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RESUME

Dans cette these, nous proposons d'étudier la torsion a haute pression (HPT)
comme procédé de préparation de matériaux nanocristallins basés sur des
alliages a base de titane et de magnésium pour le stockage de I'hydrogéne.

Des mélanges de poudres de Ti-Fe, Mg-Hf et Mg-Ni ont €té compactés puis
traités directement par déformation plastique sévere (SPD) via la torsion a
haute pression (HPT). L'étude a évalué I'efficacité de la HPT sur la formation
de composés nanocristallins TiFe, Mg2Ni, MgHf. Les propriétés
d'hydrogénation ont également été évaluées.

Les résultats démontrent la synthése des composés intermétalliques TiFe et
Mg2Ni directement pour la poudre élémentaire pure. En outre, une phase fcc-
MgH{f métastable a été produite aprés 100 tours. La formation de la phase a été
confirmée par la diffraction des rayons X, l'analyse de Rietveld, les mesures
de dureté, le MEB-EDS et la cartographie automatique ASTAR de I'orientation
des cristaux et des phases

Les résultats montrent également que le TiFe synthétisé par HPT peut absorber
I'hydrogeéne a température ambiante mais nécessite encore un traitement
d'activation (400 °C). Le Mg2Ni synthétisé par HPT peut absorber 'hydrogene
apres exposition a l'air. Cependant, la premiére cinétique d'hydrogénation est
encore lente.

Au cours du projet, deux appareils ont été congus et construits pour évaluer la
capacité d'absorption de I'hydrogeéne dans les hydrures métalliques. L'un d'eux
se trouve a I'Institut technologique du Costa Rica et 'autre a I'Institut de
recherche sur I'hydrogéne.



ABSTRACT

In this research, the high-pressure torsion process (HPT) was used as a
manufacturing method to prepare a nanocrystalline structure of Ti-based and
Mg-based compounds for hydrogen storage.

Powder mixtures of Ti-Fe, Mg-Hf, and Mg-Ni were compacted and then
processed by severe plastic deformation (SPD) via high-pressure torsion
(HPT). The study evaluated the effectiveness of HPT on the formation of
nanocrystalline compounds of TiFe, Mg>Ni, and MgHf. Their hydrogenation
properties were also evaluated.

The results demonstrate the successful synthesis of the TiFe and Mg;Ni
intermetallic compounds directly from pure elemental powder. Also, a
metastable fcc-MgH{f phase was produced after 100 turns. The phase formation
was confirmed by X-Ray diffraction, Rietveld analysis, hardness
measurements, SEM-EDS, and ASTAR automatic crystal orientation and
phase mapping

The hydrogenation tests show that the HPT-synthesized TiFe can absorb
hydrogen at room temperature but still needs an activation treatment (400 °C).
The HPT-synthesized Mg:Ni can absorb hydrogen after air exposure.
However, the first hydrogenation kinetics were still slow.

During the project, two systems to evaluate the hydrogen absorption capacity
in metal hydrides were built. One of them is at the Instituto Tecnologico de
Costa Rica and the other at the Institute du Recherche sur I’Hydrogene.

Vi



RESUMEN

En esta investigacion se utilizé el proceso de torsion a alta presion (HPT por
sus siglas en inglés) como método de fabricacion para preparar materiales
nanoestructurados de compuestos basados en Ti y Mg para el almacenamiento
de hidrogeno.

Las mezclas en polvo de Ti-Fe, Mg-Hf y Mg-Ni se compactaron y, a
continuacion, se procesaron mediante deformacion pléstica severa (SPD por
sus siglas en inglés) mediante torsion a alta presion (HPT). El estudio evaluo
la eficacia del proceso de HPT en la formacion de compuestos nanocristalinos
de TiFe, Mg:Ni, y MgHf. También se evaluaron las propiedades de
hidrogenacion.

Los resultados demuestran la sintesis exitosa de los compuestos intermetalicos
TiFe y MgoNi directamente de la mezcla del polvo elemental puro. Ademas,
se produjo una fase metaestable fcc-MgHf después de 100 vueltas. La
formacion de las fases se confirmé mediante difraccion de rayos X, andlisis
Rietveld, mediciones de dureza, SEM-EDS y mapeo automatico ASTAR de
orientacion cristalina y fases.

Los resultados muestran que el TiFe sintetizado por HPT puede absorber
hidrégeno a temperatura ambiente, pero necesita un tratamiento de activacion
(400 °C). El Mg>Ni1 sintetizado por HPT también puede absorber hidrogeno
tras su exposicion al aire. Sin embargo, la primera cinética de la primera
hidrogenacion sigue siendo lenta.

Durante el proyecto se construyeron dos aparatos manuales para evaluar la
capacidad de absorcion de hidrogeno en hidruros metéalicos. Uno de ellos se
encuentra en el Instituto Tecnoldgico de Costa Rica y el otro en el Institute du
Recherche sur I'Hydrogene.

VI
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SECTION 1



INTRODUCTION

Hydrogen as a clean energy carrier and substitute for hydrocarbon-based fuels has been
widely investigated by various groups and research centers 1. Although hydrogen is an
energy carrier that is highly competitive with petroleum derivatives and is even competitive
with electric vehicle technologies, the storage and handling of hydrogen in liquid or gaseous
state presents several complications that make it difficult to use this energy source at a
commercial level 2,

Solid-state hydrides are a safe way to store hydrogen. The development of new materials that
will store hydrogen in a solid-state are potential candidates for the application of hydrogen
at the industrial level. For example, pure magnesium can absorb 7.6 wt.% hydrogen,
aluminum can absorb around 11wt.%, and alloys such as LaNis and TiFe can absorb from
1.5 wt.% to 1.8 wt.% of H. However, the cost or the thermodynamic properties of the metal
hydrides limit their use at the industrial level 514

As a consequence, copious investigations have been developed on metal hydrides, which are
compounds that allow the storage of hydrogen in the solid state #>>1¢, Recent research has
demonstrated the good storage capacity of TiFe-based metal hydrides. In addition, it has been
demonstrated how the addition of Zr in the TiFe compound improves the efficiency of
hydrogen storage '°. With the phases generated by adding Zr to the TiFe alloy, the first
hydrogenation process (activation) of the metal is achieved at room temperature, while
temperatures above 300°C were previously required *!7.

According to previous research, the activation process is enhanced in the presence of
intermetallic compounds at the grain boundaries or forming a second phase #*>1718 Qther
studies have shown that the application of severe plastic deformation process such high-
pressure torsion (HPT) process allows nano-level modification of the crystal structure of the
composite, forming a high density of fine cracks, grain boundaries and crystalline defects
(stacking faults), which also facilitates the permeation of hydrogen into the structure '°. It is
well established scientifically that atomic diffusion is more accelerated at grain boundaries
(grain boundary diffusion) than inside the crystal (bulk diffusion). In addition, the surface
energy of the material is increased, which facilitates its reactivity with hydrogen 2.
Mechanical processing has also shown good results in the thermal activation of TiFe and in
the kinetics of absorption by the effect of grain refinement 2!.

Additionally, Mg is another promising element for hydrogen storage due to its relatively high
storage capacity, and low weight. Unfortunately, a high desorption temperature makes its
implementation as a hydrogen storage material difficult. In the Mg-Ni system, Mg2Ni
intermetallic phase shows good properties for solid-state hydrogen storage, with a theoretical
gravimetrical capacity of 3.8 wt% H. However, the synthesis process of Mg>Ni and Mg-Ni
alloys is a complicated procedure using common metallurgical methods, mainly due to the
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low boiling point of Mg (1090°C) and the high melting point of Ni (1455°C). In addition, the
phase diagram Mg-Ni determines a peritectic and a eutectic reaction taking place
subsequently during the cooling process 22, therefore products such MgNi» are also produced
reducing the yield and the hydrogen storage capacity. To attempt this temperature gap,
different researchers have shown the effectiveness of mechanical alloying process such ball
milling 2731 and cold rolling 3233, with good results in the synthesis of Mg:Ni and other
compounds. In Mg alloys the effect of grain refinement shows improvements in the kinetics
of absorption 1223253034 SPD has also been shown to produce fast hydrogen transport on
casted intermetallics due to the high density of grain boundaries and crystalline defects, also

enhancing the activation and hydrogenation kinetics %3745,

Therefore, the present research aims to study the effect on the kinetics of hydrogenation and
dehydrogenation of titanium-based and magnesium-based compounds processed by HPT.
With HPT, it is desired to induce a nanocrystalline structure that allows modifying and
improving the activation or hydrogenation of the material, as well as the dehydrogenation
process. According to some research, the reaction process of hydrogen with the metal atom
is mostly propitiated at the grain boundaries of the alloy. Due to this, by processing titanium-
iron based composites by high pressure torsion, it is expected to modify the the activation
properties by the stabilization of a nanocrystalline structure, improving the hydrogenation.

Thus, the application of HPT to modify and nanostructure Ti-based and Mg-based
composites to manufacture materials capable of storing hydrogen, as well as improving the
kinetics of the activation and dehydrogenation process, is an important area of research
aligned with the energy transition goal.



CHAPTER 1

1. THEORETICAL FRAMEWORK.
1.1. Energy Transition

The global dependency on hydrocarbons as the world’s main energy source is producing an
energy crisis and ill-effects. According to the International Energy Agency *°, in 2018, 80.5%
of the world's energy supply was from fossil fuel, and the energy supply has been increasing
with the human population growth. Figure 1.1 shows the global energy supply from 1990 to
2018 in TeraJoules. The graph also shows the distribution according to the type of energy
source.

@ Coal @ Naturalgas @ Nuclear @ Hydre O Wind, solar, etc. © Biofuelsandwaste @ Gil
Figure 1.1. Global energy supply according to the type of source, from 1990 to 2018 in Teralules ¢

Figure 1.2 shows the global population size and growth rate #’. The total population is
expected to reach 10 billion people by 2050. Most human activities during daily life require
energy resources, which in most cases depend on fossil fuels. Because of that, human activity
is producing global warming due to the impact of the greenhouse gases (GHGs) caused by
the use of hydrocarbons in fossil fuels. As a result, climate change has been seen all around
the world affecting animal species, agricultural yields, increasing extreme weather, human
migration, as well as economic and political conflicts 440, Because of these, big efforts are
needed to reduce GHGs and their effects, this requires implementing an energy transition to
renewable green energies.



Global population size and annual growth rate: estimates, 1950-2022, and medium scenario with
95 per cent prediction intervals, 2022-2050
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Figure 1.2. Global population (number of person in billions) and annual growth rate (of the global population in cents)
from 1990 to 2022, and a future projection until 2050. Growth rate refers to the global population 4.

One of the most promising and revolutionary energy carriers that can be used to mitigate the
use of fossil fuels and finally implement a new energy transition is hydrogen. Hydrogen is
seen as an energy vector that could be produced, stored, and transported with a low carbon
footprint. Hydrogen can be produced from the electrolysis of water, and it has over three
times higher gravimetric energy than common fuels. It is well known that hydrogen is an
excellent clean energy carrier and could be implemented in stationary and mobile
applications .

However, the hydrogen storage systems presently available are still highly costly and some
require high energy consumption. Storing hydrogen in gaseous form in high pressure tanks
has some advantages such as low energy consumption and simple operation but it also has
low storage capacity °!. In cryogenic or liquid hydrogen, boiling losses, and the energy
consumption during the liquefaction (around 1/3 of the total energy stored) reduce the storage
capacity. In the case of solid storage such in metal hydrides, there is still needed to develop
new alloys that will have high hydrogen capacity with a temperature and pressure of
operation that are acceptable for commercial applications. In all cases the system cost should
be considered.

1.2. Hydrogen, Energy and Storage

Hydrogen is the most abundant element in the universe. However, on Earth, it can be found
only bonded in compounds like hydrocarbons, water, and others. Molecular hydrogen is a
gas at atmospheric pressure and room temperature. It has a critical point at Tc=-240 °C and
P.=12.26 bar, been a gas under ambient conditions. This makes to condense it.

Hydrogen has over three times more energy content per mass (142 MJ/kg) than common
fossil fuels (52 MlJ/kg), as shown in Table 1.1. The direct emissions from hydrogen
combustion or by a proton exchange membrane (PEM) are completely net zero carbon which
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makes it environmentally friendly. In this scenario, hydrogen is an energy vector which has
huge potential to help in the energy transition for the future renewable-based energy
economy. In this scheme, hydrogen can be directly produced from green production of
electricity (wind, hydro, solar). However, its energy density at normal temperature and
pressure makes it impractical for most applications.

Table 1.1. Energy content comparison between hydrogen and common fuels in mass *° and
volume rate at 0°and 1 bar .

Energy content

Lower Higher Lower Higher
Fuel [MJ/kg] [MJ/kg] [MJ/m?] [MJ/m?]
heating
value heating value heating value heating value
Gaseous hydrogen (1 bar, 0°C) 119.96 141.88 10.81 12.79
Liquid hydrogen (1 bar, 0°C) 120.04 141.77 8.49 10.03
Natural gas 47.13 52.21 36.65 40.60
Liquified Natural Gas (LNG) 48.62 55.19 20.80 23.61
Still gas (in refineries) 46.89 45.53 54.36 59.05
Crude oil 42.68 45.53 36.10 38.51
Liquefied Petroleum Gas
(LPG) 46.6 50.14 23.65 25.45
Conventional gasoline 43.44 46.52 32.32 34.61
Conventional diesel 42.78 45.76 35.76 38.24
Low-Sulfur diesel 42.6 45.56 36.05 38.55
Coal (wet basis) 22.73 23.96 22.70 24.00
Bituminous coal (wet basis) 26.12 27.26 26.1 27.3
Coking coal (wet basis) 28.6 29.86 28.6 29.9
Methanol 20.09 22.88
Ethanol 26.95 29.84 21.25 23.53

Usually, hydrogen is stored as pressurized gas or cryogenic liquid, but also, hydrogen can be
stored physically or chemically in a solid-state material. Nowadays, gas or liquid (cryogenic
-253 °C) methods are commonly used for hydrogen storage. High-pressure gas stored under
70 MPa is being used on cars. However, the high cost and the volume of these tanks limit
their application in other fields 3°3-57,

Overall, solid-state hydrogen storage by metal hydrides (MH) has great potential in different
applications due to its high gravimetric hydrogen storage capacity in a safe, efficient,
compact, and reversible way. Until now, none of the hydrogen storage methods fulfilled all
the DOE requirements for a hydrogen economy in mobile applications, as shown in Table
1.2. Because of this, many research groups are focused on improving storage capacity,
kinetics, temperature of absorption and desorption °°. Metal hydrides are also used for



hydrogen purification, hydrogen separation for gas mixtures, hydrogen compressors, heat
storage, heat pumps, and others.

Table 1.2. Hydrogen storage capacity and the working conditions of gas, liquid and solid-state
technologies. Summarized from ' .

Hydrogen Working Working Hsig:zizn
storage temperature pressure capacity
technology (°C) (MPa) (w. £.%)
Compressed gas [30 - 120] [30-70] [2.4 -4.1]
Cryogenic liquid <-253 >70 [5.1-8.4]
Cryo-compressed <-253 [35-70] 5.73
Solid-State [25 - 400] [1-10] [1.8-11.2]
DOE mobile app.  [40 — 60] [0.5-1.2] 6.5

1.3. Metal Hydrides, Thermodynamics and Types.

Metal hydrides result from the interaction of a metal host with hydrogen by forming a
chemical bond. Many elements in the periodic table can form a metal hydride phase.
However, most of the elemental hydrides are not suitable for hydrogen storage due to
unfavorable thermodynamics and/or low absorption capacity.

The solid-gas reaction during the metal hydride formation is described by equation 1, where
a hydride-forming metal (M) reacts with hydrogen (H), producing a metal hydride (MH) and
heat (Q) in an exothermic chemical reaction. .

M)+ > Hy(g) & MHy o+ Q (1.1)

The thermodynamic equilibrium to form the hydride depends on the nature of the base
material which could be a pure metal, a compound or an alloy. The thermodynamics of
hydride formation follows Van't Hoff's law, which describes the correlation between the
equilibrium pressure and the enthalpy and entropy of the hydrogenation/dehydrogenation
reaction at a given temperature.

AH,  ASy

11’1(%) = E - T (12)
Where the relative pressure is given by the absolute pressure pa.» over the atmospheric
pressure (pas =1 bar), AH is the enthalpy, T is the temperature, R is the gas constant and AS
is the entropy of the reaction. The entropy term is usually dominated by the loss of entropy
of hydrogen going from a gaseous state to hydrogen trapped in the alloy (ASu = 130.7
J/kmol). To be able to absorb at an equilibrium pressure of 1 bar at a room temperature of 25
°C, an enthalpy of formation of about -40 kJ/mol is required *.



Experimentally, it is possible to directly evaluate the enthalpy and entropy of the reaction for
each element or compound by measuring the equilibrium pressure at which the metal hydride
forms at different temperatures. Figure 1.3. shows a typical pressure-composition-
temperature (PCT) graph with the corresponding Van't Hoff plot.

Py Region : Region | Region In (Py)
i | I | )7}
! T, ! AS
a — phase | i B—phase R
Poy(T3) P ./ AH
T3 \ R
Poy(T) J
r, [ '
Poy(Ty) J
.7
1 a+f
H/M Cy /T

Figure 1.3. Pressure-Composition-Temperature plot and their Van’t Hoff correlation.

As seen in Figure 1.3 each PCI curve has three different regions, where it is possible to
identify the phase formation and the saturation of the hydride phase. In region /, the hydrogen
gas pressure increases until reaches the equilibrium pressure (Peq). The equilibrium pressure
is usually known as plateau pressure. In region /, a small amount of hydrogen goes into solid
solution in the metal, but in very low concentrations. Then in region /7, the solid solution is
saturated, and the hydride phase (B-phase) starts to form, and its concentration increases
along Region //. In Region /I, o and B phases coexist together and a plateau pressure is
observed until the saturation of the hydride phase. The length of the plateau (region I7) is
related to the capacity of the hydride. When all the a phase is transformed to the B phase a
degree of liberty is gained and the system enters region //1. Figure 1.3. shows a case where
just one plateau is present. In some systems, two different hydrides can be found. Figure 1.4
shows phase diagram and PCT curves of zirconium-hydrogen. It is seen that, for this system,
two different hydride phases can be formed the B-phase and the 5-phase . The delta phase
for zirconium is a face center cubic system (fcc) where the hydrogen in on the tetrahedral
sites.
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system (b) ©°.

During hydrogenation, hydrogen atoms diffuse into the metal lattice host to occupy the
interstitial sites forming the new hydride phase. The octahedral (O) and tetrahedral (T) sites

are the interstitial sites occupied by hydrogen. Figure 1.5 shows the O-sites and T-sites for
the most common crystal structures. During the hydride formation, a lattice expansion is
produced due to the hydrogen introduction into the lattice. The hydrogen atoms occupy a
volume between 2 to 3 A3 per hydrogen atom, which means an unit cell volume increases of

up to 30% in some hydrides °'.
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Metal hydrides have the potential to be used as hydrogen storage materials ¢. However,
elemental hydrides are not attractive for the requirements for practical applications in terms
of capacity, temperature of operation and pressure. Because none of the elemental hydrides
satisfy at the same time the criteria of temperature, pressure and capacity at same time. Thus,
new alloys that are specifically designed for hydrogen storage have to be found.

In the case of magnesium hydride, the high enthalpy of formation (-76 kJ/mol H>), its high
desorption temperature (279 °C), and the slow kinetics of adsorption/desorption limit its
application. However, it has high hydrogen storage capacity, low density, high natural
abundance, and low cost. Therefore, magnesium-based alloys may be consider for hydrogen
storage applications.

Titanium hydride has a hydrogen absorption capacity of 3.9 wt% of hydrogen, but it shows
a heat of formation of around -164 kJ/mol Hz, which makes it difficult to desorb the hydrogen
below a high temperature of 643 °C. Moreover, the cost or the thermodynamic properties of
the elemental metal hydrides limit their use at the industrial level ¢4,

Different mechanisms have been implemented to modify the hydrogen storage properties of
metal hydrides. Chemical modification by alloying, atomic substitution, catalysts, solid-

solution, and others have demonstrated good effects in modifying hydrogenation properties
12,63-73

Intermetallic alloys are commonly used to modify the heat of the formation of elemental
hydrides and its thermodynamics of hydrogenation. Usually, elements (A) that form strong
metal hydrides like Ti, Mg, Hf, and Zr are alloyed with another element (B) which forms
weaker bonds to hydrogen such as Ni, Fe, Mn, or Cr.

There are several types of intermetallic alloys that form ternary hydrides in the form AnBmHx,
for which the thermodynamic stability is usually lower. The enthalpy of the hydride
formation is determined mainly by the stability of the hydrogen site with their local interstitial
environment. A semi-empirical expression of the formation enthalpy of a ternary hydride is
given by Miedema equation (1.3) which states that the more stable an intermetallic compound
is, the less stable is the corresponding hydride .

AH(ABpHyyy) = AH(AyH,) + AH(B,H,) — AH(A,B,)  eq.(1.3)

Figure 1.6. shows the effect of the alloying element proportion on the heat of formation for
the hydride as described by equation (1.3). To understand better we can take the La-Ni
example. Lanthanum forms the LaH; at 25°C with a AH of -208 kJ/mol H> while Ni forms
NiH at 25°C with a AH of -8.8 kJ/mol H» 7. However, the intermetallic compound LaNis
forms the ternary hydride LaNisHg at 25°C with a AH of -30.9 kJ/mol H». Other La-Ni, Ti-
Ni, and Mg-Ni intermetallic metal hydrides are also shown in Figure 1.6.
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Figure 1.6. Heat of hydride formation (H) vs percentage of Ni content in different alloy systems: TiNi; and MgNi do not
exist in their corresponding phase diagram 7>.

The families of alloys AB, AB>, A2B, ABs are the most common ternary metal hydrides.
Table 1.3 shows some of the most common candidates, their structures and capacity. Each
family of intermetallic-forming hydrides is known for their specific hydrogenation

properties.
Table 1.3. Families of the most common intermetallic forming hydrides.
Family Propotype Candidate Structure Type wt%H Ref.
AB CsCl TiFe Pm3m 1.9% %
A>B Mg,Ni Mg,Ni P6,22 3.6% ¥
AB; MgZn, ZrMn; Laves C14 (P63/mmc)  1.8% ™
AB; MgCu, ZrV, Laves C15 (Fd3m) 27%
AB;s CaCus LaNis P6/mmm 1.4% %
bee W TiV, Im3m 26% %

AB-type alloys are known by their light molar mass and high volumetric capacities

74,77

cases like TiFe and TiNi absorb and desorb at ambient temperature. These alloys have good
resistance to impurities # The first reversible intermetallic hydride was demonstrated on the
AB compound ZrNi, by Lobowitz in 1957 7%,

AzB-type alloys are based on alkaline (Mg) or transition metals (Ti or Zr). The most common
AB-intermetallic is MgaNi which has high gravimetric capacity (3.6 wt%) 2. Usually, their
hydrides are stable, requiring high temperatures for desorption 74.

ABa-type alloys cover a large and versatile group of materials with good hydrogenation
properties at ambient temperatures, they also show high hydrogen capacity, ease of activation
and fast absorption and desorption kinetics 74.

ABs-type alloys are a versatile family because A and B elements can be substituted at least
partially. A-elements used to be lanthanides, calcium, or others like Zr and Y. B-elements
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are based on Ni, but can be substituted by Co, Al, Mn, Fe, Cu, Si, and Ti. These hydrides are
easily activated, and their kinetics are generally very good 74.

BCC solid solutions usually are based on Ti-V materials. A few years ago, BCC structures
were studied and developed as the main hydride component for hybrid tanks '*. They are
known for their high gravimetric and volumetric capacity. However, they show slow
hydrogen sorption and require activation treatment. One of the advantages of this family is
that their properties can be tailored by variation of the composition 74,

1.4. TiFe for hydrogen storage

TiFe is a promising material for hydrogen storage at room temperature. This intermetallic
compound is a well-known metal hydride forming, which has 1.86 wt% capacity. However,
TiFe forms a passive oxide layer in contact with air, which makes it difficult to activate.
Because of this, activation treatments must be done in order to break the oxide layer and
facilitate contact with hydrogen. Commonly, thermal activation is required for its absorption,
and this limits its applications ®812. These activation treatments involve cycles at high
temperatures under high hydrogen pressure, a process that is time-consuming and would
ultimately increase the cost of the technology.

Several investigations have been developed to understand the activation process of TiFe 7°,
however, what is clear is that the surface condition directly affects the activation of TiFe. In
their review, Dematteis et a/ showed that the surface composition strongly depends on the
synthesis and heat treatment (annealing) conditions, the quantity of oxygen present in the raw

materials, synthesis atmosphere, and thermal treatment atmosphere "%,

Several attempts have also been carries out to modify the activation of as-cast TiFe, mainly
by the addition of a third element such as Pd *!, Ni ®2, Mn 82 and Zr 17883; and mechanical

activation by ball milling 3486, high-pressure torsion (HPT) ¥-* and cold rolling *>°.

Several investigations shows that Zr can significantly improve the activation process of TiFe
because of the formation of a secondary phase that acts as a gateway for hydrogen diffusion
15188391 Further research concludes that 4 wt% is the minimum amount to activate TiFe at
room temperature and moderate pressure 1>188391,

Mechanical activation by cold rolling and ball milling of TiFe + 4 wt%Zr has been reported
by Manna et al *>. They reported that after 7 days of air exposure, TiFe + 4 wt%Zr did not
absorb hydrogen, however, after cold rolling or ball milling the material absorbs without
activation treatment.

High-pressure torsion (HPT) is a useful technique for inducing severe plastic deformation in
metals ®7. HPT has also been implemented to process TiFe and modify the activation process.
Edalati e al ¥, processed TiFe under 6 GPa by high-pressure torsion, activating the sample
at moderate hydrogen pressure.
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Also, mechanical alloying by ball milling from powder mixture has been studied by some
researchers’’, however, a heat treatment of 300°C under a high-pressure hydrogen
atmosphere is needed to activate the material.

Although the exact mechanism for the activation of TiFe is still not well understood, it is
generally believed that the elemental additives modify the catalytic performance at the
surface, and the nanostructure introduces hydrogen pathways such as cracks, nanograin
boundaries and amorphous regions 17,3°81,82,84-90,93-103

1.5. Mg:Ni for hydrogen storage

Mg-Ni alloys show good properties for solid-state hydrogen storage. Mg-based materials are
characterized by their high absorption capacity, good reversibility, abundance, and low
prices. MgoNi forms the MgoNiHs ternary hydride absorbing 3.6 wt%H> 7. Reilly and
Wiswall first reported the reversible capacity of MgaNiHy in 1968 104,

Mg>NiH4 shows two polymorphisms, below 220 °C the low-temperature LT-MgoNiHs shows
a monoclinic structure. At higher temperatures HT-Mg>NiH4 shows a cubic Pm-3m structure
105 However, the slow kinetics of absorption under 250°C strongly limit the practical use of
Mg,Ni for mobile applications '%. Also, the synthesis of MgzNi is a complex procedure due
to the temperature gap between the melting point and the boiling point of Ni and Mg
respectively. MgzNi has been produced by metallurgical methods (casting) %7, even though
Mg has a boiling point of 1090°C and Ni has a melting point of 1455°C. Furthermore,
mechanical alloying techniques by ball milling 23319 and cold rolling **> have been also
implemented and show good results in the synthesis of Mg>Ni and other compounds. In fact,
the most common way to prepare Mg>NiH4 is by ball milling Mg and Ni to obtain Mg,Ni
and then hydrogenating to obtain the hydride. Another way is to ball-milled MgH> and Ni to
prepare MgoNiHs '%°. The heat of formation of Mg>Ni during hydrogenation is -64 kJ/molH,
which is lower than the AH for MgH, (-74 kJ/molH>) 7.

Baran and Polanski in their paper review reported that the high energy ball-milled MgzNi has
better properties (i.e. higher surface area, smaller particle and crystallite size, higher atomic
density of defects) than those produced by conventional metallurgical methods **°. Also, Liu
et al demonstrate that planetary ball milling for 40 h enhance the kinetics of absorption of
MgoNi produced by hydriding combustion synthesis due to the reduction of the diffusion
length and the defects induced by the milling !'!. They report that after 40 h of planetary ball
milling, the hydrogen absorption capacity saturates at 2.8wt%. Also, they report a reduction
of 190K on the temperature of desorption by the effect of the milling.

In addition, Liu, X et al ', studied mechanically milled Mg;Ni produced by hydriding
combustion. They demonstrated that after 5 h (1,5 wt%, 600s) of milling, the kinetics of
absorption drastically increased up to 40 h (2.7 5wt%, 50sec). They observed a maximum
capacity of 3.1 wt% at 40h, afterwards a slight reduction (2.5 wt%) of the absorption capacity
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was observed after 60 h of mechanically milling. However, they report a drastic degeneration
in the hydrogenation properties after 3 cycles of hydrogenation/dehydrogenation, reducing
the hydrogen absorption capacity to 0.9 wt% due to the grain growth after the cycles.
DeRango et al studied the effect of fast forging on Mg-Ni alloys and concluded that low-
temperature fast forging is a more efficient method to activate the sample than high-
temperature fast forging, due to the formation of internal strains, texture, fractures, and
structural defects that promote hydrogen diffusion !'°.

Other severe plastic deformation processes have been used to modify the hydrogenation
properties of Mg-Ni alloys. Hongo et a/ studied the effect of HPT on MgxNi, they observed
that HPT improves the kinetics of absorption and the hydrogen gravimetric capacity, with a
maximum of 3.3 wt% of hydrogen, in contrast with the annealed sample that absorbed 2.2
wt% 4. They explain that both the kinetics and the hydrogen capacity improvement are due
to the introduction of grain boundaries, cracks, and stacking faults during the HPT process.

The application of SPD processes has been investigated by several research groups. Gajdics
M et al concluded that following HEBM with HPT, the stability of the nanostructured phase
increase during the hydrogenation/dehydrogenation cycles ''°. Also, Révész A et al,
demonstrated that the lattice distortion and the non-equilibrium state during successive
HEBM and HPT (HEBM+HPT) generate a destabilization of the s ''®. The AH of Mg;Ni
processed by HEBM+HPT (AH=51.7 kJ/molH>) is lower than the counterparts processed by
arc-plasma (73.6 kJ/molH;), hydrogen plasma reaction (66.3 kJ/molH>) and HPT (70.2
KJ/molH,) 16,

Révész et al, evaluated the effect of the subsequent equal-channel angular pressing (ECAP)
or cold rolling (CR) on a nanocrystalline Mg>Ni synthesized by HEBM ''7. They concluded
that some correlation exists between the micro- and nanostructure and the hydrogen storage
properties of deformed materials. They pointed out that after both processing methods, the
materials absorb without activation at 300 °C. They reported that the maximum capacity for
HEBM-Mg>Ni processed by ECAP (2 and 6 passes) 1s 1.5 wt%. For HEBM+CR, they found
that the material can absorb 1.6 wt% and 2.4 wt% after CR1 and CR4 respectively.

In other research, Révész, A. et al evaluated the effect of a subsequent HPT on ball milled
Mg7oNizo 8. They synthesized Mg:Ni by ball milling for 1h and 10h, then they evaluated the
effect of 5 turns of HPT at 6 GPa. They showed that, for both ball-milling times, 5 turns of
HPT increases the hydrogen capacity of ball-milled MgzNi from 2.0 wt%H> (1h BM) and 2.4
wt%H> (10h BM) to a 3.0 wt%H> for both BM times. They concluded that the 30-50%
hydrogen capacity improvement after the HPT is due to the creation of grain boundaries and
lattice defects such as vacancies, facilitating the hydrogen diffusion and trapping hydrogen
atoms in vacancies or in grain boundaries. These are features of the nanocrystalline structure
induced by the effect of severe shear strain during plastic deformation, which shows big
difference from HPT (y = 300 after 5 turns) in comparison to CR (y = 2.4 after 10 passes)
and ECAP (y = 10.2 after 6 passes) !'8.
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1.6. Synthesis of nanocrystalline materials for hydrogen storage

The production of nanocrystalline materials has been mainly used to create superior
mechanical properties of metals and alloys !'°. In a polycrystalline material the mechanical
properties are influenced mainly by the deformation mechanism. The reduction of the grain
size to the nanometer level could provide better mechanical properties due to Hall-Petch
strengthening. The grain size can be described as coarse, ultra-fine (UFG), and
nanocrystalline grain size. In general, a nanocrystalline size is defined below 100 nm, and an
UFG is between 100 nm to 1 mm.

Due to the small crystalite size, a high-volume fraction of the material corresponds to grain
boundaries, which produces unique properties. In a review, Kushwaha et al ' report that
nanocrystalline materials have enhanced strength, improved fatigue life, superior wear
resistance, improved hardness, showed higher specific heat, and improved the coefficient of
thermal expansion.

Also, nanostructure materials hydrides produced by SPD have shown enhanced hydrogen
absorption properties !'12°, On hydrogen storage applications, nanocrystalline structure of
Mg 12232530112 apd Ti alloys 17:3%79-82:84-90,93-103 haye shown faster activation process and
faster kinetics of absorption. However, there are no previous reports about the synthesis of
intermetallic Mg>Ni nor TiFe by HPT from a binary powder mixture.
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1.7. Research goals.

The goal of this research is to evaluate the capacity of High-Pressure Torsion (HPT) for the
synthesis of nanocrystalline intermetallic compounds from elemental powders and the
hydrogenation properties of these materials. The specific objectives are described below:

>

>

Synthesis of Ti-Fe, Mg-Hf, and Mg-Ni intermetallic compounds by high-pressure
torsion.

Characterize the nanostructure of the Mg-based and Ti-Fe compounds synthesized by
HPT.

Evaluate the hydrogen storage properties of the Ti-Fe and Mg- compounds processed
by HPT.

Characterize the metal hydride structure after hydrogenation.
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1.8. Thesis structure

This thesis is divided into six chapters. Chapter I introduces the importance of the energy
storage systems focused on hydrogen and metal hydride formation in TiFe and Mg-based
alloys. Chapter II describes the experimental procedures and methodology followed in this
research. Chapter III describes the synthesis of TiFe by HPT, that was published in the journal
Advanced Engineering Materials. Chapter IV shows the results of the synthesis of MgHf by
HPT published in the journal AIP Advances. Chapter V shows the synthesis of Mg>Ni by
HPT published in the journal Reactions. Finally, Chapter VI presents the conclusions and
future work.
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CHAPTER 2

2. METHODOLOGY AND EXPERIMENTAL DETAILS

The present research investigates the synthesis by HPT of TiFe, Mg>Ni, and Mg-Hf
compounds starting from elemental powder mixtures. The microstructure, crystal structure,
and hydrogen storage properties of these materials were investigated.

The methodology is divided into three sections: synthesis of nanocrystalline materials,
characterization of materials, and evaluation of their hydrogenation properties. Each
following section will I detail the experimental procedure followed.

2.1. Synthesis of nanocrystalline materials by HPT.
HPT is a SPD process where a disk is constrained between two anvils using high hydrostatic
pressure (1-6 GPa). Then, the lower anvil is rotated with respect to the upper anvil,
introducing high mechanical deformation which introduces high shear strain 217124, The
torsional shear strain (y) in HPT can be described by equation 2.1.

2nrN

Y= - (2.1)

Where, r is the distance from the center of the disk, N is the number of HPT turns, and h is
the thickness of the disc %, It can be seen from equation 2.1 that the strain can be increased
with the number of turns and the distance from the center. From the calculation of the strain,
it is possible to approximately quantify the total strain introduced in the sample 22126,
However, the equation does not consider geometry aberrations, nor the effect of pressure.

Some advantages of the HPT process are the grain refinement into the nanoscale 22124, cold
consolidation of powders, strain-induced phase formation 22127130 and phase
transformations 12131132 Using synchrotron X-Ray diffraction, Kilmametov et al'*
demonstrated that the vacancy concentration increases during HPT at levels comparable to

what would occur close to the melting point which enable high atomic diffusion during HPT.

Phase formation by HPT directly from a powder mixture has been reported by several

122,127-

researchers 130 The solid-state reaction by HPT has been reported in several Mg-based

systems 2713 and, Ti-based systems such as in the Ti-Nb system '*°  also in immiscible

systems such as Mg-Ti 27136 and Cu-Ta 17,

In this research, high-purity elemental powders (99.5% minimum purity, particle size 250
um) were processed by HPT to synthesize the intermetallic of TiFe, Mg>Ni1 and Mg-Hf. The
powders were mixed by manual and ultrasonic stirring in acetone for 30 min. The powder
mixture was compacted onto a pre-formed disc using a manual press and then processed by
HPT at ambient temperature and under 4 or 6 GPa for either 10 or 100 turns, with a rotation
speed of 1 rpm.
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The HPT-processed samples were in the form of 10 mm diameter discs. Figure 2.1. shows a
schematic of the geometry of the anvil used. The cavity depth of the HPT anvils (D) is 0.25
mm, which gives a geometrical ratio (D/r: 0.025). The final thickness of the disc samples is
between 0.8 + 0.1mm. In this investigation, all samples were manipulated and processed in
air.

Upper Anvil

A /
/_0\‘ ;
T i
/Lower Anvil W \ !

Figure 2.1. Schematic of HPT anvils geometry details 138,

2.2. Characterization techniques

The samples were examined by different characterization techniques. First, X-ray diffraction
(XRD) analysis with Cu Ko radiation was used to identify the phases before and after
processing. Rietveld analysis using TOPAS or GSAS-II software was performed to refine
the crystal structure parameters. To examine the chemical composition and the
microstructure evolution due to the processing, the samples were examined using a scanning
electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). The
samples were analyzed by transmission electron microscopy (TEM) under 200 KV using
bright-field, dark field, and selected area electron diffraction (SAED) modes. The TEM was
equipped with an EDS, crystal orientation analyis and phase mapping.

22.1. XRD

XRD is a tool to study the structure of matter. The technique began in 1912 when von Laue
discovered that crystals scatter X-rays, revealing the structure of the crystal'®. Initially, X-
ray diffraction was only used to identify the crystal structure. However, with the development
of the technique, phase quantification, stress measurement, crystallite size determination, and
other studies can be performed.

X-ray is an electromagnetic radiation with high energy and short wavelength (1), usually of
the order of atomic spacing of crystals '4°. When X-rays impact a solid material, they will be
scattered by the atomic plane in the material. The interaction of the incident beam with the
parallel atomic planes will produce scattered beams that will interfere constructively when
the path difference is an integer number. Figure 2.2 shows the schematic of the x-ray
diffraction by atomic planes with a djw interplanar spacing.
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Figure 2.2. X-Ray diffraction by plane atoms A-A’ and B-B’ 140,

Equation 2.2 describes the constructive condition for X-ray diffraction, where beams 1" and
2" are in phases after being scattered by planes A and B respectively.

ni= SQ + QT  eq.(2.2)

Constructive interference can be described in terms of dui:

nl= 2 dhkl sin @ €q. (23)

Equation 2.3 is known as Bragg’s law, where du 1s the interplanar spacing, 6 is the diffraction
angle, and # is the order of reflections (1, 2, 3...). The magnitude of duu is a function of the
Miller indices and the lattice parameters, which become important identifying each phase. If
a known A 1s used in the source, diw can be determined from the measured 6 values of each
diffraction peak in a pattern. Using databases such as the International Powder Diffraction
File (PDF) the crystal structure could be quickly identified '*!. Rietveld refinement is a full
profile fitting method based on the least-square method, which adjusts a simulated model to

an experimental pattern to quantify various crystal structure parameters and phase abundance
142-144

2.2.2. SEM and EDS

SEM is a high-resolution surface imaging technique. It uses high energy electron beams
instead of visible light as in an optical microscope. SEM is one of the most versatile imaging
techniques that allow morphological and composition analysis when EDS detector is used
145 Magnifications over 10 000x with great depth of field are easy to obtain '*°. The most
important parameters in SEM is acceleration voltage and current. Using higher accelerating
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voltage will produce deeper penetration and scattering of the electrons in the sample, this is
known as the interaction volume or excitation volume, Figure 2.3.

Vo= 30 kV
Ere,, = 30 keV

| [ £~ SE signal per unit current
Specimen Suiface

Interaction / \
Volume ( ~——\ Characteristic
\ I X-rays
\
e =< Continuum

(Background) and
Fluorescent X-rays

Figure 2.3. Schematic of interaction in a SEM analysis 147,

The incident electron beam usually refers to the primary electrons. These electrons are
generated by an electron gun (thermal or field effect). The energy of the primary electrons
varies from few keV to 30 KeV and depends on the type of analysis and the sample nature
145146 The electron beam is aligned by electromagnetic condenser lens in the SEM column
to focus it onto the sample. The scanning lens near the end of the column scan the area of the
sample to construct the image, while focalization lenses manipulated the focal point of the
electron lenses in the sample surface. The objective lens adjusts the size of the electron beam
on the sample surface. The interaction of the electron with the sample generates secondary
electrons, backscattered electrons and X-ray radiation 145146148 Each signal is evaluated with
a dedicated detector.

Secondary electrons (SE) are formed during the inelastic scattering from the electron cloud
of the atoms of the surface or near-surface regions '4°, as shown in Figure 2.4 (a). The SE
produces a high-resolution image of surface morphology. The topography of the surface
influences the number of electrons that reach the secondary electron detector, enabling high-
resolution surface morphology 14°. SE are low-energy electrons, by convention electrons with
less than 50 eV 46, Thus, these electrons can only be near the top of the surface of the
interaction volume.
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Figure 2.4. Electron interactions and the formation of secondary electrons (SE) (a), backscattered electrons (BSE) (b) and
characteristic X-rays (c) in SEM 147,

Backscattered electrons (BSE) refer to those electrons that are elastically scattered by the
atoms of the sample, and escape from it through any free surface, as shown in Figure 2.4 (b).
Due to the elastic scatter BSE are higher energy electrons, the BSE collected by the detectors
have energy higher than 50eV, but typical are peaked in the range 80%—90% of the primary
electrons.

The probability of elastic scattering in the material increases with the atomic number (Z) of
the element 4. Due to this, the intensity of BSE is directly related to Z of each element in
the sample. Elements with higher Z will backscatter more intensely than lighter elements,
and thus appear brighter in the BSE image. BSE provides contrast images of different atomic
number elements but cannot identifying the chemical composition 4°.

When the electron beam interacts with the sample, an X-ray can also be generated from the
atoms. The incident beam could produce an electron ejection, generating a vacancy on the
electron shell of the atom #°. This vacancy is then filled by an electron from a higher energy
shell. This transition is accompanied by the emission of an X-ray with an energy equivalent
to the difference between the higher and lower shells, as shown in Figure 2.4 (c.). These X-
rays are characteristic of each element and can be detected by an energy-dispersive
spectrometer (EDS) in order to identify and quantify the elements present in the sample.

223. TEM

In contrast to SEM where the surface is scanned, in TEM the electron beam is transmitted
through the specimen !, Therefore, samples need preparation to obtain thin specimens or
powders of the order of 200 nm thickness at most. Like SEM, the electron beam is generated
and manipulated by a series of electromagnetic lenses. TEM uses a much higher acceleration
voltage (~100 keV) than SEM (30 keV) in order to be able to pass through the specimen, also
high vacuum is needed to avoid the interaction of the electron beam with air molecules.

In TEM a high energy electron beam is generated from an electron gun, in which are
accelerated using a high potential difference of acceleration voltage (V). This acceleration
voltage will determine the electron wavelength and ultimately the resolution of the
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microscope. Usually, over 100 kV are used to meet most resolution requirements during
analysis. Figure 2.5 shows a schematic of the TEM column and the optical path of the
electrons.
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Figure 2.5. Schematic structure of TEM column and the optical path of the electron beam 14°,

In contrast to light microscopes, SEM and TEM use electromagnetic lenses to deflect and
focus the electron beam. Condenser lenses control the beam diameter and the coverage angles
of the probe on the specimen. The objective, intermediate and projector lenses are three
different lenses to manipulate the magnification capacity '*°.

The intermediate lens is used to switch between image mode and diffraction mode. For the
image mode the intermediate lenses are focused on the image plane of the objective lens, and
for the diffraction mode they are focused on the back-focal plane of the objective lens. Figure
2.6. schematically shows the difference in the optical path between the diffraction mode (a)
and the image mode (b). The objective aperture limits scattering and selects the non-
diffracted or diffracted beams form a bright-field or dark-field image, as shown in Figure 2.6
(c). In diffraction mode, a diffracted pattern of a selected area diffraction plane can be
magnified on the screen, this analysis is known as Selected Area Diffraction (SAD) analysis
or selected-area electron diffraction (SAED) '4¢ .
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Figure 2.6. Schematic of the optical path of electron in (a) diffraction mode and (b) image mode. SAD refers to the
selected area diffraction area aperture. Objective aperture selector switch can be schematically observed in (c) 1%°.

In TEM the contrast is created when there is a difference in the number of electrons scattered
from the incident beam. The contrast image is obtained by the deflection of electrons from
their primary transmission direction when they pass through the specimen '*°. Mass-density
contrast and diffraction contrast are the two mechanisms to create an image in TEM. Because
of that TEM provides two modes of observation, diffraction mode and image mode. The
image mode produces an image of an area of the sample. In this mode, the image contrasts
from mass difference, thickness contrast, and the spatial separation of atomic constituents 46,

Diffraction mode provides a diffraction pattern from crystalline material, which reveals its
crystal structure. Diffraction in TEM can be produced from the constructive scattering from
crystal planes such as in XRD %, When the diffracted electron satisfy the Bragg’s condition,
they form a diffraction spot in the diffraction plane as illustrated as in Figure 2.7. In
diffraction mode, the diffraction pattern formed in the back-focal plane is projected into a
camera or fluorescent screen.
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Figure 2.7. Schematic of electron diffraction in crystalline samples by TEM 149,

A bright-field image is obtained from the beam transmitted through the objective aperture in
the optic axes. A dark-field image is obtained from the diffracted beam by selecting the
specific scatter electrons using the objective aperture '*°. Figure 2.8 shows schematically the
transmitted and two different diffracted beams passing through the objective aperture.

L e v 5

28 26

I Iy I
Figure 2.8. Schematic arrangement of the objective aperture for (a) bright-field, and (b, c) dark-field image 14°.

The diffraction mode provides a diffraction pattern from the crystal structure, which can be
projected on the fluorescent screen or the CCD camera. Here, a single crystal will generate a
characteristic spot pattern (Figure 2.7), meanwhile, a polycrystal (with random oriented
grains) will produce a ring pattern and an amorphous material will generate a diffuse halo '4®

More complex analysis can be performed by phase contrast. In TEM, phase contrast analysis,
also called high resolution electron microscopy (HRTEM) '*°| two beams participate in the
image creation, the diffracted beam, and the transmitted beam. At high magnification (above
500 kX) with open apertures lattice fringes can be resolved by this technique it is possible to
produce the highest resolution of lattice and structure images for crystalline materials. Further
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analyses coupling different detectors such as EDS, or EELS can also be performed in the
TEM.

2.2.4. Sievert-type apparatus and method

The Sievert method is a volumetric technique that evaluates the gas sorption capacity of a
material. This technique is widely used to measure the hydrogen storage properties of metals
and materials '°°. The Sievert method has its name in honor of the German chemist who
invented this technique °1152 The apparatus consists of tubing connected to a volume
reservoir, temperature and pressure sensors, and a sample holder where the solid gas reaction
takes place. Figure 2.9 shows a simplified diagram of a Sievert-type apparatus.

352C / Temperature Control Zone
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Thermocouple 1

Pressure
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Heater/vent
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Figure 2.9. Schematic of a Sievert-type apparatus.

& : pneomatic valve

> @ manual valve

The equipment has different operational modes like absorption, desorption, pressure-
composition-isotherms, cycling tests, and temperature ramps. The system analyzes the
pressure during the hydrogen exposition to evaluate the fraction absorbed by the material
from the pressure change in the system !®2. Equation 2.4 describes the real gas equation,
which implements a compressibility factor Z for non-ideal gases.

nRTZ =PV (2.4.)

From equation 2.4, the hydrogen moles absorbed during the experiment (An) can be
calculated according to the pressure change as shown in the equation 2.5, where, P; is the
initial pressure, Pt is the final pressure, V> is the internal volume, Vs is the volume of the
sample holder (V3), Ts is the temperature of the sample and T. is the internal temperature in
the chamber.
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The compressibility factor Zp T can be obtained from literature >3 at 25°C and 2 MPa Zp1 =
1.01185, which is the condition used for the absorption experiments in Ti-Fe samples. Also,
for 350°C and 2 MPa, Zp = 1.0044, which is the condition of the absorption experiment for
Mg-Ni samples.

2.2.5. Vickers microhardness.

Hardness measurement is a common way to evaluate the mechanical properties of the
materials. Hardness measures the resistance of the material to a permanent deformation
(strain) or a localized plastic deformation !>*. The hardness of a material is usually related to
the resistance to being scratched by other materials. Early hardness tests were based on the
ability of one material to scratch another material. This qualitative technique is known as
Mohs scale, which has a scale from 1 to 10 from the softest (talc) to the hardest material
(diamond). Nowadays more accurate and quantitative hardness techniques are used. These
techniques are based in a small indenter which is forced into the surface of a material under
controlled conditions such as load and rate of application. The size or the depth of the
indentation is related to a specific hardness number. The bigger the indentation is, the lower
is the hardness value for the material.

Vickers is referred to as micro-indentation test method based on the indentation size '>*. This
method uses a pyramidal indenter of diamond (Figure 2.10) which is pressed into the material
with a load between 1 and 100g. The indented shape must be measured under a microscope.
The length of the diagonals of the indentation will vary according to the hardness of the
material. Then, using the equation 2.6 it is possible to compute the Vickers microhardness.

136 dy e dy

- 2
Figure 2.10. Pyramidal indenter of Vicker microhardness 154,
P
HV = 1854.4 X Frl (eq. 2.6)
1

Where P is the load, d; is the diagonal length of the pyramid measured in the indentation and
HV is the Vickers microhardness. This method is standardized in ASTM E384 '>°. HV is
commonly tested after different stages of the HPT processing according to the increment of
the equivalent strain.
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CHAPTER 3

3. RESULTS OF THE SYNTHESIS OF TiFe BY HIGH-PRESSURE TORSION
FOR HYDROGEN STORAGE

The following sections of Chapter IV are published in Advanced Engineering Materials:
Volume 22, Issue 10, 15 May 2020. The article can be found in the link:
https://doi.org/10.1002/adem.202000011

3.1. Authors

Edgar Ignacio Lopez Goémez, Kaveh Edalati, Flavio José Antiqueira, Diego Davi Coimbrao,
Guilherme Zepon, Daniel Rodrigo Leiva, Tomaz Toshimi Ishikawa, Jorge M. Cubero-Sesin
and Walter José Botta.

3.2. Summary of the article

TiFe as a room-temperature hydrogen storage material is usually synthesized by ingot casting
in the coarse-grained form, but the ingot needs a thermal activation treatment for hydrogen
absorption. In this study, nanograined TiFe is synthesized from the titanium and iron powders
by severe plastic deformation (SPD) via high-pressure torsion (HPT). The phase
transformation to the TiFe intermetallic is confirmed by X-ray diffraction, hardness
measurement, scanning/transmission electron microscopy and ASTAR automatic crystal
orientation and phase mappings. It is shown that the HPT-synthesized TiFe can store
hydrogen at room temperature with a reasonable kinetics, but it still needs an activation
treatment. The current results suggest that to overcome the activation problem of TiFe, a
combination of ingot casting and SPD processing is more effective than mechanical synthesis
by SPD.

3.3. Results and discussion
3.3.1. Synthesis and characterization of Ti-Fe.

Partial phase formation from pure Ti and Fe powder mixture to TiFe intermetallic with the
cubic B2-type (CsCl) crystal structure was confirmed using XRD, as shown in Fig. 3.1. The
powder mixture contains hcp-Ti and bee-Fe, but broad peaks of TiFe intermetallics appear
after HPT processing for N = 4 turns and their intensity increase with increasing the number
of turns to N = 10, 1.e. with increasing the shear strain. The broad shape of XRD peak suggests
that the synthesized TiFe should be highly distorted and has small crystallite sizes. Table 3.1
summarized the Rietveld analysis for the powder mixture and after N = 10 turns using the
GSAS-II software. The results suggest that the overall structure of the disc from center to
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periphery contains 57 wt% of TiFe phase with a microstrain of 0.65%, while PDXL2 suggests
the presence of 67 wt% of TiFe. Note that the values of 56 wt% or 67 wt% are the overall
fractions and a larger fraction of TiFe phases is expected to exist at larger distances from the
disc center (i.e. at larger shear strains). The current results are consistent with earlier reports
on the significance of shear strain on HPT mechanical alloying and formation of intermetallic
phases in other systems such as AI-Ni'*%, Al-Ti 137, Al-Cu %, Al-Ti-Ni '8, Fe-Ni '*°, Mg-Ti
160 Mg-Zr 16!, Mg-Ni-Pd 62, and Mg-V-Cr % systems.

2 Ti - 50 at% Fe *Ti

o HPT: P=4 GPa, T=300K © Fe

e v TiFe

b — Q 00 v¢ o o o 009

= N v v% v 8

b . N=10
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= A h __ N=4)
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2 Tl -
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30 40 50 60 70 80

Bragg Angle, 26 (deg.)

Figure 3.1. Formation of TiFe intermetallic by HPT processing. XRD profiles of Ti - 50 at% Fe samples before and after
processing by HPT for 2, 4 and 10 turns.

Table 3.1. Rietveld refinement analysis of Ti-Fe, powder mixtures before and after HPT.

COND / HPT Phase wt% a(A) c(A)
Ti-Fe Ti hep 46 2.9521 4.6869
(Powder Mixture) Fe bce 54 2.8666
Ti-Fe Ti hep 15 2.9491 4.6820
N10 Fe bce 28 2.8719
TiFe 57 2.9962

One method to examine the evolution of homogeneity and occurrence of phase
transformation with shear strain in HPT processing is microhardness measurement. Fig. 3.2
shows the microhardness as a function of equivalent shear strain. The hardness, which
follows a behavior similar to the ones reported for most of the HPT processed materials 164163,
increases with increasing the shear strains at early stages of straining and saturates to a
steady-state level of 800 Hv at high shear strains. This steady-state hardness of Ti-Fe
processed by HPT is 2-3 times higher than the hardness of HPT-processed Ti ' and Fe '®
and about 20% smaller than the hardness of HPT-processed TiFe *’.

These results indicate that there are still microstructural heterogeneities from the disc center
to the disc edge even after 10 turns of HPT. Moreover, the high hardness level of 800 Hv
should be due to strain hardening as well as the formation of ultrafine-grains (UFG); mixing
of Ti and Fe powders in the form of Ti-Fe composites (after N = 2) and/or; TiFe intermetallics
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(after N = 10). As well the strain hardening should contribute to the increase in hardness. The
occurrence of an apparent steady state in Fig. 3.2 after N = 10 is not only due to a balance
between the hardening phenomena (such as dislocation formation and grain fragmentation)
and softening phenomena (such as recovery, recrystallization and grain boundary migration)

122,124,168,169 fy,t a]s0 due to a saturation in the phase transformation 32170,
1000 ;
= [ |
T soof s
@ | o 4 4
o 600 / .
5 &L o Ti - 50 at% Fe _
e 400 HPT: P=4 GPa, T=300K
= o N=2
G 200] o N=4
s | A N=10
0 1 | |
0 200 400 600 800

Shear Strain

Figure 3.2. Hardness evolution to steady-state level of 800 HV after HPT processing. Vickers microhardness against shear
strain for Ti-50at%Fe samples processed by HPT for 2, 4 and 10 turns.

The distribution of Ti and Fe at the micrometer level was analyzed by SEM-EDS at different
distances from the disc center for the sample processed by HPT for 10 turns. Figure 3.3 shows
the SEM-EDS analysis for (a) powder mixture and (b) sample processed by HPT for 10 turns.
The powder mixture contains two separate phases of pure Ti and pure Fe. After HPT
processing for 10 turns, Ti and Fe are not mixed at the disc center where the shear strain is
theoretically zero, but their mixing occurs at regions located away from the disc center. The
elemental mixing improves with increasing distance, indicating the importance of shear strain
(y) on mechanical alloying and controlling the phase transformation, in agreement with

earlier publications 1717174,
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(a) Powder

Figure 3.3. SEM-EDS of Ti-Fe processed by HPT, 10 turns. Effects of the equivalent shear strain (y) according to the
distance from center.

The sample processed by HPT for 10 turns was examined in detail using TEM, as shown in
Fig. 3.4 in different modes such as (a) bright-field imaging, (b) selected area electron
diffraction (SAED) analysis, (c) dark-field imaging, (d) automatic orientation mapping and
(e) automatic phase mapping using Nanomegas ASTAR® tool. Note that the phase map was
overlaid with the reliability map in Fig. 3.4(e), and thus, the black regions in the image
correspond to the phases that could not be identified with high reliability. Reliability map is
a correlation index map obtained in association with the scanned area and can emphasize
precipitates, holes, and structural details like grain and phase boundaries. For each pattern, a
specific best orientation is automatically chosen with an associated degree of confidence in
the choice ',

The bright-field and dark-field images illustrate that the material has a distorted feature with
an ultra-fine grain (UFG) microstructure similar to many other HPT-processed materials
122124168169 The ring pattern of SAED analysis also confirms the presence of many
nanograins with random orientations within the selected area. A comparison between the
XRD pattern of the TiFe cubic phase and SAED, as shown in Fig. 3.4(b), confirms that most
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of the grains in Figs. 3.4(a) and 3.4(c) correspond to the TiFe phase. Crystal orientation
mapping using the ASTAR device as shown in Fig. 3.4(c) confirms the presence of
nanograins with high misorientation angles and sizes in the range of 10-500 nm with an
average size of 65 nm. In addition, it seems to be a considerable proportion of boundaries
among similarly oriented grains. The average grain size was estimated by averaging the two
orthogonal axes of each colored area in the crystal orientation maps for about 100 grains.
This average grain size is almost three times smaller than the grain size of HPT-processed Ti
166 and Fe ' due to the formation of TiFe phase as well as due to the effect of Ti-Fe composite
on hindering the recrystallization and grain boundary migration 122124168169 = Aytomatic
phase mapping using the ASTAR device in Fig 3.4(e) shows the presence of some amount
of hcp phase even at 3-5 mm away from the disc center, suggesting that the mechanical
alloying is not completed. To have a complete and uniform phase transformation, larger shear
strains should be applied, as attempted earlier for other materials 2!-127:129:132,156-163,170,176-178
However, the main reason that larger shear strains were not applied in this study was due to
the extremely high hardness of TiFe at large number of turns which could make significant
damage to the HPT anvils.

200 nm} BB 1iexagonai
ubic Hexagonal

Figure 3.4. Formation of ultrafine grains of TiFe by HPT processing. (a) TEM bright-field image, (b) SAED analysis, (c) TEM
dark-field image, (d) crystal orientation map and (e) phase map overlaid with reliability map for Ti - 50 at% Fe sample
processed by HPT for 10 turns. Analysis at the edge of the disc, r =5 mm.
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3.3.2. Hydrogen storage of TiFe processed by HPT.

Hydrogen storage performance of TiFe material was examined by kinetic measurements
without and with activation at 673 K, as shown in Fig. 3.5. The material does not absorb
hydrogen without activation, but it absorbs about 1.4 wt% of hydrogen at room temperature
after an activation treatment at 673 K. This capacity is lower than the nominal storage
capacity of TiFe which is 1.9 wt.%. 9795179 However, considering the proportion of TiFe on
the material, a capacity of 1.4 wt% means that titanium also absorbs hydrogen. Although the
absolute storage capacities in the kinetic measurements should be treated with care due to the
low sample mass and high hydrogen pressure, the difference between the measured value
and the nominal one can be attributed to incomplete phase transition from Ti and Fe powder
mixture to the TiFe intermetallic. The poor hydrogen absorption on non-activated material in
Fig. 3.5 is consistent with earlier reports on the activation problem of TiFe %6-%°. However,
an appreciable advantage of the current HPT-synthesized material is its activation by only
one vacuum at 673 K for 2 h, while as-cast pure TiFe is usually activated by repeated
exposure to vacuum and hydrogen atmosphere at high temperatures 93799179,

9 Ti - 50 at% Fe

§= 1.61 HPT: P=4 GPa, T=300K, N=10
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Figure 3.5. Hydrogenation results of Ti-Fe with and without activation. Sample after 10 turns of HPT.
3.4. Conclusions

Nanostructured TiFe was synthesized for the first time from the Ti and Fe micropowders by
the high-pressure torsion (HPT) method. After an activation treatment by a single-cycle
evacuation at 673 K for 2 h, the synthesized TiFe could absorb hydrogen at room temperature
with a reasonable kinetics. This study introduces a simple mechanical route for the synthesis
of TiFe, although the activation of the material remains as an issue.
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CHAPTER 4

4. RESULTS OF THE SYNTHESIS OF IMMISIBLE MgHf (MAGNESIUM-
HAFNIUM) SYSTEM BY HIGH-PRESSURE TORSION

The following section of Chapter V is published in the journal of the American Institute of
Physics (AIP) AIP Advances, Volume 10, Issue 5, 20 May 2020. The article can be found
in the link: https://doi.org/10.1063/5.0009456

4.1. Authors

Edgar Ignacio Lopez Gomez, Kaveh Edalati, Diego Davi Coimbrao, Flavio Jose Antiqueira,
Guilherme Zepon, Jorge M. Cubero-Sesin, and Walter Jose Botta

4.2. Summary of the article

Magnesium and hafnium, two hydride-forming and biocompatible metals with hexagonal
close-packed (hep) crystal structures, are thermodynamically immiscible even in liquid form.
In this study, these two elements were mechanically mixed by high-pressure torsion straining,
and a new fcc (face-centered cubic) phase was formed although these two elements do not
form the fcc phase even under high pressure or at high temperature. Microstructural
examination by scanning-transmission electron microscopy combined with an ASTAR
automatic crystal orientation and phase mapping technique confirmed that the fcc phase was
stabilized mainly in the Hf-rich nanograins with localized supersaturation. Attempts to
control the phase transformations under a hydrogen atmosphere to produce ternary
magnesium-hafnium hydrides for hydrogen storage applications were unsuccessful.
However, the material exhibited enhanced hardness to an acceptable level for some
biomedical applications.

4.3. Results and discussion
4.3.1. Synthesis and characterization of Mg-Hf

Phase transformations in the Mg-Hf system were examined using XRD analysis, as shown
in Fig. 4.1 XRD profiles illustrate that the powder mixture contains hcp-Mg and HCP-Hf,
but new peaks appear after HPT processing, and the intensity of these peaks increases with
an increase in the number of turns from 10 to 100. Detailed examination of the XRD profiles
using the Rietveld analysis, as summarized in Table 4.1, confirms that the new peaks
correspond to an fcc phase with a lattice parameter of a = 0.4670-0.4671 nm and abundance
of 19 wt% after 100 turns. This lattice parameter is somehow larger than the lattice
parameters of the fcc phase in HPT-processed Mg-Ti (0.429 nm) !2® and Mg-Zr (0.44-0.46
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nm) systems '** due to the atomic radius of Hf being larger than that of Ti and Zr. The
Rietveld analysis also shows that the lattice parameter of Hf changes by HPT processing,
increasing from 3.2020 nm to 3.2060 nm. Although the atomic radius of Mg and Hf as well
as their crystal structures are quite close, these minor changes in the lattice parameters
suggest that the dissolution of Mg in Hf should be more significant than the dissolution of Hf

in Mg.
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Figure 4.1. Formation of the metastable FCC phase in the Mg -Hf system: (a) XRD profiles of Mg—the 50 at.% Hf sample
before and after HPT processing for 10 and 100 turns.

Table 4.12. Rietveld refinement analysis of Mg-50at% Hf and powder mixtures before and after

HPT.
COND / HPT Phase wt% a (A) c (A
Mg-Hf Mg hep 16 3.2080 5.2100
(Powder Mixture) Hf hcp 84 3.2020 5.0740
Mg-Hf Hf hep 81 3.2060 5.0670
N100 fee 19 4.6710 -

Microstructural examination of the sample after HPT processing for 100 turns confirmed the
formation of nanograins. As shown in the bright-field and dark-field images of Figs. 4.2(a)
and 4.2(b), grain sizes are significantly reduced after HPT processing and reach a range from
a few nanometers to a few hundred nanometers. The formation of nanograins with random
misorientations can be also confirmed from the ring pattern of SAED analysis, as shown in
Fig. 4.2(c). Close examination of the microstructure at higher magnification using the
HAADF imaging mode, as shown in Fig. 4.2(d), confirms that the grains with sizes in the
range of a few nanometers (i.e., a few hundred atoms in one grain or cluster) are mainly based
on Hf, which has a higher melting temperature than Mg and is more resistant to dynamic
recrystallization during HPT processing.

-37-



Figure 4.2. Formation of ultrafine grains in the Mg -Hf system: (a) the TEM bright-field image, (b) the TEM dark-field
image, (c) the SAED analysis, and (d) the STEM.

The small grain sizes achieved in this study for the Mg-Hf system are consistent with the
grain sizes of HPT-processed Mg-Ti %%, Mg-Zr 13°, and Mg-based immiscible systems
127.180 T have a better insight into the nature of FCC phases, crystal orientation and phase
mappings were achieved using the ASTAR device and compared with the STEM-EDS
mappings, as shown in Fig. 4.3. Inspection of Fig. 4.3 indicates several important points.
First, all grain sizes at the nanometer or submicrometer ranges are in good agreement with
the TEM bright-field and dark-field images shown in Fig. 4.2. Second, a comparison between
ASTAR phase mapping (Fig. 4.3.c-f) and EDS elemental mapping confirms that the majority
of the fcc phase appears in the Hf-rich nanograins supersaturated with Mg atoms. Third, EDS
analysis of several dark and bright areas in the HAADF image shown in Fig. 4.3(d) indicate
that the fraction of dissolved Mg in Hf can reach up to 16 at.% in the fcc phase.
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Figure 4.3. Formation of the FCC phase in Hf-rich nanograins: (a) the TEM bright-field image, (b) crystal orientation
mapping, (c) phase mapping, (d) the STEM-HAADF image, (e) EDS mapping with Mg, and (f) EDS mapping with Hf for
Mg -the 50 at.% Hf sample processed by HPT for 100 turns.

Mechanical properties of the alloy show at least two times higher hardness than ultrafine-
grained pure Mg, as shown in Fig. 4.4, because of its composite form and ultrafine-grained
structure. Although hardness of many metallic materials reaches steady states after several
HPT turns due to a balance between microstructural hardening and softening features
122124169181 in Fig. 4.4 even after 100 turns, the hardness still increases with an increase in the
distance from the disk center (i.e., with an increase in the shear strain). The microstructural
evolution toward hardening without the apparent maximum even at ultrahigh strains is a
common phenomenon in many immiscible Mg-based systems, which was reported even after
1000 HPT turns 27180,

-39-



N
[S4]
o

Y S —————————————
P Hf
T 200} ) ure At
* Mg - 50 at% Hf
§ 1s0.  HPT:P=4 GPa, T=300K, N=100
°
© 100 4
<
o
Lo  50p Pure Mg
E .............................................
0 | | | |
0 1 2 3 4 5

Distance from Disc Center (mm)

3

Figure 4.4. Vickers microhardness of the Mg -Hf system compared with pure Mg. Vickers microhardness against distance
from the disk center for Mg—the 50 at.% Hf sample processed by HPT for 100 turns including reference data for pure Mg
and Hf.

4.4. Conclusions

This study reports the first experimental observation of a binary Mg—Hf alloy with an FCC
crystal structure. The alloy is produced by the HPT method, a method with high potential in
synthesizing new phases even in immiscible systems such as the Mg—Hf system. The FCC
phase was detected mainly in the nanograined Hf-rich regions
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CHAPTER 5

S. RESULTS OF THE SYSNTHESIS OF NANOSTRUCTURED Mg:Ni FOR
HYDROGEN STORAGE BY MECHANICAL ALLOYING VIA HIGH-
PRESSSURE TORSION.

The following section of Chapter V has been published in the Journal Reactions, Special
Issue Hydrogen Production and Storage, 2nd Edition, Volume 5, Issue 4, September 2024.
This article can be found in the link: https://doi.org/10.3390/reactions5040033

5.1. Authors
Edgar Ignacio Lopez Gomez*, Joaquin Gonzalez, Jorge M. Cubero-Sesin, Jacques Hout
5.2. Summary of the article

MgoNi is one of the most promising candidates for solid-state hydrogen storage, due to its
high storage capacity. High-purity elemental powder mixtures of Mg and Ni were processed
by high-pressure torsion (HPT) to effectively synthesize a nanostructured Mg>Ni phase from
the powder mixture. The transformation to a high fraction of the Mg>Ni phase after HPT was
confirmed by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS). Rietveld refinement indicates that a crystallite size of less
than 6 nm was obtained for the MgzNi synthesized via HPT.

Furthermore, it was shown that the Mg-Ni samples synthesized by HPT can fully absorb
hydrogen at 350° C even after several weeks of air exposure. However, the kinetic of
absorption was still slow. The results confirm that a combination of HPT with subsequent
heat treatment is an efficient strategy to increase the fraction of MgzNi after HPT processing.

5.3. Results and discussion
5.3.1.  Synthesis and characterization of Mg:Ni by HPT

The microstructure evolution and phase formation in the Mg-Ni mixtures after HPT were
examined by XRD at different numbers of turns. The XRD pattern given in Figure 5.1 shows
the results taken near the edge of the discs for the samples with 10, 50 and 100 turns. After
10 turns slight variations can be observed on the diffraction pattern of Mg and Ni phases in
comparison to the powder mixture. Peak broadening was observed in Ni phase which gave a
crystallite size of 82 nm, while Mg showed mainly only changes in the intensities of
diffracting planes, with a crystallite size of 163 nm. Table 5.1 summarizes the phase
composition and lattice parameters of the powder mixture and the HPT samples processed
by 10, 50 and 100 turns. According to the XRD results in Table 5.1, it can be observed that
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Mg and Ni do not show a large change in their crystal size from 10 to 50 turns. Further
processing shows a crystallite size reduction in Mg and Ni to 70 pm and 57 pm, respectively
after 100 turns.

The XRD pattern given in Figure 5.1 clearly shows new broad peaks appearing after 100
turns which are centered at ~19.8° and ~39.8°, suggesting the growth of a new
nanocrystalline phase. By XRD analysis and Rietveld refinement results, it was possible to
identify that these peaks fit well to the Bragg peaks of Mg>Ni with hep structure P6,22. After
100 turns, 59 wt.% of the Mg>Ni phase was identified, with a crystallite size of 6 nm.
Furthermore, even after 50 turns, it was possible to identify 11 wt.% of the Mg>Ni phase.

Mg - 30at% Ni & Mg,NiP6,22 ¢ Mg P6;/mmc)
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Figure 5.1. XRD patterns of Mg-Ni initial powder mixture and after HPT processing for 10, 50 and 100 turns showing

Normalized Intensity (a.u.)

gradual formation of nanostructured Mg2Ni by HPT.

Table 5.1. Crystallographic parameters of phases present in Mg-30 at. % Ni powder mixture and
processed by 10, 50 and 100 turns of HPT

Processin Crystallite
conditiong Phase wt% a(d) ¢ (d) Size (nm)
Powder Mixture Mg hcp 46 (3) 3.2102(3) 5.2118(1) -
Ni fec 54 (5) 3.5251(2) - -
HPT N10 Mg hcp 44 (3) 3,2104 (1) 5,2125(2) 163 (7)
y =400 Ni fee 56 (3) 3,5252 (1) - 82 (2)
HPT NS0 Mg hcp 42 (2) 3.2101(2) 5.2110(3) 168 (2)
y=2000 Ni fee 47 (3) 3.5246 (1) 80 (2)
Mg, Nihcp 11(2) 5271 13.35(6) 6 (1)
HPT N100 Mg hcp 18 (2) 3.2099 (4) 5.2129 (6) 70(3)
y=4400 Ni fee 24 (3) 3.5249 (3) - 57 (1)

MgNihep 59(3) 5.230(2) 1330 (1) 6 (1)
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The formation of the Mg>Ni phase was also analyzed by XRD in different regions of the HPT
disc processed for 100 turns. These regions were at both upper and lower surfaces. For a
small region around the center region the equivalent torsional strain was estimated to be from
0 (upper surface) to 3100 (lower surface), and for the edge, the y was estimated to be 4400.
These patterns are shown in Fig. 5.2 for Mg-30 at. % Ni processed for 100. Table 5.2 shows
the phase composition and lattice parameters of the resulting phases.

Mg - 30at% Ni ¢ Mg P6ymmc
HPT: 6 GPa, 1 rpm, RT Ni Fm3m
« Mg,Ni P6,22

& @ e d @ ¢ ewe @ @

K, ¢ ¢

x Ao AN =100

"y = 4400 (disc edge), lower surface|

‘y= 0 - 3100 (disc center), lower surface

l. | J  AN=100

‘7 =0 - 3100 (disc center) upper surface
I 1 P - 1 N I

Normalized Intenisy (a.u.)

20 30 40 50 60 70 80

Bragg Angle (2 £°)

Figure 5.2. XRD patterns of Mg-30at%Ni at upper surface (y=0 by theory), lower surface (y=3100) and edge of the
disc (y=4400) showing formation of nanostructured Mg2Ni as a result of increasing strain by HPT

The XRD patterns in Figure 5.2 and Rietveld refinement results in Table 5.2 show that the
Mg>Ni phase clearly increased from the upper (21 wt.%) to the lower surface (30 wt.%). Such
differences across the thickness of the disc could happen as result of slippage between the
sample and anvils, especially at high number of turns '#2. Also, in comparison with the result
in Table 5.1, MgyNi reaches a maximum of 59 wt.% at the edge of the disc after HPT
processing, where the strain reaches the maximum (y = 4400). Also, for the Mg and Ni
phases, the crystallite size decreases at the edge of the sample where the torsional shear strain
is highest. Rietveld refinement confirms a crystallite size of less than 6 nm for the Mg>Ni hep
phase, which is in good agreement to previous HPT-processed Mg-Ti 28, Mg-Zr '*°, and Mg-
based immiscible systems 94127180,

-43-



Table 5.2. Crystallographic parameters of phases present in Mg-30 at. %Ni processed by HPT for

100 turns.
I R o
HPT N100 Mg hep 34(2) 3.2124(2) 52148 (3) 156 (11)
y=0-3100 Nifece 44 (3) 3.5267 (1) - 89 (2)
Upper surface Mg:Ni hcp 21 (2) 5.252(5) 13.35(3) 6(3)
HPT N100 Mg hep 31(2) 3.2108(2) 5.2119(3) 121 (7)
y=0-3100 Nifee  39(2) 3.5258(2) - 76 (6)
Lower surface Mg:Ni hep 30 (2) 5.248(6) 13.39(3) 5(2)

The effect of a heat treatment was also studied for the Mg-30 at.% Ni processed by HPT.
Figure 5.3 shows the results for Mg-30 at.% Ni after 10 turns (y = 400), with and without
heat treatment. In Figure 5.3, it is possible to observe that after the heat treatment, the peaks
belonging to the MgzNi could be clearly seen and correspond to a proportion of 34 wt.%, as
shown in Table 5.3.

These results confirm that even when Mg>Ni phase was not observed in the sample after 10
turns, after a heat treatment post-HPT, Mg>Ni phase formed. This is consistent with the work
of Emami et al *°. Results also show grain growth in nickel and magnesium phases after the
heat treatment. The nickel phase crystallite size increased from 82 nm to 146 nm, while the
magnesium phase increased from 163 nm to a size too large to be accurately measured by X-
ray diffraction. Rietveld results also show that after the heat treatment the crystallite size of
MgoNi phase remains at nano size (85 nm) and Ni remains with an ultra-fine size (146 nm).
Regarding the XRD analysis in Figures 5.1-5.3 and Tables 5.1-5.3 there is no evidence of
oxide formation after the HPT process or after the heat treatment, at least under the detection
limit of the XRD technique.
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Figure 5.3. XRD patterns of Mg-30at%Ni processed by HPT for 10 turns (y=400) with and without heat treatment.

Table 5.3. Crystallographic Parameters of Phases Present in Mg-30 at. % Ni processed by HPT for
10 turns (y=400) after heat treatment at 350°C for 24h.

P i 1li
roce.ss.lng Phase W% a ¢ Cl"ysta ite
condition Size (nm)
HPT N10; y= Mg hep 33(2) 3,2110(2) 5,2106 (2) -
400 Ni fee 332) 3,5251(1) - 146 (7)

HT 350°C  Mg:Nihcp 34(2) 52196 (3) 132713 (18)  85(5)

SEM-EDS were performed at different distances from the center of the disc to analyze at
micrometer level the elemental distribution of Mg and Ni and the degree of mixing. Figure
5.4. shows the results for Mg-30 at.% Ni processed after 5 (Figs. 5.4. a, b, ¢), 40 (Figs. 5.4.
d, e, f, g) and 100 (Figs. 5.4. h, 1, j, k) turns. After 5 turns (Figs. 5.4. a, b and c) the images
reveal that the Mg and Ni are completely separated from each other, showing dark and bright
contrast regions, respectively. EDS elemental mapping shown in Figure 5.4.a. and Figure
5.4.c. confirms this statement. Further HPT processing shows an improvement in the Mg-Ni
intermixing as can be seen in Figures 5.4.d-k. Also, increasing the number of turns (i.e. from
5 to 40 turns) and increasing the distance from the center of the disc (up to 5 mm) the particle
size of the Mg and Ni is reduced, improving the mixing of the elements. This behavior is in
good agreement with previous reports, where homogeneity increases with the strain
augmentation for Mg-Al 3% Mg-Zr 3% Al-Fe 85, Cu-Ta ¥/, Nb-Ti '® and Ti-Nb '*7. The
samples also show a clear torsional shear deformation pattern at the center of the disc after 5
and 40 turns (Figs 5.4 a, and d) which became less evident after 100 turns (Fig 5.4.h). In
general, after 100 turns a randomly oriented microstructure was developed due to the
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increment of the homogeneity and the phase transformation to Mg>Ni. Figures 5.4.j- shows
various areas of grey area particularly in the lower right corner.

N=5
b center

N =40
center

500 pm
N =100
center

500 um AN ' ]

'\ A

Figure 5.4. SEM BSE micrographs (a, ¢, f, j, h, i) and EDS elemental mapping analysis (b, e, I, d, g, k) of Mg powder
(a) and Mg-30at%Ni after HPT processing for different number of turns, taken from center (left, b, e, i) the middle (c, f, j)
and the edge of the disc (d, g, k, h, i). Bright and dark contrast in SEM micrographs correspond to Ni and Mg respectively

The EDS from elemental mapping analysis in Figure 5.5. shows a composition ratio of Mg
to Ni of ~2 at the edge of the sample (62.2 at.% Mg to 29.9 at.% Ni),as can be seen in the
map sum spectrum show in the figure. It was also possible to observe that some oxides (7.9
at.%) formed at surface after the HPT process. In addition, the average of the elemental points
spectrums 10, 11, 12, and 13 shown in Figure 5.5 is 63 at.% (+4), 28 at.% (+6) and 7 at.%
(£1) of Mg, Ni and O respectively. Thus, the experimental composition by EDS is consistent
with the Mg>Ni phase identified by XRD and Rietveld refinement.
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Figure 5.5. EDS mapping analysis of Mg-30 at.% Ni processed for 100 turns at the edge of the disc (r=5mm,
y=4400).

5.3.2. Hydrogen storage of Mg-Ni processed by HPT.

Figure 5.6 shows the hydrogenation kinetics of Mg-30 at.% Ni processed with 3, 10, 20, 50
and 100 turns. Figure 5.6 also shows the activation results of commercially pure (CP) Mg
process with 3 turns for comparison purposes. It should be noted that the hydrogenation tests
were done several weeks after the HPT processing and that the samples were left in air during
the whole period. Therefore, these tests also indicate the air resistance of the HPT processed
samples. A maximum capacity of 3.8 wt.% of hydrogen was obtained at 350 °C, which is
close to the nominal capacity of the material (3.9 wt%). The hydrogen storage capacity
obtained in this work is higher than the capacity reported for Mg-Ni processed by different
severe plastic deformation processes, such as high energy ball milling (HEBM) (2.4 wt.%),
HEBM+HPT (3 wt.%), HEBM with cold rolling (2.4 wt.%), and HEBM+ECAP (1.5wt%)
188 Tt is clear in Figure 5.6 that addition of Ni helps to accelerate the absorption of Mg even
just after 3 turns of HPT, which reach complete absorption after 20 h.
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Figure 5.6. Hydrogenation results of commercially pure Mg after 3 turns and Mg-30 at.% Ni after 3, 10, 20, 50, and

100 turns of HPT.

In order to evaluate the hydride formation in the Mg-Ni system, XRD patterns were taken
after the hydrogen absorption test. Figure 5.7 shows the diffraction pattern for the activated
Mg-30 at.% Ni with 50 and 100 HPT turns. The XRD results confirm the formation of
hydride phases after the hydrogenation test for all the samples. Further analysis by Rietveld
refinement confirms the formation of MgH, and Mg>NiH4 in Mg-30 at.%Ni after 100 turns
as shown in Figure 5.7.
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Figure 5.7. XRD patterns showing hydride formation in Mg-30 at.% Ni processed by HPT for 50 and 100 turns and
activated under 2000 kPa and 350 °C.

Table 5.4 summarizes the Rietveld refinement results for Mg-30 at.% Ni processed by HPT
for 50 and 100 turns after first hydrogenation (activation). It can be seen that increasing from
50 to 100 turns, increases the amount of MgzNi hydride phase, which means a reduction in
the amount of MgH> and Ni phases. A MgO phase has also been identified after the activation
test, this oxide phase was not identified in the powder mixture before HPT processing by
XRD, as shown in Figure 5.1 and Table 5.1, which suggests that the oxide phase increases
during the manipulation after the activation test, due to fresh surface exposed.

Table 5.4. Crystallographic Parameters of Phases Present after first hydrogenation (activation)
Mg-30 at. % Ni processed by HPT.

Processing R Crystallite
Condition Phase — wt% a(4) ¢ () Size (nm)
Ni fee 25 (1) 3.5252 (1) ] 103 (4)
HPT N50 MgH; 23 (1) 45181 (3) 3.0224 (3) 127 (18)
7:100‘1 ; MgO 22 (2) 4218 (3) - 5(1)
ctivate
, b=6.415 (2), c= 6.494(3),
MgNiH, 31 (1) 14.614 (4) beta(=)1157(1) ®) 24
Ni fee 225(9)  3.5251 (14) ] 91 (3)
HPT N100 MgH; 170(8)  4.5184(3) 3.0225 (3) 162 (12)
YA=4400 . MgO 23 (2) 4216 (4) ; 32 (3)
ctivate
— 6.426 (4), c = 6.489 (1
MeNiH, 382  l46le3(g) O OAR@.c=6A89(),

beta = 115.9° (1)
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5.4. Conclusions

Mechanical synthesis of MgzNi has been achieved for the first time through HPT processing
directly from binary elemental powder mixtures. The study shows that by HPT processing it
is possible to synthesize the intermetallic compound from the powder mixture by solid-state
reaction. The result is in good agreement with previous research where Mgi7Ali2, MgZn,
MgAg, Mgln and, Mg>Sn were synthetized by solid-stated reactions under 3 GPa and 100
turns of HPT *°.

It was also found that pressure is an important parameter that affects the phase transformation
during HPT and hydrogen storage properties. The present results show that at 6 GPa it was
possible to detect Mg>Ni by XRD after 50 turns without any heat treatment, which were not
reported in HPT done under 3GPa after 100 turns *°. The present results confirm a maximum
amount of 59 wt.% of Mg:Ni phase after 100 turns of HPT. It was also possible to identify
that phase formation increased along the axial and radial directions of the disc, following the
strain increment. This suggests that HPT is a powerful method to synthetize intermetallic
compounds that can be difficult to fabricate by conventional ways. Finally, one interesting
result of this research is that complete hydrogen absorption by Mg-Ni system was observed
after several weeks of air exposure for all Mg-30 at.% Ni samples. This indicates that the
HPT processed samples have a good air resistance.
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CHAPTER 6

CONCLUSIONS

One of the main objectives of this research was to evaluate the capability to synthetize
intermetallic compounds by HPT directly from powder mixtures their hydrogen storage
properties. The first stage of the research evaluates the possibility to TiFe intermetallic in the
Ti-Fe miscible system. While the second stage evaluates the possibility to create a metastable
phase of an immiscible system, as Mg-Hf. The third stage evaluates the capacity of the HPT
process in an intermetallic forming system such as Mg-Ni which has not been reported
previously by HPT but has been reported by other mechanical alloying techniques.

Mechanical synthesis of TiFe, MgHf and Mg;Ni have been successfully achieved through
HPT processing directly from binary elemental powder mixtures. The solid-state reaction
during the mechanical processing has been confirmed by XRD, TEM, and SEM-EDS
analysis in miscible (Ti-Fe), intermetallic forming (Mg-Ni) and immiscible systems (Mg-

Hf).

Under 4 GPa of pressure, it was possible to produce the TiFe intermetallic after 10 turns of
HPT. Also, after 100 turns at 4 GPa, around 19 wt% of a metastable phase of the fcc MgHf
was produced. In addition, higher pressures could produce Mg;Ni intermetallic, in anycase
without the need of a heat treatment after the HPT processing. The present results showed
that, under a pressure of 6 GPa, it is possible to synthetize Mg>Ni after 50 turns. In contrast,
Emami et al were unable to synthesize MgyNi directly from an elemental powder mixture
under 3 GPa after 100 turns 8. It shows that pressure is a key factor to consider when HPT
is used to synthetize intermetallic compounds from low melting point elements. Further
analysis shows that a heat treatment after the HPT processing could increase the fraction of
MgoNi.

It was found that synthesis of materials with higher melting point is more efficient as seen in
Ti-Fe, where 57 wt% of the intermetallic was produced after 10 turns. In contrast, processing
materials with lower melting point such Mg-based, requires higher levels of strain up to 100
turns and higher pressure in the case of Mg-Ni to start the formation of the metastable and
intermetallic phase respectively.

According to the TEM results and the XRD and Rietveld analyses, HPT induces a reduction
of the grain sizes, where many are a few nanometers, while others are above 100nm. This
has been confirmed on Ti-Fe and Mg-Hf by TEM.

As general conclusion, it has been observed from XRD pattern that when the grain size
reaches the nanocrystalline level by HPT, the nanocrystalline phase in the material stayed
either in a nanocrystalline or in an ultra-fine grained (UFG) range after a long heat treatment
of 24 h and after the hydrogenation process. These results show high stability of the
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nanocrystalline dehydrated phase. These high stable UFG/nanocrystalline phases are really
appealing for hydrogen storage materials, which seeks to have nanocrystalline phases stable
enough during the thermal cycles of the hydrogenation process. The Mg>Ni phase and TiFe
phase formed after the HPT are thermally stable, and the amount of the new phases increases
after a heat treatment.

One interesting result of this research is that hydrogen absorption by Mg-Ni system was
observed after several weeks of air-exposure for all Mg-30at%Ni samples. The complete
absorption observed are in both Mg and Mg>Ni phase according to the XRD analysis. Also,
the Ti-Fe samples can absorb hydrogen after several weeks of air exposure. This shows a
high air-exposure resistance by the HPT processed samples.

The activation of Mg-Ni could be facilitated by nanocrystalline structure obtained after the
HPT process, which introduces high volume of grain boundaries and distortion in the
crystalline structure. These features improve the hydrogen pathways and diffusion into the
material. In addition if there is oxide formation on the surface, as shown on the EDS mapping
analysis on Mg-Ni, the sample could still absorbs hydrogen. It seems that the oxide layer is
partially permeable to hydrogen, limiting the diffusion of the hydrogen through it. This could
explain the slow kinetics of absorption observed on Mg-Ni system.

It was possible to identify that the Mg>Ni phase formation starts to nucleate in the edge of
the disc. This means that the phase formation follows the same tendency as the torsional
strain and microhardness during the HPT process.

Figueiredo and Langdon *° also reported the evolution of the microhardness along the axial
direction. Also, after processing Ti-Fe and Mg-Hf, it was also found that microhardness
increases along the radius of the sample which is a more usual behavior.

Finally, the hydrogenation properties of Ti-Fe system processed by HPT shows that the
activation process was reduced to a simple cycle of vacuum for 2 hours at 400°C, while as-
cast pure TiFe is usually activated by repeated exposure to vacuum and high hydrogen
pressure at high temperature.
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PERSPECTIVES

Further investigations should be performed to study the differences between a phase
synthetized by HPT and the same phase synthetized by other methods such as high-energy
ball milling, planetary ball milling, arc melting and others, in order to compare the
hydrogenation properties and the effect of the microstrain and the crystallite size obtained by
different processes because each process has its own characteristics regarding the induced
strain, the characteristics of the grain boundaries etc.

Further analysis on immiscible systems with good potential for hydrogen storage could be
done, i.e. the evaluation on the substitution of Ni by Fe in MgyNi system could be
investigated. It is known that Fe does not form any intermetallic with Mg but the ternary
hydride Mg>FeHg is stable, but the reversibility of the reaction is difficult due to the
interdiffusion of Mg and Fe. It would be interesting to see if the presence of Mg>Ni helps in
the reversibility of Mg>FeHs or if Fe could replace Ni in the Mg:Ni phase._The substitution
of Ni by Fe could be difficult to evaluate by common solidification processes such casting or
arc melting due to the temperature gap on the melting and boiling point of Fe and Mg
respectively, but not by HPT. Mg-Fe phase diagram shows that they are completely
immiscible. However, Ni-Fe phase diagram shows that Fe can enter into solution on Ni up
to 6 at% with the same fcc crystal structure of Ni at low temperature, and at high temperature
they form a solid solution with the same fcc structure of Ni. In addition, Fe-Ni forms the
FeNis and the FeNi intermetallic which stabilize in the same fcc crystal structure by
electrodeposition according to previous reports '°1.

Cu could be also investigated to substitute Ni on the Mg>(Ni1.xCux) by HPT. Ni and Cu are
completely miscible, they both have a fcc crystal structure and form a solid solution on all
the range of the phase diagram. In this line Cu could increase the thermal and electrical
conductivity and modify the thermodynamics of desorption in Mg,Ni.

Ternary systems such as (Mg;-x,Hfx)2Ni could be interesting to study. According to the phase
diagram of Mg-Hf they are also immiscible. However, regarding our results it is possible to
stabilize a Mg-Hf metastable phase by HPT even when they are immiscible. From the law of
reverse stability, an unstable alloy will produce stable ternary hydride. Therefore, it could be
interesting to synthesize Mg-Hf metastable phase and study the hydrogenation of this phase.
The same principle could be applied to the Mg-Ti system.
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ANNEXES
ANNEX Al

Al.1. Design and development of a Sievert type apparatus.

The design and development of the equipment to evaluate hydrogen absorption at
Tecnolégico de Costa Rica has been performed. Gravimetric and volumetric techniques are
the main ways to measure hydrogen storage in solid materials. The gravimetric methods use
very sensitive balance systems (10 to 10~ g) which directly measure the mass change due
to the hydrogen uptake or release. However, buoyancy must be properly accounted and the
measurements for air—sensible samples complicate the measurements. Moreover, the
evaluation of hydrogen storage at high pressure is more appropriate by a volumetric
technique.

The equipment is based on a Sievert-type apparatus which is a volumetric technique to
evaluate the capacity of materials to absorb a specific gas. Sievert apparatus is one of the
most common systems to study gas sorption/desorption on gas-solid or gas-liquid reactions
for advanced pharmaceutical and food industries, catalysis for petrochemical processing,
energy storage, product development, and materials science. The Sievert technique is a
manometric way to evaluate the absorption and desorption of gas in materials by the
application of the gas law.

The equipment takes pressure measurements to calculate in an indirect way the mass changes
in the material. Using the real gases law and the equation (eq. 2.5), the hydrogen mass
absorbed or desorbed is calculated from the variation of pressure, calculating the moles of
hydrogen uptake or release. The Sievert technique evaluates the pressure change in a
calibrated chamber where the sample can be placed. Siever-type apparatus consists of a gas
manifold, pressure gauge, temperature sensors, and two calibrated volume reservoirs
connected by an isolating valve (see Figure 2.9.). Knowing the initial gas pressure, the
volumes of the reservoirs, and the temperature in the system the quantities of absorbed and
desorbed gas can be determined by applying the gas law described in equation 2.5.

A1.2. Design process and design requirements.

In order to define the technical specification, the requirements were defined according to the
operational condition. Table A1 shows the list of specifications according to the requirements
of the equipment. In summary, the apparatus needs a sample holder to place the material in
the study, also this sample holder should be connected to a gas transport system that should
be isolated from the sample holder and the gas source. Also, the transport system should be
able to decrease the pressure to vacuum and read pressure and the temperature in the system.
Ideally, the apparatus could have dedicated software to compute, read, record, and control
experiences.
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Table Al. Requirements and design specifications of a Sievert-type apparats.

Needs Requirements Specs

Sample holder Volume (Chamber RXN) Hydrogen resistant, 1 g capacity, calibrated

volumen
Pressure measurement and variation control from  Measurement and control from 0.1MPa to 10 MPa
0.7 to 10 MPa. (100 bar)
Work temperature from R.T. to 350 °C ~ 400 °C
Temperature & pressure measurement-control max / Temperature control and data acquisition //

Chamber and Sample Holder

Vacuum Pump Vacuum evacuation / Air and vapor remotion

Data acquisition system Ideal for automatic control and data manipulation.

After the definition of the main specifications for the apparatus, the prototype design was
performed in SolidWorks to define and design all the drawings required for the assembly and
construction. Figure Al shows the prototype defined initially. As can be seen in the model,
a gas transport system made of stainless steel, consisting of 3 inlets can be connected directly
to a vacuum, a gas inlet, and to a ventilation to evacuate the gas after experiments. Also, two
gas reservoirs of 1000 cc and 50 cc are used to have enough gas during the experiments. Five
manual valves are used to isolate the gas system from outside, from the sample holder and
from the 1000cc reservoir. One absolute pressure sensor of 10 MPa range is needed to read
the pressure change during the absorption or desorption and then calculate the wt% of
hydrogen. Finally, the transport system and reservoirs should be under a temperature control
environment, so the transport system should be placed inside a case to confine and control
the temperature inside the chamber during the experiments. Also, a heater-fan is used to
produce and circulate the heat inside the chamber, to stabilized it at 35°C. Figure A1 shows
the final prototype for the Siervert-type system. Figure A2 shows one of the drawings made
for the design process and the building procedure. All the drawings of the complete system
will be attached to the thesis document.

=

Figure 1. Model prototype of the Sievert type apparatus.
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Figure A22. Example of the drawings of the transport system for the Sievert type apparatus build it at Instituto
Tecnoldgico de Costa Rica.

4

Initially, the apparatus was developed to operate manually. A specific software based on
Python was implemented to register the data and makes the calculation of mass absorption.
However, the equipment can measure the capacity of absorption as in regular PCT or cycling
apparatus. A second stage has been planned to automate all the operations of the system using
pneumatic valves controlled by software. The implementation of the specific software for the
data acquisition reduced the total cost to around $17 845 CAD. A second manual apparatus
has been also built for the Hydrogen Research Institute at UQTR, see figure 18.

A1.3. Quotation

To evaluate the budget needed to build the Sievert-type apparatus, a quotation for all the
components was done. Table A2 shows the projection for the cost of each part according to
each supplier in Canada. A grand total of $31 8837.17 CAD is approximated to build the
apparatus. However, reducing the cost of the National Instruments components the grand
total is reduced to $13 992.15 CAD. See table A2 for more details.

Table A2. Quotation of the components for the automatic Sievert type apparatus.

Automatic Sievert type apparatus components
Unit
Swagelok Code price Quantity
(CAD)

Total
(CAD)
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Volume 1000CC 304L-HDF4-1000 619.26 1 619.26
Volume 75CC 304L-HDF4-75 153.8 1 153.8
Volume 50 cc (calibration) SS-4CS-TW-50 232.18 1 232.18
Automatic valves (type HB) SS-HBS4-C 662.05 5 3310.25
Cross SS-400-4 77.87 2 155.74
T SS-400-3 42.6 5 213
Manual Valve VCR SS-43GVCR4 o 224.43 2 448.86
Sample holder SS-4-VCR-3-BL 17.36 1 17.36
Tubing 1/4 (feet) SS SS-T4-S-035 84 1 84
Tubin 1/8 (feet) SS 42 1 42
Male NPT 1/4 / swagelok 1/4 (reservoir) SS-400-1-4 13.42 7 93.94
NPT plug (reservoir and Pressure gauge) SS-4-P 10.18 2 20.36
Sample holder/reactor SS-4-VCR-4 8.33 1 8.33
Reductor 1/4 to 1/8 swagelok (sample holder) SS-400-6-2 21.92 1 21.92
VCR 1/4 to swagelok 1/8 SS-4-WVCR-6-200  155.17 1 155.17
VCR 1/4 to swagelok 1/4 (sample holder) SS-4-WVCR-6-400 72.89 2 145.78
VCR nut SS-4-VCR-SP 5.14 1 5.14
gaskets with filter 2 micron 1/4 SS-4-VCR-2-2M 27.34 2 54.68
gaskets without filters 1/4 SS-4-VCR-2 2.55 50 127.5
flexible tubing 1/4 in (feet) / PTFE 225 1 225
SS VCR face seal cap 1/4 SS-4-VCR-CP-B25  22.81 4 91.24
316 SS VCR socket weld SS-4VCR-3 15.25 3 225
Wall adapter Swagelok 1/4 SS-400-61BT 43.43 8 91.24
Pressure Gauge adapter *** 1/4 SS-400-7-6RJ 33.37 1 45.75
NPT 1/8 male - Swagelok 1/4 Fem SS-400-1-2 12.93 5 64.65
Total 6652.15
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https://products.swagelok.com/es/c/cilindros-de-conformidad-con-dot/p/304L-HDF4-1000?q=:relevance:category:1001
https://products.swagelok.com/es/c/cilindros-de-conformidad-con-dot/p/304L-HDF4-75?q=:relevance:category:1001
https://products.swagelok.com/es/c/cilindros-de-toma-de-muestras-en-miniatura/p/SS-4CS-TW-50
https://products.swagelok.com/es/c/modelo-recto-con-actuador/p/SS-HBS4-C
https://products.swagelok.com/es/c/cruces/p/SS-400-4
https://products.swagelok.com/es/c/tes/p/SS-400-3?q=SS-400-3
https://products.swagelok.com/es/c/2-v%c3%adas-modelo-recto/p/SS-43GVCR4
https://products.swagelok.com/es/c/manguitos/p/SS-4-VCR-3-BL
https://products.swagelok.com/es/c/rectos/p/SS-400-1-4?q=SS-400-1-4
https://products.swagelok.com/es/c/tapones-macho/p/SS-4-P?q=SS-4-P
https://products.swagelok.com/en/c/male-nuts/p/SS-4-VCR-4
https://products.swagelok.com/es/c/rectos/p/SS-400-6-2?q=SS-400-6-2
https://products.swagelok.com/es/c/rectos/p/SS-4-WVCR-6-200
https://products.swagelok.com/es/c/rectos/p/SS-4-WVCR-6-400?q=SS-4-WVCR-6-400
https://products.swagelok.com/es/c/tapones-macho/p/SS-4-VCR-SP
https://products.swagelok.com/en/c/gaskets/p/SS-4-VCR-2?q=gasket%201/4
https://products.swagelok.com/en/c/caps/p/SS-4-VCR-CP-B25
https://products.swagelok.com/en/c/glands/p/SS-4-VCR-3?q=SS-4-VCR-3
https://products.swagelok.com/en/c/straights/p/SS-400-61BT?q=:relevance:bodyMaterial:316+Stainless+Steel:connection1Size:1%2F4+in.:connection2Size:1%2F4+in.:connection2Type:Swagelok%C2%AE+Tube+Fitting:cleaningProcess:Standard+Cleaning+and+Packaging+%28SC-10%29:boredThrough:true
https://products.swagelok.com/en/c/straights/p/SS-400-7-6RJ
https://products.swagelok.com/en/c/straights/p/SS-400-1-2?q=SS-400-1-2

Unit

National Instrument Code . Quantity Total
price

Chassis NI cDAQ 9174 2225 1 2225

. NI cDAQ 9178 (9V

Chassis -30V) 3280 1 3280

Modules NI 9472 365 1 365

Modules NI 9205 2525 1 2525

Modules NI 9476 1400 1 1400

Modules NI9211/9210 970 1 970

Lab VIEW 3 year subscription 7080 1 7080

Total 17845

FESTO Code Unit  Guantity  Total
price

Module FESTO 8 ports-24V (neomatic

manifuld/ 5 electrovalves) CPV10-GE-MP-4 1

multiconector wall plate for CPV10 code P 1

Cable / multi-pin plug 1 2459

Push-Pull 8

silencer 1

Total 2459

Electronic Code Ul.llt Quantity Total
price

Pressure gauge (PPA - 7000 kPa - output:0 - 5

VDC - 0.1 % FS SENSOTEC o ACUSENSE 2500 1 2500

Isolation 50 1 50

Termocuple J (probe type, 1/16 in x 12 in) *** 3856K41 15 2 30

heating fan 03113.9-00 505 1 505

Oven - CERAMIC FIBER HEATER

WATLOW

120V 450W

2" DIA X 6" LARGO. 443 1 443

Push-On hose 1/2 for pump 10 1 10

Pump Vaccum (the best is a dry pump) / 1/2

HP 1216 1 1216

SSR 25 2 50

Cables 50 1 50

24V source (16.8 Wmax) ID MACMASTER

CRAFF 7010k113 27 1 27

Total 4881
GRAND TOTAL 31837.15

Al.4. Operation instructions, data acquisition and analysis types.

In a basic operation method using the manual system, it is important to know initially all the
constants of the system, which is the volume of the sample holder, the volume of the internal
volume of the transport system (tubing and reservoirs), the mass of the sample, the
temperature of the sample and the temperature of the chamber (usually 35°C). These
parameters are needed to calculate the hydrogen content. Once those values are known the
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basic absorption or activation can be run. Initially it is needed to flush all the air in the
transport system and in the sample holder. For that, it is important to create vacuum by the
vacuum pump for some minutes. Once the vacuum is created at the sample holder and the
transport system, it is important to isolate the sample holder. After isolating the sample holder
closing the manual valve of the sample holder, it is possible to prepare the transport system.
For that, a cycle of pressurized gas-vacuum must be done to flush the entire system until.

After the cycle of pressurized gas-vacuum has been performed. The final state of the system
is at complete vacuum. Then, it is possible to introduce high pressure to the system, in this
step it is important to keep the sample holder isolated, by closing the manual valve, in order
to avoid hydrogen, contact with the sample before starting the experiment. Usually, a high
pressure up to 2000 kPa is enough to perform an activation test. However, the temperature
required for the sample will depend on the nature of the sample and its thermodynamic
reaction with hydrogen.

The pressure needed at the internal volume can be calculated using the equation P1 Vi =P,V»
which will be dependent on the initial pressure desired for the experiment, the internal
volume and the volume of the sample holder. Once the initial pressure is known, it is possible
to introduce gas pressure at the internal volume (remaining the sample holder isolated). Due
to the Joule Thompsom effect, before starting the experiment (opening of the sample holder
valve) it is important to wait some minutes for the stabilization of the gas thermodynamics.
Usually, 5 minutes should be enough before starting the experiment.

To start the experiment, once the internal system is under pressure and stabilized, it is
possible to open the manual valve at the sample holder. After this step it is important to start
to read and record the pressure and temperatures in the system either manually or with the
software each second or every minute. Depending on the sample conditions the absorption
could take some minutes or even hours. It is not recommended to run activation test for more
than a day, because it does not have research appealing. In contrast, hydrogen embrittlement
experiments usually are done for days or even weeks.

After the time of the experiment finishes, to evacuate the gas pressure, it is important to
reduce the internal pressure by opening the evacuation valve, which is the one that goes to
the roof of the laboratory or to the gases capture system. For this step, depending on the
sample and the analysis to be performed after the experiment, one could leave the sample
under pressure, by closing the manual valve. Figure A2 shows the equipment developed at
Tecnoldgico de Costa Rica. Figure A3 shows another manual activation apparatus developed
at the Institute du Recherche sur ’Hydrogen at UQTR.
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Figure A3. Picture of the manual activation equipment developed at Institute du Recherche sur I’Hydrogen at UQTR.
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Synthesis of Nanostructured TiFe Hydrogen Storage
Material by Mechanical Alloying via High-Pressure Torsion

Edgar Ignacio Lépez Gémez, Kaveh Edalati,* Fldvio José Antigueira,
Diego Davi Coimbriio, Guilherme Zepon, Daniel Rodrigo Leiva,
Tomaz Toshimi Ishikawa, Jorge M. Cubero-Sesin, and Walter José Botta

TiFe as a room-temperature hydrogen storage material is usually synthesized
by ingot casting in the coarse-grained form, but the ingot needs a thermal
activation treatment for hydrogen absorption. Herein, nanograined TiFe is
synthesized from the titanium and iron powders by severe plastic deformation
(SPD) via the high-pressure torsion (HPT). The phase transformation to the
TiFe intermetallic is confirmed by X-ray diffraction, hardness measurement,
scanning/transmission electron microscopy, and automatic crystal orientation
and phase mappings (ASTAR dewvice). It is shown that the HPT-synthesized
TiFe can store hydrogen at mom temperature with a reasonable kinetics,
but it still needs an activation treatment. A comparison between the cument
results and those achieved on high activity of HPT-processed TiFe ingot
suggests that a combination of ingot casting and SPD processing is more
effective than synthesis by SPD to overcome the activation problem of TiFe.

considered a3 one of the most promising
hydrogen storage materials due to its
high volumetric storage capadty, room-
temperature hydrogen storage capability,
excellent mevemibility and reasonable
gravimetric storage capacity (=1.9wt3 in
TiFeH,).H % In 1974, the first successful
results gn hydrogen stomge in TiFe at
room temperature were reported by
Reidly and Wiswall, but they found that
the as-cast material should be activated
by repeated exposure to vacium and
hydrogen atmosphere at temperatures as
high as 673 K. Later studies alo showed
that despite all advantages of TiFe, its
difficult activation is a main drawback %

1. Introduction

Despite signifiant progress on dewelopment of hydrogen
23 a dean energy carrier, the storage of hydrogen in a sustainable
and safe condition is till a big challenge for bath mabile and
stationary applications™* For mohile applications, hydrogen
is mainly stored in the form of high-pressure gas, but for
stationary applications, there are several successful attempts to
use metal hydrides as hydrogen storage materials."~¥ TiFe is
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There have been several attempts to
solve the activation problem of as-cast
TiFe mainly using two strategies: 1) chemi-
cal activation by addition ofa third element, such as Pd /4 wi [*4
Me " and 7" md 2) mechanical actiation by bal
milling P highpressure torsion [HFT)™™ md cold
mlling?%*] Although the exact mechanism for the activation
of TiFe iz stll inder argument, it is generally believed that
the first strategy is based on the surface catalytic performance
of demental additives, and the second strategy is based on
nangstricturing and introduction of hydmwgen pathways into
bulk, such as cracks, nanograin boundaries, and amorphous
mgions.["“m
Motivated by earlier studies on the application of the HFT
method to as-cast TiFeF**% in thizs study and for the first
time, we synthesize the TiFe hydrogen storage materials
from the Ti and Fe powders by the HFT method and examine
its activation [see the principles of HPFT in the previous
smdiest =), It should be noted that HPT as a severe plastic
deformation (Sl"Dl method shows high potential to produce
nmostructures,**** control phase transformations**** and
achieve solid-state reactions™** The method was used
successfully by the group of authors to synthesize various
kinds of nanstructured intermetallics in different systems,
such as AN AT Alco P AL-Ti-N P peni M
Mg-Ti 4 mMgzr* Mg-HEM Mg-Ni-PdM  and
Mg—V-Cr.#l It is worth mentioning that, following publica-
tion of two articles in 2004%7] and 2007 %% the HPT
process beca ar not only for processing™®** but also
for smﬂuﬁmn;n ] various kinds of hydrogen storage
materiak.

£ A0 WILEY VOH Verbg GmbH & Co. Klab, Weinham
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2. Results

Ooourrence of phase tansformation from pure Ti and Fe powder
mixture to the TiFe intermetallic with the B24ype crystal struchre
was confirmed using X+ay diffaction (XRD), 2= shown in
Figure 1a The powder mixture contains Ti with heagonal dose
packed (HCP) aystal structure and Fe with body-centered cubic
crystal stmctre, but broad peaks of TiFe intermetallics appear
after HPFT processing for N =4 turns and their intensities increase
with inreasing the number of turns to N=10, i.e., with increas-
ing the shear strain. The broad shape of XRD peak suggests that
the smthesized TiFe should be highly distoried and has small crys-
tallite sizes. Rietveld analyzis after N = 10 ums using the GSASI
software, 28 shown in Figure 1h, suggests that the overall structure
of disc from center to periphery contains 56 wi of Tife phase,
whereas PDXLI suggests the presence of 67 wt¥ of TiFe. Note
that the vahies of 56 or 67 wi% are the overall fractions, and larger
fraction of TiFe phases is expected to exist at larger distances from
the disc center (ie., atlarger shear strains). The current results are
comsistent with earlier reparts on the significnce of shear strain
on mechanical alloying and formation of ntermetallic phases in
the Al-Ni P¥1 ALT P ALCo ¥ ALTi N P9 Fe i B9 Mg-Ti 44
Mg—Zr* MpHEM MpNi-Pd ™ md Mgv-Cr*™ aymtems.

wmzmpmﬂmm

Ome method to examine the evolution of homogeneity and
ocawrence of phase tmnsformation with shear strain in HFT
processing is micohardness measurement, as shown in
Figure 2. The hardness, which follows a behavior similar to
the cnes reperted for mest of the HPT-processed materials*#
increases with increasing the shear strains at early stages of
straining and saturates to a steady-state level of 800 HV at high
shear strains. This steady-state hardness is 2-3 times higher than
the hardness of HPT-processed TiS%4 and Fel*57 and ahout
20% =maller than the hardness of HPT-processed TiFe." These
results indicate that there are still microstructural heterogene-
ities from the disc center to disc edge even after ten turns of
HFT. Moreover, the high hardness level of 800 HV should be
due to the formation of ultmfine grains (UFG) as wel due to
the mixing of Ti and Fe powders in the form of Ti-Fe compaosites
(after N = 2) and/or TiFe intermetallics (after N = 10). The ocour-
rence of an apparent steady state in Figure 2 after N=10 &
not only due to a halance between the hardening phenomena
(such 2= diskcation formation and grain fragmentation) and
softening phenomena (such as mcovery, reaystallization, and
grain boundary migration™ " but alse due to a satumtion in
the phase transform ation. 4%

To assess the mechanical alloying, the distribution of Ti
and Fe at the micrometer level was analyzed by scanning
electron micrescope and energy-dispersive X+ay spectroscopy
(SEM-EDS) at different distances from the disc center for
the sample processed by HPT for ten turns. Figure 3 shows
the SEM-EDS anaysis for (Figure 3a) powder mixture and
(Figure 1b} sample processed by HPT for ten turns. The powder
mixtmre containg two sepamte phases of pure Ti and pure Fe.
After HFT processing for ten turns, Ti and Fe are not mixed
at the disc center where the shear strain is theoretically
zero, et their mixing occurs at regions located away from the
disc center. The elemental midng improves with inceasing
the distance from disc center, indicating the importmce of
shear strain on mechanical alloying and controlling the phase
transformation, in good agreement with earlier publications, %35

The mimrostructure of sample processed by HPT for ten tums
was examined in detail using transmission electron microscopy

(TEM), as shown in Figure 4, in differnt modes, such as

{a)
__Ti-S0athFe - h
) HPT: Ped GPa, Tu300K < Fe
T:G v TiFe
4 o 00 vO @ o 000
E v? ¢ 7
E H 10
E N=4
z N=2.
. Powder |
?'I:l BD
|ffru|:tmn A.ngle 21 (deg.)
{b)
B000 ﬂ-ul:ula':ad Diafwad
® T Ti - 50 at% Fe
2 so000| HPT: N=10
&
L]
5 2000~ 4
5 Background
o L e A T [P PR Wty
T ni i 1 [T
- Fei I [
|I TiFe . 1 N I| 1 '
30 40 50 80 TO 80

Diffraction Angle, 2¢ (deg.)

Figure 1. Formation of TiFe intermetallic by HPT processing. a) XRD
profiles of Ti-50at% Fe samples before and after processing by HPT
far two, four, and ten turns and b) g;l:ph of Rietveld analysis for sample
processed for ten turns,
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Figure 2 Evolution of hardness o steadpstate level of BOOHY afier
HPFT precessing. Wickers microhard ness against shear strain for Ti-50
at% Fe samples processed by HPT for two, four, and ten turns,
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{a) : Powder

r- 2 B £

=720 r =5 mm =900

Figure 3. Mixing Tiand Fe by increasing shear strain. SEM-EDS elemental
rapping for a) Ti-50 at3 Fe powder mixture and b sample processed by
HPT for ten twrns, rand y refer to distance flom dise canter and shear
strain, respectively.

bright-field imaging (Figure 4a), selected area electron diffraction
(SAED} malysiz (Figure 4b), darkfield imaging (Figure 4c}, aut-
matic orientaion mapping (Figure 4d), and phase mapping
{Figure 4€) 1sing an autormatic arystal orientation and phase map-
pings (ASTAR device). Note that the phase map was overlid with
the reliability map in Figure 4¢, and thus, the black regions in the
image correspond to the that could not be identified with
high reliability. The bright-field and dadk-field images illustrate
that the material has a distorted feature with a UFG microstruc-
ture similar to many other HPT-processed materials, ™!
The ring pattern of the SAED analysis also confirms the presence
of many naograins with random orientations within the
selected area. A comparison between the SAFD analysis and dif-
fraction pattern of the TiFe cubic phase with a lattice parameter
of 0298 nm, as shown in Figure 4b, confirma that the majority
of grains in Figure 4a,c correspond to the TiFe phase. Crystal
orientation mapping wsing the ASTAR device, as shown in

Ade. Eng. Mo, 2000, 22, 20000117
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Figure 4c, confirms the presence of nanograins with high mis-
orientation angles and sizes in the range of 10-500nm with
average size of 65 nm. The average grain size was estimated by
averaging the two orthogonal axes of each colored area in the
aystal orientation maps for about 100 grains. This average
grain size is almost three times smaller than the grain size of
HPT-processed Ti*2* and R due to the formation of
TiFe phase as well a3 due to the effect of Ti-Fe composite on
hindering the reaystallization and grain boundary migras-

on ™ Automatic phase mapping using the ASTAR device
in Figure 4e shows the presence of some amount of HCP phase
even at -5 mm away from the disc center, suggesting that the
mechanical alloying i= not completed. To have 3 complete and
miform phase transformation, larger shear strming should be
applied, as attempted earlier for other material PS5
However, the main reason that lrger shear straine were naot
applied in this sudy was due to the extremely high hardness
aof TiFe at large number of turns, which could make significant
damage to the HPFT amvils,

Hydrogen storage performance of the material was esamined
by kinetic measurements without and with activaion at 673 K as
shewm in Figure 5. The material does not absorb hydrogen with-
outactivation, bt it absorbs about 1.4 wi% of hydrogen at room
temperature after an activation treatment at 673 K. This vahe is
lower than the storage capacity of TiFe, which is 1.9wi%.4*
Although the absolute storage capadties in the kinetic measure
ments should be treated by care due to the low sample mass
and high hydrogen pressure, the difference between 14wt
achieved in Figure 5 and 3 theomtical capacity of 1.9wt% can
be attributed to incomplete phase transition from Ti and Fe
powder mixture to the TiFe intermetallic. The poor hydrogen
absorption on noractivated material in Figure 5 is consistent
with earlier reports on the actiation problem of TiFe ™
However, an apprecisble advantage of the current HPT-
amthesized material is its activation by only one orde evacuation
at 673 K for 2h, whereas as<ast pure TiFe is usnally activated

by repeated exposure to vacuum and hydrogen atmosphere at
high temperatures -

3. Discussion

Although difficult activation of TiFe has been a2 wel-lmown
phenomenon for several decades, this activation problem is
rther imexpected after HPFT processing in thiz study, because
earlier publications suggested that processing of as-ast Tike
by ball milling,™*® HPT method " and cold rolling™*"!
cn result in mechanical activation. Poor acivaton of TiFe
was mainly attributed to the oxdation and msultant 1} poor
hydrogen dissociation on surface and 2} slow hydrogen transpart
nto bulk. P9 Tt is likely that the cdde phases that are present
wegularly on the surface of Ti and Fepowders remain in the HPT-
smthegized TiFe and contribiute to poor activation through diffi-
ault hydmgen dissodation on the surface. Hydrogen transpaort
into the bulk should not be a contralling ph for diffi-
cult activation in this study, because large fractiom of g&n
boundaries in TiFe {Figure 4) can act as hydrogen pathways. "

The incomplete mechanical alloying and the presence of Ti
and Fe can also affect the activation mainly via poor hydrogen

& P00 WILEY VOH Verbg CmbH & Co. ¥la#, Weinham
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Cubic Hexagonal

Figure 4. Formation ol URG of TiFe by HPT processing. a) TEM bright-field image, b) SAED analysis, ¢ TEM diark-feld image, d) enstal orientation map,
and &) phase map overlaid with reliability map for Ti-50a1% Fe sample processed by HPT for ten turns,

Ti - 50 at% Fe
— 16 HPT: P=4 GPFa, T=100K, N=10 7
=
E T Activated at 6T3 K
:
= 08 7
& Tyz=29TK
_g Py =4 MPa
S 04
=

No Activation
el il 1 T —
uﬂ -3 10 15 20 26 30
Time {rmin)

Figure 5. Room-tEmperature hydrogen storage in HP T-synthesized TiFe
after activation reatment. Hydrogen content against time for Ti-50a0%
Fe sample proces sed by HPT for ten turms without and with activation
at 673 K.

dissodation on surface and partly through slow hydrogen trans-
portinto bull. The presence of Tiand Fe may not be responzible
for slew hydrogen transport into the bulk, becanse it is
generally believed that the interphase boundaries in TiFe can

Ade. Eng Moter 2020, 22, FO00011
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act as hydrogen pathways for activation!"*'* Although Fe i
believed to act as a catalyst for surface activation of TiFe, the
presence of Ti and Fe caddes on the surface may not make a pos-
itive effect for hydrogen dissociation.!*®

Taken altogether, although the HPT process shows high
capability to smthesize the nanograined TiFe intenmetallics,
such synthesis method is not able to reduce the acivation tem-
perature of synthesized material to room temperature. As men-
tioned eadier, the HPT-synthesized TiFe is activated by enly one
cycle evacuation at 673 K for 2h, whereas the as-cast pure TiFe iz
usually activated by repeated exposure to vacium and hydrogen
atmosphere at high temperatures "% However, HPT-processed
TiFe ingot can absorb hydrogen withowt any need to thamal
activation,*** suggesting that the application of HPT to TiFe
ingot 22 a pmocessing tool is more effective than the application
of HPT as a mechanical alloying tool for easy activation. Here, it
should be noted that both applications of HPT to adivate TiFe
ingot and to synthesize TiFe were conducted under air atmao-
sphere, and Xray photoelectron spectroscopy aleady confirmed
thata cdde layer is formed even when the bulk ingot & processed
by HPT.B* However, the concentration of cxygen comtamination
and/or the level of oxidation is always more significant, when
powders are processed by the HFT method H24548

In summary, this study together with earlier smdies om
the application of HPT for synthesis™ ! ar processing**-*%
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of hydrogen storage materials confirm the potential of method
for future developments in this field As the addition of a third
dement to TiFe, such as P49 w1 pin, [228) and 7 1729 can
fadlitate the activation, synthesi of such ternary intermetallics
by HPT can be considered as a potential future application.

4, Conclusions

Manostruchmred TiFe was synthesized for the first ime from the
Ti and Fe micropowders by the HFT method. After an activation
treatment by a single-cyde evacuation at 673K for 2h, the
synthesized TiFe could absorb hydrogen at room temperature
with a reasenable kinetics. This study introduces a simple
mechanical wute for the synthesiz of TiFe, athough the activa-
tiom of the material remains 2= an issue.

5. Experimental Section

Hi#l-pl.ri‘l}' Ti (99.9%) powder with <45 pum particle sizes was mied
with 50 at% of high-purity Fe (99.999%) powder with <10 pm particle
sizes by manual and ultrasonic stirting in acetone for 30 min. The powder
migture was procested by HPT in air stmosphere ot ambient & mperature
(300 K} under a pressure of 4 G Pa for two, four, or ten twrns with a rotation
speed of 1 rpm. The HPT-processed samples were in fhe form of 10 mm
diameter discs with 0.43, 0.40, and 0.35 mm thickness afier two, four, and
tn turns, respectively, The HPT-processed samples were sxamined by
diffarant wch rigLees, 3% deieribad in the ﬁ"ﬂw‘ing,

First, the phase transhrmations were examined by mnduci.irg XRD
analysis on inifial powder micture and bulk sample (without crushing)
using the Cu-Ka radiation. The fraction of TiFe phase was determined
from the XRD profiles using the Rietveld method. The Rietveld analysic
was first conducted reughly using the POXL2 sofiware installed on the
XRD machine (Rigaku Corporation, |apan) in which the background
and peak shape were refined with the B-spline and split peeudo-Voigt
functions, respectively. The Rietveld analysis was conducied maore pre
cisely later by a GSAS-Il software using the Chebyschev background
and preudo-Voigt functions for refining the background and peak shape,
respe ey

Second, to examine the homogeneity along the disc radii, the
microhardness was measured using the Vickers methad at four diferemt
radial directions from the disc center to periphery using a lad of
500 gf for 152, The hardness levels were evaluated against shear strain
r=2mdfh; y shear straing r radial distance from center, N: twrn
numbers, and h: dizc thickness) ™™ a5 it was shown earlier fhat
such an evaluation provides reasonable information regarding the micre-
structural homogensity and phase transformation in HPT-processed
diges 5

Third, te examing the mixing of Ti and Fe, the disc samples were
mechanically polished and examined at different distances from the disc
center by an SEM equipped with EDS wnder a voltage of 15kV.

Fouwrth, the microstr ucture of samples was examined by TEM under an
acceleration voltage of 200 kY using the bright-field, dark-field, and SAED
modes s well az by a NanoMegas ASTAR device for autormatic crystal
ofientation and phase mappings with a step size of Sam. Thin feile
for TEM were prepared from 3 to 5 mm away from the disc center by
#he ion milling echnigue using a voltage of 5V for a period of 14 bh

Fifth, hydrogen storage perdormance was examined via the hydrogen
absorption kinetics by breaking the edpe parts of samples located
at 3-5 mirn sway from the dise center and expoting them to the hydragen
ik under a pressure of 4 MPa at 297K for 1h. The samples before
hydrogenation were evacuated by a rotary pump for 2h sither at
BTK (e, without activation] or at 673 K [ie., with high-tmperature
setivation).

Ade. Eng. Mater. NI20, 22, 3000011

whww. aem-journal .com

Acknowledgements

The auther E1LG. scknowledpes the scholarship from the Docksrate in
Eng_ineering_ F‘mg_l:rn and the Graduate Dirsctorate of ITCR, Costa Rica.
Thiz wark is supported in part by grants-in-aid for scientific research from
the MEXT, Japan (Mo, 16H04539 and 19H051 76), in part by the Brazilian
agencies FAPESP (No. 2019-09516-0), CNPg, and CAPES, and in part by
TCR, Costa Rica (Mo. VIE-CF1490018) . The authors thank the Labor abory
of Structural Characerization (LCEfDEMaUFSCar), Brazil for electron
il CROSCap Y.

Conflid of Interest

The authors declare no conflict of interest.

Keywords

metal hydrides, nanostructured alloys, severe plastic deformation,
tiE nium—iren intermetallics, uhn‘ﬁr&gﬂinﬁd e riaks

Recsived: Janvary 2, 2020
Revised: May 8, 2020
Publithed online: |une 2, 2020

2000011 (5 of §)

] L Schlapbach, A Zuttel, Mature 2000, 474, 358,

|2) B.Sakintuma, F. Lamari-Cadkrim, M. Hirscher, int. | Hypdrogen Enegy
2007, 32, 121,

[3] |. B. von Colbe, ). R Ares, |. Barale, M. Baricco, C Buckley,
G. Capurso, M. Gallandat, D. M. Grant M. N. Guzik, I. _Iaonb.
E. H. jensen, T. |ensen, |. jepsen, T. Klassen, M. V. Lotot by,
K. Manickam, A. Montone, | Puszkiel, 5. Sartor, D. A Sheppard,
A Shar, G Walker, C. - Wabh H. ‘l"ang_. V. Yarlys, A Futtsl,
M. Dornheim, i . H‘rd'cgm Energy 219, 44, TTHD.

[4] ]. ). Reilly, R H. Wiswall, fnog. Chem. 1974, 73, 718

[5] H. Inui, T. Yamamote, M. Hirots, M. Yamaguchi, | Allys Compd.
2002, 330-33Z N 7.

|6 . K. Sujan, £ Pan, H. L, D. Liang, M. Alam, Crit. Rew. Solid Shate
Mate. 52 2019, hi‘ﬂ:’l:fﬁﬁinrgﬂﬂ.'lmﬂﬂm]ﬂﬂ]gﬂﬁﬁﬂll

1L Schlapbach, A, Seiler, ¥. Stucki, Maler. Re_ Bull 1978, 73, 1031.

|8 T. Schober, D. G, Westlake, Sor. Metall 1981, 15, 913,

9] . Y. Le=, © M. Park, 5 M. Pyun, |. Lem-Commean Mel. 1983, 89, 163.

[10] L. Schlapbach, T. Riesterer, Appl Phis A 1983, 32,169,

[11] 5. K. Kulshresshtha, O. D [ayakumar, K. B. Bhatt, [ Mater Sci 1993,
28 4729,

(12 T.1. Bratanich, 5. M. Solonin, ¥ V. Skerokhod, It . Hydrogen Enegy
1995, 20, 353.

[13] M. H. Mintz, 5. Vaknin, 5. Biderman, Z. Hadari, [ Appl Pl 1981,
52 463.

[14] H. 5 Chursg |. Y. Lee, Ink. | Hydegen Erergy 1985, 70, 537,

5] H. Nagai, K. Ki‘lﬂglki.. K. Shoji, J. Les-Comman Met 1987, 134, 275.

[16] 5. M. Lee, T. P. Perng, int. | Hydrogen Energy 1994, 79, 259,

na C. Gosselin, |. Huot, Matedak 2015, 8, 7RG,

[15] P. Ly, |. Hust, it . Hydegen Energy 2006, 41, 22128,

19 P. Jain, C. Gosselin, M. Skryabina, D. Fruchart, |. Huat, J. Alloys
Camipd. 2005, 636, 375,

[20] M. L Trudeau, L. Dig_rur\d-ﬂ.'lilq'. R. Schulz, P. Tessier, L. Zaluski,
D. H. Ryan, |. O. Srom-0leen, Nanastnet. Mater. 1992, 1, 457,

2] T. Haraki, K. Oishi, H. Uchida, ¥. Miyamota, M. Abe, T. Kokaji,
5. Uchida, il | Mater Res 2008, 99, 507.

[22] H. Emami, K. Edalati, |. Matsuda, E. Akiba, Z. Horita, Acta Mater.
2015, £ 190.

£ o0 WILEY VOH verbg GmbH & Co. KGad, Weinham

-81-



ADVANCED
SCIENCE NEWS

ABRHERE
M(iT E H'IAT?

wiww advanc ed sciencens we.oom

|233] K. Edalati, |. Matsuda, H. lwaska, 5. Toh, E. Akika, Z. Horita,
it | Hydrogen Eneqyp 2013, 38, 4622,

[24] K. Edalati, |. Mateuda, M. Arits, T. Daio, E. Akiba, Z. Horita, Apgl.
Phz Lett. N3, 703, 143902

[25] K. Edalati M. Matsue, H. Emami, 5. Itano, A. Alhamidi, A. Staykov,
0. |. Smith, 5. Orimo, E. Akiba, Z. Horita, Ser Mater. 2016, 124, 108,

|26] K. Edalati, |. Matsuda, A. ‘f'an.'lg_ida. E Akiba, Z. Harita, int J.

Enegy 2004, 39, 15589

|27] L E. R. Vega, D. R. Leiva, R. M. Leal Meto, W. B. Silva, R. A Sila,
T. T Iehikawa, C 5. Kimirami, W. |. Botta, int. | Hydmgen Energy
218, 43, 2913,

[28] A P. Zhilpasv, T. G. Langdon, Prog. Mate. S 2008, 53, 893,

|29] K Edalati, T Horita, Mater. Sl Eng A2006, 652, 325.

[30] R Z Valiew, Y. Estrin, Z Horita, T. G. Langdon, M. |. Zehetbauer,
Y. T. Thu, JOM 2006, 58, 33.

[31] O. Renk, R. Pippan, Mater. Trar. 2019, 60 1270,

[32] A Bachrmier, R. Pippan, Mater. Trarm 2019, 60, 1256

[33] J.K.Han, | I Jang, T. G. Langdon, M. Kawasaki, Mater Trans 2019,
60, 1131,

|34] V. L Levitas, Maier. Trans X019, 60, 1294,

|35] A Mazilkin, B. Straumal, A Kilmametoe, P. Straumal, B. Baretzky,
Mater. Trarm 2003, 60, 1489,

|36] K. Edalati, 5. Toh, M. Watanabe, 7 Horita, So Mals. 2002,
66, 386

|3?] K. Edalati, 5. Toh, H. lwacka, M. Watanabe, 7. Harita, D. Kashioka,
K. Kishida, H. Inui, Sor. Mater. 2012, 67, 814,

| 38] K. Oh-izhi, K. Edalati, H. 5. Kim, K. Hono, . Horita, Ada Mater. 20013,
61, 3482,

|39] K. Edalat, T. Daio, Z. Horita, K. Kighida, H. Inui, J. Allys Compd.
A3, 563, 221.

|ﬂ] 5. Les, K. Edalat, H. lwacka, 7. Horita, T. Ohtsuli, T. Ohkochi,
M. Kotugi, T. Kgjima, M. Mizugwchi, K. Takanashi, Phils Mag.
Lett. 2074, 94, 639,

4] K. Edalati, H. Emami, A. Staykov, D. |. Smith, E. Akiba, Z Horita, Ada
Madter. 2005, 99, 150

l42] K. Kimbaashi, K. Edalati, H. W. L, E. Akiba, T Horita, Adw. Erg.
Maxter. 2000, 22, 1900027,

[43] K. Edalati, H. Emami, Y. lkeda, H. lwacka, L Tanaka, E Akiba,
L Haorita, Acta Mater. 2006, 108, 293,

[#4] E. |. Léper Gémez, K. Edalati, F. |. Antiqueira, D. 0. Coimbrio,
J- M. Cubere-Sesin, W. . Botta, AIP Ade. 2020, httpsffdoiorg 0.
106350009 56.

|45] K. Edalati, B. Ushiro, Y. lkeda, H. W. Li, H. Emami, ¥. Filinchuk,
M. Arita, X Sauvage, |. Tanaka, B Akiba, Z. Horita, Acta Mater
A1E, 149, BE.

|86] K. Fujiwara, R. Uehire, K. Edalati, H. W. L, R. Floriano, E Akiba,
L Horita, Mater. Tras 20018, 59 741,

Ade. Eng Mster 2020, 22, 3000011

2000011 (6 of §)

www s mr jouwrnal com

[7] V. M. Skriprypuk, E. Rabkin, . Estrin, R. Lapovok, Ada Mater. 2004,
52, 405.

ME] Y. Kusadome, K. lkeda, Y. Nakameri, 5. Orimo, Z. Horita, Ser. Mater
A7, 57, 751.

{9 D. R Leiva, A M. Jorge, T. T. Ishikowa, |. Huot, D. Fruchart,
5 Hims_“.‘l,f. 5. Kiminami, W. |. Bott, Adw Eng Maler. 2000,
12, 78h

[50] A Revesz, Z. Kanya, T. Versbelyi, P. | Szabo, A. P. Zhilpasy,
T. Spassov, . Allays Campd. 2010, 204, 83.

[51] | X. Zou, C F. Perez- Brokate, R. Arruffat, B. Bolle, ). |. Fundenberger,
X Q.Zcrg.T.GWﬂdiﬂr. W. ). Ding, Maler. 56 Eng 82074, 183, 1.

[52] T. Grosdidier, |. |. Fundenberger, |. X. Zouw, | C. Pan, X Q. Zeng,
int. | Hyedrogen Enegy 2015, 40, 16985,

[53] A Grill, ). Horky, A Panigrahai, G. Kresner, M. Zehetbauer,
i, | Hhydrogen Enegy 2015, 40, 17144

[54] H. Emami, K. Edalati, A Staykov, T. Hongo, H. lwacka, Z Haorita,
E. Akiba, RCS Adw 2006, 6, 11665,

[55] K. Edalati, R. Ushiro, K. Fujiwara, Y. lkeda, H. W, L, X Savvags,
R Z Valiew, E. Akiba, |. Tanaka, Z Horita, Mater. 56, Eng A
A7, 07, 158,

[56] K. Edalati, E. Akiba, 7. Horita, S4. Tedhnal Adv. Mater 2018, 79, 185

I57] J Huot, F. Cuwevas, 5. Deleddia, K. Edalati, Y. Filinchuk, T. Grosdidier,
B. C Hauback, M. Heere, T. R. Jensen, M. Latroche, 5. Saror,
Materials 2019, 12, 2775,

|58] K. Edalati, Meater. Trans. 2019, 60, 1221.

[59] ML Kawazaki, R. B. Fig_ucimdn T. G. Lang_&:n. Acta Mater. 2001,
59, 308.

|60] R. B. Figueiredo, M. Kawazaki, T. G. Langdon, Ada Pl Pol_ A 2012,
122 435.

[61] M. Kawasaki, R. B. Figueiredo, ¥. Huang, T. G. Langdon, J. Mater. 5o
A4, 49, 6586

j62] K. Edalati, E. Matsubara, Z Horita, Maall Mater. Trans A 2009,
40, 2079,

[63] © T. Wang, A. G. Fox, T. G Langdon, [ Mater Sd. 2014,
49, 6558,

rEJ] AP ﬂ'lih'aev. [l Ring_m.. Y. Huanﬁ,]. M. Cabrera, T. G. Lang_dm.
Mater. 5c Eng A 2007, 638, 498,

[65] K. Edalati, T. Fujioka, Z Horita, Mater. Trans 2009, 50, 44,

j66] A Hosokawa, H. Ohtsuka, T. Li, 5. §i, K. Tsuchia, Mate. Tonr 2014,
55, 1286.

167] ¥. Zhao, R. Massion, T. Grosdidier, L 5. Toth, Adw Eng Matec 2015,
17, 1748,

|68] | Gua, M. |. Duarte, Y. Zhang, A. Bachmaier, T Gammer, G. Dehm,
R. Pippan, £ ﬂ1inﬁ Acta Matec 2009, 166, 281.

[69] E. Y. Yoon, D. ). Les, T. 5. Kim, H. ). Chas, P. jensi, |. Gubicea,
T. Llngir. M. _hrmk. |- Vratna, 5. Lee, H. 5. Kim, J. Mater 5o
A2, 47, 7.

£ 00 WILEYVEH Verlig GmbH & Co KGad, Wenheim

-82-



Article 2

AIP Advances ARTICLE scitation.org/journaliadv

FCC phase formation in immiscible
Mg-Hf (magnesium-hafnium) system
by high-pressure torsion

Cite as: AIP Advances 10, 055222 (2020} doi: 10.1062/5.0009456
Submitted: 30 March 2020 « Accepted: 30 April 2020 -
Published Online: 20 May 2020

Kaveh Edalati,”*'" Diego Davi Coimbrao.” Flavio José Antigueira,”
and Walter José Botta®

Edgar lgnacio Lopez Gomez."”
Guilherme Zepon,” Jorge M. Cubero-Sesin,”

AFFILIATIONS

"WPI, International Institute for Carbon-Meutral Energy Research [(WPR-2ZCMER), Kyushu University, Fukuoka B19-0395, Japan

Centro de Investigacidn y Extensidn en Materiales (CIEMTEC), Escuela de Ciencia e Ingenieria de los Materiales, Instituto
Tecnobkdgico de Costa Rica (ITCR), Cartago 158-7080, Costa Rica

’Department of Materials Engineering, Federal University of 580 Carlos [UFSCar), 530 Carlos 13565-905, SP. Brazi

A Author to whom correspondence should be addressed: kaveh edalati@kyudaip. TelFax +8192 B02 6744

ABSTRACT

Magnesium and hafnium, two hydride-forming and biocompatible metals with hexagonal close-packed crystal structures, are thermodynam-
ically immiscible even in the liquid form. In this study, these two elements were mechanically mixed by high-pressure torsion straining,
and a new FCC (face-centered cubic) phase was formed although these two elements do not form the FCC phase even under high pressure
or at high temperature. Microstructural examination by scanning-transmission electron microscopy combined with an ASTAR automatic
crystal orientation and phase mapping technique confirmed that the FCC phase was stabilized mainly in the Hf-rich nanograins with local-
ized supersaturation. Attempts to control the phase transformations under a hydrogen atmosphere to produce ternary magnesium-hafnium
hydrides for hydrogen storage applications were unsuccessful; however, the material exhibited enhanced hardness to an acceptable level for
some biomedical applications.

& 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(hitp:/fcreativecommons.orgflicenses /4. 0/} hitps:/(doi.org/ 10.1063/5. 0009458

L INTRODUCTION

Mg-based binary systems containing an element from the
group 4 of the perindic table (Ti, Zr, and Hf) are of high scien-
tific interest for hydrogen storage. First-principles calculations sug-
gested that some particular ternary hydrides in these systems can
have low hydrogen binding energy compared with MgHa, which
makes them potential candidates for low-temperature hydrogen
stm’age.'- However, the main drawback of these systems is their full
thermodynamic immiscibility in the solid and liquid forms_™" There
have heen a few attempts to mix these elements using high-energy
ball milling™ " and severe plastic deformation (SPD) via the high-
pressure torsion (HPT) method ™ These studies reported that
mechanical alloying can result in the formation of HCP (hexagonal
close-packed), BCC (body-centered cubic), and FCC (face-centered
cubic) metallic phases and ternary cubic hydrides in ME—Ti" o

and ME—Zr"': systems. Despite these studies on Mg-Ti and Mg-Zr,
there have been no attempts to examine phase transformations in
the Mg-Hf system.

Mg has an HCP crystal structure at ambient conditions and
transforms to the BOC phase at pressures above 50 GPa " H,
which also has the HCP crystal structure at ambient conditions,
transforms to the w phase at pressures above 38 + 8 GPa and to the
BCC phase at temperatures above 2030 ¥.'"" Unlike Mg-Ti and
Mp-Zr systems,-": the phase diagram of the Mg-Hf systemn has not
been determined experimentally. The thermodynamic calculations
using the CALPHAD method, as shown in Fig. 1(a), suggest the full
immiscibility in the Mg-HFf system, similar to Mg-Ti and Mg-Zr
systems. ~ First-principles calculations predicted that if 50 at % Mg
is dissolved in Hf, the supersaturated alloy will have a tetragonal or
distorted BCC crystal structure™ although this phase transformation

was not reported experimentally.
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In this study, the HPT method, as shown schematically in
Fig. 1(b),"" is applied to the Mg-Hf system to examine phase
transformations. One main advantage of the HPT method, com-
pared with the ball milling technique, is the absence of processing
contaminations, which makes the interpretation of results more reli-
able. ™ Moreover, the HPT method induces shear strain under
high pressure, which is quite effective in controlling phase transfor-
maticns " and particularly in synthesizing new phases in immis-
cible Mg-based systems.” — Althoogh this article reports the first
results of the application of the HPT method to the binary Mg-Hf
system, there have been earlier studies on the application of HPT
to pure Mg~ and pure Hf.™" These studies reported no phase
transformations in the HPT-processed Mg and Hf systems within
the detection limits of x-ray diffraction (XRD)™ * although a study
using transmission electron microscopy (TEM) suggested the for-
mation of a menoclinic phase in the HPT-processed Hf system.™

Il. EXPERIMENTAL PROCEDURES

For experiments, pure Mg (99.5%) powder with particle sizes
smaller than 180 ym was mixed with 50 at. % pure Hf (99.5%) pow-
der with particle sizes smaller than 44 um by manual and ultrasonic

stirring in acetone for 30 min. The HPT process was carried out
on the powder mixture at ambient temperature under a pressure of
4 GPa for either 10 or 100 turns with a rotation speed of 1 rpm. It
should be noted that a temperature rise may occur during HPT pro-
cessing, but earlier experimental and numerical studies proved that
the magnitude of this temperature rise is of minor significance to
influence phase transformations (<100 K).° " The HPFT-processed
samples, which were in the form of disks with 10 mm diameter and
~0.5 mm thickness, were examined by different techniques. First,
the phase transformations were examined by XRD followed by the
Rietveld analysis using Cu Ko radiation as well as by selected-area
electron diffraction (SAED} in TEM. Second, the microstructure of
the samples was examined by TEM equipped with a NManoMegas
ASTAR device for automatic crystal orientation and phase mapping
(step size: 5 nm). Third, the mixing of elements was examined by a
scanming-transmission electron microscope (STEM) equipped with
ahigh-angle annular dark-field (HA ADF) imaging mode and energy
dispersive x-ray spectroscopy (EDS). The acceleration voltage for
both TEM and STEM was 200 kV, and thin foils for STEM and TEM
were prepared from 3 mm to 5 mm away from the disk center using
the jon milling technique.

lll. RESULTS

Phase transformations in the Mg-Hf system were examined
using the XRD analysis, as shown in Fig. 2(a). XRI} profiles illustrate
that the powder mixture contains HCP-My and HCP-HE, but new
peaks appear after HPT processing. and the intensity of these peaks
increases with an increase in the number of turns from 10 to 1040, The
formation of the FCC phase is shown more dearly in Fig. 2(5), which
is @ magnified view of the XRD profile for the sample processed
with 100 turns. Detailed examination of the XRD profiles using
the Rietveld analysis, as summarized in Table I, confirms that the
new peaks comrespond to an FCC phase with a lattice parameter of
@ = 04670-0.4671 nm and a volume fraction of ~7.5% after
100 turns. This lattice parameter is somehow larger than the lattice
parameters of the FCC phase in HPT-processed Mg-Ti (0,429 nm)"
and Mg-Zr (0.44-0.46 nm} systems ~ due to the atomic radius of Hf
being larger than that of Ti and Zr. The Rietveld analysis also shows
that the lattice parameter of Hf changes by HPT processing, while
the lattice parameter of Mg remains reasonably constant. Although
the atomic radius of Mg and Hf as well as their crystal structures is
quite close, these minor changes in the lattice parameters suggest
that the dissolution of Mg in Hf should be more significant than
the dissolution of Hf in Mg. Moreover, no superlattice diffraction is
detected in the XRD patterns, confirming that Mg and Hf atoms dis-
tributed randomly in the FCC phase without any preferential atomic
position. Here, it should be noted that no evidence for the formation
of high-pressure or metastable phases such as the w phase, " mon-
oclinic phase,” BCC phase, ™" or distorted BCC phase”™ was found
using the XRI} analysis.

Microstructural examination of the sample after HPT process-
ing for 100 turns confirmed the formation of nanograins. As shown
in the bright-field and dark-field images of Figs. 3{a) and 3(b), grain
sizes are significantly reduced after HPT processing and reach a
range from a few nanometers to a few hondred nanometers. The
formation of nanograins with random misorientations can be also
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FIG. 2. Formation of the melestable FCC phase in the Mg—Hf system: () XRD
profies of Mg—the 50 af. % Hf sample bafore and afiar HPT processing for 10
and 100 tums and (b fhe magnified XRD profils after HFT processing for 100
tums.

TABLE . Laflice paramaters calculsled by the Ristvald enalysis for diflarent phases
end waluma fractions of the FOC phasa in Mg—he 50 &t % Hf sempla before end
efiar procassing by HPT for 10 and 400 fums.

FCC volume
Sample Phases  Lattice parameters (nm}  fraction (%)
HCP-Hf a= 03202, c = 05074
Powde i)
T HCP-Mg = 03208, c= 05210
HCP-Hf a=0.3206, c = 0.5067
HPFT,.N =10 HCP-Mg a=103208, ¢ = 0.5210 37
FCC MgHf a = 04670
HCF-HF a=0.3206, ¢ = D.5067
HPT,N =100 HCP-Mg a= 03208, c = 0.5210 75
FCC MgHf a = 0.4671
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FIG. 3. Formation of uirafine greins in the Mg-HF aystem: {a) the TEM bright-Sald
image, b} the TEM dark-fiald image, {c) fe SAED analysis, and () the STEM
HAADF image for Mg—the 50 &t % Hf sampla processad by HPT for 100 fums

confirmed from the ring pattern of processing SAED analysis. as
shown in Fig. 3c). Close examination of the microstructure in a
higher magnification using the HAADF imaging mode, as shown
in Fig. 3d}, confirms that the grains with sizes in the range of a
few nanometers (ie. a few hundred atoms in one grain or cluster)
are mainly based on Hf, which has a higher melting temperature
than Mg and is more resistant to dynamic recrystallization during
HPT processing. The small grain sizes achieved in this study for the
Mg-Hf system are consistent with the grain sizes of HPT-processed
Mg-Ti, ~ Mg-Zr, "~ and Mg-based immiscible systems.”~ How-
ever, these grain sizes are significantly smaller than the steady-state
grain sizes reported in HPT-processed Mg~ and Hf systems

due to the effect of composite phases hindering the strain-induced
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recrystallization and grain growth’' * Close examination of the
SAED patterns, as shown in Fig. 3(c), suggests that some diffraction
spots can be fitted well as diffraction beams from the FCC phase.

To have a better insight into the nature of FCC phases, crys-
tzl orientation and phase mappings were achieved using the ASTAR
device and compared with the STEM-EDS mappings, as shown in
Fig. 4. Inspection of Fig. 4 indicates several important points. First,
all grain sizes at the nanometer or submicrometer ranges are in good
apreement with the TEM bright-field and dark-field images shown
in Fig 3. Second, the FCC phase clearly detected in the material
is in good agreement with the XRI» profiles shown in Fig. 2, but
no special orientation relation is detected between the FCC phase
and HCP phase. Third, a comparison between ASTAR phase map-
ping and EDS elemental mapping confirms that the majority of
the FCC phase appears in the Hf-rich nanograins supersaturated
with Mg atoms. Fourth, EDS analysis of several dark and bright
points in the HAADF image shown in Fig. 4(d) suggests that the

FIG. 4. Formation of the FCC phase in Hi-rich nenograins: (g} the TEM bright-fisld
imaga, (b} orystal orientation mapping, (c} phase mapping. (d) e STEM-HAADF
imapa, (] EDS mapping with Mg, end () EDS mapping with Hf for Mg-tha 50
at % Hf zample procsssed by HPT for 100 fums.

scitation.org journalladv

fraction of dissolved Mg in Hf can reach up to 16 at. % in the FCC
phase and the fraction of Hf dissolved in HCP-Mp can reach up to
3 at.%. It should be noted that these quantitative compositional
analyses should be processed with care due to the effect of foil thick-
ness on the reliability of EDS results. Detailed examinations using
3D atom-probe tomography are required in the future to determine
the exact chemical composition of the FCC phase. Taken aliogether,
supersaturation and formation of @ new FCC phase are achieved
successfully in the immiscible Mg-Hf system by HFT processing,
confirming the potential of the HPT method in synthesizing new
metastable phases.”™

V. DISCUSSION
Taken altogether, Figs. 2—4 confirm that despite full thermody-

namic immiscibility in the Mg-Hf system, " the two elements can be
dissolved in each other by HPFT processing, and this supersaturation
leads to the formation of a metastable FCC phase. This finding is
basically consistent with earlier reports on the strain-induced super-
saturation and formation of metastable phases in Mg-Ti,” %'
Mg-Zr,"° and some other immiscible Mg-based systems™
Although Mg and Hf do not form an FCC phase even under
high pressure or at high temperature, the lattice parameter of ideal
FCC-Mg and FCC-Hf phases can be estimated as 045292 nm
and 0.446 13 nm, respectively, through their stomic radius (Rug
= 16013 nm and Ry = 0.157 75 nm, respectively)”’ using the
following equation:

a=4RN1 i1

The lattice parameter of the FCC phase in this study (a = 04670~
0.4671 nm) is slightly higher than the estimated lattice parameters
of FCC-Myg and FCC-HF perhaps because of the lattice distortion
resulting from the thermodynamic immiscibility.

The formation of the FCC phase may be attributed to the effect
of atomic dissolution on the reduction in stacking fault energy and,
accordingly, accumulation of strain-induced partial dislocations and
stacking faults because molecular dynamic simulations showed that
such an accumulation finally results in an HCP-to-FCC phase trans-
formation in nanograins.” This behavior was observed in pure Co
with an HCP structure and low stacking fault energy, in which the
FCC phase was stabilized in nanograins by HPT processing.™ More-
over, first-principles calculations conducted on the Mg-Zr system
confirmed that the dissolution of these two immiscible elements
can result in lowering the energy of the FOC phase than of the
HCP phase.” 1t should be noted that although the elements of
group 4 of the periodic table have guite large stacking fault ener-
gies over 150 m] m~7,"" a few publications reported the formation
of the FCC phase in pure Ti,* Zr."" and Hf" after ball milling.
However, such phase transformations were not reported in HPT-
processed T1," " Zr,”~ and Hf " even after introduction of large
strains. Such milling-induced phase transformations should be due
to the effect of dissolved contamination atoms on the reduction in
stacking fault energy, while such contaminations occer rarely dur-
ing HPT processing unless the atomic dissolution is intentionally
induced ~~*

In addition to the effect of atomic dissolution on variations
in stacking fault energy and formation energy of different phases,
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another possible reason for the formation of the FOC phase can be
due to the contribution of lattice defects under simultaneous intro-
duction of strain and pressure.”* It was shown that a strong stress
tensor concentration occurs at strain-induced lattice defects under
simultaneous application of pressure and strain*' Such a stress con-
centration facilitates the occurrence of phase transformation and
reduces the transition pressure in many materials and even leads
to the formation of totally new phases in some particular materials
such as C.” It was also shown that a confinuous generation of lattice
defects during HPT processing changes the internal energy of the
system and result in decreasing transition l.empﬂ'ar.urr.""'1 Taken
altogether, the simultaneous effect of high pressure, high strain,
and large fractions of lattice defects should have contributed to the
formation of the new FCC phase in the Mg-Hf system.

In an attempt to synthesize ternary Mg-Hf hydrides, the sam-
ple processed by HPT for 100 turns was broken into small pieces
and kept in a Sieverts-type apparatus under a hydrogen pressure of
3 MPa at room temperature (~297 K} for 68 h. Examination of the
hydrogenated sample by XRD analysis confirmed that no ternary
hydride was formed due to ic or kinetic issues, sug-
gesting that the Mg-Hf alloys (at least in the form produced in
this study) may not be appropriate for low-temperature hydrogen
storage applications. Hydrogen storage in the alloy at high temper-
ature is not appropriate and was not examined because the alloy is
thermodynamically metastable and can be decomposed by heating,
Despite other functional and mechanical properties of the alloy still
deserve to be investigated in future studies as it shows at least two
times higher hardness than ulirafine-grained pure Mg, as shown in
Fig. 5, because of its composite form and ultrafine-grained structure.
Although hardness of many metallic materials reaches steady states
after several HPT turns due to a balance between microstructural
hardening and softening features,” “ such a steady state cannot be
seen in Fig. 5 even after 100 turns, and hardness still increases with
an increase in the distance from the disk center (i.e., with an increase
in the shear strain}. The microstroctural evolution toward harden-
ing without the appearance of steady states even at ultrahigh strains
is a common phenomenon in many immiscible Mg-based systems,
which was reported even after 1000 HPT turns.”"™

250
£ 200 -
E ssp.  HPT:P=d4 GPa, T=300K, N=100
=]
.E 100+
8
& B0 1
= Pure
g . Fure Mg,
“. N i N i - i N - N
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FIG. 5. High haminass of tha Mg-Hf systam with pure Mg Vickars micro-

compared
hardness against distance from the disk canter for Mg—the 50 &l % Hf sample
procassed by HET for 100 tums including refarence data for pure Mg™ and Hf

Finally, it should be noted since both Mg and Hf are biocompat-
ible,” enhanced hardness of the Mg-Hf alloy suggests a potential
application of the material in degradable biomedical applications.
The maximum hardness achieved (134 Hv), as shown in Fig. 5, cor-
responds to a strength-to-weight ratio of 58.7 /g, provided that the
density of the Mg-Hf alloy is calculated as 7.40 g,n'n:m3 by consid-
ering the rule of mixtures, and its strength is estimated from the
hardness by Tabor's relationship as HV(MPal/3 = 435 MPa™ This
strength-to-weight ratio is acceptable for some biomedical applica-
tions because the 150 5832-7 standard for implant materials speci-
fies that the strength-to-weight ratio should be over 52 /g for pure
Ti with Grade 1 Jig and 148 [fg for commercially pure Ti with
Grade 4B Although earlier studies showed nanograined mate-
rials processed by SPD exhibit better biocompatibility than their
coarse-grained counterparts,”* detailed examinations should be
conducted in the future to confirm the biocompatibility of Mp-Hf
alloys.

V. CONCLUSIONS

This study reports the first experimental observation of 2 binary
Mp-Hf alloy with an FCC crystal structure. The alloy is produced by
the HPT method, a method with high potential in synthesizing new
phases even in immiscible systems such as the Mg-Hf system. The
FCC phase was detected mainly in the nanograined Hf-rich regions.
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Synthesis of Nanostructured Mg:Ni for Hydrogen Storage by
Mechanical Alloying via High-Pressure Torsion
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Abstract:. Mg:Ni is a highly promising candidate for sclid-state hydrogen storage due to its high
storage capacity. However, its synthesis is challenging due to the high melting point of INi {(1455°C)
and the boiling point of Mg (1090°C). In this study, elemental powder mixtures of Mg and Ni were
processad by high-pressure torsion (HFT) to synthesize the Mg:Ni intermetallic compound through
mechanical methods. The formation of Mg:Mi after 50 tums of HFT is confirmed by X-ray diffraction
(*ED), scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Rietweld
refinement confirms a nanecrystalline size for the Mg:Ni phase synthesized via HFT. Hydrogena-
ticn tests show that the Mg-INi synthesized by HFT can absorb hydrogen at 3502 C even after several
weeks of air exposure. Furthermore, complete absorption was reached after 20h of hydrogen expo-
sure. The results confirm that combining HFT with subsequent heat treatment is an efficient strategy
to increase the Mg:Ni fraction after HFT processing,.

Keywords: Severe plastic deformation (SPD); hydrogen storage. metal hydrides; magnesium-nicksl
intermetallics; nanostruchured alloys.

1. Introduction

It is widely recognized that hydrogen serves as an excellent dean energy carrier and
has the potential to be utilized in both stationary and mobile applications [1-3]. Hydrogen
possesses a gravimetric energy density over three times higher than common hydrocar-
bon fuels [3]. Nevertheless, various technical aspects of hydrogen storage materials and
systems constrain industrial applications. Mowadays, methods involving gas or cryogenic
liquid states are commonly utilized for hydrogen storage [1-3]. For instance, hydrogen-
powered vehicles utilize high-pressure gas stored at 70 MPa [2 4]. However, the high cost
Academic Editer: Firsmame Last- and volume of these tanks limit their application in fields with higher energy demand [1-

fame 3.

Clation: To be added by editarial
stalf during production.

Solid-state systems using metal hydrides is another safe way for hydrogen storage.
Theoretically, pure Mg can absarb 7.6 wi.% H, pure A1 11wt.% H, and alloys such as LalNis
and TiFe can absorb 1.5 wt.% and 1.8 wt.% H, respectively. However, the cost and the
thermodynamic properties of metal hydrides are the main causes that prevent the adop-
tion of solid-state systems [5-13]. Mg is one of the most promising elements due fo its

= r relatively high storage capacdity, low cost, and low weight. Unfortunately, a high desorp-
Copyright: © X024 by the authees.  Hon temperature makes its implementation as a hydrogen storage material difficult.
Submitted for possble open acoess Therefore, the development of new materials that will store hydrogen in a solid-state is
publication. under the terms and  yital for the widespread application of hydrogen as a clean energy carrier at the industrial
conditiors of the Creative Commons lewel.
Awbution  {CC BY)  Homes Different methods have been applied to modify the hydrogen storage properties of
P‘:P‘*"-‘f;‘“““m“-“ﬂ"m metal hydrides. Chemical modification by alloying, ie. Mg-Ni and Ti-Fe alloys, catalysts
shbyia
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such Fr and coddes (NbeOs, FaaQu, Va0s, TiOn) [14-27], solid-solution (Ti-Cr-Fa, TiFe-0)
[1£,23], and other methods have demonstrated positive effects in modifying hydrogena-
tion properties of pure metals [11,24]. In the Mg-Ni system, MgNi intermetallic phase
shows good properties for solid-state hydrogen storage, with a theoretical gravimetrical
capadty of 3.5 wi% H.

However, the synthesis process of Mg:MNi and Mg-Ni alloys is a complicated proce-
dure using common metallurgical mathods, mainly due to the low boiling point of Mg
(1020°C) and the high melting point of Ni (1455°C). In addition, the phase diagram Mg-
Mi determines a peritectic and a eutectic reaction taking place subsequently during the
cooling process [25], therefore products such MgNi: are also produced reducing the vield
and the hydropen storage capadity.

To attempt this temperature gap, different researchers have shown the effectiveness
of mechanical alloying process such ball milling [26-34] and cold rolling [35,36], with
good results in the synthesis of Mg:zMNi and other compounds. Emami et al. processed pow-
der mixtures of Mg-33 at.% X by HPT, with X corresponding to 21 different elements in-
cluding Mi [37]. They processed the materials under a pressure of 3 GPa for 100 turns, but
thev reported a phase transformation to Mg:INi just after a post-HFT heat treatment.

Severe plastic deformation (SPD) methods, such as high-pressure torsion (HFT) [38—
47] and equal-channel angular processing (ECAP) [4347] have been used due to their
capadity to achieve high strain and grain refinement even in metals with high hardness.
5SPD has also been shown to produce fast hydrogen transport on casted intermetallics due
to the high density of grain boundaries and crystalline defects, also enhancing the activa-
tion and hydrogenation kinetics [37,48-55].

Mechanical processing has also shown good results in the thermal activation of TiFe
and in the kinetics of absorption by the effect of grain refinement [11]. In Mg alloys the
effect of grain refinement shows improvements in the kinetics of absorption
[11,26,25,33,559]. Hongo ef al. reported the formation of nanograins and stacking faults in
MgMi ingot processed by HPT, with high hydrogen capacity (3.3 wt.% H at 150 °C) and
improved absorption kinetics with respect to the annealed ingot material [57]. Edalati ef
al. also synthesized homo genesous MgdNiPd alloy with a BCC struchire and low hydrogen
binding ensrgy by using the HPT process for 1500 turns. This alloy reversibly absorbed
and desorbed 0.7 wt.% H at 32 °C [58] . However, previous high-pressure torsion (HPT)
studies do not show anv evidence of synthesis of Mg:Ni from the binary powder mixture
as in ball milling [26-34] and cold rolling [35].

In this work, we svstematically study the synthesis of nanocrystalline MgiNi using
high-pressure torsion (HPT) process starting from a binary elemental powder mixture
close to the stoichiometric composition. The main advantages of the HPT metheod in con-
trast to ball milling technique is the absence of inert atmosphere[60], the reduction of con-
taminations [61,62] during the process and the absence of a reactive powder after milling.
The microstructure, crystal structure and hydrogen storage properties of materials are in-
vestigated.

1. Materials and Methods

High-purity (99.9%) Mg powder with particle size below 250 pm was mixed with 30
at % of high-purity i (99 95%) with particle size below 150 um. The powders were mixved
by manual stirring for 3 min and by ultrasenic bath in acetone for 7 min, this was repeated
for 30 min. Then the acetone was evaporated completely. The powder mixture was pre-
compacted into a disc shape of 10 mm diameter in a marual hydraulic press. The pre-
compacted discs were processed by HPT under 6 GPa of pressure at ambient temperature
for 3, 10, 20, 40, 50, 35 and 100 turms with a rotation speed of 1 rpm. The powders and the
samples were processed and manipulated in an air atmosphere. The shear strain (v) in-
duced in HPT can be considered as the shear strain described in equation 1. Where r is the
distanece from the center of the dise, W is the number of turns, and h is the thickness of disc
[&3].
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The szamples were examined by X-ray diffraction (XED) using a Bruker Focus D8 dif-

fractometer with Cu Ko radiation. Rietveld analysis using TOPAS [64,65] was carried out

to quantify the phase composition. The samples were also examined by scanming electron

micrescopy (SEM) using a Hitachi 5U1510 instrument equipped with an Oedord Instru-

ments X-Max ensrgy-dispersive X-ray spectroscopy (EDS) to evaluate the microstructure

evolution and the chemical composition. The hydrogen storage performance was meas-

ured using a homemades Sievert’s apparatus at 350 *C under a hydrogen pressure of 2000
kPa.

3. Results and Discussion

3.1. Symthests and characterization of Mg:N1 by HFT

The phase formation and the microstructure evelution in the Mg-MNi mixtures after
HFT were examined by XED at different mumbers of turns. The XED pattern given in
Figure 1 shows the results taken near the edge of the discs for the samples with 10, 50 and
100 turns. After 10 furns slight variations can be observed on the diffraction pattern of Mg
and Ni phases in comparisen to the powder mixture. Peak broadening was observed in
Ni phase which gawve a crystallite size reduction to 82 nm, while Mg showed mainly cnly
changes in the intensities of diffracting planes, with a crystallite size of 163 nm. Table 1
summarizes the phase composition and lattice parameters of the powder mixture, and the
HFT samples processed by 10, 50 and 100 turmns. According to the XED results in Table 1,
it can be observed that Mg and Ni do not show a large change in their crystal size from 10
to 50 turns. Further processing after 100 turms shows a crystallite size reduction in Mg and
Nito 70 pm and 57 pm respectively.

The XRD pattern given in Figure 1 clearly shows new broad peaks appearing after
100 turns which are centered at ~19.5% and ~39.8%, suggesting the growth of a new nano-
crystalline phase. By XED analysis and Rietveld refinement results, it was possible to iden-
tify that these peaks fit well to the Bragg peaks of Mg:Ni with HCP structure P22, After
100 turns, 59 wit.% of the MgNi phase was identified, with a crystallite size of 6 nm. Fur-
thermore, even after 50 turns, it was possible to identify 11 wt.% of the MgalNi phase

Mg - 30at%h Ni = MgMIFEZ2 * Mg Po/mmc)
HPT: & OFa, 1 rpm RT i Fm3m
: - — ‘b :d-“; -
= NGO (= 4400)
= s
z
=
- NED [+=
7 il . Ul___J W
2}
‘@
E i i | N1D [y = 400)
A S — -
Powder M. (y =
i U . Powder M. (1= 0)
o 30 40 50 &0 0 80

Bragg Angle (20°)

Figure 1. XED patterns of Mg-Ii initial powder mixture and after HPT processing for 10, 50 and
100 turns showing gradual formation of nanestruchured Mg:INi by HFT.
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Table 1. Crystallographic paramesters of phases present in Mg-30 at.%MNi powder mixture and 133

processed by 10, 50 and 100 turns of HPT. 134
Condition Phase  wi% ald) clA)  Crystallite Size (nm)
M 463 3.2102 (3 52118 (1 -
Powder Mixture | T ) ) ™
MNifee  54(5) 35251 (2) - - -
HPT N10 Mghep  44(3) 3,2104 (1) 5,2125 (2) 163 (7)
=400 Nifee  56(3) 3,5252 (1) ; 82(2)
Mghep 2202 32101 () 52110 (3) 16842)
HPT N50 - -
+ = 2000 i fec 47 (3) 35246 (1) 20
Mg:Mihep 1102 5271 13.35 (6) & (1)
M 18(2 3.2099 (4 5.2129 (5) 70(3)
N100 ﬁhfp {HI' : {HI' ( 0G)
HFT 1300 MNife  24(3) 3.5249 (3) - 57 (1)
y=
MgNihcp 59(3) 5.230 (2) 13.30 (1) 6 (1)

The formation of the Mg:Mi phase was also analyzed by XED in different regions of 135
the HPT disc processed for 100 tums. Besides the edge scan, the disc sample was scanned 136
at the center, both at the upper and lower surfaces (where v is lower, theoretically ina 157
region corresponding to strains from 0 to 3100), according to equation 1. Figure 2 shows 138
the XRD pattern results of Mg-30 at.% Ni processed for 100 turmns at the aforementioned 13
disc regions and corresponding strain levels, while Table 2 shows the phase composition 120

and lattice parameters of the resulting phases. 141
Mg - 30at% Ni + Mg Pl fmma
HPT. & 0Fa. 1 rpm, AT Hi Fm3m
& Mg.Ni PE22
T = e sodn @ o e @
=
Dy
c ses ' s 4 e
= i | 1 N = 100
% F:M4m dge), fowar aurfco,
4
=
E | A A AW=100
= =@ - 2100 jrive pemtard, iower surface
. 1158 S0 B RN T
y f : .I' 0= ¥108 ;L'|5'_ I.(‘"I!("i' LpEar JIIII'_.'I.'

0 an 40 50 &0 70 a0
Bragg Angle (2 &%) 10

Figure 2. XFD patterns of Mg-30at %N at upper surface (=0 by theory), lower surface (y=3100) and 143
edge of the disc (y=H00) showing formation of nanostruchured Mg:MNi when the strain by HFT in- 14
CrEAses. 145

The XED patterns in Figure 2 and Rietveld refinement results in Table 2 show that 14
the MgNi phase clearly increased from the upper (21 wt.%) to the lower surface (30 wt.%). 14
Such differences across the thickness of the disc, could happen as result of slippage be- 12
tween the sample and anvils, especially at high number of turns [66]. Also, in comparison 15
with the result in Table 1, Mg:Ni reaches a masxdmum of 5% wt.% at the edge of the disc 150
after HPT processing, where the strain reaches the maxiomum in the radial direction (v = 151
4400). Also, for the Mg and Ni phasss, the crystallite size decreases at the edge of the 132
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sample where the shear strain is highest. Ristveld refinement confirms a crystallite size of
less than 6 nm for the Mg:Ni hep phase, which is in good agreement to previous HPT-
processed where Mg-Ti [40], Mg-Zr [42], and Mg-based immisdble systems were also sym-
thesized [38,57,58,67].

Table 2. Crystallographic parameters of phases present in Mg-30 at. %M processed by HFT for 100 tums.

Condition Phase Wi ald) ciA)  Crystallite Size inm)
HPT N100 Mghp 34 3712402 52148 (3) 156 {11}
4 =0-3100 Mi fec 4“3 25267 (1) - B9 (2) -
Uppersurface  MgMihp  21(2) 5.252(5) 13.35(3) &(3)
HPT N100 Mghp 31 3.2108(2) 52119 (3) 121(7)
4 =0-3100 Mi fec 39 (2) 35256(2) - 76 ()
Lower surface Me:Mi hep 302 5248 (8) 13.39(3) 5(2)

The effect of a heat treatment was also studied for the Mg-30 at.% Ni processed by
HPT. Figure 3 shows the results for Mg-30 at.% Ni after 10 turmns [ =400), with and with-
out heat treatment. In Figure 3, it is possible to observe that after the heat treatment, the
peaks belonging to the Mg:Ni can be clearly seen and correspond to 34 wt.%, as shown in
Table 3.

These results confirm that even when MgMNi phase was not observed in the sample
after 10 turns, the heat treatment post-HPT enhance the formation of Mg:Ni phass. This
is consistent with the work of Emami et al  [37]. Results also show grain growth in nickel
and magnesium phases after the heat treatment. The nickel phase crvstallite size increased
from 82 nm to 146 nm, while the magnesium phase increased from 163 nm to a size too
large to be accurately measured by X-ray diffraction. Rietveld results also show that after
the heat treatment the crystallites size of Mg:INi phase remains at nano size (85 nm) and MNi
remains with an ultra-fine size (146 nm). Regarding the XED analysis in Figures 1-3 and
Tables 1-3 there is no evidence of ocodde formation after the HFT process or after the heat
treatment, at least under the detection Emit of the XED techrique.

Mg - Jatls Ni & Mg PE/mme
“PT: & G, 1 rp, BT Hi Fmdm
Haai Treaimart HT): 34 b, 388 %0 = MgMi PB22
=
@
= * * - -
i
=
G - T
= HWAD, 3 = 400 + HT
NID. 7 = 400
|‘.I L A TN .
30 40 50 &0 T B

Bragg Angle (2 07)

Figure 3. XFD patterns of Mg-30at%Ni processed by HFT for 10 hums (y=200) with and without
heat treatment.
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Table 3. Crystallographic Parameters of Phases Present in Mg-30 at.%Ni processed by HPT for 10 tums 177

(y=300) after heat treatment at 350°C for 24h. 178
Condition Fhase Wi aid) cid)  Crystallite Size (nm)
HPFT N10 Mg hep 332) 32110(2) 52106 (2) -
=400 I foc 332) 35231 (1) - 1467 -
HT 3508C Mgl hep H2) 32196 (3) 13,2713 (18) B5 (5)

SEM-EDS were performed at different distances from the center of the disc. to ana- 179
Ivze at micrometer level the elemental distribution of Mg and Ni and the degree of mixding. 150
Figure 4 shows the results for Mg-30 at.% Ni processed after 5 (Figs. 4. a, b, ¢}, 40 (Figs. 4. 13
d, e £, g} and 100 (Figs. 4. h, 1, j. k) turns. After 5 turns (Figs. 4. a, b and ¢} the images reveal 132
that the Mg and Ni are completely separated from each other, showing dark and bright 153
contrast regions, respectively. EDS elemental mapping shown in Figure 4.a. and Figure 152
4 c. confirms this statement. Further HPT processing shows an improvement in the Mg- 185
Mi intermixing as can be seen in Figures 4.d-k. Also, increasing the mumber of turns (ie. 136
from 5 to 40 tums) and increasing the distance from the center of the disc (up to 5 mm) 157
the particle size of the Mg and Ni is reduced, improving the mixing of the elements. This 158
behavior is in good agreement with previous reports, where homogensity of the elemental 138
powder mixture increases with the increase of the strain for Mg-Al [68], Mg-Zr [69], Al-Fe 190
[70], Cu-Ta [71], Nb-Ti [72] and Ti-Nb [73]. The samples also show a clear torsional shear 191
deformation pattern at the center of the disc after 5 and 40 turns (Figs 4 a, and d) which 192
became less evident after 100 tums (Fig 4h). In general, after 100 fums a randomly ord- 193
ented microstructure was developed due to the increment of the homogeneity and the 194
phase transformation to Mg:Mi. Figure £ confirms that there are some spots at the edgeof 195
the disc where the complete mixture coccurred, showing a single-phase contrast. The EDS 196
elemental mapping analysis in Figure & shows a composition ratic of Mg to Niof ~2 atthe 197
edge of the sample (62.2 at.% Mg to 29.9 at.% Ni). It was also possible to observe that some 198
surface oxides (7.9 at.%) were formed after the HPT process which are mainly over the 198
Mg phase. In addition, the average of the spectrums 10, 11, 12, and 13 shown in Figure 5 200
are 63 at.% (+£), 25 at.% (20) and 7 at.% (z1) of Mg, Ni and O respectively. Thus, the ex- m
perimental composition by EDS is consistent to the Mg:Ni phase identified by XED and 202
Rietveld refinement. 203
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Figure 4. SEM B5E micrographs (a, ¢, £, j, b, i) and EDS elemental mapping analysis (b, e, L d, g, k) of Mg powder (a) and
Mp-30at%M after HFT processing for different number of tums, taken from center (left, b, e, i) the middle (c, £, j} and the
edge of the disc (d, g, k, h, i). Bright and dark conirast in SEM micrographs correspond to MNi and Mg respectively.

. Ml Sum Spechrum

Atk

ﬁgum&. EDS mapping analysis of Mg-30 at.% Ni processed for 100 tumns at the edge of the disc (r=5mum, y=3300).
3.2. Hydrogen stovage properties of Mg-Ni procesessed by HPT

Figure 6 shows the hydrogenation kinetics of Mg-30 at.% Ni processed with 3, 10, 20,
50 and 100 turns. It should be noted that the hydrogenation tests were done several weeks
after the HPT processing and that the samples were left in the air during the whole period.
Therefore, these tests also indicate the air resistance of the HFT processed samples. A
maximum capadty of 3.5 wt.% of hydrogen was obtained at 350 °C, which is dose to the
nominal capacity of the material (3.9 wit%). The hydrogen storage capacity obtained in this
work is higher than the capadty reported for Mg-INi processed by different severs plastic
deformation processes, such as high ensrgy ball milling (HEBM] (2.4 wt %), HEBM+HFT
(3 wt. %), HEBM with cold rolling {24 wt.%), and HEBM+ECAP (1.5wt%) [43,57]. Figure
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6 also shows the activation results of commerdially pure (CP) Mg process with 3 turns as
comparison purposes. It is clear in Figure & that addition of Ni helps to accelerate the
absorption of Mg even just after 3 turns of HPT, which reach complete absorption after 20
h

Mg-30at"%MNi HPT: d BFa BT, 1 sum / dbe: 2000 kPa, 350 °C
T T & W00
& W10 = HT & nso

u--‘ul"“’““

o .

s Mg GF 2 M3
5 ._r i
[} .... TP BUSAL S U SR S S - S E——
0 2 4 6 B W 12 W M W N 1 M
tima [h)

Figure 6. Hydrogenation results of commerdally pure Mg after 3 turns and Mg-30
at.% Mi after 3, 10, 20, 50, and 100 turns of HFT.

In order to evaluate the hydride formation in the Mg-INi system, XED patterns were
taken after the hydrogen absorption test. Figure 7 shows the diffraction pattern for the
activated Mg-30 at.% Ni with 50 and 100 HPFT tumns. The XED results confirm the for-
mation of hydride phases after the hydrogenation test for all the samples. Further analysis
by Rietveld refinement confirms the formation of MgH: and MgiINiHs in Mg-30 at.%Mi
after 100 turns as shown in Figure 7.
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Figure 7. XFD pattems showing hydride formation in Mg-30 at.% Ni processed by FHFT for 30 and
100 tums and activated under 2000 kPa and 350 2.

Table 4 summarizes the Rietveld refinement results for Mg-30 at.% Ni processed by
HPT for 50 and 100 furmns after first hydrogenation {activation). It can be seen that increas-
ing from 50 to 100 turms, the amount of Mg:Mi hydride phase also increases, which means
a reduction in the amount of MgH: and Ni phases. A MgO phase has also been identified
after the activation test, this codde phase was not idenfified in the powder mixture before
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HPT processing by XED, as shown in Figure 1 and Table 1, which suggests that the odde
phase increases during the manipulation after the activation test, probably due to fresh

surface exposad.
Table 4. Crystallographic Parameters of Phases Present after first hydrogenation (activation) Mg-30 at % Mi
processed by HPT.
Condition ~ Phase Wi a () cid) Crystallite Size (nm)
HPT M frc 25(1) 35252 (1) - 103 (4)
N50,4=2000  MgH2 23 (1) L5181 (3) 3.0224 (3) 127 (18) -
Activated MgO 2@ 4718 (3) - 5 (1)
; b=6.415 (2), = 6.4943),
Mg 31(1) 14614 (4) heta = 1157 (1) 24
HFT Mi foc 225(9) 3.5251 (14) - 91 (3)
NI100, y=2400 MgH: 17.0/(B) 45184 (3) 3.0225 (3) 162 (12)
Activated MgO 23 () 4716 (4) . 32(3)
; : b=6426 (4), c = 6489 :
MgMiH, 3802 146163018) ) ceeq) 20 (1)
4. Condusions

Mechanical symthesis of Mg:Ni has been achieved for the first ime through HPT pro-
cessing directly from binary elemental powder mirtures. The study shows that by HFT
processing it is possible to synthesize the intermetallic compound from the powder mix-
ture by solid-state reaction. The result is in good agreement with previous research where
new phase formation of Mgirdlz, Mgfn, MgAg, Mgn and, Mg:Sn were also synthetized
by solid-stated reactions under 3 GPa and 100 tumns of HPT [37].

It was also found that pressure is an important parameter that affects the phase trans-
formation during HPT and hydrogen storage properties. The present results show that at
6 GPa it was possible to detect MgaNi by XED after 50 turns without any heat treatment,
which were not reported in HPFT done under 3GPa after 100 furms [37]. The present results
confirm a mardmum amount of 5% wt.% of Mg:Ni phase after 100 turmns of HPT. It was also
possible to identify that phase formation increased along the axdal and radial directions of
the disc, following the strain increment. This suggests that HFT is a powerful method to
synthetize intermetallic compounds that can be difficult to fabricate by conventional
ways. Finally, one interesting result of this research is that complete hydrogen abscrption
by Mg-MNi system was cbserved after several weeks of air exposure for all Mg-30 at.% Ni
samples. This indicates that the HPT processed samples have good air resistance.
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