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RÉSUMÉ 
 

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

Des mélanges de poudres de Ti-Fe, Mg-Hf et Mg-Ni ont été compactés puis 
traités directement par déformation plastique sévère (SPD) via la torsion à 
haute pression (HPT). L'étude a évalué l'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 synthèse des composés intermétalliques TiFe et 
Mg2Ni directement pour la poudre élémentaire pure. En outre, une phase fcc-
MgHf métastable a été produite après 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 l'orientation 
des cristaux et des phases  

Les résultats montrent également que le TiFe synthétisé par HPT peut absorber 
l'hydrogène à température ambiante mais nécessite encore un traitement 
d'activation (400 ºC). Le Mg2Ni synthétisé par HPT peut absorber l'hydrogène 
après exposition à l'air. Cependant, la première cinétique d'hydrogénation est 
encore lente.  

Au cours du projet, deux appareils ont été conçus et construits pour évaluer la 
capacité d'absorption de l'hydrogène dans les hydrures métalliques. L'un d'eux 
se trouve à l'Institut technologique du Costa Rica et l'autre à l'Institut de 
recherche sur l'hydrogène. 
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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, Mg2Ni, and MgHf. Their hydrogenation 
properties were also evaluated.  

The results demonstrate the successful synthesis of the TiFe and Mg2Ni 
intermetallic compounds directly from pure elemental powder. Also, a 
metastable fcc-MgHf 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 ºC). 
The HPT-synthesized Mg2Ni 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 Tecnológico de 
Costa Rica and the other at the Institute du Recherche sur l’Hydrogene.  
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RESUMEN 
 
En esta investigación se utilizó el proceso de torsión a alta presión (HPT por 
sus siglas en inglés) como método de fabricación para preparar materiales 
nanoestructurados de compuestos basados en Ti y Mg para el almacenamiento 
de hidrógeno.  

Las mezclas en polvo de Ti-Fe, Mg-Hf y Mg-Ni se compactaron y, a 
continuación, se procesaron mediante deformación plástica severa (SPD por 
sus siglas en inglés) mediante torsión a alta presión (HPT). El estudio evaluó 
la eficacia del proceso de HPT en la formación de compuestos nanocristalinos 
de TiFe, Mg2Ni, y MgHf. También se evaluaron las propiedades de 
hidrogenación.  

Los resultados demuestran la síntesis exitosa de los compuestos intermetálicos 
TiFe y Mg2Ni directamente de la mezcla del polvo elemental puro. Además, 
se produjo una fase metaestable fcc-MgHf después de 100 vueltas. La 
formación de las fases se confirmó mediante difracción de rayos X, análisis 
Rietveld, mediciones de dureza, SEM-EDS y mapeo automático ASTAR de 
orientación cristalina y fases.  

Los resultados muestran que el TiFe sintetizado por HPT puede absorber 
hidrógeno a temperatura ambiente, pero necesita un tratamiento de activación 
(400 ºC). El Mg2Ni sintetizado por HPT también puede absorber hidrógeno 
tras su exposición al aire. Sin embargo, la primera cinética de la primera 
hidrogenación sigue siendo lenta.  

Durante el proyecto se construyeron dos aparatos manuales para evaluar la 
capacidad de absorción de hidrógeno en hidruros metálicos. Uno de ellos se 
encuentra en el Instituto Tecnológico de Costa Rica y el otro en el Institute du 
Recherche sur l'Hydrogene.  
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INTRODUCTION 
 

Hydrogen as a clean energy carrier and substitute for hydrocarbon-based fuels has been 
widely investigated by various groups and research centers 1–5. 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 1,2.  

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 LaNi5 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 6–14 

As a consequence, copious investigations have been developed on metal hydrides, which are 
compounds that allow the storage of hydrogen in the solid state 4,5,15,16. 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 15. 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 4,17.  

According to previous research, the activation process is enhanced in the presence of 
intermetallic compounds at the grain boundaries or forming a second phase 4,15,17,18. Other 
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 19. 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 20. 
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 21. 

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 Mg2Ni 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 MgNi2 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 23–31  and cold rolling 32,33, with good results in the synthesis of Mg2Ni and other 
compounds. In Mg alloys the effect of grain refinement shows improvements in the kinetics 
of absorption 12,23,25,30,34. 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 19,35–45. 

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.  
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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 46, 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.  

 
Figure 1.1. Global energy supply according to the type of source, from 1990 to 2018 in TeraJules 46 

Figure 1.2 shows the global population size and growth rate 47. 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 48–50. Because of these, big efforts are 
needed to reduce GHGs and their effects, this requires implementing an energy transition to 
renewable green energies.  
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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  47. 

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 3. 

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 51. 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 ºC and 
Pc= 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 MJ/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 50 and 
volume rate at 0ºand 1 bar 52. 

Fuel  

Energy content 
Lower 

[MJ/kg] 
Higher 
[MJ/kg] 

Lower 
[MJ/m3] 

Higher 
[MJ/m3] 

heating 
value heating value heating value heating value 

Gaseous hydrogen (1 bar, 0ºC)  119.96 141.88 10.81 12.79 
Liquid hydrogen (1 bar, 0ºC) 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 ºC) 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 3,53–57. 

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 50. Metal hydrides are also used for 
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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 51 . 

Hydrogen 
storage 

technology 

Working 
temperature 
（℃） 

Working 
pressure  
（MPa） 

Hydrogen 
storage 
capacity 
（w. t.%） 

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. 58. 

𝑀(𝑠) +  
𝑥 

2
 𝐻2 (𝑔) ↔  𝑀𝐻𝑋 (𝑠) +  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. 

ln (
𝑝𝑎𝑏

𝑝𝑎𝑡
) =  

∆𝐻𝑟

𝑅𝑇
 −  

∆𝑆𝑟

𝑅
   (1.2) 

Where the relative pressure is given by the absolute pressure pab over the atmospheric 
pressure (pat =1 bar), ΔH is the enthalpy, T is the temperature, R is the gas constant and ΔS 
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 (ΔSH = 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 59. 
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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.  

 
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 I, the hydrogen 
gas pressure increases until reaches the equilibrium pressure (Peq). The equilibrium pressure 
is usually known as plateau pressure. In region I, a small amount of hydrogen goes into solid 
solution in the metal, but in very low concentrations. Then in region II, the solid solution is 
saturated, and the hydride phase (β-phase) starts to form, and its concentration increases 
along Region II. In Region II, α and β phases coexist together and a plateau pressure is 
observed until the saturation of the hydride phase. The length of the plateau (region II) is 
related to the capacity of the hydride. When all the α phase is transformed to the β phase a 
degree of liberty is gained and the system enters region III. 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 β-phase and the δ-phase 60. The delta phase 
for zirconium is a face center cubic system (fcc) where the hydrogen in on the tetrahedral 
sites.  
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Figure 1.4. Zirconium-Hydride phase diagram (a) and the pressure composition isotherms for the zirconium hydride 

system (b) 60. 

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 Å3 per hydrogen atom, which means an unit cell volume increases of 
up to 30% in some hydrides 61.  

 
Figure 1.5. Interstitial Octahedral (O) sites and tetrahedral (T) sites for fcc, bcc, and hcp crystal structures 62.  
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Metal hydrides have the potential to be used as hydrogen storage materials 16. 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 H2), 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 H2, 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 6–14.  

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 62.  

∆𝐻(𝐴𝑛𝐵𝑚𝐻𝑥+𝑦) =  ∆𝐻(𝐴𝑛𝐻𝑥) + ∆𝐻(𝐵𝑚𝐻𝑦) −  ∆𝐻(𝐴𝑛𝐵𝑚)   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 LaH2 at 25°C with a ΔH of -208 kJ/mol H2 while Ni forms 
NiH at 25°C with a ΔH of -8.8 kJ/mol H2 74. However, the intermetallic compound LaNi5 
forms the ternary hydride LaNi5H6 at 25°C with a ΔH of -30.9 kJ/mol H2. 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: TiNi2 and MgNi do not 

exist in their corresponding phase diagram 75. 

The families of alloys AB, AB2, A2B, AB5 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 Pm3̅m 1.9% 59 
A2B Mg2Ni Mg2Ni P6222 3.6% 59 
AB2 MgZn2 ZrMn2 Laves C14 (P63/mmc) 1.8% 76 
AB2 MgCu2 ZrV2  Laves C15 (Fd3̅m) 2.7% 76 
AB5 CaCu5 LaNi5 P6/mmm 1.4% 59 
bcc W TiV2 Im3̅m 2.6% 59 

AB-type alloys are known by their light molar mass and high volumetric capacities 74,77, some 
cases like TiFe and TiNi absorb and desorb at ambient temperature. These alloys have good 
resistance to impurities 74 The first reversible intermetallic hydride was demonstrated on the 
AB compound ZrNi, by Lobowitz in 1957 78. 

A2B-type alloys are based on alkaline (Mg) or transition metals (Ti or Zr). The most common 
A2B-intermetallic is Mg2Ni which has high gravimetric capacity (3.6 wt%) 62. Usually, their 
hydrides are stable, requiring high temperatures for desorption 74. 

AB2-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.  

AB5-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 14. 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 6,8–12. 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 79, 
however, what is clear is that the surface condition directly affects the activation of TiFe. In 
their review, Dematteis et al 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 79,80. 

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 81, Ni 82, Mn 82 and Zr 17,18,83; and mechanical 
activation by ball milling 84–86, high-pressure torsion (HPT) 87–89 and cold rolling 35,90.  

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 
15,18,83,91. Further research concludes that 4 wt% is the minimum amount to activate TiFe at 
room temperature and moderate pressure 15,18,83,91. 

Mechanical activation by cold rolling and ball milling of TiFe + 4 wt%Zr has been reported 
by Manna et al 92. 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  87. HPT has also been implemented to process TiFe and modify the activation process. 
Edalati et al 87, 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 
researchers79, 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 17,35,81,82,84–90,93–103. 

1.5. Mg2Ni 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. Mg2Ni forms the Mg2NiH4 ternary hydride absorbing 3.6 wt%H2 

75. Reilly and 
Wiswall first reported the reversible capacity of Mg2NiH4 in 1968 104.  

Mg2NiH4 shows two polymorphisms, below 220 °C the low-temperature LT-Mg2NiH4 shows 
a monoclinic structure.  At higher temperatures HT-Mg2NiH4 shows a cubic Pm-3m structure 
105. However, the slow kinetics of absorption under 250°C strongly limit the practical use of 
Mg2Ni for mobile applications 106. Also, the synthesis of Mg2Ni is a complex procedure due 
to the temperature gap between the melting point and the boiling point of Ni and Mg 
respectively. Mg2Ni has been produced by metallurgical methods (casting) 107, 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 23–31,108 and cold rolling 32 have been also 
implemented and show good results in the synthesis of Mg2Ni and other compounds. In fact, 
the most common way to prepare Mg2NiH4 is by ball milling Mg and Ni to obtain Mg2Ni 
and then hydrogenating to obtain the hydride. Another way is to ball-milled MgH2 and Ni to 
prepare Mg2NiH4 109. The heat of formation of Mg2Ni during hydrogenation is -64 kJ/molH2 
which is lower than the ΔH for MgH2 (-74 kJ/molH2) 75.  

Baran and Polański in their paper review reported that the high energy ball-milled Mg2Ni 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 110.  Also, Liu 
et al demonstrate that planetary ball milling for 40 h enhance the kinetics of absorption of 
Mg2Ni produced by hydriding combustion synthesis due to the reduction of the diffusion 
length and the defects induced by the milling 111. 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  112, studied mechanically milled Mg2Ni 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 



- 14 - 
 

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 113.  

Other severe plastic deformation processes have been used to modify the hydrogenation 
properties of Mg-Ni alloys. Hongo et al studied the effect of HPT on Mg2Ni, 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% 114. 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 115. 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 116. The ΔH of Mg2Ni 
processed by HEBM+HPT (ΔH=51.7 kJ/molH2) is lower than the counterparts processed by 
arc-plasma (73.6 kJ/molH2), hydrogen plasma reaction (66.3 kJ/molH2) and HPT (70.2 
KJ/molH2) 116. 

Révész et al, evaluated the effect of the subsequent equal-channel angular pressing (ECAP) 
or cold rolling (CR) on a nanocrystalline Mg2Ni synthesized by HEBM 117. 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-Mg2Ni processed by ECAP (2 and 6 passes) is 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 
Mg70Ni30

 118. They synthesized Mg2Ni 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 Mg2Ni from 2.0 wt%H2 (1h BM) and 2.4 
wt%H2 (10h BM) to a 3.0 wt%H2 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 (γ = 300 after 5 turns) in comparison to CR (γ = 2.4 after 10 passes) 
and ECAP (γ = 10.2 after 6 passes) 118.  
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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 119. 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 119 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 119,120. On hydrogen storage applications, nanocrystalline structure of 
Mg 12,23,25,30,112 and Ti alloys  17,35,79–82,84–90,93–103 have shown faster activation process and 
faster kinetics of absorption. However, there are no previous reports about the synthesis of 
intermetallic Mg2Ni 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 Mg2Ni 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, Mg2Ni, 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 l 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 121–124. The 
torsional shear strain (γ) in HPT can be described by equation 2.1. 

𝛾 =  
2𝜋𝑟𝑁

ℎ
            (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 125. 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 122,126. 
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 122,124, cold 
consolidation of powders, strain-induced phase formation 122,127–130, and phase 
transformations 123,131,132. Using synchrotron X-Ray diffraction, Kilmametov et al133 
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 
researchers 122,127–130. The solid-state reaction by HPT has been reported in several Mg-based 
systems 127,134 and, Ti-based systems such as in the Ti-Nb system 135, also in immiscible 
systems such as Mg-Ti 127,136  and Cu-Ta 137,  

In this research, high-purity elemental powders (99.5% minimum purity, particle size 250 
μm) were processed by HPT to synthesize the intermetallic of TiFe, Mg2Ni 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.  

 
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 Kα 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. 

2.2.1. 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 crystal139.  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 (λ), usually of 
the order of atomic spacing of crystals 140. 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 dhkl 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. 

 
𝑛𝜆 =  𝑆𝑄̅̅̅̅  +  𝑄𝑇̅̅ ̅̅        eq. (2.2) 

 

Constructive interference can be described in terms of dhkl: 

𝑛𝜆 =  2 𝑑ℎ𝑘𝑙 sin 𝜃    eq. (2.3) 

Equation 2.3 is known as Bragg’s law, where dhkl is the interplanar spacing, θ is the diffraction 
angle, and n is the order of reflections (1, 2, 3…). The magnitude of dhkl is a function of the 
Miller indices and the lattice parameters, which become important identifying each phase. If 
a known λ is used in the source, dhkl can be determined from the measured θ 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 141. 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 146. 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. 

 
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 
145,146. 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 145,146,148. 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 145, 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 145. SE are low-energy electrons, by convention electrons with 
less than 50 eV 146. 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 148. 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 145. 

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 145. 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.  

2.2.3. TEM 

In contrast to SEM where the surface is scanned, in TEM the electron beam is transmitted 
through the specimen 146. 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.  

 
Figure 2.5. Schematic structure of TEM column and the optical path of the electron beam 149. 

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 149.  

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) 146 .  
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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) 149. 

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 149. 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 146. 

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 149. 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.  

  



- 25 - 
 

 
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 149. Figure 2.8 shows schematically the 
transmitted and two different diffracted beams passing through the objective aperture.  

 
Figure 2.8. Schematic arrangement of the objective aperture for (a) bright-field, and (b, c) dark-field image 149. 

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 146 

More complex analysis can be performed by phase contrast. In TEM, phase contrast analysis, 
also called high resolution electron microscopy (HRTEM) 149, 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 150. The Sievert method has its name in honor of the German chemist who 
invented this technique 151,152.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.  

 
Figure 2.9. Schematic of a Sievert-type apparatus. 

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 152. 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 (Δn) can be 
calculated according to the pressure change as shown in the equation 2.5, where, Pi is the 
initial pressure, Pf is the final pressure, V2 is the internal volume, Vs is the volume of the 
sample holder (V3), Ts is the temperature of the sample and Tc is the internal temperature in 
the chamber.  
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∆𝑛 = (
𝑃𝑖 𝑉𝑠

𝑅 𝑇𝑠  𝑍𝑃,𝑇
 −

𝑃𝑓 𝑉𝑠

𝑅𝑇𝑠  𝑍𝑃,𝑇
 )

𝑠𝑎𝑚𝑝𝑙𝑒 𝑉.
 +  (

𝑃𝑖 𝑉2

𝑅 𝑇𝑐  𝑍𝑃,𝑇
 −

𝑃𝑓 𝑉2

𝑅 𝑇𝑐 𝑍𝑃,𝑇
 )

𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑉.
       (2.5) 

The compressibility factor ZP,T can be obtained from literature 153 at 25°C and 2 MPa ZP,T = 
1.01185, which is the condition used for the absorption experiments in Ti-Fe samples. Also, 
for 350°C and 2 MPa, ZP,T  = 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 154. 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 154. 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.  

 
Figure 2.10. Pyramidal indenter of Vicker microhardness 154. 

𝐻𝑉 = 1854.4 × 
𝑃

𝑑1
2   (eq. 2.6) 

Where P is the load, d1 is the diagonal length of the pyramid measured in the indentation and 
HV is the Vickers microhardness. This method is standardized in ASTM E384 155. 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 López Gómez, Kaveh Edalati, Flávio José Antiqueira, Diego Davi Coimbrão, 
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 bcc-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, i.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 

https://doi.org/10.1002/adem.202000011
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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 Al-Ni156, Al-Ti 157, Al-Cu 129, Al-Ti-Ni 158, Fe-Ni 159, Mg-Ti 
160, Mg-Zr 161, Mg-Ni-Pd 162, and Mg-V-Cr 163 systems. 

 

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 (Å) c (Å) 

Ti-Fe Ti hcp 46 2.9521 4.6869 
(Powder Mixture) Fe bcc 54 2.8666  

Ti-Fe Ti hcp 15 2.9491 4.6820 
N10 Fe bcc 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 164,165, 
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 166 and Fe 167 
and about 20% smaller than the hardness of HPT-processed TiFe 87.  

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 but also due to a saturation in the phase transformation 132,170. 

 

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 
(γ) on mechanical alloying and controlling the phase transformation, in agreement with 
earlier publications 171–174. 
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Figure 3.3. SEM-EDS of Ti-Fe processed by HPT, 10 turns. Effects of the equivalent shear strain (γ) 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 175.  

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 
122,124,168,169. 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 167 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  122,124,168,169. Automatic 
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 21,127,129,132,156–163,170,176–178. 
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. 

 

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.%. 93–95,179. 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 96–99. 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 93–99,179. 

 

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 (hcp) 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) 128  and Mg–Zr (0.44–0.46 

https://doi.org/10.1063/5.0009456


- 37 - 
 

nm) systems  130 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.  

 

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 (Å) c  (Å) 

Mg-Hf Mg hcp 16 3.2080 5.2100 

(Powder Mixture) Hf hcp 84 3.2020 5.0740 

Mg-Hf Hf hcp 81 3.2060 5.0670 

N100 fcc 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.  
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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 128, Mg–Zr 130, and Mg-based immiscible systems 
127,180. To 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 
122,124,169,181, 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 127,180.  
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,  

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 

 

5. RESULTS OF THE SYSNTHESIS OF NANOSTRUCTURED Mg2Ni 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 López Gómez*, Joaquín González, Jorge M. Cubero-Sesin, Jacques Hout 

5.2. Summary of the article 

Mg2Ni 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 Mg2Ni phase from 
the powder mixture. The transformation to a high fraction of the Mg2Ni 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 Mg2Ni synthesized via HPT. 

Furthermore, it was shown that the Mg-Ni samples synthesized by HPT can fully absorb 
hydrogen at 350º 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 Mg2Ni after HPT processing.  

5.3. Results and discussion 
5.3.1. Synthesis and characterization of Mg2Ni 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 

https://doi.org/10.3390/reactions5040033
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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 µm and 57 µm, 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 Mg2Ni with hcp structure P6222. After 
100 turns, 59 wt.% of the Mg2Ni phase was identified, with a crystallite size of 6 nm. 
Furthermore, even after 50 turns, it was possible to identify 11 wt.% of the Mg2Ni phase. 

 
Figure 5.1. XRD patterns of Mg-Ni initial powder mixture and after HPT processing for 10, 50 and 100 turns showing 

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  

Processing 
condition Phase wt% a (Å) c (Å) 

Crystallite 
Size (nm) 

Powder Mixture Mg hcp 46 (3) 3.2102 (3) 5.2118 (1) - 
 Ni fcc 54 (5) 3.5251 (2) - - 
HPT N10 Mg hcp 44 (3) 3,2104 (1) 5,2125 (2) 163 (7) 
γ = 400 Ni fcc 56 (3)  3,5252 (1)  - 82 (2) 
HPT N50  Mg hcp 42 (2) 3.2101 (2) 5.2110 (3) 168 (2) 
γ = 2000 Ni fcc 47 (3) 3.5246 (1)  80 (2) 
 Mg2Ni hcp 11 (2) 5.27 (1 13.35 (6) 6 (1) 
HPT N100 Mg hcp 18 (2) 3.2099 (4) 5.2129 (6) 70(3) 
γ = 4400 Ni fcc 24 (3) 3.5249 (3) - 57 (1) 

 Mg2Ni hcp 59 (3) 5.230 (2) 13.30 (1) 6 (1) 
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The formation of the Mg2Ni 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 γ 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. 

 

Figure 5.2. XRD patterns of Mg-30at%Ni at upper surface (γ=0 by theory), lower surface (γ=3100) and edge of the 

disc (γ=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 
Mg2Ni 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 182. Also, in comparison with the result 
in Table 5.1, Mg2Ni reaches a maximum of 59 wt.% at the edge of the disc after HPT 
processing, where the strain reaches the maximum (γ = 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 Mg2Ni hcp 
phase, which is in good agreement to previous HPT-processed Mg-Ti 128, Mg-Zr 130, and Mg-
based immiscible systems 19,45,127,180.  
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Table 5.2. Crystallographic parameters of phases present in Mg-30 at.%Ni processed by HPT for 
100 turns. 

Processing 
condition Phase wt% a (Å) c (Å) 

Crystallite 
Size (nm) 

  HPT N100 Mg hcp 34 (2) 3.2124 (2) 5.2148 (3) 156 (11) 
γ = 0 - 3100 Ni fcc 44 (3) 3.5267 (1) - 89 (2) 
Upper surface Mg2Ni hcp  21 (2) 5.252 (5) 13.35 (3) 6 (3) 

HPT N100  Mg hcp 31 (2) 3.2108 (2) 5.2119 (3) 121 (7) 
γ = 0 - 3100 Ni fcc 39 (2) 3.5258 (2) - 76 (6) 
Lower surface Mg2Ni hcp  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 (γ = 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 Mg2Ni could be clearly seen and correspond to a proportion of 34 wt.%, as 
shown in Table 5.3.  

These results confirm that even when Mg2Ni phase was not observed in the sample after 10 
turns, after a heat treatment post-HPT, Mg2Ni phase formed. This is consistent with the work 
of Emami et al  39. 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 
Mg2Ni 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 (γ=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 (γ=400) after heat treatment at 350°C for 24h. 

Processing 
condition Phase wt% a c Crystallite 

Size (nm) 
HPT N10; γ= 

400  
HT 350ºC 

Mg hcp 33 (2) 3,2110 (2)  5,2106 (2) - 
Ni fcc 33 2) 3,5251 (1) - 146 (7) 

Mg2Ni hcp 34 (2) 5,2196 (3) 13,2713 (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, c), 40 (Figs. 5.4. 
d, e, f, g) and 100 (Figs. 5.4. h, i, 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 183, Mg-Zr 184, Al-Fe 185, Cu-Ta 137, Nb-Ti 186 and Ti-Nb 187. 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 Mg2Ni. Figures 5.4.j- shows 
various areas of grey area particularly in the lower right corner.  

 
Figure 5.4. SEM BSE micrographs (a, c, 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 Mg2Ni 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, 

γ=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. It 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 MgH2 and Mg2NiH4 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 ºC. 

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 Mg2Ni hydride phase, which means a reduction in 
the amount of MgH2 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 
Condition Phase wt% a (Å) c (Å) 

Crystallite 
Size (nm) 

HPT N50 
γ=2000 
Activated  

Ni fcc 25 (1) 3.5252 (1) - 103 (4) 

MgH2 23 (1) 4.5181 (3) 3.0224 (3) 127 (18) 

MgO 22 (2) 4.218 (3) - 5 (1) 

Mg2NiH4 31 (1) 14.614 (4) b=6.415 (2), c= 6.494(3), 
beta = 115.7 (1) 

24 

HPT N100  
γ=4400 
Activated 

Ni fcc 22.5 (9) 3.5251 (14) - 91 (3) 

MgH2 17.0 (8) 4.5184 (3) 3.0225 (3) 162 (12) 

MgO 23 (2) 4.216 (4) - 3.2 (3) 

Mg2NiH4 38 (2) 14.6163 (18) 
b = 6.426 (4), c = 6.489 (1), 

beta = 115.9º (1) 40 (1) 
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5.4. Conclusions 

Mechanical synthesis of Mg2Ni 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 Mg17Al12, MgZn, 
MgAg, MgIn and, Mg2Sn were synthetized by solid-stated reactions under 3 GPa and 100 
turns of HPT 39. 

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 Mg2Ni by XRD after 50 turns without any heat treatment, which were not 
reported in HPT done under 3GPa after 100 turns 39. The present results confirm a maximum 
amount of 59 wt.% of Mg2Ni 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 Mg2Ni 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 Mg2Ni 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 Mg2Ni after 50 turns. In contrast, 
Emami et al were unable to synthesize Mg2Ni directly from an elemental powder mixture 
under 3 GPa after 100 turns 189. 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 
Mg2Ni. 

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 Mg2Ni 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 Mg2Ni 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 Mg2Ni 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 190 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.  

 

  



- 53 - 
 

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 Mg2Ni system could be 
investigated. It is known that Fe does not form any intermetallic with Mg but the ternary 
hydride Mg2FeH6 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 Mg2Ni helps in 
the reversibility of Mg2FeH6 or if Fe could replace Ni in the Mg2Ni 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 
FeNi3 and the FeNi intermetallic which stabilize in the same fcc crystal structure by 
electrodeposition according to previous reports 191.  

Cu could be also investigated to substitute Ni on the Mg2(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 Mg2Ni.  

Ternary systems such as (Mg1-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 A1 
 
A1.1. Design and development of a Sievert type apparatus. 

The design and development of the equipment to evaluate hydrogen absorption at 
Tecnológico 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 (10-4 to 10-5 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 A1. 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 
0.7 to 10 MPa. 

Measurement and control from 0.1MPa to 10 MPa 
(100 bar)  

Temperature & pressure measurement-control 
Work temperature from R.T. to 350 °C ~ 400 °C 

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 A1 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 

Tecnológico de Costa Rica. 

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 

Swagelok Code 
Unit 
price 

(CAD) 
Quantity Total 

(CAD) 



- 71 - 
 

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 

  

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
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National Instrument Code Unit 
price Quantity Total 

Chassis NI cDAQ 9174 2225 1 2225 

Chassis NI cDAQ 9178 (9V 
- 30 V) 3280 1 3280 

Modules NI 9472 365 1 365 
Modules NI 9205 2525 1 2525 
Modules NI 9476 1400 1 1400 
Modules NI 9211 / 9210 970 1 970 
Lab VIEW 3 year subscription 7080 1 7080 
Total    17845 

FESTO Code Unit 
price Quantity Total 

Module FESTO 8 ports-24V (neomatic 
manifuld/ 5 electrovalves) CPV10-GE-MP-4 1 

2459 
multiconector wall plate for CPV10 code P  1 
Cable / multi-pin plug   1 
Push-Pull    8 
silencer   1 
Total    2459 

Electronic Code Unit 
price Quantity Total 

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 

 

A1.4. 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 P1V1 = P2V2 
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 
Tecnológico de Costa Rica. Figure A3 shows another manual activation apparatus developed 
at the Institute du Recherche sur l’Hydrogen at UQTR.  
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 Figure A2.  Picture of the manual activation apparatus build it at Instituto Tecnológico de Costa Rica. 

 

 
Figure A3. Picture of the manual activation equipment developed at Institute du Recherche sur l’Hydrogen at UQTR. 
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