phase’s composition is close to TiFez while for 4 wt% Zr, it is close to
TizFe. However, it is clear from the micrographs that the bright phase and light grey phase are
closely related. One explanation is that during solidification, zirconium is ‘expelled’ from the light

grey phase to form the bright phase.
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Table 4.3: Chemical composition of each phase present in alloys with Zr only as additive
(uncertainty on all values is £ 1)

Alloys Ti(at. %) Fe(at. %) Zr (at. %)
TiFe + 2 wt% Zr
Area | (grey phase) 50 50
Area 2 (light grey phase) 39 58 3
Area 3 (bright phase) 39 42 17
TiFe + 4 wt% Zr
Area 1 (grey phase) 51 49 <1
Area 2 (light grey phase) 56 33 12
Area 3 (bright phase) 43 37 20

The EDX analysis of TiFe alloys with Mn only as additive at a concentration level of | and 6 wt%

is shown in Figure 4.7.

(a) 1 wt% Mn (b) 6 wt% Mn

Figure 4.7: EDX analysis of TiFe alloy with Mn (a) 1 wt%, (b) 6 wt%

The chemical composition of each phase in TiFe alloys with Mn only as additive is shown in Table
4.4. As In the preceding cases, the grey phase is TikFe but here, as Mn content increases, the
concentration of Mn in TiFe phase increases. It is also clear that manganese substitute for iron.

Light grey phase has a composition close to Ti;Fe. Dark grey phase is a Ti-rich phase.
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Table 4.4: Chemical composition of different phases present in each alloy having Mn (uncertainty
on all values is + 1)

Alloy Ti (at. %) Fe (at. %) Mn (at. %)
TiFe + 1 wt% Mn
Area | (grey phase) 52 48 <1
Area 2 (light grey phase) 67 33 <1
Area 3 (dark grey phase) 82 18 <]
TiFe + 6 wt% Mn
Area | (grey phase) 51 43 6
Area 2 (light grey phase) 63 32 6
Area 3 (dark grey phase) 77 17 6

(a) 1 wt% Mn+2 wt% Zr (b) 2 wt% Mn+4 wt% Zr

l

Figure 4.8: EDX analysis of TiFe alloy with Zr and Mn

The EDX analysis of alloy having Zr and Mn simultaneously is shown in Figure 4.8. The first
alloy has 1 wt% Mn and 2 wt% Zr. The second alloy has twice this concentration. There are three
phases present in each alloy: (1) grey phase; (2) light grey phase and (3) bright phase. The chemical
composition of each phase is shown in Table 4.5. As for the other alloys, the grey phase is TiFe.
Since, as manganese is one of the additives, the TiFe phase has some manganese that is substituted

for iron.
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Table 4.5: Chemical composition of different phases present in each alloy having Zr and Mn
(uncertainty on all values is + 1)

Alloy Ti (at. %) Fe (at. %) Zr (at. %) Mn (at. %)
TiFe + 1 wt % Mn+ 2 wt % Zr
Area 1(grey phase) 51 47 <1
Area 2 (light grey phase) 62 32 4 <1
Area 3 (bright phase) 56 32 [ <1
TiFe + 2 wt % Mn+ 4 wt % Zr
Area |(grey phase) 50 47 3
Area 2 (light grey phase) 56 31 10 2
Area 3 (bright phase) 43 32 21 2

Light grey and bright phases are Zr-rich phases. The bright phase has a higher proportion of Zr
compare to the other two phases. It could be seen that the light grey phase has Zr abundance about

"2 of the abundance in the bright phase.

4.3.1.2 Structural characterization

The X-ray pattern of each alloy is shown in Figure 4.9 and confirms the presence of a main TikFe
(space group Pm-3m) phase with, in most alloys, secondary phases of TiFe, type (space group
P63/mmc), TixFe type (space group Fd-3m) and Ti (space group P6s/mmc). From Rietveld
refinement, the crystallite size, lattice parameter and phase fraction have been evaluated and the

results are shown in Table 4.6.

X-ray pattern of TiFe without any additives reveals a main TiFe phase with some minor peaks
attributed to TiFe,. The presence of these phases in TiFe alloy without any additives is also
evidenced by the result of chemical composition analysis of TiFe alloy as shown in Table 4.2. For
the alloy with 2 wt% Zr only, presence of TiFe and TiFe; phases could be seen. At concentration
level of 4 wt% Zr, appearance of minor peaks related to TizFe phase could be seen along with TiFe
main phase. Presence of these phases is in good agreement with the chemical composition analysis

of alloys with only Zr (Table 4.3).
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Figure 4.9: X-ray pattern of TiFe alloys without any additives and with Zr, Mn, and Zr + Mn as
additives

The main cause of the appearance of Ti;Fe phase was that addition of Zr at concentration level of
4 wt% leads to the formation of Ti-rich phase (TizFe). X-ray pattern of TiFe alloy with only Mn (
6 wt%) shows major peaks of TiFe alloy with minor peaks of TixFe. However, at 1 wt% level of
Mn, minor peaks of Ti;Fe totally disappeared. The main cause of presence of TizFe phase along
with TiFe in the alloy with 6 wt% Mn only is that addition of Mn leads to a significant reduction

of TiFe; phase and the formation of Ti-rich phase as recently found by Shang et. al. [76].
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Table 4.6: Phase fraction, lattice parameter and crystallite size for each alloy composition

Phase name Phase fraction Lattice parameter Crystallite
(%) (A) size (nm)
TiFe without additive
TiFe 93(1) a=298(1) 3D
TiFe; 7(1) a=47l(l)c= 36(2)
7.97(1)
2 wt% Zr
TiFe 89(1) a=2.98(1) 34(2)
TiFe; L1(1) a=4.84(l)c= 23(2)
8.10(1)
4 wt% Zr
TiFe 73(1) a=2.98(1) 41(2)
Ti:Fe 27(1) a=11.48(1) 17(2)
1 wt% Mn
TiFe 100(1) a=2.99(1) 40(1)
6 wt% Mn
TiFe 90(1) a=2.99(1) 52(2)
TiFe 10(1) a=11.32(1) 45(1)

1 wt% Mn + 2 wt% Zr

TiFe 79(1) a=2.99(1) 44(1)

Ti:Fe 18(1) a=1142(1) 45(2)

Ti 3(1) a=2.99(1)c= 25(1)
4.67(1)

2 wt% Mn + 4 wt% Zr

TiFe 70(1) a=2.99(1) 33(1)

Ti:Fe 28(1) a=1144(1) 45(1)

Ti 2(1) a=2.99(1)c= 20(2)
4.77(1)
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Minor peaks of Ti and TizFe phases were observed in the X-ray pattern of TiFe alloy with the
combination of Zr and Mn. These minor phases were also seen in chemical composition analysis
of alloys with the combination of Zr and Mn. For the TiyFe-like phase, a close inspection of the
EDX results of Table 4.5 shows that adding the abundance of Ti and Zr gives a total abundance
very close to 66 at. % while the abundance of Fe is close to 33 at.%. Thus, it indicates that, in this
phase, zircontum seems to substitute for titanium. All phases have almost the same lattice

parameter in each alloy.

The crystallite size of TiFe increases with the zirconium content as shown in Table 4.6.
Unfortunately, because of the limited numbers of data points, the functional form of this increase
could not be established. In the same way, addition of manganese increases the crystallite size of
TiFe. In this case, the increase is higher than in the zirconium case. An opposite trend is seen for
the TiFe; phase when only Zr is added to TiFe. We see that the crystallite size of this phase is
smaller for 2 wt% Zr addition than for the TiFe alloy. The Ti;Fe phase has a constant crystallite
size for all alloys with only Mn while the crystallite size is much smaller in the alloy with only Zr
addition. It could be concluded that addition of Zr and Mn has an impact on the crystallite size of

the phases present in the alloys.

4.3.1.3 Activation kinetics

First hydrogenation (activation) curves of TiFe alloy with Zr (2, 4 wt%) only, Mn (1, 6 wt%) only,
with 2 wt% Mn + 4 wt% Zr and with 1 wt% Mn + 2 wt% Zr as additives are shown in Figure 4.10.
As it could be clearly seen that TiFe without any additive does not absorb hydrogen. Alloy having
2 wt% Zr could also not be activated. Addition of Zr only is beneficial but a minimum amount of
Zr (~ 4 wt% Zr) is essential to activate under the present conditions. The alloys with only Mn
addition present an incubation time that increases with increasing Mn content. However, the
maximum capacity increases with Mn content. Adding both Zr and Mn brings the benefits of both
elements (i.e. no incubation time and better capacity). Clearly, there is some synergetic effect
because the kinetics and capacities are much better than what could be achieved by just the sum
of what was seen for Zr and Mn alone. The alloy with 2 wt% Mn and 4 wt% Zr has the fastest
kinetics and highest capacity. Therefore, it could be concluded that addition of Zr and Mn is

beneficial for activation and hydrogen capacity of TiFe alloy.
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Figure 4.10: Activation kinetics of all alloys at room temperature under 20 bar hydrogen pressure

The reason for the faster kinetics and higher capacity of the TiFe alloy with 2 wt% Mn + 4 wt %
Zr could be related to the microstructure and chemical composition of the phases. It was seen in
Figure 4.3 that compared to the other alloys, the secondary phase finely and homogeneously
distributed within the TiFe phase in the alloy having 2 wt% Mn + 4 wt% Zr. The chemical
composition of the secondary phases also plays a role. For both TiFe + 1 wt% Mn + 2 wt % Zr and
TiFe + 2 wt% Mn + 4 wt % Zr alloys, the diffraction patterns showed the presence of Tiand TizFe
phases. [t may be the presence of these phases that makes the first hydrogenation very quick and
high capacity. Titanium could act as a gateway for hydrogen to enter the TiFe phase. However,
more extensive study is needed to test this hypothesis. Guéguen et. al. already showed the

importance of Ti-rich (TizFe, Ti) phases for easy activation and improving kinetic [45].
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4.3.1.4 Rate limiting step of first hydrogenation

A clear difference among the first hydrogenation kinetics of activated alloys could be seen in
Figure 4.10. Change in the rate limiting step may be the cause for the different first hydrogenation
kinetics. The usual rate limiting step model equations are described in Table 4.7 which
summarizes the chemisorption, nucleation-growth-impingement, contracting volume and
Ginstling-Brounshtein models. The best way to know the rate limiting step is to do the linear

regression for the plot of the left side of the equation as a function of time for each model.

Table 4.7: Model equations for rate limiting step determination

Rate limiting step model Model equation Description
name
Chemisorption X =kt Surface controlled [104]
Nucleation-growth- [-In(1-X)]"* =kt 2D growth of existing nuclei with constant
impingement model velocity [104, 105]
(JMA2D)
Nucleation-growth- [[In(1-X)]"* =kt 3D growth of existing nuclei with constant
impingement model velocity [104, 105]
(JMA3D)
Contracting volume [-(1-X)" =kt 2D growth with constant interface velocity [104]
(CV2D)
Contracting volume 1-(1-X)" =kt 3D growth with constant interface velocity [104]
(CV3D)
Ginstling-Brounshtein model  (1-X) In(1-X) +X 2D growth, diffusion controlled with decreasing
(GB2D) =kt interface velocity [106]
Ginstling-Brounshtein model 1-(2X/3) - (1- 3D growth, diffusion controlled with decreasing
(GB3D) X)¥3 =kt interface velocity [104]

The best linear fitted model will give information about mechanism of hydrogenation. In these
equations, X is the transformed factor which represents the ratio of the absorbed hydrogen quantity
divided by the alloy’s maximum hydrogen absorption capacity (X = %H/%Hmax), k 1s the reaction
constant and t is time. The linear regressions were performed for 10% to 90 % of the transformed

factor ( X = 0.1 to 0.9) as shown in the previous rate limiting studies [107] and fitted curves are
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shown in Figure 4.11 for each activated alloys. The adjusted R? values for the linear regression of
each alloy’s model curve are shown in Table 4.8. It shows that adjusted R? value for GB3D model
is closer to 1 than any other model. It clearly shows a good linear fitting for the GB3D model.
Therefore, rate limiting step for each activated alloy was found to be three-dimensional growth,

diffusion controlled with decreasing interface velocity.
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Figure 4.11: Linear fitting of each rate limiting step model for each activated alloy (a) for 4 wt %

Zr, (b) 1 wt% Mn, (¢) 6 wt% Mn, (d) 1 wt% Mn + 2 wt% Zr and (e) 2 wt% Mn + 4 wt% Zr
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GB3D model is generally imrprovisation of Jander model where diffusion controlled reaction
happens with the change in the interface diffuison area. While in the Jnader, the constant interface

diffusion area were assummed.

Table 4.8: Adjusted R’ value for the linear regression of Model equations shown in Table 4.7

Adjusted R* Chemisorption JMA2D JMA3D CV2D CV3D GB2D GB3D

4 wt% Zr 0.87440 093112 0.88798 0.944877 0.96724  0.98505  0.99031
1 wt% Mn 0.88476 0.94378 0.90872 0.95753 0.97452 0.98501 0.99745
6 wt% Mn 0.86447 0.92667 0.88734 0.94198 0.96201 0.98742  0.99415
1 wt % Mn 0.76697 0.86706  0.80557 0.89401 0.92768 0.96104  0.97969
+ 2 wt% Zr

2 wt % Mn 0.80465 0.87823 0.82225 090428 0.93182 097406 0.98631
+ 4 wt% Zr

4.3.2 Summary

Microstructure and hydrogen storage properties of TiFe without any additives and with addition
of Zr or Mn or a combination of Zr and Mn were studied. The following conclusion could be

drawn:

1. Addition of zirconium is effective in terms of improving first hydrogenation kinetics
compared to TiFe alloy without any additive but a certain level of zirconium (4 wt%) is
necessary.

2. Addition of I wt% Mn is effective, but kinetics is very sluggish.

3. Simultaneous addition of 1 wt% Mn + 2 wt% Zr to TiFe alloy results in better kinetics and
hydrogen capacity compared to alloys having Zr only and Mn only. It absorbs 1.8 wt% of
hydrogen in 7 hours.

4. The fastest and highest capacity measured was for the TiFe alloy with simultaneous
addition of 2 wt% Mn and 4 wt% Zr. Hydrogen capacity for this alloy was 2 wt%. This
fast first hydrogenation kinetics is attributed to the presence of'a large proportion of TizFe

type phase into which zirconium substitute for titanium.

5. The rate limiting step during the first hydrogenation for activated alloys was found to be a

three-dimensional growth where diffusion controlled with decreasing interface velocity.
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4.4 TiFe alloy with V only, Zr + V and combination of Zr + Mn + V as
additives

In the previous section (section 4.3), industrial alloys with only Zr, or, only Mn either combination
of these two elements were investigated. [t was found that addition of Zr is effective but a certain
level (4 wt%) of zirconium is essential. In this section, alloy with the combination of 2 wt% Zr +
2 wt% V has been studied to investigate the possibility of lowering the level of Zr. Alloy with only
V (at concentration level of 2, 4 wt%) has also been synthesized to know the effect of individual
elements on the first hydrogenation of TiFe alloy. From the preceding section 4.3, the most
effective combination in terms of kinetics and maximum hydrogen capacity was the TiFe alloy
with simultaneous addition of 2 wt% Mn and 4 wt% Zr. Simultaneous addition of 2 wt% Zr + 2
wt% Mn + 2 wt% V to TiFe alloy was also done in order to low the concentration level of
individual elements as additives. The alloys with only V, Zr +V and Zr + Mn + V are shown in
Table 4.9. Bulk chemical analysis of each alloy compared with the nominal composition for each
alloy.

Table 4.9: Bulk chemical analysis: nominal and as measured by XRF (X-ray fluorescence)
spectrometer of all alloys. Uncertainty on all values is + 1 at%

Alloy Ti Fe Zr A% Mn
(at. %) (at. %) (at. %) (at. %) (at. %)

Heat#8 Nominal 49 49 2
(TiFet+ 2 wt% V)  composition
Measurement 49 48 2
Heat#9 Nominal 48 48 4
(TiFe+ 4 wt% V)  composition
Measurement 49 47 4
Heat#25 Nominal 48 48 ] 2
(TiFe+ 2 wt% Zr  composition
+2wt% V)
Measurement 54 43 ] 2
Heat#26 Nominal 48 47 1 2 2
(TiFe+ 2 wt% Zr  composition
0

wt% V) Measurement
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[t could be seen that bulk composition is close to nominal one, however, for alloy with 2 wt% Zr
+2 wt% V and alloy with 2 wt% Zr + 2 wt% Mn + 2 wt% V have more atomic percentages of Ti

and low in Fe than the nominal values.

4.4.1 Result and discussion

4.4.1.1. Morphology

Back-scattered electron micrographs of TiFe alloy with only V (2, 4 wt%), 2 wt% Zr + 2 wt% V
and 2 wt% Zr + 2 wt% V + 2 wt% Mn as additives are shown in Figure 4.12. Micrograph of theses
alloys mostly consists of a grey phase (TiFe) and secondary phases (light grey, bright, dark grey).
TiFe alloy having 2 wt%, 4 wt% V have a minimum amount of secondary phase. Addition of 2
wt% Zr and 2 wt% V simultaneously to TiFe alloy produces a very fine distribution of secondary
phase compared to alloys having 2, 4 wt% V only. When 2 wt% of Zr, 2 wt% of V and 2 wt% of
Mn are simultaneously added to TiFe alloy, there is no significant improvement in the amount of

secondary phase compared to alloy having 2 wt% Zr +2 wt% V.

(a) 2 wt% V (b) 4 wt% V

(©) 2 wt% Zr + 2 wt% V (d) 2 wt% Zr + 2 wt% V + 2 wt% Mn

Figure 4.12: Back-scattered electron micrograph of TiFe alloy with (a) 2 wt% V, (b) 4 wt% V, (¢) 2
wt% Zr +2 wt% V and (d) 2 wt% Zr + 2 wt% V + 2 wt% Mn as additives

57



EDX analysis of TiFe alloys with V are shown in Figure 4.13. For TiFe with the addition of V
only (2 and 4 wt% V), the chemical composition of each phase is presented in Table 4.10. In both
alloys, there are three phases present; (1) grey phase (TiFe) (2) dark grey phase (3) light grey
phase. Grey phase is TiFe enriched with vanadium. In both alloys, the light grey phase has an
almost Ti2Fe composition with a small amount of vanadium. The dark grey phase is Ti-rich. In the

case of 4 wt% V, there is one bright phase which has a composition close to TiFe.

(2) 2 Wt% V (b) 4 wt% V

Figure 4. 13: EDX analysis of TiFe with the addition of V only(a) 2 wt% V and (b) 4 wt% V

Table 4.10: Chemical composition of each phase present in alloys with V only (uncertainty on all
values is = 1)

Alloys Ti (at. %) Fe(at. %) V (at. %)

TiFe +2 wt% V

Area 1 (grey phase) 49 48 3
Area 2 (light grey phase) 61 34 6
Area 3 (dark grey phase) 72 21 7
TiFe + 4 wt% V

Area | (grey phase) 48 49 4
Area 2 (light grey phase) 58 34 8
Area 3 (dark grey phase) 67 22 11
Area t 4 (bright phase, TiFe;) 38 56 6
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The area analysis of alloy with the addition of 2 wt% Zr + 2 wt% V simultaneously is shown in
Figure 4.14. It could be seen that TiFe alloy with the addition of 2 wt% Zr + 2 wt% V
simultaneously has four phases: (1) grey phase (2) light grey phase (3) bright phase and (4) dark
grey phase. The chemical composition of each phase is shown in Table 4.11. Grey phase has
composition of TiFe with ~ 2 at. % of V. Light grey phase has composition of Ti;Fe with 3 at. %
of Zr and 4 at.% of V. Zr is absent from the TiFe-matrix as it was seen in the case of 2 wt% Zr.
Bright phase has almost same composition as found for alloys with Zr + Mn (Table 4.5) in previous

section. Dark grey phase is Ti-rich as it was seen for the alloy having 2 and 4 wt% of V only.

2wt% Zr +2 wt% V
y S S

Y L.

Figure 4.14: EDX analysis of TiFe with the simultaneous addition of 2 wt% Zr + 2 wt% V

Table 4.11: Chemical composition of each phase present in TiFe with the simultaneous addition of 2
wt% Zr +2 wt% V (uncertainty on all values is £ 1)

Alloy Ti (at. %) Fe(at. %) V (at. %) Zr (at. %)
TiFe +2 wt% Zr +2 wt% V
Area I(grey phase) 50 48 2
Area 2 (light grey phase) 61 33 4 3
Area 3 (bright phase) 54 29 4 14
Area 4 (dark grey phase) 72 22 5 2
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The chemical composition of each phase present in alloy with the simultaneous addition of 2 wt%
Zr +2 wt% V + 2 wt% Mn was determined by EDX analysis as shown in Figure 4.15 and reported
in Table 4.12. Grey phase is TiFe with 2 at. % of Mn and V. Zr is almost absent in the grey phase.
Light and bright phases have compositions close to TizFe, where Zr substitute for Ti. Light grey
phase has almost 2 concentration of Zr present in bright phase as it was found in the case of alloy
with the simultaneous addition of 2 wt% Mn and 4 wt% Zr. Dark grey is found to be Ti-rich as it

was seen for alloys with only V and alloy with the combination of 2 wt% Zr + 2 wt% V.

2 wt% Zr +2 wt% Mn + 2 wt% V
o N

Figure 4.15: EDX analysis of TiFe alloy with the simultaneous addition of 2 wt% Zr + 2 wt% V +2
wt% Mn

Table 4.12;: Chemical composition of TiFe + 2 wt% Zr + 2 wt% V + 2 wt% Mn (uncertainty on all
values is = 1)

Alloy Ti (at. %) Fe (at. %) V (at. %) Zr (at. %) Mn (at. %)
TiFe + 2 wt% Zr + 2 wt%
V+2 wt% Mn

Area [(grey phase) 50 47 2 <1 2
Area 2 (light grey phase) 57 32 3 7 2
Area 3 (bright phase) 45 33 5 14 3
Area 4 (dark grey phase) 78 17 5 3 2
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4.4.1.2. Structural characterization

The X-ray diffraction (XRD) pattern of each alloy is shown in Figure 4.16. It consists of major
peaks of TiFe (space group Pm-3m) phase with minor peaks of TiFe; type (space group P63/mmc),
TizFe type (space group Fd-3m) and Ti (space group P63/mmc) phases. X-ray pattern of alloys
with vanadium only has quite limited minor peaks of TiFe, phase along with TiFe phase. This
result is also evidenced by the chemical composition analysis of alloys with V only as shown in
Table 4.10. In the EDX result of alloy with 4 wt% V only, three secondary phases (Ti:Fe, TiFex
and Ti) were seen. While, in XRD results of alloys with V only (2, 4 wt%), only the minor peaks

of TiFe> phase could be seen.

¢ TiFe
X f_ 4 yTiFe,
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Figure 4.16: X-ray pattern of TiFe alloys with the addition of V only, Zr + V, and Zr + V + Mn
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The main reason responsible for this is that addition of V does not produce enough secondary
phase so that it could be detected by XRD, as it was seen in the micrograph of TiFe alloy with V.
Addition of combination of Zr + V at concentration level of 2 wt% each results in the formation
of TiFe; TizFe and Ti phases along with TiFe phase. These phases were also seen in the chemical
composition analysis of TiFe + 2 wt% Zr + 2 wt% V. Similar kind of minor peaks related to these

secondary phases were also observed for the alloy with 2 wt% Zr + 2 wt% V + 2 wt% Mn.

4.4.1.3. Activation kinetics

First hydrogenation (activation) curves of TiFe alloys with 2, 4 wt% V only, 2 wt% Zr + 2 wt% V
and 2 wt% Zr + 2 wt% V + 2 wt% Mn as additives are shown in Figure 4.17. It was observed that
addition of only V is not beneficial for the activation of TiFe alloy. The reason could be the
presence of TiFe> phase, which is a non-hydriding phase and also minimum production of

secondary phases compared to other alloys.

- 17 TiFe with different dopants
S 104/ —a— 2 wi% V
% 08 4 wt%V
| —A— 2 W% Zr + 2 wt% V
0-6-].’ v 2 wt% Zr + 2 wt% V + 2 wt% Mn

Time (h)

Figure 4.17: Activation kinetics of TiFe alloy with V, Zr + V and Zr + V + Mn under 20 bar H:
pressure at room temperature
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Combination of 2 wt% Zr + 2 wt% V leads to good kinetics and reaches its maximum hydrogen
capacity (1.6 wt%) in 6 hours. Previously, we saw that alloy with 2 wt% Zr only, alloy with 2 wt%
V only do not activate. However, simultaneous addition of these two elements at the same
concentration level (2 wt%) improves the first hydrogenation kinetics and also maximum hydrogen
capacity. In this way, concentration level of additives could be reduced and TiFe alloy could be
activated with improved kinetics at minimum amount of these elements. TiFe alloy with the
simultaneous addition of 2 wt% Zr + 2 wt% V + 2 wt% Mn has better kinetics and also higher
hydrogen capacity (1.8 wt%) than the alloy with 2 wt% Zr + 2 wt% V. In the case of alloy with 2
wt% Zr + 2 wt% V and alloy with 2 wt% Zr + 2 wt% V + 2 wt% Mn, the main cause of the
improvement in kinetics and good hydrogen capacity is probably the presence of TiFe; and Ti

phases.

4.4.1.4 Rate limiting step of first hydrogenation

Rate limiting step has been determined for the activated alloys by linear fitting of different kinetic
models (Table 4.7). The same procedure was followed for linear regression as mentioned in
section 4.3.1.4. The linear fitting for the different kinetic models for the TiFe alloy having 2 wt%
+2wt% Vand 2 wt% Zr +2 wt% V + 2 wt% Mn could be seen in Figure 4.18. The best linear
fitted model was found to be GB3D model for each activated alloy. The goodness of linear fitting
was confirmed by the adjusted R? value for the different kinetic model shown in Table 4.13. The

adjusted R? value for GB3D model is closer to | compared to other kinetic model’s adjusted R*

values.
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Figure 4.18: Linear fitting of each rate limiting step model for each activated alloy

63



Table 4.13: Adjusted R’ value for the linear regression of different kinetic model

Adjusted R’ Chemisorption JMA2D JMA3D CV2D CV3D GB2D GB3D

2 wt% Zr + 2 wt% 0.66118 0.79104 0.71276 0.81843 0.86115 0.91201 0.94241
\Y
2wt% Zr + 2 wt% 0.67025 0.79372 0.71706  0.81798 0.85985 0.91738 0.94235

V +2wt% Mn

4.4.2 Summary
Microstructure and hydrogen storage properties of TiFe with addition of V only, combination of

Zr + V and combination of Zr + V + Mn were studied. It was found that addition of V at
concentration level of 2 and 4 wt% do not activate the TiFe alloy. However, simultaneous addition
of 2 wt% Zr + 2 wt% V improved the kinetics and also the maximum hydrogen capacity (1.6 wt%).
This result will be beneficial in terms of minimizing the concentration level of elements as
additives. Simultaneous addition of 2 wt% Zr + 2 wt% V + 2 wt% Mn to TiFe alloy leads to the
improvement in kinetics and also the maximum hydrogen capacity (1.8 wt%). The main reason for
activation of alloys with 2 wt% Zr + 2 wt% V and 2 wt% Zr + 2 wt% V + 2 wt% Mn was the
presence of Ti-rich phases (Ti:Fe, Ti). The rate limiting step for each activated alloy was found to

be a three-dimensional growth, where diffusion controlled with decreasing interface velocity.
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4.5 TiFe alloy with Mn + V as additives

In this section, simultaneous addition of Mn and V at different concentration level to TiFe alloy is
reported. A comparison of bulk measured atomic abundance with the nominal composition of each
alloy with the combination of Mn and V is shown in Table 4.14. The bulk measured composition
is close to the nominal one. However, a higher concentration of Ti than nominal values could be
seen. In earlier sections of chapter 4, TiFe alloy with Mn only and V only was reported. We saw
that 1 wt% Mn was enough to activate the TiFe alloy. However, the addition of V only at a
concentration level of 2 and 4 wt% do not have any effect on the activation curve of TiFe alloy.
Therefore, combination of Mn and V has been studied in order to have a possible synergy eftect

and compare it with the microstructure of alloys studied in previous chapters.

Table 4.14: Bulk chemical analysis: nominal and as measured by XRF (X-ray fluorescence)
spectrometer of all alloys. Uncertainty on all values is £ 1 at. %

Alloy Ti Fe Y Mn
(at. %) (at. %) (at. %) (at. %)

Heat#12 Nominal composition 49 49 | 2

(TiFe+ 2 wt% Mn + 1 wt% V)
Measurement 52 45 <1 2
Heat#3 Nominal composition 48 48 2 2

(TiFe+ 2 wt% Mn + 2 wt% V)
Measurement 54 43 2 2
Heat#4 Nominal composition 47 47 4 2

(TiFe+ 2 wt% Mn + 4 wt% V)
Measurement 53 42 4 2
Heat#15 Nominal composition 46 46 4 4

(TiFet+ 4 wt% Mn + 4 wt% V)
Measurement 52 42 3 4

4.5.1 Result and discussion

4.5.1.1. Morphology

Back-scattered micrographs of all samples are shown in Figure 4.19. There are three kinds of
phases that could be seen: a grey phase, a light grey phase, and a dark grey phase. Grey phase
represents the TiFe matrix. Light grey phase is mainly Ti.rich and dark grey phase is enriched in
V and Ti. When V content was 1 wt% along with 2 wt% Mn, there was no light grey phase and

dark grey phase area was very small compared to other alloys. When V content is getting higher
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from 2 to 4 wt%, fine distribution of dark grey phase and light grey phase could be seen. The
chemical composition of each phase was identified by EDX analysis. The area analysis ofall alloys

is shown in Figure 4.20. A clear difference in the dark grey and light grey phase could be seen.

(a) 2 wt% Mn+ 1 wt% V (b) 2 wt% Mn+2 wt% V

i |

(©)2wt% Mn+4wt%V  (d) 4 wt% Mn+4wt% V

]
100 pm 100 pm

Figure 4.19: Back-scattered micrograph of TiFe alloy with (a) 2 wt% Mn + 1 wt% V, (b) 2 wt% Mn
+2 wt% V, (¢) 2 wt% Mn + 4 wt% V and (d) 4 wt% Mn +4 wt% V as additives

Area | indicates the grey phase, which is TiFe and its composition is shown in Table 4.15. As it
could be clearly seen that some part of the Fe is substituted by V and Mn in each alloy. Area 2
indicates the dark grey phase. The chemical composition of the dark grey phase in each alloy is

shown in Table 4.16. It could be seen that dark grey phase is Ti-rich.
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(@) 2 wt% Mn+1wt% V  (b) 2 wt% Mn+2 wt% V
i

(¢)2wt% Mn+4wt% V  (d)4 wt% Mnt+4wt% V

Figure 4.20: EDX analysis of TiFe alloy with the combination of (a) 2wt% Mn + 1 wt% V, (b) 2
wt% Mn + 2 wt% V, (c) 2 wt% Mn + 4 wt% V and (d) 4 wt% Mn + 4 wt% V as additives

Table 4.15: Chemical composition of area 1 (Grey phase) in all alloys (uncertainty on all values is +

1
(Areal) Ti (at. %) Fe (at. %) V (at. %) Mn (at. %)
Alloy

2 wt% Mn+ 1 wt% 51 45 <1 3
A%

2 wt% Mn+ 2 wt% 51 46 2 2
A%

2 wt% Mn+ 4 wt% 49 44 4 2
A%

4 wt% Mn+ 4 wt% 50 45 3 3
A%
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Light grey phase has been indicated by area 3 and its composition is shown in Table 4.17. Light
grey phase has a composition close to TixFe. This light grey phase is not present in alloy having 2

wt% Mn and 1 wt% V. In each alloy, light grey phase has almost same concentration of Mn.

Table 4.16: Chemical composition of area 2 (dark grey phase) in all alloys (uncertainty on all values

ist1)
(Area 2) Ti (at. %) Fe (at. %) V (at. %) Mn (at. %)
Alloy

2 wt% Mn+ 1 wt% 79 16 3 <l
\'%

2 wt% Mn+ 2 wt% 74 19 4 <l
\'%

2 wt% Mn+ 4 wt% 68 23 7 <l
\'%

4 wt% Mn+ 4 wt% 69 23 7 !
\'%

Table 4.17: Chemical composition of area 3 (light grey phase) in all alloys (uncertainty on all values

is + 1)
(Area 3) Ti (at. %) Fe (at. %) V (at. %) Mn (at. %)
Alloy

2 wt% Mn+ 1 wt% - - - -
\%

2 wt% Mn+ 2 wt% 62 33 4 <l
\%

2 wt% Mn+ 4 wt% 59 33 6 <l
\%

4 wt% Mn+ 4 wt% 6l 32 6 !
\%
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4.5.1.2. Structural characterization

The X-ray diffraction (XRD) pattern of each alloy is shown in Figure 4.21. Major peaks of TiFe
(space group Pm-3m) phase with minor peaks of Ti;Fe type (space group Fd-3m) and Ti (space
group P63/mmc) phases could be seen. Alloys with 2 wt% Mn + 2 wt% V, 2 wt% Mn + 4 wt% V
and 4 wt% Mn + 4 wt% V have Ti and Ti;Fe secondary phases along with TiFe phase, which 1s
also seen in the chemical composition analysis of these alloys. Alloy with 2 wt% Mn + | wt% V
has only Ti secondary phase along with TiFe phase. The appearance of only Ti secondary phase

along with TiFe phase could be also evidenced by the chemical composition analysis of alloy with

2wt% Mn+ 1 wt% V.

* TiFe
* . * Ti
*) @ A A ¢ Ti Fe
. 4 wt% Mn + 4 wt% V

®
.. e

2 wt% Mn +4 wt% V
i‘ . *
¢ AL . ey .-
.
. . ,

S

>e

Intensity (a. u.)

2wt% Mn+2 wt% V

* *

e A A
2 wt% Mn + | wt% V

! I v I T I !

40 50 60 70 80 90 100
20 (degree)

Figure 4.21: X-ray pattern of TiFe alloys with the combination of Mn + V as additives
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4.5.1.3 Activation kinetics

First hydrogenation curves of all samples are shown in Figure 4.22. From this graph, it could be
clearly seen that addition of 1 wt% V alongside with 2 wt% Mn is not enough to activate the TiFe
alloy. The cause of no activation is the lower phase abundance of secondary phase. The addition
of 2 wt% V with 2 wt% Mn leads to fast kinetics and its maximum hydrogen capacity 1s ~ 1.78
wt%. By increasing the proportion of V up to 4 wt% and keeping the Mn concentration constant
at 2 wt%, maximum hydrogen capacity could be increased up to 1.8 wt%, however, it has almost
same kinetics as for the alloy having 2 wt% Mn and 2 wt% V. Combination of 4 wt% Mn and 4
wt% V retards the kinetics and maximum hydrogen capacity. The main cause of activation for

these alloys could be the presence of Ti, TizFe phases.

wf"ﬂww

vV

—0—2wt% Mn+ 1wth V

v 4wt% Mn+4wthoV
—&— 2 wt% Mn+2 wt% V
—— 2 wt% Mn+4wt% V

Time (h)

Figure 4.22: First hydrogenation curve of TiFe alloys with the combination of Mn + V as additives
at room temperature and 20 bar hydrogen pressure
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4.4.1.4 Rate limiting step of first hydrogenation

Rate limiting step was determined by the plotting the different kinetic models and performing the
linear regression on each kinetic model curve. The linear regression of each kinetic model curve
is shown in Figure 4.23 and the best fitted curve could be seen for the GB3D model. Adjusted R?
value has given in Table 4.18 for the confirmation of best fitted curve. The adjusted R? value for

GB3D model is closer to | than for the other kinetic models.

(a)2wt% Mn+2wt% V (b) 2 wt % Mn +4 wt% V
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Figure 4.23: Linear regression of different kinetic model for each TiFe alloy with the combination
of Mn and V as additives
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Table 4.18: Adjusted R’ value for linear fitting of different kinetic model

Adjusted R’ Chemisorption JMA2D JMA3D CV2D CV3D GB2D GB3D

2wt% Mn +2 0.7341 0.85138 0.80277 0.85764 0.89266 0.93785 0.95933
wt% V

2wt% Mn +4 0.79722 0.89003 0.85047 0.89547 0.9232 0.95721 0.97333
wt% V

4 wt % Mn + 4 0.82321 091783 0.88119 0.92221 0.9469 0.97571 0.98751
wt% V

4.5.2 Summary

Microstructure, structural characterization and first hydrogenation kinetics with rate limiting step
for TiFe with the combination of Mn and V were investigated. It was found that activation kinetics
and maximum hydrogen capacity could be enhanced by a combination of Mn and V. Maximum
hydrogen capacity ~ 1.8 wt% could be achieved at room temperature under 20 bar hydrogen
pressure by the addition of Mn and V simultaneously at minimum concentration level of 2 wt% V
and 2 wt% Mn. Similar to the compositions reported in the previous chapters, the cause for the
activation was found to be the presence of Ti, Ti:Fe secondary phases. In rate limiting step
determination, GB3D model was found to be best linear fitted, which governs the three-

dimensional growth of hydride phase with decreasing interface velocity.
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Chapter 5

Effect of heat treatment on microstructure and hydrogenation
properties of Tike + X wt% Zr (X =4, 8)

5.1 Introduction

In the previous chapter, it could be seen that microstructure plays an important role for activation.
In this chapter, a systematic investigation of the effect of microstructure on activation kinetics of
TiFe alloy is shown by applying heat treatment. This is done by studying TiFe alloy with the
addition of 4 and 8 wt% of zirconium. TiFe alloy with Zr additive has been synthesized at
laboratory scale using arc melting. Thereafter, heat treatment was performed on each composition

ofalloy.

5.2 Result and discussion
5.2.1 Morphology

The backscatter electron micrograph of all alloys (as-cast and after heat treatment) is shown in
Figure 5.1. In all micrographs, three different phases could be seen: a bright phase, a grey phase,

and some black precipitates.

(a) 4 wt% Zr (as-cast) (b) 4 wt% Zr (after heat treatment)

(c) 8 wt% Zr (as-cast) (d) 8 wt% Zr (after heat treatment)




Figure 5.1: Backscatter electron micrograph of TiFe + X wt% Zr (X= 4, 8) alloys before (a, ¢) and
after heat treatment (b, d)

[t 1s clear that, as the amount of zirconium increases, the surface area of the bright phase also
increases. For each composition, the micrographs become finer after heat treatment. Using Imagel
software, the respective areas of the different phases were evaluated using one randomly selected
image at the magnification value of 300. The field of view of this image is sufficient to ensure that
it represents the bulk value. Results are reported in Table 5.1. It could be seen that the bright phase
area increases for increasing Zr content but also that heat treatment had the effect of decreasing
the area of the bright phase.

Table 5.1: Area percentages of different phases for TiFe + X wt% Zr micrographs shown in Figure
4.1. Uncertainty on all values is + 1

Phase (as-cast) (after heat treatment)

TiFe + 4 wt% Zr

Grey (%) 75 86

Bright (Zr —rich) (%) 24 13

Black precipitate (%) 1 1

TiFe + 8 wt% Zr

Grey (%) 62 75

Bright (Zr — rich) (%) 38 25

Elemental mapping of all alloys is shown in Figure 5.2. It shows that Zr is mainly concentrated in
the bright phase. It could also be seen that Ti and Fe are both present in the matrix and the bright
phase. Black precipitates are mainly Ti-rich. Besides the fact that heat treatment had the effect of
slightly reducing the area of secondary phase, we see that heat treatment made the morphology of
the secondary phase much more complex. For both compositions, the secondary phase in the heat-
treated sample has an intricate structure where some grey phase is embedded inside the bright
phase. From ternary phase diagram of Fe-Ti-Zr system at 1173 K, possible phase for 4 and 8 wt%
Zr could be TiFe + Fe2T1 + o Fe [108].
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(a) 4 wt% Zr (as-cast) (b) 4 wt% Zr (after heat treatment)

Figure 5.2: Elemental mapping of TiFe + X wt% Zr (X= 4, 8) alloys before (a, ¢) and after heat
treatment (b, d)

In order to know the chemical composition of each phase present in each alloy, EDX measurements

were taken.

5.2.1.1 TiFe with 4 wt% Zr (as-cast and heat-treated)
The microstructure before and after heat treatment is shown in Figure 5.3. [n both micrographs,
the grey phase is mainly TiFe and bright phase is Zr-rich. There are also some black precipitates

which are Ti-rich.
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(b) 4 wt% Zr (after heat treatment)

Figure 5.3: EDX analysis of TiFe + 4wt% Zr as-cast (a) and after heat treatment (b)

Chemical composition of the phases shown in Figure 5.3 as determined by EDX are presented in
Table 5.2. It could be seen that after heat treatment, the bright phase is getting enriched in Zr. Grey
phase has an almost equal atomic concentration of Ti and Fe with a small amount of Zr for as-cast
and heat-treated alloys.

Table 5.2: Chemical compositions of TiFe + 4 wt% Zr in as-cast and heat-treated states.
Uncertainty on all values is + 1

Alloys Ti(at. %) Fe(at. %)  Zr (at. %)

TiFe + 4 wt% Zr (as-cast)

Bright phase (area 1) 38 55 7
Grey phase (area 2) 49 48 3

Black precipitate (area 3) 97 1 1

TiFe + 4 wt% Zr (heat-treated)

Bright phase (area 1) 31 47 22
Grey phase (area 2) 50 49 <l
Black precipitate (area 3) 96 2 2

Black precipitates are mostly Ti (~ 97 at. %) before and after heat treatment. We see that the main
result of heat treatment is that zirconium diffuses out of the grey phase (TiFe phase) and enters
into the bright phase making the zirconium content higher. The composition of the black

precipitates barely changed.
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5.2.1.2 TiFe with 8 wt% Zr (as-cast and heat-treated)

Microstructure of as-cast and heat-treated alloy having 8 wt% Zr is shown in Figure 5.4. Three
phases could be seen, grey phase (area 1) which is TiFe, bright phase which is Zr-rich (area 2) and
light grey phase which has less Zr content than bright phase (area 3). The chemical composition
of these phases was measured by EDX analysis and are presented in Table 5.3. After heat
treatment, three main observations could be made: (i) the grey phase composition did not
significantly change after heat treatment. (ii) bright and light grey phases are getting enriched in

Zr. (i) light grey phase is getting reduced in Fe and enriched in Ti.

(a) 8 wt% Zr (as-cast) (b) 8 wt% Zr (after heat treatment)
" h’» . ” : .).

Figure 5.4: EDX analysis of TiFe + 8 wt% Zr as cast (a) and after heat treatment (b)

Table 5.3: Chemical compositions of TiFe + 8 wt% Zr in as-cast and heat-treated states.
Uncertainty on all values is £ 1

Alloys Ti (at. %) Fe (at. %) Zr (at. %)

TiFe + 8 wt% Zr (as-cast)

Bright phase (area [) 43 39 18
Grey phase (area 2) 50 49 <1
Light grey phase (area 3) 39 55 6
TiFe + 8 wt% Zr (heat-treated)

Bright phase (area 1) 38 37 25
Grey phase (area 2) 50 49 <]
Light grey phase (area 3) 52 32 16

77



From these analyses for X =4 and 8, we see that grey phase is TiFe with a very small amount of
Zr before and after heat treatment. Thus, the solubility of Zr in TiFe is limited to below 1 at.%.
When X = 8, the bright phase has more Zr content than when X = 4.

5.2.2 Structural characterization
X-ray diffraction patterns of all alloys are shown in Figure 5.5. All XRD pattern shows the TikFe

phase. Because of the strong fluorescence of iron with Cu-radiation, it is difficult to detect the
secondary phases except for the alloy TiFe + 8 wt% Zr after heat treatment. Even for this
composition, the peaks are too small, and we were unable to identify the crystal structure. Lattice
parameters and crystallite sizes of all alloys as determined by Rietveld refinement are shown in
Table 5.4. Lattice parameters do not differ very much after heat treatment which confirms the fact
that the composition of TiFe phase does not change upon heat treatment. In a similar way,

crystallite size does not drastically change upon heat treatment.

* TiFe 8 = 8 wi% Zr (heat-treated)
H b 8 wi%e Zr (as-cast)
€ = 4 wi% Zr (heat-treatzd)
(s 4 W1% Zr {as-cast)
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Figure 5.5: X-ray diffraction patterns of TiFe + X wt% Zr (X =4, 8) as-cast and heat-treated at
1173 K

78



Table 5.4: Lattice parameter and crystallite size of all alloys

Alloys Lattice Parameter (A) Crystallite size (nm)
TiFe + 4 wt% Zr (As-cast) 2.9819(4) 19.0(4)
TiFe + 4 wt% Zr (heat-treated) 2.9813(3) 17.1(4)
TiFe + 8 wt% Zr (As-cast) 2.9859(8) 13.2(4)
Tike + 8 wt% Zr (heat-treated) 2.9832(4) 20.6(4)

5.2.3 Activation kinetics

First hydrogenation curve of all samples was measured at room temperature under 2 MPa of
hydrogen pressure. First hydrogenation curves of TiFe + X wt% Zr (X =4, 8) before and after heat
treatment are shown in Figure 5.6. For X = 4, the as-cast sample readily absorbs hydrogen and
reaches a capacity of around 1.6 wt% in about 6 hours. The effect of heat treatment is greatly
detrimental; the heat-treated TiFe + 4 wt% Zr sample could barely absorb 0.1 wt% of hydrogen

after 6 hours.

oedl e = TiFe + 8 wi% Zr (as-cast)
ol L_:’ ™ @ TiFe + 4 w1% Zr (as-cast)
1 | j{ 1 TiFe + 8 wt% Zr (after heat treatment
04 1 7/./ HO— TiFe + 4 w1% Zr (afier heat treatment
02 }‘
0.0 T T T v T T T 4
0 1 2 3 4 5 6
Time (h)

Figure 5.6: First hydrogenation curve of TiFe + X wt% Zr (X =4, 8) alloys before and after heat
treatment
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In the case of X = 8§, the as-cast sample absorbs hydrogen much faster than the as-cast TiFe + 4
wt% Zr. It reaches its maximum hydrogen capacity within two hours. However, as in the previous
case, heat treatment had for the effect of strongly reducing the kinetics and hydrogen capacity.
After 6 hours the hydrogen capacity is only 1 wt%. Therefore, heat treatment has a detrimental

effect on as-cast TiFe alloy with Zr as additive.

The reason for the negative effect of heat treatment is most likely due to the modifications of the
secondary phases. Their chemical composition and relative abundance change, mainly by having
a higher proportion of zirconium. The fact that the secondary phases change composition upon
heat treatment also means that in the as-cast state these phases are in a metastable state. This could

greatly influence their behavior under hydrogen exposure.

5.3 Summary

The effect of heat treatment on the microstructure and hydrogen storage characteristics of TiFe +

X wt% Zr (X =4, 8) alloys have been investigated. The following results were obtained:

* The main effect of heat treatment was to push out the Zr from the TiFe phase (for x =4)

and diffuse it into the secondary phases.

* From the hydrogenation curve, it was concluded that heat treatment reduced the hydrogen

capacity and kinetics.

From these results, it was concluded that heat treatment is not suitable for the TiFe alloy with
zirconium as additive. The reason is probably that as-cast secondary phases are metastable and
thus more sensitive to hydrogen while the heat-treated secondary phases are more zirconium rich
and less receptive to hydrogen. Heat treatment had for effect of producing secondary phases that

could not absorb hydrogen thus making the total capacity smaller compared to the as-cast alloy.
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Chapter 6

Effect of cooling rate on the microstructure and hydrogen storage
properties of TiFe with 4 wt% Zr as an additive

6.1 Introduction

From previous investigations, it is known that addition of 4 wt% Zr enhances the activation (first
hydrogenation) kinetics of TiFe alloy at laboratory scale [41, 42, 57, 58]. Ti (99.9%, sponge), Fe
(99.5%, pieces), Zr (99.5%, sponge) purchased from Alfa Aesar were used as raw materials in
these studies. In the previous chapter 4, it could also be seen that 4 wt% Zr enhances the activation
kinetics at industrial scale using industrial grade raw material. For industrial scale synthesis, it is
important to know the effect of cooling rate on the microstructure and thereby on the hydrogen
storage properties. In this investigation, we studied the effect of cooling rate on hydrogen storage
properties of TiFe with 4 wt% Zr as an additive. In this way, we could distinguish between the
chemical effect of having secondary phases of different compositions and the eftect of morphology
of the dispersion of the secondary phase. Moreover, this may enable us to see if the cooling rate
has some effect on the chemical composition of the secondary phase. In order to be as close as
possible to the industrial process, industrial grade raw materials were used instead of laboratory

grade elements.

6.2 Result and discussion

6.2.1 Morphology
Backscattered micrographs of as-cast TiFe + 4 wt% Zr alloy for different thicknesses of mold

representing different cooling rates are shown in Figure 6.1. It is clear that the microstructure
depends on the cooling rate. For 3 mm thickness, a fine dendritic structure is clearly seen. This
dendritic structure gets coarser at each step starting with a dendritic arm spacing (DAS) of only a
few microns to close to 50 microns at the biggest step. This is directly linked to the different
cooling rate, i.e.: higher heat extraction leads to smaller dendrites formation. It could be seen that,
in each micrograph, three different phases are present; (1) grey phase (2) light grey phase and (3)
bright phase (at the edge of light grey phase).



Figure 6.1: Backscattered micrographs of TiFe + 4 wt% Zr at different step mold thickness (a) 25
mm, (b) 13 mm, (¢) 6 mm and (d) 3 mm

For the same area covered by the secondary phase, a smaller dendritic structure has more interface
with the main phase than a bigger structure. For all samples, the perimeters of the secondary phase
over the total area of micrograph were evaluated using the 100 pm scale micrographs. Results are
reported in Table 6.1 and clearly show that the perimeter of the secondary phase increases with
increasing cooling rates. Area fraction of grey, light grey, and bright phases has also been
calculated by ImagelJ and are shown in Table 6.1. The grey phase area fraction is constant except

for the 3 mm thickness.
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Table 6.1: Perimeter of the secondary phase over the total area of micrograph as calculated by
ImageJ software

Thickness Perimeter Grey phase area Light grey + bright phase area
(mm) (rov/pm’) (%) (%)
25 3.6+£04 60 £ 1 40 £ 1
13 6.1 +£0.6 63 £ 1 37 £ 1
6 10+ 1 65+ 1 35+ 1
3 2543 50+ 1 50 1

The phase’s chemical compositions were measured by EDX. The EDX analysis and mapping of
25 mm thickness sample are shown in Figure 6.2. Areas 1, 2 and 3 respectively represent the grey,
light grey, and bright phases. From mapping, it could be seen that Ti is abundant in the grey phase
but deficient in light grey and bright phases. Iron (Fe) is evenly distributed through all phases but
Zr is mainly concentrated in light grey and bright phases. Identical phases and similar distribution

of elements were seen for the 13, 6, and 3 mm thicknesses as in the case of 25 mm thickness.

TiFe + 4 wt% Zr (25 mm)
; Ti

Figure 6.2: EDX analysis with mapping of an alloy having a 25 mm thickness of step mold
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Chemical compositions of grey phase in each thickness are shown in Table 6.2. Grey phase has
an almost equal atomic concentration of Fe and Ti with a small amount of Zr. Atomic percentages
of Ty, Fe, and Zr are essentially the same for the different cooling rate and it is clear that this phase
is TiFe alloy.

Table 6.2: Chemical composition of grey phase (Area 1) of TiFe + 4 wt% Zr at the different cooling
rate. Uncertainty on all values is + 1 at. %

Element 25 mm 13 mm 6 mm 3 mm
Ti (at. %) 51 50 50 51
Fe (at. %) 49 49 49 49
Zr (at. %) <1 <] <] <1

The chemical compositions of the light grey phase for all thicknesses are given in Table 6.3. As
for TiFe phase, this phase has a constant composition with cooling rates. The stoichiometry of this
phase is very close to TiFez, a compound that is present in the Ti-Fe phase diagram. This phase
also contains 3 at. % of zirconium.

Table 6.3: Chemical composition of light grey phase (Area 2) of TiFe + 4 wt% Zr at the different
cooling rate. Uncertainty on all values is = 1 at. %

Element 25 mm 13 mm 6 mm 3 mm
Ti (at. %) 39 38 38 38
Fe (at. %) 58 59 59 59
Zr (at. %) 3 3 3 3

Chemical compositions of the bright phase for all thicknesses are shown in Table 6.4. Here, there
is a slight variation in the chemical composition with thickness, but overall, we could consider that
this phase composition is roughly constant except for the 3 mm thickness, which contains less
zirconium than the other three thicknesses. As this Zr-rich, bright phase is located at the interface
between the grey and the light grey phases, we could conclude that zirconium tends to be excluded
from the TiFe and the TiFe> phases. A close inspection of the abundances given in Table 6.4 seems

to indicate that this region has a composition (Ti, Zr)2Fe. The compound Ti>Fe is not present in
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the phase diagram but it has been seen in the titanium-iron-boron system [109]. As we could see

in Figure 6.2, bright phase area is very small, only a few % of the total surface.

Table 6.4: Chemical composition of bright phase (Area 3) of TiFe + 4 wt% Zr at the different
cooling rate. Uncertainty on all values is + 1 at. %

Element 25 mm 13 mm 6 mm 3 mm
Ti (at. %) 44 47 44 46
Fe (at. %) 39 35 36 41
Zr (at. %) 17 17 20 12

6.2.2 Structural characterization

The crystal structure for samples coming from different thicknesses was determined by analyzing
the XRD pattern. The XRD pattern of each sample in the as-cast state is shown in Figure 6.3. The
major diffraction peaks for all thicknesses were found to be TiFe (space group Pm-3m). There are
some minor peaks of low intensity, which could be indexed as TiFe: type (space group P63/mmc)
and Ti (space group P63/mmc). The small shoulder on the right side of the main TiFe peak is a
TiFe; peak. The TiFe is the grey phase seen in the SEM micrographs while the TiFe: is the light
grey phase. The absence of the bright phase in the X-ray patterns could be explained in two ways.
First, the area of this phase in the SEM micrographs is very small, only a few % of'the total surface.
Therefore, it is at the limit of detection for X-ray diffraction. Secondly, from the SEM observation
and EDX measurements, this phase is most likely related to the light grey phase. Also, the peak at
around 45° could be indexed to the Ti phase but, after Rietveld refinement, there is still a non-
negligible residue. Moreover, one could notice a series of very small peaks between 75 and 93°.
These peaks may belong to the bright phase, but the intensities are too small and the peaks are too
broad to makes a precise identification impossible. The Rietveld analysis was performed on each
alloy’s XRD pattern and the R-values are given in Table 6.5. The relatively high value of Ry is
probably due to the relatively high background of these patterns as discussed by Toby [110].
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Figure 6.3: X-ray diffraction patterns of each alloy at a different thickness of step mold

Table 6.5: The weighted profile factor R-factor (Rw;) and the expected R-factor (R.,) in Rietveld’s

analysis for each alloy

Thickness (mm) Ruwp Rexp
25 13.07 9.18
13 12.20 9.57
6 14.98 9.65
3 13.87 11.28

The main parameters determined by Rietveld refinements are summarized in Table 6.6. Phase

fraction of each phase presented in Table 6.6 is on weight basis. Pure zirconium phase was also

considered during the Rietveld analysis, but this phase is not present in any pattern. We see that

the phase fraction of TiFe is practically constant except for the 6 mm sample that is slightly higher.

The Ti fraction increases with cooling rates and the fraction of TiFe> has one value for the 25 and

I3 mm samples and smaller value for the 6 and 3 mm samples. For all cooling rates, the individual
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phases have different crystallite size, but they do not change much with cooling rates. For all

phases, microstrains were found to be zero within experimental errors.

Table 6.6: Phase fraction, lattice parameter and crystallite size of each alloy having different
thicknesses

Phase name  Phase fraction  Lattice parameter  Crystallite size

(%) A (nm)
25 mm
TiFe 59(1) a=2.98(1) 47(2)
TiFez 32(1) a=49I1(l)c= 10(2)
7.24(1)
Ti 9(1) a=2.96(1)c= 33(1)
4.68(1)
13 mm
TiFe S57(1) a=2.98(l) 37(2)
TiFe; 31(1) a=493(1)c= 11(2)
7.23(1)
Ti 12(1) a=298(1)c= 30(1)
4.60(1)
6 mm
TiFe 67(1) a=2.98(1) 35(2)
TiFe; 21(1) a=49Il(l)c= 18(2)
7.00(1)
Ti 13(1) a=294(1)c= 25(2)
4.70(1)
3 mm
TiFe 61(1) a=298(1) 35(2)
TiFe; 23(1) a=495(1)c= 10(2)
7.18(1)
Ti 16(1) a=296(l)c= 27(2)
4.69(1)
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From Table 6.6, it could be seen that the lattice parameters of the TiFe, range from a = 4.91 to
4.95 nm, ¢ = 7.00 to 7.24 and the c/a ratio from 1.43 to 1.48. The c/a ratio is particularly
problematic. This number is too far from the theoretical value of a hexagonal phase. This is a
strong indication that the structure is metastable. Other possible phases were tested but the TiFe:

structure was the one giving the best fitting.

6.2.3 Activation kinetics

Activation (first hydrogenation) curves of TiFe with 4wt% Zr at different cooling rates are shown
in Figure 6.4. It is clear that the activation kinetics increases with cooling rates. This is most likely
due to the finer distribution and large perimeter of the secondary phase as cooling rate increases.
There is also less diffusion distance between the secondary phase and the center of the TiFe phase.
The total capacity gives some indication of the hydrogenation reaction. For example, for the 3 mm
sample, the total capacity reached was 1.4 wt%. Considering that, from Rietveld refinement, TiFe
phase is 61% and that TiFe absorbs 1.86 wt% of hydrogen then, the amount of hydrogen taken by
the TiFe phase is 1.13 wt%. The missing capacity is due to the secondary phase (TiFe> and Ti).

wi% H

0.2 -

00T T T T T T
6o 2 4 6 8 10 12 14 16 18 20

Time(h)

Figure 6.4: Activation at room temperature and under 20 bars of hydrogen of TiFe+d4wt% Zr at
different thicknesses of step mold

As the missing capacity is only 0.27 wt% and the secondary phases are counting for 39 wt%. This

means that these phases absorbed only a small amount of hydrogen. The preceding analysis found

88



that the secondary phases are TiFez, TizFe, and Ti. It is known that the TiFe; phase does not absorb
hydrogen [111]. It leaves the Ti;Fe and Ti phases, which are possible hydrogen absorbers.
Titanium forms a hydride, but the amount formed is too small to be accurately detected by X-ray.
As for the TixFe phase, there is some evidence by SEM/EDX, but the amount is not sufficient to
be seen on the XRD pattern. Therefore, more dedicated experiment is needed in order to determine

secondary phase absorbs hydrogen and what is the capacity.

The shape of activation curves could give some information about the hydrogenation mechanism.
As in previous Table 4.7, usual models of rate-limiting steps in hydrogenation were shown. As
different models have different functional forms, one way to find the model that fits our
experiments is to plot the left side of the equations as a function of time. The model that fits the
best will give a straight line. The linear regression was performed from 10 to 90% of the
transformed fraction (X = [0.1...0.9] and the results are shown in Figure 6.5 for the 3 mm
thickness. At 3 mm thickness, the best linear fitted plot is for the GB3D, 3D growth, diffusion
controlled with decreasing interface velocity model. GB3D was also found to be the best-fitted

model for the other thicknesses.

The rate constant of the reaction for each thickness is shown in Table 6.7. Rate constant value
increases with increasing cooling rate (decrease in mold thickness). The relationship between the
rate constant and perimeter of the secondary phase is shown in Figure 6.6. It is clear that the rate
constant is linearly proportional to the perimeter. It has already been shown by Edalati et al. that
grain boundaries, vacancies concentration, and high dislocation density acts as a pathway for
hydrogen diffusion [48, 95]. In the present case, the activation mechanism is at the interface
between the TiFe phase and the secondary TiFe; phase. From the measured and calculated
hydrogen capacity, we could conclude that the secondary phase absorbs only a small amount of
hydrogen. Thus, it acts as a gateway for hydrogen. In previous chapter, work on effect of heat
treatment, we found that the phases present in the as-cast alloy were metastable and heat treatment
was responsible for the effect of changing the nature of the secondary phase and also the
metastability of the phases, which had for the consequence of drastically reducing the activation
kinetics and total capacity. The present result agrees with these conclusions. In the as-cast state
the phases are in a metastable state and thus, probably have an unstable boundary between them.

Such an unstable boundary could provide an easy diffusion of hydrogen between the phases.
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Figure 6.5: Linear fitting of each rate limiting step model for 3 mm thickness

Table 6.7: Rate constant in case of diffusion model equation for each thickness. Error on the lasi
significant digit is in parentheses

Step mold thickness (mm) Rate constant k (diffusion)

25 0.0247(1)
13 0.0258(2)
6 0.0444(2)
3 0.0777(4)
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Figure 6.6: Activation kinetics rate constant as a function of the perimeter of the secondary phase

6.3 Summary
The effect of cooling rate on TiFe alloy with 4wt% Zr as additive was studied by using step casting.

Casting was done at a scale of'a few kg in order to be as close as possible to the industrial process.
The raw materials were also industrial grade. The cast alloy consisted of a main TiFe phase and a
zirconium-rich secondary phase. It was observed that cooling rate had an influence on the alloy’s
microstructure. Fast cooling rates produced a dendritic structure with fine distribution of the
secondary phase. Slower cooling rates produced a coarser structure for the secondary phase.
However, the chemical composition of each phase was essentially constant with respect to cooling

rates.

In this work it was shown that activation kinetics of as-cast alloys has a clear increase in the
reaction rate with increasing cooling rates. The reaction rate was found to be proportional to the
secondary phase perimeter and the rate-limiting was identified to be diffusion controlled for all
cooling rates. The fact that the rate of the first hydrogenation kinetic is proportional to the
perimeter between the TiFe phase and the secondary phase is a strong indication of the gateway
mechanism of hydrogen entering first the secondary phase and then transfer to the main TiFe

phase.
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Chapter 7

Microstructure and hydrogen storage properties of TixFez.x + 4 wt%
Zr, (x=1.1,1.05, 0.99, 0.94)

7.1 Introduction

In previous chapters, TiFe alloys with the different combinations of additives have been studied.
In all these studies, Ti-rich phases could be seen in the microstructure of TiFe alloys with additives.
In this chapter, four compositions of TiFe with 4 wt% Zr have been synthesized in order to
optimize chemical composition and fully understand the effect of Ti-rich phase on the activation
curve of these alloys. The binary phase diagram of TiFe alloy is shown in Figure 7.1. In this phase
diagram, the composition range of TiFe is very small. Therefore, by varying the concentration of
Ti across the TixFez« region (x = 1.1, 1.05, 0.99, 0.94), four samples were synthesized with 4 wt%

Zr as additive. The effect of variation in the concentration of Ti1 on the microstructure and

activation curve of TiFe alloy is reported in this chapter.
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Figure 7.1: Ti-Fe binary phase diagram [112]



7.2 Result and discussion
7.2.1 Morphology

Back-scattered micrographs of all alloys are shown in Figure 7.2. A grey phase (TiFe matrix) with
secondary phases (bright, light grey and black precipitate) is present in all micrographs. The
microstructure is different for each alloy. For x = 1.1, the secondary phase is finely distributed.
When the value of x decreases (Figure 7.2 (b), (¢) and (d)), the secondary phase is getting more
globular and the black precipitates are more abundant. Figure 7.3 shows the microstructure at
higher magnification for each alloy. For x = 1.1, the black precipitates present a hexagonal
structure (Figure 7.3 (a)), whereas, for other alloys, the black precipitates have more irregular
shapes. Area percentage of each phase in the micrograph of each alloy was evaluated using Image)J
software and is shown in Table 7.1. It could be clearly seen that area fractions are almost constant
for x = 1.1, 1.05 and 0.99. In the case of the x = 0.94 composition, we see a drastic change of the
proportion of the three phases.

Table 7.1: Area fraction (%) of different phases in the micrograph of Ti\Fe, . with 4 wt% Zr as
additive, where x = 1.1, 1.05, 0.99 and 0.94 (uncertainty on all values is = 1)

Phases x=11|x=105|x=0.99 | x=0.94
Bright 20 19 20 40
Light grey 77 78 76 50
Black precipitate 3 3 4 1

The chemical composition of each phase was evaluated by EDX analysis as shown in Figure 7.3.
The chemical composition of each phase for x = 1.1 is shown in Table 7.2. The matrix (area 1) is
TiFe phase with 3 at. % of Zr. The bright phase (area 2) has a composition close to TixFe with 8
at. % of Zr substituting with Ti. Areas 3, 4 and 5 are essentially Ti-rich regions. In particular, area

5 shows the hexagonal structure of Ti crystal structure.
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Figure 7.2: Back-scattered micrograph of Ti:Fe,.. with 4 wt% Zr as additive, where x = 1.1, 1.05,
0.99 and 0.94
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(a)x=1.1

(b) x = 1.05 (c) x = 0.99

(d) x = 0.94

Figure 7.3: Chemical composition analysis of Ti\Fe..« with 4 wt% Zr as additive, where x = 1.1,
1.05, 0.99 and 0.94



Table 7.2: Chemical composition of each phase for x = 1.1 (uncertainty on all values is + 1)

Alloy Ti (at. %) Fe (at. %) Zr (at. %)
x=1.1

Matrix (area 1) 51 46 3
Bright phase (area 2) 59 33 8
Ti-rich (area 3) 70 24 6
Ti-rich (area 4) 69 27 4
Ti-rich (area 5) 71 27 3

The chemical composition of each phase for x = 1.05 as shown in Figure 7.3 (b) is presented in
Table 7.3. The matrix (area 1) and bright phase (area 2) have compositions very similar to their

equivalents in alloy x = 1.1. Ti-rich phase (area 3) is now more enriched in Ti compared to x =
1.1

Table 7.3: Chemical composition of each phase for x = 1.05 (uncertainty on all values is + 1)

Alloy Ti (at. %) Fe (at. %) Zr (at. %)
x=1.05

Matrix (area 1) 50 46 4
Bright phase (area 2) 55 37 8
Ti-rich (area 3) 85 12 3

The chemical composition of the phases presents in the alloy x = 0.99 are shown in Table 7.4 with
the corresponding micrograph shown in Figure 7.3 (¢). Here, the matrix phase has an almost equal
atomic concentration of T1 and Fe with a small concentration (<1 at. %) of Zr. The bright phase
has also a totally different composition compared to the previous alloys. In fact, the composition

of the bright phase seems to be close to TiFez. Area 3 has the same composition as for x = 1.05

which i1s Ti-rich.
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Table 7.4: Chemical composition of each phase for x = 0.99 (uncertainty on all values is £+ 1)

Alloy Ti(at. %) Fe (at. %) Zr (at. %)
x =0.99

Matrix (area 1) 50 49 <1
Bright phase (area 2) 36 56 6

Ti-rich (area 3) 80 18 4

For x = 0.94, chemical composition for each phase (Figure 7.3 (d)) has been evaluated by the
EDX analysis and shown in Table 7.5. Area | is TiFe which has more Zr (~ 3 at%) than for x =
0.99 and almost the same as for x = 1.1 and 1.05. Bright phase has TiFe; composition as found for

x=10.99.

Table 7.5: Chemical composition of each phase for x = 0.94 (uncertainty on all values is + 1)

Alloys Ti (at. %) Fe (at. %) Zr (at. %)
x=10.94

Matrix (area 1) 50 48 3
Bright phase (area 2) 39 56 4
Ti-rich (area 3) 81 16 3

In the bright phase, Zr content is comparable to x = 0.99 and almost half of the concentration of
Zr in the bright phase of x = 1.1 and 1.05. Area 3 is mainly Ti-rich phase. From chemical
composition analysis of these alloys, we could conclude that variation in the Ti/Fe concentration
leads to the change in the bright phase’s composition and also change in the solubility of zirconium

in all phases in each alloy.

7.2.2 Structural characterization
X-ray diffraction patterns of each alloy are shown in Figure 7.4. In the case of x = 1.1 and x =

1.05, major peaks of TiFe with minor peaks of TizFe could be seen. When x value decreases,
appearance of minor peaks of TiFe> phase along with major peaks of TiFe phase could be observed

for x = 0.99 and x = 0.94. Rietveld analysis for each alloy’s X-ray diffraction pattern was
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performed and calculated phase fraction with crystallite size and lattice parameter for each phase

is shown in Table 7.6.

¢ TiFe oTiFe = TiFe,
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Figure 7.4: X-ray diffraction patterns of Ti\Fe,., with 4 wt% Zr as additive, where x = 1.1, 1.05,
0.99 and 0.94

We could clearly see a decreasing trend for the phase fraction TizFe with decreasing x value. For
x = 0.99 and x = 0.94, phase fraction of TiFe: is almost constant. Crystallite size of TiFe also
decreases with the decrease in x value. Crystallite size of Ti;Fe and TiFe, phases is found to be
almost constant. Lattice parameter is almost constant for each phase in each alloy. Appearance of

these phases could also be seen in the chemical composition analysis of each alloy respectively.
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Table 7.6: Evaluated Phase fraction, lattice parameter and crystallite size values for each phase in
of Ti Fe,« alloys with 4 wt% Zr as additive

Phase name  Phase fraction Lattice parameter Crystallite size
(%) (A) (nm)
x=1.1
TiFe 72(1) a=2.98(1) 46(1)
TiFe 28(1) a=11.45(1) 26(2)
x=1.05
TiFe 82(1) a=298(03) 39(2)
Ti;Fe 18(1) a=11.48(1) 22(2)
x=0.99
TiFe 40(1) a=2.97(1) 31(2)
Ti;Fe 17(1) a=11.26(1) 28(1)
TiFe; 43(1) a=4.86(1)c=17.91(1) 44(1)
x =0.94
TiFe 48(1) a=298(1) 32(2)
TiFe 9(1) a=11.32(1) 16(2)
TiFe; 43(1) a=4.88(1)c=17.92(1) 43(1)

7.2.3 Activation kinetics

The first hydrogenation curves of all samples at room temperature under 20 bar hydrogen pressure
are shown in Figure 7.5. Best kinetics and maximum hydrogen capacity were found to be for x =
1.1. It absorbs 2 wt% hydrogen within 2 hours. When x = 1.05, kinetics is slower, but the main
fact is that the hydrogen capacity reduces to 1.5 wt%. For x =0.99 and 0.94, the trend of decreasing
capacity with lowering of x value is confirmed. The main reason for this decreasing trend is due
to the appearance of non-hydriding TiFe, phase for x = 0.99 and 0.94 along with hydriding phase
TiFe and Ti;Fe. From Table 7.6, we could see the phase fractions of TiFe and TixFe and a
decreasing trend was found with lowering the x value. From the chemical composition analysis,

we observed that when value of x decreases, bright phase’s composition changes from Ti;Fe to
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TiFe>. From the activation kinetics results, it is clear that Ti>Fe phase is helpful for the initiation

of hydrogen absorption and also leads to the better maximum hydrogen capacity.
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Figure 7.5: Activation kinefics of TixFe;.« with 4 wt% Zr as additive at room temperature under 20
bar hydrogen pressure

7.3 Summary
Effect of Ti-rich phase was clearly observed on the activation kinetics of TiFe alloy with 4 wt%

Zr. The best kinetics was found to be for x = 1.1. Maximum hydrogen capacity for x = 1.1 was 2
wt%. A fine distribution of secondary phase could be seen in the case of x = 1.1, however, for
others, this secondary phase is getting more globular. Therefore, the best alloy according to fast

kinetics and maximum hydrogen capacity was found to be Tii.1Feoo+ 4 wt% Zr.
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Chapter 8
Conclusion and future work

Microstructure and hydrogen storage properties of TiFe alloy with Zr, V and Mn have been
investigated. The best alloy composition was found to be TiFe alloy with 2 wt% Mn + 4 wt% Zr.
It has the best kinetics and maximum hydrogen capacity (2 wt%). Combination of 2 wt% Zr and
V leads to a remarkable improvement in the kinetics of TiFe alloy compared to the alloys with Zr
only and with V only. Combination of Mn and V has been also studied at different concentration
level of Mn and V. Effect of heat treatment and cooling rate on the microstructure and hydrogen
storage properties of TiFe alloy with 4 wt% Zr as additive have been also investigated. Heat
treatment has a detrimental effect on the activation kinetics, however, higher cooling rate during
synthesis of alloy leads to the better kinetics of the TiFe alloy. Four samples of TixFez.x; where, (x
=1.1, 1.05, 0.99, 0.94) with 4 wt% Zr has been also synthesized in order to see the effect of Ti-rich
phase. The best alloy composition was Tii.1Feos + 4 wt% Zr. It absorbs 2 wt% hydrogen within 2
hours and it has the best kinetics than other alloys.

These investigations were targeted mainly to the improvement of the first hydrogenation. Future
work should be on the thermodynamic and cycling properties of these alloys. To have a better
understanding of the exact mechanism of secondary phase in hydrogenation process, secondary
phase composition could directly be cast and its hydrogenation properties measured. Cooling rate
value could be simulated for getting a better correlation with the activation kinetics. Comparison
of different industrial methods for synthesis of TiFe alloy could be studied in order to optimize the

synthesis process and also to get a better understanding of microstructure evolution.

After finding the thermodynamic and cycling properties of TiFe alloy with different additive, the
best alloy having good hydrogen storage properties could be used as low temperature metal
hydride in the metal hydride based reactor. Reactor design of TiFe alloy can be done for heat
exchanger. Electrochemical measurements of TiFe alloy with different additives could be made in

order to know the charging and discharging capacity.
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