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Abstract 

Hydrogen is considered a secondary energy carrier and is expected to contribute to the 

transition from a fossil fuel to a renewable energy system. Under normal conditions, 

hydrogen is a colorless and odorless gas, and above 4 vol.% in the presence of oxygen 

results in an explosive atmosphere. These properties raise safety issues and complicate 

its storage concerning its low volumetric energy density as a gas. Therefore, the 

development of technologically viable storage possibilities is essential. A high potential 

exists in metal hydrides, which can be used for rechargeable batteries, hydrogen 

storage, hydrogen compression, and as thermal storage. The storage within the metal 

hydrides is based on chemical nature, in which the hydrogen is stored in the crystal 

lattice of the metal and can be released when required. However, a disadvantage of 

metal hydrides is that mostly heavy elements are used as storage materials, which 

reduces the gravimetric storage capacity or requires very high temperatures to recover 

the hydrogen. These properties are challenging for certain applications, such as in the 

transportation sector or for energy-efficient storage. To increase gravimetric storage 

capacity, lighter elements in the way of alloys can be used. One class of alloys that 

represent an interesting option is high entropy alloys. In contrast to bimetallic alloys, 

high entropy alloys consist of at least four to five elements in equiatomic or nearly 

equiatomic proportions. Mixing multiple elements in near-equiatomic ratios increases 

the configuration entropy to overcome the enthalpies of compound formation 

(intermetallic phase). Accordingly, the formation of a concentrated disordered solid 

solution consisting of the elements used would be favored and the presence of multiple 

phases could be suppressed. Considering that the hydrogen storage properties of metal 

hydrides strongly depend on the phase and the chemical composition, high entropy 

alloys with their high number of compositions open the way for chemical tunability of 

hydrogen storage properties.  Consequently, this work focuses on the experimental 

synthesis of different high entropy alloys, specifically using light metals such as 

lithium, aluminum, and magnesium, to pursue increasing the gravimetric storage 

capacity. For this purpose, a detailed evaluation of the structural and hydrogen storage 

properties was carried out.  

In the first part of the work, the new material composition AlLiMgTiZr-Cx was 

synthesized by mechanical alloying. The first experiments have shown that process 

control agents such as toluene, n-hexane, and ethanol are necessary for powder 

processing to suppress an enhanced cold welding effect. Based on time-dependent 



 

 
 

experiments, it was found that the hydrocarbons decompose, resulting in the formation 

of a rocksalt-like crystal structure of a high entropy carbide, with zirconium hydride as 

the intermediate phase. Attempts to suppress the decomposition of the process control 

agents by reducing the grinding speed or using ZrH2 as the reactant were unsuccessful. 

The reduction of the milling speed from 1200 to 800/600 rpm showed only a change in 

the conversion rate, and further reduction to 400 rpm did not provide enough energy 

for the alloying process. The attempt to suppress the decomposition by using ZrH2 as a 

reactant also ended in a rocksalt-like fcc structure, with an initial hydrogen content of 

1.56 wt.% in the synthesized carbide detected via thermal gravimetry. Subsequent 

absorption experiments showed that the nanocrystalline (~3 nm) metal carbide can 

reversibly store up to 0.66 wt.% hydrogen at 150 °C and exhibits high phase stability 

during the first three cycles.  

The work's second part focuses on the systematic investigation of Ti0.325V0.275Nb0.275Zr0.125 

compounds, where aluminum and lithium have been incorporated explicitly into 

MTi0.3V0.25Nb0.25Zr0.1 alloys with M = Li0.01, Al0.01 or Al0.05Li0.05. It was found that lithium 

(Li0.1Ti0.3V0.25Nb0.25Zr0.1) positively affects the gravimetric storage capacity (~ 2.6 wt.%), 

but the solid solution phase is destabilized, and disproportionation of the initial phase 

to the multiphase material occurs over several cycles of hydrogen storage. Aluminum 

in Al0.1Ti0.3V0.25Nb0.25Zr0.1 was found to destabilize the metal hydride phase by reducing 

hydrogen capacity (~2.0 wt.%). The combination of aluminum and lithium in 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 led to the element's influence's compensation, so the 

properties appeared comparable to the quaternary compound studied. In addition, it 

was identified that reactive milling under a hydrogen atmosphere resulted in smaller 

particles than mechanical alloying due to the more brittle properties of the hydride 

phases and consequently reduced the dehydrogenation temperature (onset ~150 °C). 

Moreover, compared to the mechanically alloyed samples, the storage capacity was 

increased by reactive milling, which was observed with an increased phase 

transformation from bcc to fcc due to hydrogen uptake. 

 

 

 

 

 



 

Kurzzusammenfassung 
Wasserstoff wird als sekundärer Energieträger gehandelt und soll zu dem Wechsel von 

einem fossilen Brennstoff basierten Energiesystem zu einem auf erneuerbaren Energie 

basierten Energiesystem beitragen. Da Wasserstoff unter normal Bedingungen ein 

farbloses, geruchloses Gas ist und oberhalb von 4 Vol.% zu einer explosiven 

Atmosphäre führt, was in Anbetracht dieser Eigenschaften Sicherheits- und 

Speicherprobleme, im Sinne von niedriger volumetrischer Energiedichte, aufwirft, 

werden technologisch praktikable Speichermöglichkeiten unabdingbar. Eine hohes 

Potential diese Problematik anzugehen steckt in Metallhydriden, die für 

wiederaufladbare Batterien, Wasserstoffspeicherung, Wasserstoffkompression und als 

thermischer Speicher fungieren können. Die Speicherung innerhalb der Metalhydride 

basiert auf chemischer Natur, in dem der Wasserstoff in das Kristallgitter von dem 

Metall eingelagert wird und bei Bedarf wieder freigesetzt werden kann. Ein Nachteil 

der Metalhydride liegt aber darin, dass meist schwere Elemente in dem 

Speichermaterial verwendet werden, weshalb die gravimetrische Speicherkapazität 

reduziert ist oder sehr hohe Temperaturen benötigt werden um den Wasserstoff wieder 

nutzbar zu machen. Diese Eigenschaften sind problematisch für bestimmte 

Anwendungen wie zum Beispiel im Transportsektor oder für eine energieeffiziente 

Speicherung. Um die gravimetrische Speicherkapazität zu erhöhen können jedoch 

leichtere Elemente in Form von Legierungen eingesetzt werden. Eine Klasse von 

Legierungen, die eine interessante Option darstellen, sind hoch entropische 

Legierungen. Im Gegensatz zu bimetallischen Legierungen bestehen Hochentropie-

Legierungen aus mindestens vier bis fünf Elementen in äquiatomischen oder nahezu 

äquiatomischen Verhältnissen. Durch das Mischen mehrerer Elemente in nahezu 

äquiatomischen Verhältnissen wird die Konfigurationsentropie ausreichend erhöht, um 

die Enthalpien der Verbindungsbildung (intermetallischer Phasen) zu überwinden. 

Dementsprechend wird die Bildung eines konzentrierten, ungeordneten Mischkristalls 

aus den verwendeten Elementen begünstigt und das Vorhandensein mehrerer Phasen 

unterdrückt werden. In Anbetracht der Tatsache, dass die Wasserstoff-

speichereigenschaften von Metallhydriden stark von der Phase sowie von der 

chemischen Zusammensetzung abhängt, eröffnen hoch entropische Legierungen mit 

ihrer hohen Anzahl an Zusammensetzungen den Weg für eine chemische 

Abstimmbarkeit die Speichereigenschaften.  



 

 
 

Im ersten Teil der Arbeit wurde die neue Werkstoffzusammensetzung AlLiMgTiZr-Cx 

durch mechanisches Legieren synthetisiert. Die ersten Experimente haben gezeigt, dass 

Prozesskontrollmittel wie Toluol, N-Hexan und Ethanol bei der Pulververarbeitung 

notwendig sind, um den Kaltschweißeffekt zu unterdrücken. Anhand von 

zeitabhängigen Experimenten wurde festgestellt, dass sich die Kohlenwasserstoffe 

zersetzen, was zur Bildung einer rocksalt-ähnlichen Kristallstruktur eines hoch 

entropischen Karbids führt, mit Zirkoniumhydrid als Zwischenphase. Die Versuche die 

Zersetzung der Prozesskontrollmittel zu unterdrücken über die Reduzierung der 

Mahlgeschwindigkeit oder den Einsatz von ZrH2 als Edukt waren erfolglos. Die 

Verringerung der Mahlgeschwindigkeit von 1200 auf 800/600 Umdrehungen pro 

Minute zeigte nur eine Veränderung der Umwandlungsrate, und eine weitere 

Verringerung auf 400 Umdrehungen pro Minute lieferte nicht genügend Energie für 

den Legierungsprozess. Der Versuch, die Zersetzung durch die Verwendung von ZrH2 

als Reaktant zu unterdrücken, endete ebenfalls in einer rocksalt-ähnlcihen fcc Struktur 

mit einem anfänglichen Wasserstoffgehalt von 1,56 wt.-% im synthetisierten Karbid, 

der durch thermische Gravimetrie nachgewiesen wurde. Anschließende 

Absorptionsexperimente zeigten, dass das nanokristalline (~3 nm) Metallcarbid bis zu 

0,66 wt.-% Wasserstoff bei 150 °C reversibel speichern kann und während der ersten 

drei Zyklen eine hohe Phasenstabilität aufweist. 

Der zweite Teil der Arbeit befasste sich mit der systematischen Untersuchung von 

Ti0.325V0.275Nb0.275Zr0.125 Verbindungen, wobei Aluminium und Lithium gezielt in die 

MTi0.3V0.25Nb0.25Zr0.1 Legierungen mit M = Li0.01, Al0.01 or Al0.05Li0.05 eingearbeitet worden 

ist. Dabei wurde festgestellt, dass Lithium (Li0.1Ti0.3V0.25Nb0.25Zr0.1) sich positiv auf die 

gravimetrische Speicherkapazität (~ 2.6 wt.%) auswirkt, aber die Phase der 

Festkörperlösung destabilisiert wird und über mehrere Zyklen der 

Wasserstoffspeicherung eine Disproportionierung der Ausgangsphase zum 

mehrphasigen Material stattfindet. In Metallhydridphase der Al0.1Ti0.3V0.25Nb0.25Zr0.1-

Legierung erwies sich Aluminium als destabilisierend, in dem eine verringerte 

Wasserstoffkapazität (~2.0 wt.%) festgestellt wurde. Die Kombination von Aluminium 

und Lithium in Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 führte dann zur Kompensation der 

Elemente, wodurch die Eigenschaften vergleichbar zu der untersuchten quaternären 

Verbindung festgestellt wurden. Darüber hinaus wurde festgestellt, dass das reaktive 

Mahlen unter Wasserstoffatmosphäre aufgrund der spröderen Eigenschaften der 

Hydridphasen zu kleineren Partikeln führte als das mechanische Legieren und folglich 

die Dehydrierungstemperatur (Onset ~150 °C) senkte. Außerdem wurde im Vergleich 

zu den mechanisch legierten Proben die Speicherkapazität durch reaktives Mahlen 



 

erhöht, was mit einer verstärkten Phasenumwandlung von bcc zu fcc aufgrund der 

Wasserstoffaufnahme beobachtet wurde. 
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Chapter 1 

1. Introduction 
Climate events such as storms, floods and bushfires are increasing worldwide due to 

anthropogenic climate change.1 To reduce the associated problems such as starvation, 

loss of quality of life and biodiversity, the United Nations Framework Convention on 

Climate Change, 21st Conference of the Parties (COP 21), stipulated that the increase of 

global average temperature should remain below 2 °C above the pre-industrial level by 

2050.2 At this point, the focus needs to be shifted to so-called greenhouse gases, as these 

contribute to a large part of global warming and are produced in almost all processes 

such as energy conversion, the backbone of the industrial age.1 However, to ensure 

warming below 2 °C, the net zero emissions scenario must be implemented by 2050. 

This scenario implies that no additional greenhouse gases, such as carbon dioxide, 

should be emitted, and current emissions must be reduced to zero.3  

The net zero emission scenario poses a significant challenge to the world's population, 

so much of the scientific community is concerned with the question of how this can be 

achieved. One approach to this is the transition of the energy system based on fossil 

fuels to renewable energy sources. The challenge of renewable energy sources such as 

solar, wind, or hydropower is that they fluctuate frequently, and discrepancies in 

energy supply and consumption may arise. These discrepancies must be compensated, 

which is why the focus in the energy transition is not only on carbon-free energy 

transformation but also on distribution and energy storage. 

The so-called hydrogen economy is a promising key technology to decouple the energy 

supply from the energy demand. In this hydrogen scenario, hydrogen is a secondary 

energy carrier. Molecular hydrogen can be obtained through electrolysis (water 

splitting), in which electrical energy from renewable sources is firstly converted into 

chemical energy (hydrogen). Subsequently, the hydrogen must be stored, transported, 

and, if required, converted back to electrical energy using fuel cell technology or into 

thermal energy by combustion of hydrogen with oxygen in combustion engines. The 

advantage of this scenario is the adaptability of this technology, as it covers a wide 

range of application sizes, such as in the automotive industry, forklifts, trains, trucks, 

and stationary energy conversion systems.4-5 This sounds promising at first, but the 

bottleneck of this technology, the storage of hydrogen, must be addressed directly. A 
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safe and efficient storage technology must be developed so that the user is faced with 

safe handling even without prior knowledge or training. Accordingly, the following 

sections briefly overview the hydrogen molecule and its storage possibilities. 

1.1. Hydrogen an „Energetic Molecule“ 

Hydrogen is the most common element in the universe, accounting for almost 90 % of 

all atoms. Compared to all other elements, hydrogen is the simplest atom, consisting of 

only one electron and one proton, and appears mainly in the molecular form of H2 

rather than in the atomic form H. In addition to this isotope, there are the less common 

isotopes deuterium (D/²H) and tritium (T/³H), which differ in their number of neutrons 

in the nuclei (D = 1, T = 2). Owing to its single valence electron, hydrogen is very 

reactive and usually exists bound in molecules, such as H2. In nature, however, 

hydrogen is rarely found in its pure form; it is usually bound to many chemical 

compounds.6-7 One of the best-known examples is the water molecule H2O. This also 

shows that hydrogen must first be separated from its chemical compounds to store 

pure hydrogen. At the industrial level, steam reforming of methane with water vapor is 

usually carried out. The overall process can be described with the following reaction:  

 CH4 (g)  + 2 H2O (g) ⇋  CO2(g)   +  4 𝐻2 (g) (1.1) 

This reforming process poses an endothermic reaction enthalpy of 164.9 kJ mol-1 and 

usually requires high temperatures of 800 – 900 °C and pressures in the range of 20 –

 30 bar.8-9 Furthermore, carbon dioxide is released, which should be avoided in the zero-

emission scenario. For this reason, there is also a high interest in water splitting 

utilizing electrolysis since only molecular hydrogen and oxygen are produced, and 

renewable energy sources can be used without greenhouse gas emissions. The energy 

stored in this way is then found in the chemical bond of the hydrogen molecule and can 

be recovered in two ways. Firstly, by generating electrical energy using fuel cell 

technology and secondly, by combustion with oxygen producing water. When 

hydrogen is burned with pure oxygen, water is produced as a reaction product, and an 

energy of 142 MJ kg-1 is released, taking into account the heat of condensation of the 

water.7 The specific enthalpy of combustion of hydrogen is thus three times higher than 

that of hydrocarbons (~47 MJ kg-1).7, 10 This property makes hydrogen an ideal candidate 

to replace fossil fuels in the future and move closer to the goal of the zero-emission 

scenario. However, it must be considered that hydrogen is a highly flammable, 

colorless, and odorless gas under normal conditions, representing a safety risk. The 

properties of gases also mean that hydrogen has a low volumetric energy density 
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(~10.7 MJ m-³) under normal conditions compared to liquid hydrocarbons (petrol 

34200 MJ m-3), making hydrogen storage a technical and economic challenge.6, 11  

1.2. Hydrogen Storage 

Hydrogen storage is a diverse interdisciplinary field, as chemical and physical 

techniques can be used to improve gravimetric and/or volumetric energy storage 

density to address the aforementioned problem that hydrogen is gaseous under normal 

conditions and therefore has a low volumetric energy density. The U.S. Department of 

Energy divides the hydrogen storage options into two subgroups, physical and 

material-based, as shown in Figure 1. 

 

Figure 1: Overview of hydrogen storage technologies categorized by the U.S. Department of Energy. 

https://www.energy.gov/eere/fuelcells/hydrogen-storage, U.S. Department of Energy (accessed 13.05.21). 

Physical storage technologies include gas compression, combined cryo-compression 

processes, and hydrogen liquefaction. For example, gas compression uses, among 

others, special composite pressure vessels in which hydrogen can be stored at pressures 

of 350 up to 700 bar, as it is found in commercially available fuel-cell driven cars. 



Introduction 

 

4 
 

However, 15 % of the energy content of hydrogen is also used for compression, and the 

volumetric energy density is still below that of fossil fuels. For comparison, liquid 

hydrogen has an energy density of 10.1 MJ l-1, whereas gasoline has an energy density 

of 34.2 MJ l-1.11 In addition, hydrogen liquefaction consumes up to 20 to 30 % of the 

energy content in the liquefaction process.6 This energy loss, in turn, reduces the 

efficiency of the liquefaction-storage methodology.6 For a better overview, the 

gravimetric and volumetric energy densities of common energy carriers are listed in the 

following  

Table 1. 

Table 1: Volumetric and gravimetric energy densities of common fuels.11 

Material 
Energy per kilogram  

[MJ kg-1] 
Energy per liter [MJ l-1] 

Hydrogen  

(ambient pressure) 
143 0.0107 

Hydrogen  

(compressed, 700 bar) 
143 5.6 

Hydrogen (liquid) 143 10.1 

Natural gas 

(compressed, 250 bar) 
53.6 9 

LPG propane 

(< 10 bar, liquid) 
49.6 25.3 

Gasoline  

(petrol, liquid) 
46.4 34.2 

Diesel 

(liquid) 
45.4 34.6 

 

The second subgroup comprises the material-based storage techniques, which differ in 

the physical and chemical properties of the materials and are briefly evaluated below. 

The storage technology with high-surface adsorbents (e.g., metal-organic frameworks, 

porous carbon materials) is based on physisorption and thus represents a mixture of 

the physical and material-based storage methods. The gaseous hydrogen adsorbs on 
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the material's surface or in the accessible pores and can then be recovered by heating or 

applying a mild vacuum. Nevertheless, because of the low adsorption enthalpy of 

hydrogen on these materials (in the order of 2 – 5 kJ mol-1), the process must be carried 

out under cryogenic conditions at 77 K and is often realized with liquid nitrogen. This 

poses a technological and energetic challenge because, on the one hand, large quantities 

of liquid nitrogen are required, and, on the other hand, the liquefaction of the nitrogen 

requires a further conversion process and thus reduces the efficiency of the storage 

technology.12 

A further classification concerns the materials to which hydrogen forms a chemical 

bond (covalent, ionic, and metallic) and are distinguished according to the following 

hydrogen carriers. These hydrogen carriers include small molecules (amine boranes, 

amides/imides), liquid organic hydrogen carriers (LOHCs) as cyclic hydrocarbons 

(benzene/cyclohexanes) or metal hydrides (MgH2, NaAlH4).12-13 

Looking at the storage capacity of small molecules, for example, ammonia-borane 

exhibits a very high gravimetric hydrogen storage capacity (19.6 wt.%). However, the 

hydrogen release reactions are irreversible due to complex reaction mechanisms, which 

limits the reuse of such materials and is a significant technological disadvantage 

compared to reversible systems.12  

Liquid organic hydrogen carriers (LOHCs) belong to the group of reversible systems, 

which will be explained using the example of the benzene/cyclohexane system. 

Cyclohexane represents the hydrogen carrier in the charged state, in which the 

hydrogen is covalently bonded to the molecule. If necessary, the bound hydrogen is 

released catalytically (Ni, Ru), and 7.2 wt.% can be utilized. The product is benzene, 

which can then be catalytically hydrogenated again if required. Technologically, 

LOHCs represent a very interesting storage option since the infrastructure for liquid 

fuels is already available, and development costs can be saved here. 13-14 

Volumetric storage capacity can be further increased by solid-state hydrogen storage 

materials, mainly metal hydrides. Since this thesis is mainly concerned with solid-state 

hydrogen storage, a separate Chapter 2 is reserved for this class of materials. Figure 2 

illustrates the different storage options in terms of their gravimetric and volumetric 

storage capacity and provides an overview of the different storage options in terms of 

capacity and operational conditions. As the graph shows, the metal hydrides are in the 

upper third in terms of volumetric storage capacity, but due to the mostly heavy metal 

atoms, metal hydrides have a reduced gravimetric storage capacity. The lighter the 

atoms become, as in the case of lithium-containing compounds, for example, the greater 
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the gravimetric storage density. However, these are usually not reversible. The 

compressed gas storage strongly depends on the storage media used, steel or composite 

material, and directly shows that real storage systems depend on the encapsulation 

material, which is not taken into account in this graph for the material-based storage 

media. For the application of material-based storage materials, this means that further 

weight has to be taken into account due to the encapsulation material and accordingly 

has a reducing influence on the gravimetric storage capacity. 

Nevertheless, material-based storage materials such as metal hydrides can achieve 

higher volumetric storage capacities. Concerning the application, however, not only the 

storage capacity plays an important role, but also the cycling behavior, stability of the 

storage material, thermodynamic parameters such as hydrogenation (absorption) and 

dehydrogenation (desorption) temperatures, overall costs, environmental aspects, and 

kinetics with respect to hydrogenation/dehydrogenation speed are crucial to consider.7, 

12-13  

 

Figure 2: Overview of selected hydrogen storage materials/technologies, volumetric storage capacity versus 

gravimetric storage capacity.6-7 (Copyright © 2010 Wiley‐VCH Verlag GmbH & Co. KGaA, Copyright © 2001, Nature 

Publishing Group) 
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1.3. Objectives 

The work presented here aims to describe the synthesis of new high-entropy alloys 

based on light and transition metals and, subsequently, to investigate their hydrogen 

storage behavior as interstitial storage materials. The selective use of light metals aimed 

to reduce the crystallographic density of the alloys/mean molar mass and thus increase 

the gravimetric storage capacity. The gravimetric capacity follows the correlation,  

𝑤𝑡. % =  
𝑚𝐻2

𝑚𝐻2
+  𝑚𝐻𝑜𝑠𝑡

∙ 100 =   
(𝐻

𝑀⁄ ) 𝑀𝐻

𝑀𝐻𝑜𝑠𝑡 +  (𝐻
𝑀⁄ ) 𝑀𝐻

∙  100 

where 𝑚𝐻2
 is the mass of hydrogen, 𝑚Host is the mass of the host material, H/M is the 

hydrogen-to-metal ratio, MH is the molar mass of elemental hydrogen, and MHost is the 

molar mass of the host material or metal.  Following this relationship, the reduction of 

the host material leads to increased gravimetric storage capacity. Based on the findings 

in the literature that the synthesis methods, mechanical alloying and reactive milling, 

have proven to be helpful in terms of the formation of cubic solid solutions and their 

hydrogen storage properties, this synthesis approach is used exclusively in this work. 

The following list gives a brief overview of the contents of the respective chapters. 

Chapter 2: The second chapter discusses the fundamentals of metal hydrides. For this 

purpose, the metal-hydrogen system is first addressed, and a brief literature review of 

previously investigated metal hydride systems is given. 

Chapter 3: The third chapter deals with the definition and concept of high entropy 

alloys, followed by a literature review of the hydrogen storage properties of high 

entropy alloys, relating the significant material properties to the hydrogen storage 

properties. 

Chapter 4: In this chapter, the fundamentals of mechanical alloying and reactive 

milling are first introduced, followed by a detailed description of the experimental 

data, and is concluded with a detailed description of the characterization methods 

used. 

Chapter 5: A composition based on AlLiMgTiZr is presented in this chapter. This alloy 

was selected to investigate whether the empirically developed guide parameters (VEC, 

ΔHmix, δ, and Ω; cf. Chapter 3.1) introduced by Zhang et al. and Guo et al. apply to an 

alloy mainly composed of light metals.15-18 The guide parameters represent a 

concentration-weighted average for the respective quantity. VEC stands for valence 
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electron concentration; ΔHmix takes into account the enthalpies of mixing of the 

individual elements. δ gives a percentage quantity for the atomic mismatch based on 

the mean atomic radius; and Ω is a dimensionless quantity that correlates the enthalpy 

of mixing with the entropy of mixing as well as the mean melting temperature. The 

alloy composition theoretically satisfies the selection criteria with a valence electron 

concentration of 2.8, a δ of 4.78 %, a ΔHmix of 0.48 kJ mol-1, and an Ω of 35.58 (cf. 

Appendix 9.1). Subsequently, the objective was to examine practically whether the 

alloy forms a solid solution with a bcc structure since the VEC of 2.8 is below 6.87, the 

upper threshold for bcc formation (c.f. Chapter 3.1). Furthermore, the hydrogen storage 

behavior is investigated. 

Chapter 6: The 6th chapter is based on the investigations of Montero et al., who 

identified the quaternary alloy Ti0.325V0.275Nb0.275Zr0.125 as a possible hydrogen storage 

material and then systematically investigated the influence of a fifth element (M = Mg, 

Al, Ta) in the material composition M0.1Ti0.3V0.25Nb0.25Zr0.1.19-22 From these results, this 

chapter presents the systematic investigation with another element, lithium, and the 

effects on the storage properties of the alloy by combining Al and Li to a respective 

proportion of 5 %. For the systematic study, the synthesis utilizing reactive milling of 

the same quaternary compound is first presented, which is then used as an internal 

reference for the later discussion. 
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Chapter 2  

2.  Fundamentals of Metal Hydrides 
This chapter presents the fundamentals of the metal-hydrogen system. Conceptually, 

various metals, metal alloys, or intermetallic compounds can react with hydrogen to 

form a metal hydride. This reaction is usually an equilibrium reaction, and the 

equilibrium state is described by the equilibrium pressure curve and varies with 

material composition. After changing the ambient conditions (temperature/hydrogen 

gas pressure) and the equilibrium state, either the metal hydride is formed or leads to 

decomposition into the starting material and hydrogen gas. Due to the reversible 

reaction, these materials can be considered solid-state storage materials with high 

volumetric capacities.  

In general, the following reaction equation 2.1 describes the reversible reaction 

between gaseous hydrogen (H2) and the metal (M) to form metal hydrides (MHx): 

𝑀 (𝑠) +
𝑥

2
 𝐻2 (𝑔)  ⇋  𝑀𝐻𝑥 (𝑠)   + Δ𝐻𝑅             (Δ𝐻𝑅 > 0) (2.1) 

Under adequate reaction conditions depending on temperature and pressure, the 

hydrogen can react with the metal upon thermal energy release (exothermic 

hydrogenation reaction), and the metal hydride can be formed. To reverse the 

reaction, thermal energy needs to be added to the system (endothermic 

dehydrogenation), and the hydrogen can be utilized for other energy conversion 

processes. Besides the hydrogen storage possibilities, this reversible reaction can also 

be used in thermochemical energy storage systems, in which the reaction enthalpy of 

the conversion is used to store and release heat. 

The reversible reaction case described above does not apply to all metals of the 

periodic system since not all metals form a reversible system with hydrogen at 

relevant technical conditions. In order to distinguish the metals, the hydride 

formation enthalpy must be taken into account, after which two groups can be 

identified in the periodic table (cf. Figure 3). On the one hand, metals with a high 

affinity for hydrogen have a negative enthalpy of formation and are called A-

elements (red color code in Figure 3). On the other hand, the non-hydride-forming 

elements have a low affinity for hydrogen and are designated as B-elements (blue 

color code). This subdivision is shown in the following periodic table, taking into 
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account the enthalpies of formation of binary metal hydrides, and also serves as the 

basis for the combinatorial selection criterion for the synthesis of alloys that can form 

metal hydrides. 

 

Figure 3: Periodic table with relative subdivision of A- and B-type elements, taking into account the enthalpies of 

formation of the binary metal hydrides.23 (CC BY 3.0) 

To synthesize hydrogen-absorbing alloys, A- and B-metals are mixed in different 

stoichiometric compositions to obtain a synergetic effect of alloying elements on 

hydride formation by influencing thermodynamic, kinetic and/or macroscopic 

properties such as storage capacity. Typical compositions are: AB (TiFe), AB5 (LaNi5), 

AB2 (ZrMn2) and A2B (Mg2Ni).24  

One of the best-known examples is the TiFe-system, which briefly explains the A- 

and B-elements concept. In the alloy, titanium represents the A-element with a 

negative enthalpy of formation (-144.35 kJ mol-1 H2), and accordingly, the hydrogen 

in the binary Ti/TiH2 system is strongly bound, requiring high temperatures 

(> 400 °C) for the decomposition of the hydride phase.25-26 Iron, on the other hand, has 

a positive enthalpy of formation (+7.9 kJ mol-1 H), so the formation of iron hydride is 

thermodynamically unfavorable.27 The combination of both metals results in an alloy 

that, unlike the individual elements, can reversibly store up to 1.89 wt.% hydrogen at 

room temperature under 5 bar.7, 28 The disadvantage, though, is that this alloy 

requires a complex activation process (high temperatures and pressures) actually to 

perform under the conditions mentioned.29 

Since the hydrogenation process is more complicated, it will be dealt with in the 

following chapters, considering the thermodynamic characteristics. In addition, 
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different classes of metal hydrides are described depending on the types of bond 

(ionic, covalent, or metallic). 

2.1. Metal-Hydrogen System 

As mentioned above, metal hydrides can be synthesized via the reaction between 

gaseous hydrogen and the host material/metal. The formation of hydrides is 

somewhat more complicated than the simple absorption of hydrogen and can be 

divided into more steps.  

For hydride formation, molecular hydrogen first adsorbs on the surface of the metal, 

where the hydrogen molecules dissociate at sufficient energy. The resulting 

hydrogen atoms diffuse on the surface and into the crystal lattice, losing their valence 

electron when crossing the boundary.30 In the crystal lattice, the diffusion processes 

occur via the octahedral and tetrahedral interstitial sites, and the occupation of the 

interstitials is initially disordered. As a consequence, a solid solution is formed, the 

so-called α-phase. As the hydrogen concentration in the crystal lattice increases, the 

hydrogen-hydrogen interaction begins to play an increased role, and the occupation 

becomes more and more ordered. The ordered phase is called β-phase, starts to 

nucleate, and grows with increasing H2 concentration in the crystal lattice.7 

This process can also be explained using the pressure-composition isotherm (PCI). 

For a PCI curve, the equilibrium pressure is plotted against the mass concentration or 

the hydrogen-to-metal ratio, which must be measured under isothermal conditions. 

This is exemplified in Figure 4a) for an ideal binary metal hydride system. Several 

significant areas can be assigned to the process described above in the PCI curve. In 

the case of a low hydrogen concentration, the α-phase is formed first, and the 

equilibrium pressure increases. At a critical hydrogen loading, the α-phase and β-

phase coexist, and a plateau forms at a certain equilibrium pressure. The plateau can 

also be understood as the hydrogen concentration increases, the growth of the β-

phase reduces the proportion of the α-phase. In addition, the plateau gives 

information on the reversible storage capacity of the metal hydride. Furthermore, the 

plateau position of the equilibrium pressure gives a hint about the stability of the 

hydride, which can be seen from the fact that, e.g., unstable hydrides need lower 

temperatures to reach a certain equilibrium pressure. In the third region, the 

equilibrium pressure increases because the material is close to saturation, and 

additional hydrogen uptake causes higher internal stress and therefore requires 

increased pressures.  
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Figure 4: a) Schematic pressure-composition isotherm (PCI) at different temperatures of an ideal system  

b) corresponding van't Hoff plot. 

Moreover, the PCI curves can be used to extract thermodynamic quantities such as 

the enthalpy change of formation, ΔHR, and the entropy change, ΔSR (cf. Figure 4b). 

For this, a sufficient number of isotherms must be measured at different 

temperatures and evaluated using the van't Hoff equation. To obtain the van't Hoff 

equation, the change in Gibbs free energy, ΔG, for the system can be expressed by 

Equations 2.2 and 2.3:  

∆𝐺 =  𝑅𝑇 𝑙𝑛 𝑝𝐻2
 (2.2) 

∆𝐺 = ∆𝐻𝑅  −  𝑇∆𝑆𝑅  (2.3) 

An endothermic process for the dehydrogenation reaction is assumed, which means 

that the hydride phase is more stable than the pure metal.7, 24 By equating the above 

formulas, the van't Hoff Equation 2.4 is obtained. 

𝑙𝑛 𝑝𝐻2
 =   

∆𝐻𝑅

𝑅𝑇
  −

∆𝑆𝑅

𝑅
  

(2.4) 

With the universal gas constant, R, and given temperatures, T, the van't Hoff plot can 

be generated (cf. Figure 4b), and the thermodynamic variables can be determined. 

For the procedure, the pressure is plotted logarithmically against T-1 so that 

according to Equation 2.4, the y-axis intercept (T-1 = 0) describes the change in 

entropy and the slope the enthalpy of reaction divided by R, respectively. In general, 

the change in entropy from metal to its hydride phase is small (10 J K-1 mol-1), so the 

change in entropy for hydride formation is mainly contributed by the entropy 

change of the hydrogen gas from the gas phase to the dissolved solid hydrogen 
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(130 J K-1 mol-1). It can thus be assumed that the entropy change is constant regardless 

of the metal.7, 24 

In contrast to the ideal-thermodynamic binary metal-hydrogen system, realistic non-

ideal systems can have a slope, a hysteresis, or even several plateaus in the measured 

PCI curves. Inhomogeneities of the sample, impurities, or internal stresses can cause 

different parts of the material to absorb hydrogen at different equilibrium pressures, 

which then statistically add up to a slope of the plateau as the sum of many 

individual effects.31-32 The hysteresis of a real PCI curve is characterized by an 

increased equilibrium pressure during hydrogen absorption than during desorption. 

Here, the hysteresis effect is assumed to be due to the plastic deformation of the 

metal hydride required during hydrogen absorption to compensate for the volume 

change of the crystal lattice.32 The volume change is due to the uptake of hydrogen 

and results in a volume increase of the host crystal of ~2.9 Å³ in the vast majority of 

interstitial metal hydrides.33 The last feature, several plateaus, is due to intermediate 

stages of the reaction, as in the case of the pure metal vanadium, for example. The 

hydrogenation of vanadium follows the sequence V  V(H)   V2H  VH2, and 

accordingly shows a PCI with two plateaus.34 

2.2. Classification 

With an electronegativity of 2.2, hydrogen is located in the middle of the Pauling 

scale (0.7 – 4.0). In combination with the wide range of electronegativity of metals, 

the bonding properties of the formed metal hydride can be very different. 

Consequently, metal hydrides can be differentiated according to their ionic, covalent, 

or metallic bond types. However, it must also be considered that this division has 

mainly didactic uses and that the exact distinction between the classifications can 

become blurred. A more detailed discussion can be found in Grochala's work.12, 35 

 Ionic Metal Hydrides 

Ionic metal hydrides are formed when hydrogen interacts with electropositive 

metals, such as alkali or alkaline earth metals. These often form stoichiometric 

hydrides such as LiH or MgH2. The high difference in electronegativity means that 

the metal usually shifts its electron in the direction of hydrogen. Accordingly, the 

cations can be treated as Mn+ and the anions as H-. As a consequence of the ionic 

bond, relatively stable hydrides are formed. The increased stability of LiH, for 

example, is reflected in the decomposition temperature of 720 °C. However, the high 

decomposition temperature and the formation of aggressive lithium gas make using 
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this material technologically tricky, despite the high storage capacity of 12.6 wt.%.35  

Compared to LiH, MgH2 plays a technologically more important role. Although the 

density of magnesium reduces the storage capacity to 7.6 wt.%, the hydrogen can be 

stored reversibly under working conditions (350 – 450 °C). These hydrogen storage 

properties make MgH2 interesting for energy applications such as heat storage.36 

 Covalent Metal Hydrides 

Metals from the p-block of the periodic table, specifically from groups 13 (Al, Ga, and 

In) and 14 (Si, Ge, Sn, Pb), form covalent metal hydrides. The covalent bond type in 

the hydrides often has the effect of forming unstable hydrides. The properties of the 

hydrides formed from the elements of group 14 (Si, Ge, Sn, and Pb) make them 

difficult to use technologically. The coordination environment of the central atoms is 

sufficiently saturated, which is why the hydrides of group 14 are often present in 

molecular form and generate highly flammable gases.35 The hydrides formed from 

the elements of group 13, such as InH3, tend to have polymeric structures, making 

the material's rehydrogenation impractical.37 Aluminum hydride, for example, has a 

high storage capacity (10.1 wt.%), but for direct regeneration from aluminum and 

gaseous hydrogen, pressures above 700 MPa at ambient temperature are required.38 

The so-called complex hydrides, Mmδ+ [MHn]δ-, play a unique role among the covalent 

metal hydrides with n hydrogen. These are formed by combining an electron-

positive metal, often alkali or alkaline earth metal, with a metal-hydrogen complex 

[MHn]δ-.  The electropositive metals push their excess electrons to the complexes so 

that the resulting cation stabilizes the anionic character of the complex. LiBH4, as one 

of these complex metal hydrides, has a very high storage density of 18.5 wt.%, but 

the reaction is not reversible. The complex hydrides are also very reactive to 

atmospheric moisture, making their technological application difficult.39 A more 

promising system is NaAlH4, although this has a reduced reversible storage capacity 

of 5.6 wt.%, the complete decomposition is divided into three steps. However, the 

reaction is reversible at moderate working temperatures with the addition of certain 

titanium catalysts.12, 40 Therefore, this material could still be used for heat storage or 

hydrogen. 

 Metallic Metal Hydrides 

When the metals from the d-block of the periodic table or lanthanide series form 

metal hydrides, the bond is often classified as metallic. This is because they retain 

their metallic appearance and electrical conductivity. However, as mentioned at the 
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beginning, this definition is difficult to support because a bond can also have mixed 

types.35 Regardless of the exact bond type, this class has the distinction of having a 

wide range of non-stoichiometric compositions MHx due to the occupation of the 

interstitial sites. Thus they are also called interstitial metal hydrides. For the 

transition metals, the hydrogen content (x) can vary from 0 to 2, and for the 

lanthanoids, from 0 to 3.41-42 Normally, the crystal structures have a much higher 

number of available interstitial sites compared to the absorbed hydrogen atoms, so it 

could be assumed that even higher occupancies can be achieved. However, the 

occupation is limited, which can be explained by the Switendick criterion. This 

criterion states that due to H-H interactions, two hydrogen atoms cannot be closer 

than 2 Å.43 Switendick's calculations have shown that introducing hydrogen into the 

host metal generates additional states and that the energetic position of these states 

depends on the hydrogen-hydrogen distance. If the distance is too short, the 

energetic states can be above the Fermi level and, therefore, not occupied. A 

meaningful occupation occurs only with an increased H-H distance, which according 

to his calculations is at 2 Å.43 This minimum distance of H-H distance is also 

supported by the Westlake criterion, which takes geometric parameters into 

account.44 As there is a wide range of crystal structures among the interstitial 

hydrides and chemically different compounds, examples will not be given here, as 

the focus is on hydrogen storage in high entropy alloys (HEA), described in more 

detail in Chapter 3.2. In principle, however, alloys in which different elements 

occupy the respective lattice sites can also be included in this class if no 

stoichiometric compounds are formed upon hydrogenation. If the type of alloying 

elements used is also considered, a reduced gravimetric storage capacity is often 

achieved due to their high density. In the literature, a rough limit of 2 wt.% is given, 

but this has already been exceeded by some work on Mg-, Ti- and V-based alloys, 

which then have the disadvantage of low cycle numbers due to degradation, 

complex activation processes or technically inapplicable working conditions.12, 28, 34 

The following is a brief list of the most important properties of metal hydrides that 

need to be investigated so that hydrogen storage materials can be assigned to specific 

applications.  

 The gravimetric storage capacity considers the mass of hydrogen relative to the 

weight of the storage material, including the hydrogen stored in the material, 

and is expressed in wt. %, kg kg-1 or mol kg-1.45  This is an essential parameter 

for the transportation sector, such as onboard applications, as the additional 
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weight of the host material should be low in order not to reduce the efficiency 

of such vehicles.  

 The volumetric storage capacity takes into account the amount of hydrogen per 

unit volume of the storage material and is expressed accordingly in kg m-³ or 

mol m-³. Both gravimetric and volumetric storage capacities are also often 

expressed in energy terms to represent the energy stored in the material, 

kWh kg-1 and kWh m-³, respectively.45 These are especially relevant for 

stationary applications, where as much energy as possible needs to be stored.  

 Long-term cycling stability must be considered, as materials often lose capacity 

over many charge and discharge cycles. For example, the alloy LaNi5.2 has 

been reported to lose up to 20% of reversible hydrogen storage capacity over 

1500 cycles.46 Therefore, long-term cycle stability is essential for all 

applications and must be investigated before the material is used. In the case 

of reduced durability, the storage materials would have to be replaced at great 

expense, which is an ecologically and economically relevant factor. 

 The storage material's sorption and desorption kinetic properties are important 

because these determine the hydrogen adsorption and desorption rate. For the 

application, one must consider both thermodynamic and kinetic quantities. 

Because a material that can meet the expectation of the pressure and 

temperature ranges but could react very slowly to the changing working 

conditions (pressure or temperature), thus limiting the range of applications. 

 Thermodynamic quantities determine the operating temperature and pressure 

ranges. The most interesting variables here are the enthalpy of formation and 

the enthalpy of decomposition, which are expressed in kJ mol-1. These 

determine the amount of hydrogen stored at a certain pressure and 

temperature combination under equilibrium conditions.45 Materials with high 

equilibrium pressures at mild operating temperatures, for example, can be 

interesting for hydrogen compression. Under reduced temperature, the 

materials could be loaded, and heating would result in an increased 

equilibrium pressure at which the hydrogen could be released. 

 Another critical factor in terms of long-term stability is resistance to gaseous 

impurities. Impurities can arise depending on the hydrogen's synthesis 

method; for example, if hydrogen from steam reforming is used, carbon 

monoxide, hydrogen sulfide, or ammonia can be present in the gas. Traces of 

the molecules alone can poison the surface and thus significantly reduce the 

storage capacity over several cycles.45  

 Metal hydrides often need to be subjected to an activation process that opens up 

diffusion paths or removes surface oxides so that the material can be 
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adequately used as a storage material. Activation involves repeated 

hydrogenation and dehydrogenation of the materials until full storage 

capacity is reached. 

 From an economic point of view, the purchase price and, thus, the storage 

medium's cost is relevant. Depending on the application, different quantities are 

required, which can limit the use of expensive materials. 

 The metal hydrides should be as non-toxic as possible to avoid negative 

environmental impacts and health hazards35 
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Chapter 3 

3. Fundamentals of High Entropy Alloys 
High entropy alloys (HEA) belong to a new class of metallic materials and were first 

described independently by Cantor et al. and Yeh et al. in 2004.47-48  In contrast to 

conventional alloys, which typically consist of at least two elements, with at least one 

being a metal, the synthesis of HEAs involves mixing at least four to five elements in 

an equimolar or near-equimolar atomic ratio of 5 to 35 %. Cantor et al. termed this 

type of alloy a multicomponent alloy, but Yeh et al. independently introduced the 

concept of high entropy alloys.47-48 This type of alloy has recently attracted much 

attention as some excellent mechanical properties at high temperatures, magnetism, 

corrosion resistance, energy storage, and conversion have been demonstrated.49-53 

Additionally intriguing is the property that these alloys can form disordered solid 

solutions with simple crystal structures such as body-centered cubic (bcc), face-

centered cubic (fcc), or hexagonal close-packed (hcp).23, 52-53 The property of forming 

single-phase systems over wide concentration ranges makes HEAs unique 

concerning hydrogen storage, as new insights into the influence of individual 

components can be obtained over this large number of unexplored areas 

(concentrations, phases/crystal structures). In the following, the concept of high 

entropy alloys and the material properties investigated so far with regard to 

hydrogen storage are discussed.  

3.1. Concept of High Entropy Alloys 

The concept of high entropy alloys is based upon increasing the configurational 

entropy of mixing elements so that a solid solution is preferred to forming 

intermetallic phases or multiple phases. The mixing entropy ΔSmix of an equimolar 

solid solution consisting of n elements can be described by the Boltzmann Equation 

3.1,  

∆𝑆𝑚𝑖𝑥  =  −𝑅 ∑ 𝑐𝑖 ln 𝑐𝑖

𝑛

𝑖=1

=   𝑅 ln 𝑛 (3.1) 

where R is the gas constant, ci is the molar fraction of the ith element, and n is the total 

number of constituent elements.47, 50 Empirical and statistical investigations have 

shown that the entropy of mixing should have a value of at least 1.6 R so that the 
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formation of a solid solution takes place.50 This is the case when n is five. However, 

considering entropy alone is insufficient to determine a solid solution's formation. 

For this, the Gibbs free energy of mixing ΔGmix must be taken into account, as 

described by Equation 3.2. 

∆𝐺𝑚𝑖𝑥  = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 (3.2) 

With ΔHmix the enthalpy of mixing, T the absolute temperature, and ΔSmix the entropy 

of mixing, formula 3.2 can be used to explain the so-called high entropy effect. From 

a thermodynamic point of view, all possible phases compete with each other, and the 

phase with the lowest Gibbs free energy is usually formed. If it is considered that 

ΔHmix is constant and element-dependent, it can be seen that ΔGmix is minimized by 

maximizing ΔSmix. In the case of five elements, this leads to a minimization of the 

Gibbs energy and, thus, to the stabilization of the disordered solid solution. 

However, this assumption is not generally valid for all materials, as other entropy 

contributions (magnetic, vibrational, and electronic) could play an important role.53 

The ability of HEAs to form a single-phase solid solution is essential for the 

subsequent characterization of hydrogen properties, as the formation of multiple 

phases makes the characterization or unambiguous determination of a system 

complex. Considering the wide range of possible compositions, it quickly becomes 

apparent that additional parameters are needed. Therefore, it is even more important 

for the design of such alloys to have selection criteria that can be used and go beyond 

the explanation of the high entropy effect to predict the formation of such solid 

solutions. Various parameters influenced by the Hume-Rothery rules are proposed in 

the literature.53 These empirically developed rules can help predict a particular 

phase's formation. According to these rules, forming the solid solution phase is 

favored when the alloying elements have similar atomic sizes, electronegativities, 

valences, and crystal structures. Consequently, the atomic size differences (δ), 

electronegativities, valence electron concentration (VEC), and thermodynamic 

parameters should be calculated based on the alloy composition.17-18, 53-54 The 

thermodynamic parameters include the enthalpy of mixing (ΔHmix) and the Ω 

parameter introduced by Zhang et al., which takes into account the enthalpy of 

mixing, entropy of mixing (ΔSmix) and melting temperature (Tm).54 All these 

parameters can be calculated with the following equations: 

𝛿 = √∑ 𝑐𝑖 (1 −
𝑟𝑖

𝑟̅
) ²𝑛

𝑖=1  x 100 (3.3) 

𝛿𝜒 = √∑ 𝑐𝑖 (1 −
𝜒𝑖

𝜒̅
) ²𝑛

𝑖=1  x 100 (3.4) 
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𝑉𝐸𝐶 = ∑ 𝑐𝑖(𝑉𝐸𝐶𝑖)

𝑛

𝑖=1

 (3.5) 

∆𝐻𝑚𝑖𝑥  = ∑ 4∆𝐻𝑖𝑗
𝑚𝑖𝑥𝑐𝑖𝑐𝑗

𝑛

𝑖=1,𝑖≠𝑗

 (3.6) 

Ω =
𝑇𝑚ΔS𝑚𝑖𝑥

|Δ𝐻𝑚𝑖𝑥|
 (3.7) 

𝑇𝑚  =  ∑ 𝑐𝑖(𝑇𝑚)𝑖

𝑛

𝑖=1

 (3.8) 

𝑟̅  =  ∑ 𝑐𝑖𝑟𝑖

𝑛

𝑖=1

 (3.9) 

𝜒̅  =  ∑ 𝑐𝑖𝜒𝑖

𝑛

𝑖=1

 (3.10) 

In the formulas, the subscript i refers to the ith element. Otherwise, ri, χi, VECi stand 

for the respective element's atomic radius, electronegativity, and valence electron 

concentration. The formulae 3.9 and 3.10 correspond to the average atomic radius 

and the average electron negativity, respectively, ci and cj describe the atomic 

fractions, Δ𝐻𝑖𝑗
𝑚𝑖𝑥 is the enthalpy of mixing of elements i and j at the equimolar 

concentration in regular binary solutions. Tm without index is used to describe the 

theoretical melting temperature of the alloy with respect to the individual 

components.  

In order to obtain these empirical based formulas, much effort was put into 

evaluating many alloy compounds. Zhang et al. suggested that alloys with an atomic 

difference below 6.6 % and Ω > 1.1 tend to form stabilized solid solutions.16, 54 It is 

also suggested that the enthalpy of mixing should be in a range from  

-15 kJ mol-1 to 5 kJ mol-1 for solid solution formation.15-16, 50 Materials not meeting this 

condition tend to form intermetallic, precipitates, or amorphous phases. Guo et al. 

followed this empirical method by correlating the valence electron concentration 

with the expected crystal structure (bcc, hcp, or fcc).17-18 It was found that alloys with 

VEC < 6.87 tend to form bcc alloys, and for VEC > 8, the formation of fcc phases is 

preferred.17-18 These findings represent a powerful tool in terms of the development 

of single-phase metal alloys. Because for hydrogen storage, the crystalline structure is 

important with respect to the number of interstitial sites, considering that the bcc 

phase offers 12 tetrahedral interstitial sites that can potentially be occupied by 

hydrogen. In comparison, the fcc structures offer only 8 tetrahedral interstitial sites. 

However, it must be emphasized that the VEC selection rule was mainly applied to 
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alloys consisting of transition metals and that sufficient information on non-

transition metals is lacking in the literature.18 Nevertheless, these selection rules 

provide good guidelines for exploring the broad field of high entropy alloys. 

3.2. Hydrogen Storage in High Entropy Alloys 

Since the introduction of the HEAs concept in recent years, more and more effort has 

been put into the research of high entropy alloys. This includes not only the 

previously mentioned outstanding properties in terms of mechanical stability but 

also the interest in hydrogen storage materials has grown steadily. The broad scope 

for design concerning the concentrations of the alloying elements opens up a vast 

and still relatively unexplored field. At the present time, there are still few 

indications of exactly which parameters influence which storage properties. So far, 

three reviews have been published in the literature that carefully summarized these 

properties.23, 55-56 The most important properties are briefly discussed below. 

First, it should be emphasized that the alloys studied so far had different crystal 

structures (bcc or ordered intermetallic structures like C14 Laves phases).  According 

to the number of publications, most of the effort has been put into the research of bcc 

alloys, and a minor part into C14 Laves phases.23 In terms of hydrogen 

absorption/release, the C14 alloys maintain their structure, except that the lattice 

constant varies with the occupation or depletion of the interstitial sites.55 The bcc-

alloys, on the other hand, show a different mechanism. With increasing hydrogen 

concentration, the bcc phase expands until a symmetry change from bct, or fcc bi-

hydrides occurs.55 This mechanism is reversible upon hydrogen release, and the 

bct/fcc phase reverts to the previous bcc phase. This mechanism of expanding and 

symmetry change can be understood as the breathing of the material.34. Furthermore, 

the crucial parameters of the disordered solid solutions with simple cubic phases, 

which structurally differ from the Laves phases, will be discussed in the following 

since the main focus of this work is on the synthesis as well as the investigation on 

solid solutions with simple cubic phases. 

The bcc HEAs studied so far from the literature have very different chemical 

compositions, complicating the correlation of the respective parameters with the 

hydrogen storage capacities. The compositions of these alloys vary from pure A-

elements to materials composed only of B-elements. Most commonly, 3d and 4d 

transition metals have been used for synthesizing these alloys, with 80 % of the 

elements used being titanium, vanadium, and zirconium.23  However, attempts have 

been made to increase the gravimetric storage capacity by adding lightweight 
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elements such as aluminum, magnesium, and scandium to the alloys, but this has not 

led to a general increase of the capacity, as the complex interactions of the individual 

alloying elements seem to play an essential role.57-61 

The publication by Sahlberg et al. proved to be a propellant for the interest in high 

entropy alloys. The bcc alloy consisting of TiVHfNbZr showed an exceptionally high 

hydrogen uptake with a hydrogen-to-metal (H/M) ratio of 2.5 (corresponding 

gravimetric capacity of 2.7 wt.%) at 573 K and 5.3 MPa, which is usually expected to 

be 2 for bcc transition metal hydrides. To achieve such a high H/M ratio of 2.5, the 

tetrahedral and part of the octahedral interstices have to be filled since the complete 

occupation of the tetrahedrons and the octahedral interstices lead to a H/M ratio of 2 

and 1, respectively. The occupation of both interstices is not the case, though, in bcc 

alloys or their individual elements, since the distance between the interstitial sites is 

less than 2 Å and thus violates the Switendick criterion.41, 43, 62 The authors have 

suggested high lattice strain caused by the atomic mismatch (δ ~ 6.8 %) as the reason 

for the occupation of the tetrahedral and octahedral interstices for this unusual 

hydrogen uptake.41 Further investigations using neutron scattering on the same alloy 

composition confirmed the assumption that the occupation of the tetrahedral and the 

octahedral interstices takes place. Karlsson et al. showed by neutron diffraction 

experiments that the occupation of the respective interstitials is approximately equal 

at high temperatures (53: 47). After cooling the samples, the occupation changed so 

that 92 % of the tetrahedral and 5.2 % of the octahedral gaps were filled, 

corresponding to H/M of 1.91 at 1 MPa.63 The high H/M ratio of 2.5 was measured at 

a pressure of 5.3 MPa. Thus, the pressure difference of 1 to 5 MPa during the 

respective experiment could cause a difference in the H/M ratio. However, any alloy 

has not reproduced the high H/M ratio of 2.5 in subsequent investigations.23 

Nygard et al. further pursued the hypothesis that the high H/M ratio is due to the 

high lattice mismatch by studying different alloys based on TiVZrxNbTa(1-x) and 

TiVZr(1+x)Nb.64  Varying the zirconium or tantalum content resulted in alloys with bcc 

phases, where the atomic size mismatch δ was adjusted from 3.53 % to 6.34 %. None 

of the alloys studied could reproduce the high H/M ratio of 2.5. All alloys were in the 

corresponding dihydride phase (fcc or bct) after hydrogenation with a H/M ratio of 

about 1.9, indicating no trend between hydrogen capacity and atomic size mismatch. 

However, Nygard et al. found that the zirconium content in the alloys plays an 

essential role in phase stability—alloys with a Zr content higher than 12.5 at.% 

tended to phase segregate and thus lose their potential cycling properties—the 

materials below 12.5 at.% Zr content, on the other hand, showed increased stability to 



Fundamentals of High Entropy Alloys 

 

24 
 

high temperatures, in which the initial bcc phase was recovered after a 

hydrogenation cycle. In addition, the study revealed that an increasing zirconium 

content leads to a more stable hydride phase, as shown by the increasing 

dehydrogenation temperature.64 

Another critical parameter is the valence electron concentration (VEC). The influence 

of this parameter has already been addressed in several papers in the literature.65-67 

The working group around Nygard et al. systematically investigated whether a 

correlation exists between the VEC and the hydrogen storage behavior.65 They 

investigated different alloy compositions based on the ternary system TiVNb and 

added different elements (Zr, Hf, Ta, Cr, Mo, and mixtures) to scale the VEC. The 

study shows that the hydride phases are destabilized with increasing VEC, showing 

a two-step dehydrogenation process. However, the influence of VEC mainly affected 

the onset of the second dehydrogenation stage. The results concerning the hydrogen 

capacity indicate that alloys with a VEC above 5 showed a lower hydrogen 

absorption (H/M ≤ 1.5), whereas the materials with a VEC below 5 showed a H/M 

ratio of about 2. In further theoretical work, Reverse Monte Carlo structure models 

were used to investigate the influence of the VEC on a local level. The findings show 

that the occupation probability of interstitial sites is increased when the local VEC is 

reduced.66 When both papers are considered together, this strongly supports the 

assumption that VEC can be used to tune the hydrogen storage properties in terms of 

stability. However, it is unclear from this works whether the chemical nature of the 

alloying elements has the most significant influence. This question was then 

addressed by Silva et al. by studying three different alloys ((TiVNb)85Cr15; 

(TiVNb)95.3Co4.7; (TiVNb)96.2Ni3.8) with the same VEC of 4.87. The results did not show 

any significant differences in their hydrogenation properties (the equilibrium plateau 

pressure, the H/M ratio, and the structure of the hydride phase), although the 

chemical composition of the alloys varied greatly.23, 67 This suggests that the valence 

electron concentration plays a significant role in the hydrogen storage properties of 

the alloys and might be used to tune their properties. 

As mentioned at the beginning, the approach of increasing the gravimetric storage 

capacity of alloys and the corresponding hydrides has also been pursued by adding 

light metals such as aluminum or magnesium. Adding such low-density elements is 

intended to lower the average molar weight of the alloys and thus increase the 

storage capacity. However, the synthesis of such alloys initially turns out to be 

difficult, as the work of Sun et al. has shown.68 In this study, the influence of light 

elements in various HEAs was investigated. The focus was on stability, taking into 
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account the synthesis methodology (conventional melting, rapid solidification 

processes, and mechanical alloying). The results indicate that adding magnesium to 

the alloys synthesized by melting processes led to the formation of intermetallic 

phases. Only the second process step, mechanical alloying, a non-equilibrium 

technique, led to the formation of solid solutions.68 When synthesizing such alloys, 

the vapor pressure and/or the melting point of the alloying elements also play an 

essential role. For example, since titanium has a melting point of 1668 °C and lithium 

(Tm ~ 180 °C) is to be added to the alloy to lower the density, the melting point and 

vapor pressures differ immensely at the temperatures required for synthesis.69-70 The 

high temperatures required for the melting process can lead to the evaporation of the 

elements with high vapor pressure and complicate the adjustment of the exact 

concentrations in the alloys. On the other hand, mechanical alloying with high-

energy ball mills takes place at room temperature, which is advantageous since the 

equilibrium vapor of the respective element and equilibrium processes plays a minor 

role. 

Apart from the difficulty of synthesizing low-density HEAs, it has also been shown 

that mechanical alloying has a positive effect on the hydrogen desorption properties 

obtained. In the work of Montero et al., the same alloy composition, 

Ti0.325V0.275Nb0.275Zr0.125, has been synthesized by three different methods, arc-melting, 

high energy ball milling, and reactive milling. The hydrogen desorption behavior of 

all three samples was different. The reactive milled alloy showed the lowest 

desorption temperature, followed by the arc-melted and mechanical alloyed samples. 

Several reasons for this order are given in the literature:  the microstructure, surface 

passivation, and the history of the sample (exposed to air, cycled).19 This behavior, 

that ball milling positively affects the hydrogen storage properties, was also 

demonstrated for the pure Mg/MgH2 system. The effect of the mechanical forces 

during ball milling improved the adsorption kinetics of the processed Mg. The 

reason for this is an increased defect density (grain boundaries) and a reduced 

crystallite size. Besides the positive effect of mechanical processing on the adsorption 

kinetics of the metal hydrides, this effect is expected to be enhanced under a 

hydrogen atmosphere during reactive milling.36 The brittle mechanical properties of 

the hydride phases can lead to increased nanostructuring during mechanical action 

and thus further improve the adsorption kinetics.36 This is also reflected in the results 

where the desorption temperature of the reactively milled sample is the lowest 

compared to the arc-melted and mechanical alloyed sample.19  
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Reactive milling as a synthesis method was also first demonstrated in the work of 

Zepon et al. In the study, an alloy based on MgZrTiFe0.5Co0.5Ni0.5 was synthesized, 

and its hydrogenation was investigated.58 The sample synthesized under an inert 

atmosphere exhibited a bcc structure after alloying, showing a mixed bcc and fcc 

hydride phase after hydrogenation (H/M 0.7; 1.2 wt.%). Alternatively, the same 

composition was synthesized by reactive milling under a hydrogen atmosphere. As a 

result, the product obtained could be identified as a pure fcc hydride phase, but no 

hydrogen amount was given.58 Taking these findings into account, reactive alloying 

promotes hydrogen uptake in such alloys.  
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Chapter 4 

4. Methodology 
This work aimed to investigate various high-entropy alloys that could be used as 

solid hydrogen storage materials. For this purpose, the initial focus was on 

synthesizing individual alloys, with particular attention paid to using light metals 

(Al, Li, and Mg) and substituting individual elements (c.f. Chapter 1.3). Since using 

light metals complicates the applicability of conventional melting processes due to 

the strongly varying vapor pressures, mechanical alloying was applied as the 

synthesis strategy. Mechanical alloying is explained in more detail below, along with 

the related process of reactive milling. Subsequently, the characterization methods 

are presented, divided into structural and chemical characterization and 

characterization of hydrogen storage properties. 

4.1. Synthesis by Mechanical Alloying 

Mechanical alloying fundamentally belongs to the field of mechanochemistry, where 

high-energy ball mills initiate a chemical reaction by applying mechanical energy. 

Specifically, in mechanical alloying, blended elemental solid powders are alloyed by 

means of repeated welding, fracturing, and re-welding of powder particles to 

produce desired material compositions. A special feature of the process is that it is a 

non-equilibrium process, which allows the synthesis of non-equilibrium phases, such 

as metastable crystalline and quasi-crystalline phases, nanostructured alloys, and 

supersaturated solid solutions.71 

The energy required for the alloying process is provided in high-energy ball mills via 

the impacts and frictions of the accelerated milling balls. The impacts of the balls 

then lead to the transfer of mechanical energy in three different forms via high 

impact, shear, and torsional forces.72 The energy transfer can trigger various 

phenomena in the mill feed, depending on the mechanical properties. Ductile metals 

have been shown to flatten and harden at the beginning of the process. The strong 

plastic deformation leads to the particles' solidification and fracture. Brittle metals, 

on the other hand, are directly crushed upon collision. Fracturing in both cases, 

however, leads to the formation of new surfaces, which are then reassembled via 

cold welding, which initially increases the particle size at the beginning of the 
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alloying process. From a certain degree of hardness of the material, further milling 

leads to a size reduction and homogenization of the particles. In the literature, 

different systems, whether ductile-ductile, ductile-brittle, or brittle-brittle, have been 

described with different alloying mechanisms.71, 73-74  

In addition, the form of energy transfer has to be considered, which strongly depends 

on the mill used, and it is characterized by the motion of balls and mills. These types 

of mills are distinguished by the following nomenclature: planetary mills, shaking 

mills, attritor mills, and drum mills.71 It should be mentioned that attritor mills and 

drum mills are mainly used for upscaling processes, while planetary and shaking 

mills are mainly used on a laboratory scale. Planetary and shaking mills differ 

regarding energy transfer from balls to processed powders. In the case of the shaking 

mills, it is assumed that the intensity of the impact forces is more pronounced in the 

relationship between shear and impact forces. Nevertheless, since planetary mills 

were mainly used for mechanical alloying in this work, they will be described in 

more detail in the following. Principally, planetary mills are named after their motion 

method, as the milling jars are moved in a planetary motion. The cylindrical grinding 

jars are mounted opposite each other on an axially rotating disk and are 

simultaneously rotated around their own axis. Based on the disc and grinding jar 

rotation, the two resulting centrifugal forces act on the grinding balls and powder. 

The combination of both centrifugal forces leads in superposition to an alternating 

force field from the inside to the outside so that the grinding balls initially run along 

the inner wall of the grinding jar (friction effect), and when the direction of the forces 

changes, lift-off occurs and the balls can then hit the opposite wall by impact (impact 

effect).71  

If all the effects described above are taken into account, there are important process 

parameters that have an influence on the alloying process and which are explained 

briefly below:  

 Milling equipment: The material of the grinding jars and the balls play an 

important role, and these are usually made of stainless steel, tungsten carbide, 

zirconia, or other hard materials (nitrides, carbides). The materials' density 

and mechanical properties directly influence the energy exchange between the 

ground stock and the balls. In addition, milling equipment’s materials vary in 

their wear resistance, which has to be considered in terms of contaminations.  

 Milling speed: The milling speed directly influences the balls' kinetic energy, 

which ultimately allows the energy input to be directly controlled. There are 

limitations with planetary mills, though, since, at too high rotational speeds, 
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the balls can be pinned to the inner wall, which minimizes the impact effect or 

even the whole conversion. Typical milling speeds are between 200 and 

800 rpm, whereby the choice depends on the design of the ball mill used. 

 Milling time: The milling time is essential to consider, as this can be used to 

decide whether the alloying process is complete. Depending on the elements 

used, this can vary greatly and is an important criterion to be checked. In 

addition, longer milling leads to higher contamination due to abrasion, so 

materials should only be milled for as long as necessary for synthesis. In the 

literature, synthesis times for different systems vary from one hour to 400 or 

even more hours.71 

 Ball-to-powder weight ratio (BPR): The BPR significantly influences the milling 

time required, as it can vary the number and intensity of impacts. The higher 

the BPR, the more impacts in relation to the ground material take place, and 

consequently, the required milling time is reduced. Care must be taken with 

the fill level, as the balls require a certain free volume to be accelerated to the 

appropriate velocities. Typical BPRs are 10:1 or 20:1, but these have also been 

reported from 1:1 up to 220:1.71 

 Milling atmosphere:  The milling atmosphere mainly concerns contamination 

since some metals, such as lithium, for example, can react with nitrogen and 

thus form undesired nitrides.71 Therefore, alloying is often carried out under 

inert gas atmospheres such as argon or helium.  

 Process control agent (PCA): Since alloying can only occur if there is a balance 

between cold welding and fracturing, a PCA is often added to the powder 

mixture. The PCA can be understood as a surfactant that changes the surface 

energy of the particles and thus reduces the cold welding effect. It should also 

be considered that it can be incorporated as a contaminant into the alloy 

forming carbides.71 Typical PCAs are ethanol, benzene, hexane, toluene, or 

stearic acid.71 

 

In order to achieve a successful alloying process, it is necessary to maintain a balance 

between cold-welding and fracturing of the particles. If this balance is not achieved 

and the cold-welding effect is more pronounced, this can lead to the materials 

sticking to the mill equipment and thus significantly reducing the yield. One 

approach, as described above, is the addition of PCAs during mechanical alloying to 

influence the surface properties of the powders. Another approach involves the 

direct synthesis of the hydride phases under a hydrogen atmosphere, which is an 

adapted form of mechanical alloying and is called reactive milling. Milling under a 
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hydrogen atmosphere leads to direct hydrogenation of the metals and thus changes 

their mechanical properties, reducing the ductility of the metals and the cold-

welding effect with the direct synthesis of metal hydrides. This is an excellent 

approach for synthesizing new metal hydrides because the materials are directly 

hydrogenated in this way. Furthermore, a more complex technological effort must be 

considered in terms of autoclave construction. The grinding jars must simultaneously 

withstand the conditions of mechanical stress and high pressure to provide a 

sufficient amount of hydrogen without damage. In addition, it is also necessary to 

verify whether the alloying process can occur when the metals are in hydrogenated 

form. 

All samples presented in this work were prepared either by mechanical alloying or 

reactive milling, whereby three different types of mills (Emax from Retsch, Pulverisette 

6, and 7 from Fritsch) were used. Pure metals were used for the syntheses, and 

details on purity and suppliers can be found in Table 2. 

Table 2: Overview of chemicals used with manufacturer and specification. 

Element Form Size Purity Distributor 

Aluminum Powder -325 mesh 99.5% Alfa Aesar 

Hafnium Powder -325 mesh 99.6% abcr GmbH 

Iron Powder 5-9 µm 99.5% Sigma Aldrich 

Lithium Granular 4-10 mesh 99% Sigma Aldrich 

Magnesium Powder -325 mesh 99.8% Alfa Aesar 

Niobium Powder -45 µm 99.8% abcr GmbH 

Titanium Powder -60+100 mesh 99.5% Alfa Aesar 

Vanadium Powder -325 mesh 99.5% abcr GmbH 

Zirconium Powder -50 mesh 99.5% abcr GmbH 

 

All samples were prepared and manipulated exclusively under an inert gas 

atmosphere in a glove box to avoid oxygen contamination (argon, O2 < 0.1 ppm, 

H2O < 0.1 ppm). In the following, the respective types and process parameters are 

assigned to the respective chapter. 
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Chapter 5: Mechanical alloying of the AlLiMgTiZr compounds, the Emax model from 

Retsch was used. The elemental powders were weighed according to the molar 

ratios, 1:1:1:1:1 (in total ~2 g), and transferred to a 50 ml oval tungsten carbide 

grinding jar (Figure 5a). Tungsten carbide grinding balls (Ø 5 mm) were used as 

grinding media and the BPR was varied between 20:1, 40:1, and 60:1. The jars are 

sealed with a Viton® gasket to prevent atmospheric exchange during the milling 

process. The milling process was performed in cycles, and one cycle consisted of 10 

minutes of active milling with a one-minute break. Since the process conversion was 

unclear, tracking experiments were carried out. The milling process was stopped in 

between, and small samples were taken for further investigation. As PCAs, different 

solvents (Ethanol, n-hexane, and toluene; 7 – 8 wt.%) were used. The solvents were 

dried by conventional methods to reduce the dissolved water content. The exact test 

details are assigned to the individual results and described in the evaluation. 

Reactive milling was adapted from the publication of our collaboration partners 

(Zepon et al.).23, 58 The elements were weighed in stoichiometric ratios (total ~3.6 g) 

and sealed in a high-pressure stainless steel jar (volume ~50 ml) with 18 stainless 

steel balls (Ø 10 mm). The BPR was fixed at 20:1, and the milling jar was pressurized 

up to 30 bars H2. The milling was carried out on a Fritsch Pulverisette 6 planetary 

ball mill at a speed of 600 rpm and was performed in cycles. One milling cycle 

included 30 minutes of milling and a 5 minutes break in between, followed by a 

direction reversal. In total, the milling process lasted for 24 hours. After the process, 

the jar was depressurized, and the product was collected for further experiments. 

The grinding jars are equipped with a unique filter lid (Figure 5b), so no powder can 

escape when the pressure is released. One experiment deviated from the prescribed 

procedure by using 10 stainless steel grinding balls (Ø 10 mm) so that 2 g of powder 

with a BPR of 20:1 were weighed in. The grinding jar was pressurized with 180 bar 

hydrogen, and the grinding process was carried out at 450 rpm. One cycle consisted 

of 10 min of grinding and one minute of pause followed by a direction reversal. 

Chapter 6: Mechanical alloying of the high entropy alloys based on TiVNbZr was 

carried out on Pulverisette 7 from Fritsch. According to the stoichiometry in Table 3, 

the elemental powders were weighed (in total ~3.25 g) and transferred to a 45 ml 

stainless steel grinding jar (Figure 5c). The BPR was fixed to 26:1, and 20 stainless 

steel balls (Ø 10 mm) were used. The grinding jars were sealed with 

polytetrafluoroethylene (PTFE) gaskets and encapsulated with duct tape to establish 

a second barrier against an atmospheric exchange. One grinding cycle included 

15 minutes of grinding at 700 rpm, and after each step of ball milling, the powder 
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was scraped from the inner walls of the grinding jar by hand, and a small sample 

was taken. The total grinding times differ taking into account the alloying progress. 

Table 3: Targeted chemical composition. 

Ti0.325V0.275Nb0.275Zr0.125 Li0.1Ti0.3V0.25Nb0.25Zr0.1 Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 Al0.1Ti0.3V0.25Nb0.25Zr0.1 

 

Reactive milling of the alloys was carried out on Pulverisette 6 from Fritsch. 

According to the stoichiometry in Table 3, the elemental powders were weighed (in 

total ~3.6 g) and transferred to a 50 ml stainless steel grinding jar. The BPR was fixed 

to 20:1, and 18 stainless steel balls (Ø 10 mm) were used. After sealing, the pressure 

was increased to 30 bars of hydrogen. A grinding cycle consisted of 30 minutes of 

grinding at 600 rpm followed by 10 minutes of pauses and a subsequent reversal of 

direction. The grinding was interrupted to monitor the alloying progress by taking 

small samples. Subsequently, the grinding jar was closed and pressurized again with 

30 bar H2, and the grinding process continued.  

 

Figure 5: Photographs of the grinding jars: a) tungsten carbide grinding jar for Emax; b) stainless steel high-

pressure grinding jar with filter system for Pulverisette 6; c) stainless steel grinding jar for Pulverisette 7.  

4.2. Characterization 

This work mainly comprises experimental results on synthesizing novel alloys and 

their hydrogen storage properties. In order to obtain a comprehensive picture of the 

samples and, from this, a chemical correlation with their hydrogen storage 

properties, various analytical techniques were employed. Primarily, structure-

resolving techniques such as X-ray scattering, but also imaging techniques of electron 

microscopy were used. These techniques are briefly presented below, and the main 

parameters are recorded. Finally, the techniques used to determine hydrogen storage 

properties are presented. 



Methodology 

 

33 
 

 Structural and Chemical Characterization 

Different analytical techniques have to be combined to analyze novel alloys. X-ray 

diffraction (XRD) experiments can be applied to study alloys' crystalline and 

structural properties. Imaging techniques such as energy dispersive X-ray 

spectroscopy (EDX) can be used to obtain information on the chemical composition, 

e.g., elemental distribution within the alloy. Since some samples contain lithium and 

quantification of lithium by EDX was initially not possible, elemental analyses by 

classical dissolution method were also performed to validate the respective methods 

against each other.  Information on morphology can be obtained by scanning electron 

microscopy (SEM), an imaging technique. With the help of the high-resolution 

transmission electron microscopy method, information about the crystallite size can 

be obtained, and high-resolution elemental distributions can be obtained utilizing 

EDX. 

X-Ray diffraction (XRD) 

Powder X-ray patterns were recorded in Debye-Scherrer geometry on a STOE Stadi P 

diffractometer using Mo radiation (0.7093 Å), equipped with a primary Ge(111) 

monochromator (Mo Kα1) and a position-sensitive Mythen1K detector. A 50 kV and 

40 mA generator setting was applied to generate X-rays. Data were collected between 

5° and 50° with a step width of 0.015°. The measuring time per step was 40 s. For 

each sample, several scans were collected and summed after data collection. Sample 

preparation was performed in the glove box under an argon atmosphere. The 

powder samples were carefully ground with a pestle and mortar and placed in boron 

glass capillaries with a diameter of either 0.3 or 0.5 mm. The capillaries were sealed 

in the glovebox with vacuum grease and permanently sealed outside using a flame 

torch. The measured patterns were evaluated qualitatively by comparison with 

entries from the ICCD PDF-2 powder patterns database and simulated data (crystal 

structure data were taken from the ICSD database, FIZ Karlsruhe). Assuming that the 

samples were in simple cubic and hexagonal phases crystal structures (space group: 

Fm3̅m, Im3̅m, P63/mmc), the lattice parameters were refined using the Pawley 

method.75 For this purpose, the TOPAS6 software was used.76 The instrumental 

broadening was determined by an external silicon standard, considering the simple 

axial model and the Thompson-Cox-Hastings pseudo-Voigt peak shape function. In 

addition, the macro for the whole powder pattern modeling was applied to 

determine the volume-weighted average crystallite size.77-81 
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Scanning electron microscopy (SEM) 

Morphological information about the samples was collected using scanning electron 

microscopy (SEM). The analysis were performed on a Hitachi TM3030 PLUS table-

top scanning electron microscope equipped with an Xplore Compact 30 detector 

from Oxford Instruments and operated at an acceleration voltage of 15 kV. Since the 

samples were all pyrophoric or highly flammable after synthesis, small sample 

volumes were transferred to a snap vial and passivated overnight in the air by 

inserting a syringe into the lid. The passivated samples were then fixed on carbon 

tape and analyzed in the instrument. Chemical compositions were determined using 

scanning mode to obtain an elemental distribution map. Since the samples were 

passivated with oxygen as previously described, the elements were quantified 

relative to each other, not considering the oxygen content. 

Transmission electron microscopy (TEM) 

High-resolution transmission electron micrographs (HR-TEM) were collected with a 

Cs probe-corrected Hitachi HD-2700 microscope at an acceleration voltage of 200 kV 

equipped with a cold field emission gun and two EDAX Octane T Ultra W EDX 

detectors. For this instrument, a sample holder was used that allows transfer under 

an inert atmosphere (Ar) to exclude possible oxidation of the samples. All samples 

for the HR-TEM measurements were sprinkled dry on lacey carbon-coated copper 

grids.  

Elemental Analysis (EA) 

Additional elemental analyses (EA) were performed to verify the elemental 

distribution maps. For this purpose, inductively coupled plasma and optical 

emission spectrometry (ICP-OES) measurements were performed with a 

SPECTROGREEN DSOI instrument equipped with UVPlus optics (165 – 770 nm and 

optimized Rowland Circle Alignment) and carried out in crossflow. The samples 

were dissolved in a solution of nitric acid (67 %; 2.5 ml) and hydrochloric acid (37 %; 

7.5 ml) under an argon atmosphere using an Anton Paar Multiwave 5000. The 

samples were heated to 90 °C and then to 180 °C. After cooling to room temperature, 

the solution was transferred to tared 50 ml centrifuge tubes and made up to 50 ml 

with deionized water. Some samples were diluted a second time to obtain a uniform 

concentration level. As standard solutions, various volumes of commercial standards 

(1 g L-1) of Berndkraft were mixed and filled up to 50 ml. From this solution, a 

dilution series was prepared to obtain a calibration curve for the respective elements. 
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Each value is an average of a 3-fold determination of signal intensity in counts at a 

given wavelength (cf. Appendix 9.2). 

One elemental analysis was carried out by Mikroanalytisches Laboratiorium Kolbe 

(Mülheim, Germany) via atomic absorption spectroscopy.  

Raman spectroscopy  

The Raman data were collected with an InVia spectrometer (Renishaw Ltd., Wotton-

under-Edge, U.K.) with an excitation wavelength of 532 nm at a laser power of 

5 mW. A spectral resolution of 1 cm-1 was obtained through an 1800 mm-1 grating. 

The laser was focused on the sample with a 50× objective. Three spectra were 

measured at three locations on the sample with 10 seconds per step, repeated three 

times, and summed up.  

 Characterization of Hydrogen Storage 

Properties 

For the development of hydrogen storage materials, the investigation of their 

hydrogen storage properties is essential to evaluate their usability for specific 

applications. As described in Chapter 2.1, these properties include the maximum and 

reversible hydrogen capacity, the kinetics (absorption, desorption time as well as 

activation energies), and the thermodynamic parameters of the reaction (equilibrium 

pressure, reaction enthalpy as well as absorption- and desorption temperatures).   

With regard to the storage capacity, it has become common practice that the capacity 

is given in H/M or wt.%. The H/M ratio at this point allows comparison between 

different alloys since an accurate ratio is given at the elemental level of hydrogen to 

metal, and the density of the host material is neglected. This allows different alloys to 

be better compared to their molecular storage capacity. The following equation is 

used to convert the H/M ratio from the weight percent, 

𝑤𝑡. % =  
(𝐻

𝑀⁄ ) 𝑀𝐻

𝑀𝐻𝑜𝑠𝑡 +  (𝐻
𝑀⁄ ) 𝑀𝐻

∙ 100  (4.1) 

where H/M is the hydrogen-to-metal or material host atom ratio, MH is the molar 

mass of elemental hydrogen, and MHost  is the molar mass of the host material or 

metal.45 The weight percent, on the other hand, can be described by Equation 4.2,  

𝑤𝑡. % =  
𝑚𝐻2

𝑚𝐻2
+  𝑚𝐻𝑜𝑠𝑡

∙ 100  (4.2) 
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where 𝑚𝐻2
 is the mass of hydrogen and 𝑚Host is the mass of the host material.45 The 

weight percent is also common because it incorporates the weight of the metal and is 

thus an important parameter depending on the application. The weight percent is 

also initially the parameter that can be determined experimentally and is accessible 

via various methods (manometric or gravimetric).  

Sievert’s Method 

The most common manometric technique is the so-called Sievert method. The 

principle is based on the stepwise measurement of hydrogen uptake and is related to 

recording the pressure change in a precisely calibrated volume during the 

absorption/desorption of hydrogen. The relationship between the mole number and 

the pressure described by the ideal gas law can be used to convert the pressure 

change (under isochoric and isothermal conditions) into a molar number change to 

obtain hydrogen uptake. Since real gases often deviate from the ideal behavior, 

which is, for example, taken into account in the compression coefficient Z, the real 

gas equation (pV/nRT=Z) is used for the methodology (cf. Eq. 4.3).82 An experimental 

setup is illustrated in Figure 6, on which the measurement principle is briefly 

explained.  

 

Figure 6: Schematic illustration of the Sieverts apparatus.  

For the measurement methodology, a calibrated reference volume (Vref) is filled with 

hydrogen at a specific pressure (pref) at temperature Tref. Then, by opening valve V1, 

the gas is expanded into the volume of the sample chamber (Vsample) at temperature 

Tsample, and a system pressure psys throughout both volumes (Vref + Vsample) is 

established. Since Vref and Vsample are calibrated, the pressure drop caused by the 

expansion can be estimated using Boyle's law. Each further pressure change 

corresponds to the hydrogen uptake/release of the sample. Typically, several small 
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pressure doses are applied to the material so that the hydrogen uptake can be 

monitored in smaller steps, and Equation 4.3 can describe the number of mole of 

hydrogen uptake/release for the kth-step:  

∆𝑛𝐻
𝑘 = 2 {[

𝑝𝑟𝑒𝑓
𝑘

𝑍(𝑝𝑟𝑒𝑓
𝑘 , 𝑇𝑟𝑒𝑓

𝑘 )𝑅𝑇𝑟𝑒𝑓
𝑘

−
𝑝𝑠𝑦𝑠

𝑘

𝑍(𝑝𝑠𝑦𝑠
𝑘 , 𝑇𝑟𝑒𝑓

𝑘 )𝑅𝑇𝑟𝑒𝑓
𝑘

] 𝑉𝑟𝑒𝑓

− [
𝑝𝑠𝑦𝑠

𝑘

𝑍(𝑝𝑠𝑦𝑠
𝑘 , 𝑇𝑠𝑎𝑚𝑝𝑙𝑒

𝑘 )𝑅𝑇𝑐𝑒𝑙𝑙
𝑘

−
𝑝𝑠𝑦𝑠

𝑘−1

𝑍(𝑝𝑠𝑦𝑠
𝑘−1, 𝑇𝑠𝑎𝑚𝑝𝑙𝑒

𝑘−1 )𝑅𝑇𝑠𝑎𝑚𝑝𝑙𝑒
𝑘−1

] [𝑉𝑠𝑎𝑚𝑝𝑙𝑒 −
𝑚𝑥(𝑛𝐻

𝑘 )

𝜌𝑥(𝑛𝐻
𝑘 )

]}  

(4.3) 

 

Equation 4.3 also considers the correction by the sample volume Vx=mx/ρx, which in 

turn depends on the hydrogen content of the material.82 The total change in 

hydrogen content of the sample can then be obtained by the sum of the individual 

steps. At each step, a waiting time is applied until the pressure change approaches 

zero so that the system can be assumed to be at equilibrium. Finally, the determined 

hydrogen uptake at the corresponding equilibrium pressure is plotted in the 

pressure-composition isotherms (cf. Figure 4).  In general, Sievert's method or 

Sievert's apparatus can be used to study various properties: kinetics of 

absorption/desorption, pressure-composition isotherms (thermodynamic quantities), 

and life-cycle performances. 

The manometric measurements from this work were performed with a commercially 

automated SETARAM PCT-PRO system. For the measurements, between 0.5 - 1.5 g 

of sample material was weighed into a stainless steel cell (Tmax 500 °C, pmax 100 bar) 

and sealed with metal gaskets. The measuring cell was then connected to the 

measuring instrument. Before measurements, all samples were activated for 2 hours 

at 340 °C and under a vacuum (10-3 bar). A reference volume of 17.23 ml was used 

for all measurements. The kinetics measurements were performed with an initial 

pressure of 40 or 55 bar of hydrogen. Other experimental conditions are marked in 

the respective measurement data. 

Thermal analysis 

Thermal analyses were used to investigate the hydrogen desorption properties. 

These methods provide information on the release of hydrogen as a function of 

temperature, such as the onset of desorption temperature, reaction enthalpy, or 

activation energy (Ea). Using the thermal gravimetric analysis (TGA), the weight loss 

of the sample can be recorded, allowing direct measurement of the gravimetric 

storage capacity. Differential scanning calorimetry (DSC) allows the energy flux 

(whether the reaction is endo- or exothermic) to be identified as a function of 

temperature. For this work, three measurement techniques were used 
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simultaneously in combination. The TGA and DSC measurements were performed 

simultaneously with a Mettler Toledo TGA/DSC 1 thermal analyzer equipped with a 

GC 200 gas controller (argon flow: 50 ml min-1). Since the TGA detects only the 

weight loss, a mass spectrometer was also connected to the gas outlet of the thermal 

analyzer. The qualitative analysis of the exhaust gas stream was performed with a 

mobile mass spectrometer (MS) Thermostar GSD 300 T2 from Pfeiffer Vacuum. The 

samples were prepared exclusively under an argon atmosphere. Before the 

measurements, 40 µl aluminum crucibles were weighed with a Mettler Toledo 

microbalance, and the exact weight was determined by differential weighing so that 

10 – 20 mg of sample was contained in the crucible.  

The activation energy of dehydrogenation can be determined by the Kissinger 

method.83 According to this method, the activation energy of the reaction can be 

determined using a series of DSC curves obtained at different heating rates. The 

temperature shift of the endothermic signal as a function of the heating rate is then 

used to determine the activation energy using the Kissinger equation 4.4: 

where H is the heating rate, Tp is the corresponding peak temperature, Ea is the 

activation energy, R is the general gas constant, and k0 is a constant. According to 

Equation 4.4, a plot of 𝑙𝑛 (
𝐻

𝑇𝑝
2 ) versus −

1

𝑅 𝑇𝑝
 gives a linear behavior. Accordingly, a 

linear regression function can be used to obtain the activation energy based on the 

slope. 

 

𝑙𝑛 (
𝐻

𝑇𝑝
2

) =  −
𝐸𝑎

𝑅 𝑇𝑝
+  𝑙𝑛(𝑘0) (4.4) 
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Chapter 5 

5. Light Weight HEA: AlLiMgTiZr - Cx 
This chapter discusses the synthesis approaches for the alloy composition 

AlLiMgTiZr. The aim was to clarify whether the empirically developed selection 

criteria for the formation of a stable solid solution (δ < 6.6 %, Ω > 1.1 and  

-15 kJ mol-1 < ΔHmix < 5 kJ mol-1  , cf. Chapter 3.1) can also be applied to an alloy 

consisting mainly of the main group elements (Al, Li, and Mg). The first selection 

criteria are initially theoretically fulfilled with a δ of 4.78 %, a ΔHmix of 0.48 kJ mol-1, 

and an Ω of 35.58 (cf. Appendix 9.1). Therefore, it was assumed that a solid solution 

could be formed. Furthermore, according to Guo et al, a bcc phase is expected for 

alloys with a VEC below 6.87 (cf. Chapter 3.1).17, 18 Consequently, it should be also 

examined whether the formation of a solid solution with a bcc phase can be expected 

with a VEC of 2.87. The investigations were carried out with various parameters such 

as different process control agents (PCAs), milling speed, and influence of different 

reactants. To better understand the alloying process, XRD analyses were performed 

at different stages of the alloying process. Furthermore, the materials were 

characterized by TEM, EDX, Raman spectroscopy, and elemental analysis. Their 

hydrogen desorption behavior was investigated by thermal analysis. In addition, 

reactive milling was applied to study the formation of metal hydrides based on a 

high-entropy alloy. Finally, the previously established hypothesis is evaluated to 

determine whether the empirically developed selection criteria apply to the 

presented alloy composition and could serve as guiding parameters in the search for 

a single-phase alloy on the given composition.  

5.1. Processability of the Elemental Powders 

At the beginning of this work, the processability of the AlLiMgTiZr alloy was first 

examined without the addition of process control agents to keep contamination to a 

minimum. This involved investigating whether a balanced process between 

fragmentation and rewelding is enabled during mechanical alloying.  The 

preliminary tests were carried out with different mills (Emax, Pulverisette, and a 

cryogenic shaker mill from Retsch). First, the pure elemental powders in equimolar 

ratios were weighed into the grinding jars, and the grinding process was visually 

inspected. Based on this assessment, the condition of the ground material was to be 
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determined initially, whether the material was still present as a powder or stuck 

together and thus not processable. For this purpose, the respective experiments were 

stopped after different time intervals. The first experiment, shown here as an 

example of the preliminary tests without PCA, illustrates the necessity of this 

examination. Figure 7 shows two photographs of the grinding jars with the 

processed material in a) without PCA and b) with PCA (ethanol). Mechanical 

alloying without a PCA leads to increased cold welding of the particles so that the 

materials stick to the grinding walls and can be classified as non-processable (Figure 

7a). On the other hand, processing with a PCA results in the material remaining in 

powder form and therefore being considered processable (Figure 7b). 

 

Figure 7: Photographs of elemental powders: a) processed without PCA; b) processed with ethanol as PCA.  

Cryogenic milling has also been used as an alternative to PCAs. Cryogenic grinding 

is described in the literature as beneficial in reducing the ductility of the materials 

and thus increasing fragmentation and corresponding processability.72, 84 For these 

experiments, a cryogenic shaker mill from Retsch was used, in which a double-

walled container allows liquid nitrogen (-196 °C) to flow around it. The grinding jar 

and the balls are made of stainless steel. For the process, the ball-to-powder ratio of 

12:1 was maintained using three grinding balls with a diameter of 10 mm (total 

~ 12 g). Prior to the grinding, a pre-cooling time of 10 min at a frequency of 5 Hz was 

given. The grinding process was carried out in cycles, consisting of one hour of 

grinding at 25 Hz followed by a cooling period of 10 min at 5 Hz. Interestingly, after 

4 hours of milling, the material was found as a powder. The connected XRD analyses 

did not show any alloying progress, and the pure elements could still be identified 

(cf. Appendix 9.3). These findings prompted to continue the process, as cryogenic 

grinding seemed promising at first. After 12 hours of processing, however, it was 

also found that the materials were clumped together in the corners of the grinding 

jar, and the process can be classified as unsuccessful. In summary, regardless of the 
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mill and process parameters used, all trials without a PCA proved unsuccessful. The 

materials in combination appear to be too ductile and thus favoring cold welding. 

Cold welding reduces the processability of the powders and prevents the desired 

alloying process. For the processing of the material combination, it can therefore be 

concluded that a PCA is necessary to ensure sufficient powder processing. 

 Influence of Process Control Agent 

The preliminary results indicate that a PCA is required for AlLiMgTiZr alloy 

processing. To that, it is reported that different PCAs can interact with the powder 

and form compounds included in the powder particles during milling in the form of 

inclusions and/or as dispersoids.71 Different PCAs can affect final phase formation, 

solid solubility, and the degree of contamination by PCA decomposition.71 For 

example, the decomposition of carbonaceous PCAs can lead to the formation of by-

products such as carbides.71, 85-86 Considering the different influences on the synthesis, 

different PCAs (toluene C7H8, ethanol C2H5OH, as well as n-hexane C6H14) were used 

during mechanical alloying. The PCAs differ in the shape of the molecules (linear or 

cyclic) and in the number of carbon, hydrogen, and oxygen atoms, which can result 

in different resistance to the decomposition of the PCAs. The aim was to check 

whether the PCAs had a different effect on the alloying process and the final product. 

XRD experiments monitored the synthesis progress to investigate the influence of the 

different PCAs. Subsequently, the stability of the materials was investigated by 

thermal analysis followed by XRD analysis to determine structural differences. 

5.1.1.1. Ethanol as PCA 

For the synthesis using ethanol (7 – 8 wt.%) as PCA, the elemental powders of Al, Li, 

Mg, Ti, and Zr (total 2 g) were weighed into the tungsten carbide grinding jar at a 

ball-to-powder ratio of 20:1. The milling was carried out at 1200 rpm for 10 minutes 

with a minute pause, followed by a change of direction. The grinding process was 

repeatedly stopped, and samples were taken to study the alloying process. The 

samples were analyzed by XRD, and the measured data were normalized to the 

highest intensity and plotted against 2 Theta in Figure 8. The respective diffraction 

pattern is labeled with corresponding milling times. 
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Figure 8: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with ethanol 

as PCA. 

The entire alloying process was followed over 23 hours of milling time. In detail, 

several features can be identified from the XRD analyses. After one hour, the 

elements can be identified mainly in their elemental forms. In addition, zirconium 

slowly formed a hydride phase (ZrH2), with the most intense reflection of the (101)-

plane at 14.80° indicated by the dashed line in Figure 8. Zirconium hydride serves as 

a reference to assess the alloying progress since it has the highest intensity due to the 

higher scattering cross-section of zirconium and is, therefore, easier to track.87 

However, based on the X-ray diffraction result, it cannot be ruled out that the other 

elements may also have formed hydride phases because the reflections are usually 

superimposed and, therefore, difficult to differentiate. The formation of the 

zirconium hydride phases can be explained by the interaction of ethanol with the 

individual metals since there is no other hydrogen source. Ethanol and metals are 

partially activated under mechanical influence and can thus form metal carbides, 

oxides, or hydrides, although the exact mechanism cannot be elucidated from the 

XRD experiments. A similar mechanism was observed in the literature for milling 

zirconium with hydrocarbons. During milling, zirconium carbide was formed with 

zirconium hydride as an intermediate phase, which is explained by the 

decomposition of the hydrocarbons.85 With further grinding, additional ethanol 

molecules can be activated, and accordingly, the intensity of the zirconium hydride 

phase increases after three hours. After 5 hours of milling, the measured data shows 

a maximum of the zirconium hydride phase.  The reflections of the previously 
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recognizable crystalline phases of the other elements decreased, and a broadening of 

the reflections can be seen. Amorphization may have led to the broadening of the 

reflections, in which the long-range order of the crystalline phases has been lost. 

Nevertheless, it is also possible that the alloying process has started, whereby the 

reflections of several phases overlap and are reflected in a strongly broadened 

measurement characteristic. The exact cause cannot be determined at this point. At 

an advanced process of 7 hours, the formed zirconium hydride phase decreases in 

intensity, and simultaneously a new phase is slowly formed, recognized by the 

reflections around 15 and 18°. This crystalline phase continues to form as the milling 

process progresses up to 23 hours, recognizable by the increasing intensity of the 

reflections. This phase can be described with an fcc crystal structure and is indexed 

with the corresponding lattice planes. In addition to the formation of the fcc 

structure, a new reflex can be seen at about 20°, which is marked with (*) and 

remains constant during the grinding process. At the end of the grinding process 

after 23 h, this reflex can be described by a magnesium oxide crystal structure, but 

the exact identification is difficult due to the different metals used. However, it is 

assumed that it is qualitatively a metal oxide phase obtained from the reaction of the 

oxygen contained in the ethanol and reactants. Nevertheless, an exact statement 

needs further investigation where the chemical compositions are revealed. The 

formation of the oxide phase also suggests that the used ethanol could decompose, 

leading to the oxidation of the reactants. Moreover, with advanced milling, the 

contamination due to the abrasion becomes apparent. In addition to the fcc and oxide 

phase, the tungsten carbide phase becomes evident from 16 hours and is marked by 

(#). However, this abrasion cannot be avoided due to the processing with ball mills.  

The data obtained by XRD after 23 hours of milling was then analyzed by the Pawley 

method to obtain the lattice parameters of the structure. An fcc phase (Fm3̅m) was 

assumed to describe the crystal structure, and the MgO phase and WC phase were 

also included in the simulations. The MgO phase was added to describe the metal 

oxide phase, which cannot be assumed to be pure MgO but serves to describe the 

same fcc crystal symmetry. The analysis from the Pawley method is shown in Figure 

9. Based on the analysis, the lattice parameter of the fcc structure is determined to be 

4.5145(6) Å  and lies between the lattice constants of a pure zirconium carbide phase 

(46764(3) Å; ICSD 14822) and a titanium carbide phase (4.328(2) Å; ICSD 1546), 

sharing the same fcc symmetry (known as rocksalt structure). Considering the 

mechanism of zirconium carbide formation described in the literature and the 

comparable lattice parameters, which differ due to the other alloying elements, it is 

first assumed that a carbide has formed opposite to the expected bcc structure. 
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Figure 9: Powder XRD pattern of ball milled AlLiMgTiZr compound (black), related Pawley simulation (red) and 

corresponding difference curve (blue). 

Since XRD experiments mainly provide information about the crystal structure rather 

than the chemical composition, they are insufficient to describe the material 

thoroughly. In order to obtain information about the chemical composition, a 

chemical analysis by energy dispersive X-ray spectroscopy (EDX) was performed 

using a scanning transmission electron microscope. A brightfield micrograph and the 

corresponding elemental mapping are shown in Figure 10. The images represent the 

TEM analysis and give an insight into the chemical composition of the material.  In 

the bright field image, the lighter outline of the particle is noticeable, which is due to 

a material with a lower density or scattering cross-section. When looking at the 

individual mappings, especially the fluorine and carbon mappings, it is revealed that 

the lighter surrounding consists of fluorine and carbon. However, since no fluorine 

was used in the synthesis, abrasion from the seal ring could be the cause. The seal 

ring is made of a fluorinated hydrocarbon material (Viton®) and did not appear to 

withstand the harsh conditions of ball milling. However, the fluoroelastomer appears 

to have been deposited mainly like a surfactant on the surface, as can be seen from 

the more pronounced fluorine contrast at the edges of the particle. The carbon, on the 

other hand, shows a more homogeneous distribution over the entire particles and 

indicates that not only the elastomer is responsible for the carbon content within the 

material. In this case, the carbon and oxygen distributions across the particles are 

striking, indicating that the particles are not composed exclusively of the metals 

used. Some of the particles appear to be surface oxidized, evidenced by the increased 

oxygen concentration at the edges of the imaged particles. If the XRD and EDX 

analyses are now considered together, it can be concluded that ethanol is 

decomposed during the grinding process, and the materials react to form the metal 
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oxide and metal carbide.  Regardless of the carbide formation, the quantification 

from the EDX analyses (cf. Table 4) shows relatively good agreement with the 

nominal ratios of the metals, indicating that the carbide formation did not prevent 

the alloying process. It is more likely that a multicomponent carbide has formed, 

with the lattice sites randomly occupied by the respective metals, since the 

microstructure of the particles appears largely homogeneous (Figure 10). Slight 

deviations can be attributed to the randomly driven milling process, as seen in the 

magnesium mapping case, where smaller inhomogeneous regions can be identified.  

 

Figure 10: TEM micrograph of ball milled AlLiMgTiZr compound in bright field mode and EDX elemental maps 

captured over bright field image.  

However, as far as the quantification (cf. Table 4) is concerned, these should not be 

considered fully accurate since the quantification via EDX on particles can be 

influenced by multiple scattering effects, absorption within the particles, and 

geometrical factors such as surface properties.88 Accordingly, the concentrations of 

the metals should be considered mainly relative since, in addition also, the lithium 

could not be analyzed with the detector used. Nevertheless, the TEM-EDX results 

indicate that a highly entropic carbide based on the used elements AlLiMgTiZr-Cx 

has been synthesized with minor impurities of small portions of fluoroelastomer, 

tungsten carbide, as well as the oxide phase. 
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Table 4: Quantitative EDX analysis of AlLiMgTiZr sample synthesized with ethanol as PCA. 

Element C (K) O (K) F (K) Li (K) Al (K) Mg(K) Ti (K) Zr (K) 

Measured 

(at.%) 

38.98 

(0.24) 

16.95 

(0.58) 

20.62 

(0.64) 
ND 

5.08 

(0.52) 

6.80 

(0.35) 

5.84 

(0.28) 

5.72 

(0.44) 

Relative 

ratio (%) 
- - - - 21.67 29.01 24.91 24.40 

Nominal 

(at.%) 
- - - - 25 25 25 25 

 

In order to determine whether the samples could already absorb hydrogen during 

synthesis and release it again upon heat supply, the samples were subjected to 

thermal analysis. It is assumed that the hydrogen is supplied by ethanol. The TGA 

analyses combined with MS were carried out in a measuring range of 25 to 625 °C 

with a heating rate of 5 K min-1, and the obtained measurement data are shown in 

Figure 11.  

 

Figure 11: Thermal analysis of as-synthesized material: TGA weight loss profile (top), DSC heat flow (middle), 

and MS ion current of H2 (bottom). 
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It is noticeable from the measurement that the material continuously releases mainly 

hydrogen from a temperature of 50 °C. In addition to hydrogen, the gases H2O, O2, 

and CO2 were also measured. No noticeable changes were identified for H2O and O2. 

The CO2 signal was three orders of magnitude below that of hydrogen and thus at 

the resolution limit of the mass spectrometer used, so the amount of CO2 is assumed 

to be negligibly small and the origin is unclear. The continuous release of H2 is 

characterized by a broad endothermic signal from 100 to 400 °C, and a multistage 

decomposition process can be assumed based on the hydrogen signal. The multistage 

process starts with an increasing hydrogen signal at about 150°C, with the first peak 

at about 200 °C. The second peak, which resembles a shoulder due to the overlap, is 

in the range of 320 – 400 °C. This type of multistep desorption behavior has also been 

found for various high entropy alloys, but a clear interpretation of this phenomenon 

has not yet been proposed.23 A possible reason was suggested by Ek et al., who 

studied deuterated HEAs and proposed that deuterium jumps from tetrahedral sites 

with high local VEC to octahedral sites with low local VEC during the desorption 

process.42 Supported by Reverse Monte Carlo simulations, the different occupancy 

possibilities with varying local VEC indicates that the hydrogen atoms are bound to 

different extents. Therefore the activation energies can differ locally, which might be 

reflected in a multistep dehydrogenation mechanism.66 At this point, however, the 

interpretation should be made with caution since contamination by oxides, surface 

fluorine, or a broad particle size distribution may also be responsible for the multiple 

desorption stages.89-95 Furthermore, the material shown is not an alloy but rather a 

carbide with a rocksalt-like crystal structure, which means that the interstitial sites of 

the compound are additionally occupied by carbon atoms and can thus have a 

different influence on desorption.96 

At the end of the measurement at about 550 °C, the weight loss stagnates, so an 

overall weight loss of 0.8 wt.% can be noted. In order to understand structural 

changes, the thermal treatment was followed by XRD analysis. For this purpose, the 

sample was taken out of the instrument under argon and transferred to a capillary. 

The obtained diffractogram is shown with the corresponding Pawley simulation in 

Figure 12. Based on the XRD data, the lattice parameter of the fcc structure (Fm3̅m) 

after heat treatment could be determined to be 4.5089(6) Å and accordingly deviates 

slightly from the initial structure after synthesis. Furthermore, no phase 

transformation as described for high entropy alloys from fcc (hydrogenated phase) to 

bcc phase (dehydrogenated phase) is identified after heat treatment, which may be 

caused by the interstitial carbon stabilizing the fcc structure.23 
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Figure 12: Powder XRD pattern of heat-treated AlLiMgTiZr compound (black), related Pawley simulation (red) 

and corresponding difference curve (blue). 

In addition, the reflections of the oxide phase, indicated by the (*), are relatively 

enlarged, which may have been caused by the handling of the sample since oxygen 

contamination cannot be entirely excluded by taking the sample from the TGA 

instrument. In principle, however, it can be stated that the new fcc structure is 

predominantly phase stable to thermal treatment up to 625 °C and capable of 

releasing hydrogen, which might cause the lattice to decrease upon heat treatment. 

An alloy carbide based on the metals (Al, Li, Mg, Ti, and Zr) can be synthesized 

using ethanol as PCA.  However, the use of ethanol seems to lead to oxidation of the 

material, which may prevent its use as a hydrogen storage material. Oxides are often 

reported contaminating metal hydrides by inhibiting storage capacity and overall 

hydrogen uptake and release. Accordingly, metal hydrides are often subjected to an 

activation process to open passivation layers (oxides) and make the storage materials 

accessible.45 

5.1.1.2. Toluene as PCA 

The synthesis using toluene as PCA was performed with the same synthesis 

parameters previously described (1200 rpm, BPR: 20, 10 minutes milling, followed by 

1 minute pause). Instead of ethanol, 7 – 8 wt.% toluene was used as PCA. This 

experiment aimed to verify if toluene as PCA is more suitable and could withstand 

the high energetic impacts of ball milling. In addition, the material's oxidation should 

be prevented this way since toluene is an oxygen-free molecule. The recorded XRD 

data are shown in Figure 13 below to monitor the evolution of the alloying process. 
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Figure 13: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with 

toluene as PCA. 

In contrast to the sample synthesized using ethanol, samples for XRD analysis could 

only be taken after 5 hours of milling. Inspection of the materials after one and three 

hours each showed a solidified material, so further drops of toluene were added to 

the synthesis (increasing toluene content to 9 wt.%). After 5 hours, the materials were 

in powder form, and the alloying process could be examined using XRD samples. 

Interestingly, compared to the previously described results, the formation of an fcc 

phase is already significantly more advanced after 5 hours of milling. In addition, 

next to the primary phase, a zirconium hydride (ZrH2) phase is recognizable, 

disappearing as the process continues. Similar to the synthesis with ethanol, this 

indicates a mechanically activated interaction between toluene and the metals, which 

led to the hydrogenation of zirconium resulting in the zirconium hydride phase and 

the formation of metal carbides. Contrary to expectations that oxidation of the 

materials can be avoided, the measured data show a small amount of metal oxide 

after 9 hours of process time indicated by (*), which can be described with the same 

symmetry as the MgO phase. An atmospheric exchange during milling could cause 

the identified metal oxide phase since the reactants were handled in argon. However, 

slightly oxidized aluminum and magnesium cannot be completely ruled out since 

these are highly sensitive to oxygen. When opening the grinding jars, a slightly 

increased pressure was detected, which was recognizable because small amounts of 

powder escaped when the screws were loosened. During the grinding process, the 

pressure may already have increased to such an extent that the sealing rings could 
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not withstand, and an exchange with the atmosphere occurred. After opening the 

grinding jar, the oxygen sensor in the glovebox also indicated a briefly increased 

oxygen value, which can be caused by released hydrogen or oxygen. Accordingly, 

the oxidation might be explained by the failure of the seals so that oxygen entered 

and caused the oxidation. Finally, the minor contamination due to the abrasion of 

tungsten carbide is also identified and marked by (#). The major fcc, WC, and metal 

oxide phases can be identified at the end of the synthesis.  

After 23 hours of synthesis, the final product was analyzed by the Pawley method 

(cf. Figure 14), assuming an fcc phase for simulation. The lattice parameter of the fcc 

phase is obtained as 4.5189(4) Å and is comparable to the ethanol synthesized 

sample.  

 

Figure 14 Powder XRD pattern of ball milled AlLiMgTiZr compound (black), related Pawley simulation (red) and 

corresponding difference curve (blue). 

The chemical analyses using EDX elemental mappings are shown in Figure 15. The 

respective elemental distributions are shown in different colors and added to the 

respective graphs. Basically, it can be seen that the elements used are widely 

homogeneously distributed, excluding magnesium. The magnesium is not 

homogeneously distributed in the particles shown as an example, which can be due 

to the ball milling process. Ball milling is a random process that depends on the 

impact of the balls. The random component of the impacts can also cause the 

particles to experience different numbers of impacts, resulting in a different alloying 

process and, thus, not all particles having the same alloying progression. In addition, 

the EDX images show only a small elemental overlap of Mg with oxygen, which 

could indicate the formation of a pure magnesium oxide phase. Therefore, it is 
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assumed that the oxide phase identified in de XRD experiments is a mixture of 

several metals, mainly Mg. Otherwise, as with the ethanol sample, it is noticeable 

that the particle surfaces appear oxidized based on the increased color contrast at the 

edges, which supports the previously mentioned explanation regarding atmospheric 

exchange. Besides, no fluorine impurities were detected during the investigation.  

The mapping of the carbon shows a homogeneous distribution over the particle, as 

with the other detectable elements. Accordingly, considering the lattice parameter, 

which is in the order of monocarbides and the homogeneous carbon distribution, it 

can be assumed that the toluene is also decomposed during the milling process, and 

an alloy carbide is formed. As described in the literature and identified during the 

tracking experiments, a zirconium hydride phase is formed as an intermediate phase 

and transforms into a carbide phase with a structure similar to fcc rocksalt as the 

milling process continues. 

 

Figure 15: TEM micrograph of ball milled AlLiMgTiZr compound in bright field mode and EDX elemental maps 

captured over bright field image. 

Table 5 contains the quantitative EDX results. However, the results shown are used 

as qualitative evidence. Due to the particle's oxidation, the metals' ratios are 

considered exclusively at this point. In addition, only a minimal section of the sample 

is shown, whereby lithium is not detectable, and thus, no quantitative statement 

about the material composition is possible. Moreover, as mentioned before, 

quantitative EDX analysis on nanoparticles is complicated due to the multiple 

interactions between elements and X-rays.88 Furthermore, carbon cannot be 
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quantified at this point because the sample holders used to have a carbon film, so the 

X-rays from the sample and sample holder may be superimposed. However, the 

results indicate an excellent approximation of the nominal equimolar ratio of the 

metals, comparing the four detectable elements to each other. As seen from the 

mapping for the magnesium, areas of increased intensity can be identified, resulting 

in an increased proportion of magnesium of 28.97 %. Further, the mappings reveal an 

almost homogenously elemental distribution over the shown particles indicating, 

together with the XRD results, that a disordered solid solution with carbon has 

formed and suggests the formation of a high entropy carbide.    

Table 5: Quantitative EDX analysis of AlLiMgTiZr sample synthesized with toluene as PCA. 

Element C (K) O (K) Li Al (K) Mg (K) Ti(K) Zr (K) 

Measured 

(at.%) 

64.56 

(0.26) 

16.88 

(0.88) 
ND 

4.08 

(0.75) 

5.38 

(0.59) 

4.43 

(0.63) 

4.68 

(1.07) 

Relative 

ratio (%) 
- - - 21.97 28.97 23.86 25.20 

Nominal 

(at.%) 
- - - 25 25 25 25 

 

Thermal analysis reveals a different desorption behavior, and the corresponding 

measurement curves are plotted in Figure 16. The mass loss is determined to be 0.6 

wt.% and lower than the ethanol sample. One reason for the differently measured 

hydrogen release is the increased hydrogen content of the PCA used; toluene 

generally has more carbon atoms in the molecule (C7H8), so the hydrogen content is 

determined to be 8.75 wt.%. Ethanol (C2H5OH), on the other hand, has an H2 mass 

fraction of 13.12 wt.%. If it is now assumed that the whole amount of PCA used 

(8 wt.% of 2 g) is decomposed during the process and that the total amount of 

hydrogen in the PCA is absorbed by the material, the mass of absorbed hydrogen can 

be estimated. For ethanol and toluene, respectively, this would mean a theoretical 

amount of 1.05 wt.% and 0.7 wt.% (cf. Appendix 9.4). In reality, however, the 

pressure in the grinding jars was increased after synthesis, indicating that not all of 

the hydrogen could have been absorbed since hydrogen could be present in the gas 

phase. Accordingly, the mass losses of 0.8 wt.% for ethanol and 0.6 wt.% for toluene 

differ from the theoretical results but represent a good approximation of the 

hydrogen capacity. Furthermore, a multistage desorption process can be seen, with 
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the maximum desorption at about 400 °C. This process could also be due to the local 

valence electron concentration differences. Nevertheless, experimental evidence for 

this hypothesis is lacking.23 The other characteristics mentioned above, such as 

particle size distribution, oxide layer thickness, or contamination, which can act as 

catalysts, may also have led to the changed desorption behavior.93-96 

 

Figure 16: Thermal analysis of as-synthesized material: TGA weight loss profile (top), DSC heat flow (middle) 

and MS ion current of H2 (bottom). 

Overall, from a temperature of about 50 °C, a small amount of hydrogen is 

continuously released. The endothermic peak at 400 °C is striking, which 

subsequently changes to an exothermic signal from 500 °C, possibly due to a phase 

change or segregation. Accordingly, the heat-treated sample was also subjected to an 

XRD experiment. The obtained XRD pattern is shown in Figure 17.  

As can be seen from the measurement data, the material did not undergo any phase 

change. The lattice parameter determination of the fcc phase was also in a 

comparable order of magnitude with a value of 4.5103(4) Å. The relatively increased 

intensity of the oxide phase indicates an enlarged portion of the oxide phase, which 

the material handling could have caused after the TGA measurement. Although the 

reactor is permanently flushed with argon after the measurement, the sample can 

still be exposed to air when the crucible is removed from the measuring chamber. 
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Figure 17: Powder XRD pattern of heat-treated AlLiMgTiZr compound (black), related Pawley simulation (red) 

and corresponding difference curve (blue). 

In general, however, it can be stated that, as with the ethanol sample, no significant 

change in the structure can be detected concerning the XRD analysis. The lattice 

parameters after thermal analysis are of a similar order of magnitude as at the 

beginning directly after synthesis. Moreover, both syntheses are assumed to lead to 

an analogous final product. The differences in desorption behavior, ethanol with the 

main maxima at 200 °C and toluene at 400 °C, could be due to differences in the 

degree of oxidation. For magnesium and other metal hydrides, it has already been 

suggested that the oxide layer has a balancing effect on the activation energy of metal 

hydrides. In this context, it was assumed that the oxide layer inhibits the diffusion of 

hydrogen, which is reflected in an increased activation energy and a correspondingly 

higher desorption temperature.97  

5.1.1.3. N-Hexane as PCA and Reduced 

Milling Speed 

Based on the findings from the previous chapters 5.1.1.1. and 5.1.1.2. three 

parameters, PCA, milling speed, and BPR, were changed for the synthesis with n-

hexane (7 – 8 wt.%). First, it should be checked whether n-hexane is also activated as 

PCA and leads to the formation of an alloy carbide. Second, the milling speed was 

reduced to 800 rpm to apply less energy during the milling process and reduce the 

decomposition of PCA; while doing so, the BPR was increased to 60:1 to enhance the 

number of impacts.  Since this experiment was only used to find a good PCA, 
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tracking experiments were mainly performed using XRD.  The obtained data are 

shown in Figure 18.  

 

Figure 18: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with n-

hexane as PCA. 

The graph shows the XRD data obtained after 13.5 and 18 hours of mechanical 

alloying. After 13.5 hours, the XRD data reveal a comparable structure to the 

previous experiments with ethanol and toluene. The shoulder at 14.80° again implies 

a small amount of remaining zirconium hydride, which disappears after further 

grinding.  Accordingly, it can be assumed that the reduction of the velocity and the 

exchange to n-hexane did not influence the decomposition of the PCA. The similarity 

of the measurement data suggests that n-hexane also interacted with the metals and 

led to the formation of metal carbide. No further analysis was used since the goal 

was to synthesize a high entropy alloy. However, it should be noted that with the 

material composition and the PCAs used, a high entropy carbide can be synthesized 

directly, which could be of interest for other applications but is not part of this work.  

 Influence of Milling Speed 

Since the PCAs tend to decompose at too high rotational speeds, this chapter aimed 

to verify whether the targeted high entropy alloy AlLiMgTiZr can be synthesized at 

reduced milling speeds. Toluene was used as PCA for these experiments, and three 

different milling speeds (400, 600, and 800 rpm) were applied. The experiments were 

each performed with a ball-to-powder ratio of 40:1. As in the previous experiments, 

samples were taken from the grinding jars after specific times indicated in the 

corresponding graphs and then analyzed by XRD experiments. The obtained 

measured data are shown in the respective figures in a 2 Theta range from 10° to 30° 
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and indexed with the corresponding grinding speed and grinding time, starting with 

the sample synthesized at 800 rpm (cf. Figure 19). 

 

Figure 19: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with 

toluene as PCA and 800 rpm.  

The experiment shows that zirconium hydride is formed as an intermediate, which 

indicates the decomposition of toluene. After 4.5 hours, some metals are still present 

in their crystalline form, recognized by the sharp reflections sticking out of the 

enveloping measurement curve, whereby the differentiation due to the overlapping 

of the reflections is again not considered beneficial. After 9 and 18 hours, the 

intensity of the reflections of the zirconium hydride phase is reduced, and the 

previously described fcc phase becomes visible. The broadening of the reflections at 

this point may be caused by a small size of the coherently scattering crystallite 

domains or by the random occupation of the lattice site leading to increased lattice 

strain. However, no further indication can be given at this point. Therefore, it can be 

stated that 800 rpm did not lead to a reduced decomposition of toluene.  

The other experiment carried out at a further reduced speed of 600 rpm (cf. Figure 

20) shows that after 9 hours the reflections of the crystalline phases of zirconium and 

titanium can be identified. Only a small fraction has transformed into zirconium 

hydride. It can be concluded that no dominant alloying process has yet taken place 

and that the decomposition of toluene could be reduced by lowering the grinding 

speed. However, the continuation until 13.5 hours leads to the hydrogenation of the 

zirconium phase, which can be considered an indication of the decomposition of the 

PCA. 
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Figure 20: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with 

toluene as PCA and 600 rpm. 

In addition, it is seen from the XRD data recorded after 18 hours that the reflections 

of the crystalline titanium and zirconium phases have strongly decreased, and broad 

reflections at about 16°and 18° suggest the formation of the crystalline fcc phase 

described in chapter 5.1.1. Accordingly, it can be assumed that, as described in the 

literature, the transition from the metals via the zirconium hydride phase to the 

metal carbide also occurs at 600 rpm. The reduction of the rpm only led to a slower 

conversion rate. If the process is continued, it can be assumed that the conversion to 

the fcc phase also occurs here. An even more precise time profile for the conversion 

can be seen from the experiment with 400 rpm (cf. Figure 21). 

 

Figure 21: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with 

toluene as PCA and 400 rpm. 
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In this experiment, the pure elements zirconium and titanium are still visible even 

after 27 hours of process time. Only a small portion of the PCA appears to 

decompose, as indicated by the low intensity of the (101)-plane of the zirconium 

hydride phase. However, it can also be seen that zirconium, for example, does not 

change the process. Except for the hydrogenation of parts of the zirconium, no direct 

alloying process can be seen. This suggests that a specific energy threshold is 

required for the alloying process, but this threshold is above the decomposition of 

toluene. This, in turn, leads to the assumption that the reduction of rpm does not lead 

to the desired effect of producing the desired alloy by ball milling without 

consuming the PCA as an educt and consequently synthesizing the high entropy 

carbide. 

5.2. Hydrogen Supported Synthesis 

The results in section 5.1 indicate that mainly metal carbides are synthesized with the 

support of a PCA. The mechanism seems to be via the decomposition of the PCAs 

with the intermediate zirconium hydride phase to the later metal carbide, as reported 

for the synthesis of pure zirconium carbide.85 To investigate the synthesis of a light 

metal alloy without the interstitial carbon, synthesis via reactive milling was 

pursued. In addition, an attempt was made to start with zirconium hydride as the 

starting material, which could act as an inhibitor for the decomposition of the PCA. 

 Reactive Milling 

The syntheses under a reactive hydrogen atmosphere were carried out in a custom-

made stainless steel grinding jar. Two experiments were carried out to verify 

whether the material can be processed as a powder with the formation of a metal 

hydride and without liquid hydrocarbons as PCA. In the first experiment, a BPR of 

20:1 was used, with 2 g of material weighed in, and 10 stainless steel balls (Ø 10 mm) 

were used. The grinding jar was then pressurized with 180 bar hydrogen, and one 

cycle consisted of 10 min at 450 rpm and one minute pause. In this experiment, the 

phase change during the grinding process was monitored by taking samples at 

different times. The second experiment was also carried out with a BPR of 20:1, using 

18 balls (Ø 10 mm) and 3.6 g of starting material. The hydrogen pressure was 30 bar, 

and one milling cycle consisted of 30 min milling at 600 rpm followed by a 5 min 

pause. No tracking experiments were performed in this experiment. At the end of the 

test, the materials were present as fine black powders so that the XRD experiments 
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could be conducted. The measurement data obtained are shown in the following 

Figure 22. 

 

Figure 22: Powder XRD patterns of equiatomic AlLiMgTiZr after varying milling time and processed with 

different milling speeds and hydrogen pressures. 

After 5 hours of process time, zirconium hydride (ZrH2) and titanium hydride (TiH2) 

are detectable. Even at an advanced process time of 36 hours, no change in the 

hydride phases can be observed. The only directly visible change can be seen in the 

(111)-reflections at 17.44° of the crystalline aluminum phase (#). This reflex overlaps 

with the (002)-reflection of crystalline titanium (ICSD 253841), but to a similar extent, 

the (200)-reflection at 20.17° of the aluminum phase decreases and can accordingly be 

assigned to aluminum. The decrease of the intensity caused by aluminum and the 

increase of the broadened background indicate amorphization. The loss of crystalline 

phases accompanies amorphization at this point and, thus, the loss of the coherent 

contribution of the long-range order, reflected in the increase of the broad 

background. However, since no transformation process into a crystalline phase can 

be seen, it is assumed that the process only leads to the amorphization of the 

materials. A similar observation is confirmed by the process at a higher speed 

(600 rpm). The XRD profile is very close to the profile after 36 h with 450 rpm, with 

the amorphous background being even more pronounced from 15° to about 18°. 

Only the crystalline phases of the identified metal hydrides are recognizable. Finally, 

these experiments show that synthesizing a single-phase metal alloy based on the 

proposed composition in a hydrogen atmosphere is challenging as mainly 
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amorphization and hydrogenation of the individual elements (Zr, Ti) take place. The 

time profile of the milling process at 450 rpm gives indications of the amorphization 

of the elements used, which is supported by the results at higher rpm. Since no direct 

change in the d-elements can be detected, it is assumed that the system requires more 

energy to perform the alloying process in the final crystalline phase. 

 Synthesis Starting from ZrH2 

All of the experiments shown above indicate that the synthesis of a single-phase alloy 

composed of AlLiMgTiZr is hampered. The experiments with various PCAs 

consistently show that the PCAs decompose, successfully synthesizing a high 

entropy carbide but not the desired bcc alloy. Zirconium hydride was repeatedly 

identified as an intermediate, leading to the assumption that elemental zirconium is 

responsible for activating the PCAs. To overcome this effect, using zirconium 

hydride as a starting material should be investigated to see if the decomposition of 

the PCAs can be suppressed and the formation of a carbide phase bypassed. In 

addition, the hydride phase serves as an additional hydrogen source to achieve an 

increased hydrogen content of the material. For the experiment, the powders were 

weighed into the tungsten carbide grinding jars at a molar ratio of the nominal 

concentration. A BPR of 20:1 was kept, and one grinding cycle included 10 min of 

grinding at 1200 rpm followed by a 1 min pause and a change of direction. As a 

model system, toluene (7 – 8 wt.%) was added to the synthesis as PCA. The 

experiments were stopped after labeled time intervals, and the powders were first 

examined with XRD experiments. Figure 23 shows the results of the tracking 

experiments.  

 

Figure 23: Powder XRD patterns of equiatomic AlLiMgTi-ZrH2 after varying milling time and processed with 

toluene as PCA. 
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Similar to the experiment without zirconium hydride from chapter 5.1.1.2. the 

crystalline fcc phase seems to form already after 4.5 hours, and the zirconium hydride 

phase, star marked (101)-plane at 14.80°, is still present. After 9 hours, the zirconium 

hydride phase is no longer detectable, and the previously described fcc phase 

becomes dominant. Further processing up to 13.5 hours changes the result of the 

XRD experiments only slightly concerning the shape of the reflections. These become 

narrower and sharper with continued processing, which may be due to larger 

coherent scattering domains and a higher degree of crystallinity of the sample caused 

by better homogenization.81  However, this cannot be further elucidated at this point. 

In addition to the crystalline phase, tungsten carbide contamination, unavoidable 

during the ball milling process, should be emphasized. Finally, the process was 

stopped after 13.5 hours, and the final measurement was also investigated by Pawley 

simulation. An fcc crystalline structure (Fm3̅m) and tungsten carbide was included in 

the simulation, and the data obtained are shown in Figure 24.  

 

Figure 24: Powder XRD pattern of ball milled AlLiMgTi-ZrH2 compound (black), related Pawley simulation (red) 

and corresponding difference curve (blue). 

Using the Pawley simulation, the lattice parameter of the fcc phase could be 

determined to be 4.5281(6) Å and is accordingly in a comparable order of magnitude 

to the previously simulated fcc phase synthesized with ethanol and toluene. These 

findings suggest that a very similar product was formed. Otherwise, the regions at 

19.3° and 27.6° are conspicuous and could again be caused by a metal oxide phase. 

However, the oxide phase was not included in the simulation because the 

superposition of reflections complicated discrimination at 19.3°. In addition, the 

volume-weighted mean crystallite size of 3.3 ± 0.8 nm was determined using the 
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WPPM macro.81 The subsequent TEM images support the result of the XRD analysis, 

and two high-resolution micrographs are shown in Figure 25.  

 

Figure 25: HR-TEM micrographs of ball milled AlLiMgTi-ZrH2 compound: a) 1500k magnification and b) 3500k 

magnification and crystal domains highlighted with red circles. 

The HRTEM image at 1500k magnification (Figure 25a)  shows an agglomerated 

particle cluster, which on closer inspection, reveals the crystalline domains of the 

particles (cf. Figure 25b at 3500k magnification). These can be differentiated by the 

lattice fringes and are exemplified by red circles. The size of the analyzed domains in 

the range of 3 to 6 nm agrees in good approximation with the results from the XRD 

analysis (3.3 ± 0.8 nm).  However, the agglomerated particles hindered recording 

several separated domains so that no size distribution could be recorded through 

TEM analysis. Moreover, the particles were analyzed for their chemical composition 

by EDX mapping at different magnifications, exemplified in Figures 26 and 27.  

The mapping reveals a predominantly homogeneous microstructure.  However, the 

element distribution of titanium and magnesium shows small areas of a higher 

concentration, which can be attributed to an incomplete alloying process due to ball 

milling and is considered an exception. The homogeneous distribution of the carbon 

content is also striking in the images, which suggests that a high entropy metal 

carbide has been synthesized. In addition, the chemical analysis again detects some 

oxygen and is consistent with the earlier assumption that a metal oxide causes 

additional reflections in the XRD data. However, the overlay of the elements suggests 

that the oxygen appears mainly superficial, which could have been caused by the 

sample preparation or by the previously described atmospheric exchange during the 

milling process. The micrograph (cf. Figure 27) with increased resolution also 

indicates a chemically homogeneous microstructure. Only titanium and aluminum 

show small areas of a higher concentration, which is negligible considering the XRD 

analyses, which showed no secondary phases of the individual elements. 
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Figure 26: TEM micrograph of ball milled AlLiMgTi-ZrH2 compound in bright field mode and EDX elemental 

maps captured over bright field image. 

 

Figure 27: TEM micrograph of ball milled AlLiMgTi-ZrH2 compound in bright field mode and EDX elemental 

maps captured over bright field image. 

The quantitative EDX results are shown in the following table, whereby lithium was 

not detectable with the instrument used, and the results are compared qualitatively. 

In addition, it must be pointed out at this point that the shape of the investigated 

particles can influence the X-ray intensities. For the EDX analysis by TEM and SEM, 
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it is known that the shape of the analyzed specimen and, thus, the origin of the 

generated X-rays photons cannot be adequately quantified since different path 

lengths of the photons can lead to further interaction products with the sample and 

thus falsify the results.88 Accordingly, the atomic percentages shown in Table 6 must 

be viewed with caution. Nevertheless, they give a good first approximation of the 

elemental distribution.  

Table 6: Quantitative EDX analysis of AlLiMgTi-ZrH2 sample synthesized with toluene as PCA and captured 

from Figure 26 and Figure 27. 

Element C (K) O (K) Li Al (K) Mg (K) Ti (K) Zr (K) 

Figure 26 

Measured 

(at.%) 

30.61 

(0.33) 

18.16 

(0.46) 
ND 

12.11 

(0.32) 

10.77 

(0.35) 

14.06 

(0.26) 

14.29 

(0.53) 

Relative 

ratio (%) 
- - - 23.64 21.02 27.44 27.89 

Figure 27 

Measured 

(at.%) 

52.08 

(0.29) 

21.33 

(0.62) 
ND 

6.51 

(0.56) 

5.93 

(0.55) 

6.74 

(0.52) 

7.36 

(0.90) 

Relative 

ratio (%) 
- - - 24.53 22.34 25.40 27.73 

Nominal 

(at.%) 
- - - 25 25 25 25 

 

In order to strengthen the results of the EDX analyses and to obtain information on 

the lithium content, this sample was sent to the Kolbe Microanalytical Laboratory for 

a macroscopic elemental analysis carried out by decomposition. The results obtained 

are listed in Table 7. If the elements used are compared explicitly, the relative 

compositions agree very well with the nominal concentration of the respective 

elements. In addition, the results indicate that the abrasion by tungsten carbide is 

relatively low compared to the materials used. Regardless of the low contamination, 

the analyses provide evidence of the lithium content, although local verification that 

lithium is also homogeneously distributed over the microstructure would be 

desirable. Unfortunately, this is not possible within the scope of this work since all 

available analytical methods require preparation in air, and the synthesized materials 

are pyrophoric.  



 Light Weight HEA: AlLiMgTiZr - Cx 

 

65 
 

Table 7: Elemental analysis conducted at Microanalytical Laboratory Kolbe. 

Element C Li Al Mg Ti Zr W 

EA Kolbe 

(at.%) 
31.70 13.94 13.30 13.86 13.65 13.34 0.185 

Relative 

ratio (%) 
- 20.47 19.53 20.35 20.04 19.59 - 

Nominal 

(at.%) 
- 20 20 20 20 20 - 

 

Furthermore, thermal analysis was used to check whether the use of zirconium 

hydride led to an increased hydrogen content in the sample and whether the material 

was thermally stable. The measurement data obtained are shown in Figure 28. 

 

Figure 28: Thermal analysis of as-synthesized material: TGA weight loss profile (top), DSC heat flow (middle) 

and MS ion current of H2 (bottom). 

According to the TGA, the total weight loss that can be correlated to hydrogen 

desorption is about 1.56 wt.%. The desorption profile again proceeds via a more 
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complex mechanism, indicated by two separated endothermic desorption events. The 

hydrogen release has an initial onset temperature at about 50 °C. At about 120 °C, a 

shoulder can be seen superimposed on the significant maxima at 200 °C. The 

associated DSC signal correlates here with the detected hydrogen content of the 

exhaust gas. After 200 °C, the endothermic signal and the hydrogen content decrease 

again, finding a minimum at 300 °C. The DSC signal then decreases with increasing 

temperature. The second endothermic signal is revealed with a maximum at about 

480 °C. Above 560 °C, hydrogen release stagnates, recognizable by a reduced mass 

loss, and the DSC signal reverses to an exothermic signal, resulting in a mass loss of 

1.56 wt.%. The more complex desorption process can again have several causes at 

this point. On the one hand, a broad particle distribution could lead to different 

desorption temperatures, as it is known for different metal hydride systems.93, 98-99 On 

the other hand, the explanation approach of the local different valence electron 

concentration with influence on different diffusion velocities could have led to the 

multiple desorption stages.42 But experimental evidence is not possible to give at this 

point. 

The phase stability was subsequently investigated using XRD experiments and the 

Pawley simulation. The results obtained are shown in Figure 29. 

 

Figure 29: Powder XRD pattern of heat-treated AlLiMgTi-ZrH2 compound (black), related Pawley simulation 

(red) and corresponding difference curve (blue). 

Using the simulation, the lattice parameter of the fcc structure was determined to be 

4.5280(8) Å and is, therefore, in the same order of magnitude as before the heat 

treatment. The only noticeable change is the increased crystalline oxide phase 

indicated by the stars. The reason for this may again be the sample preparation after 
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the measurement. The exclusion of oxygen cannot be completely guaranteed when 

taking samples from the TGA instrument. Apart from this, the material seems to be 

very stable against heat treatment and showed a high hydrogen content of 1.56 wt.%.  

Additionally, Raman spectroscopy was performed on the dehydrogenated material 

to confirm the formation of high entropy carbide. The obtained Raman spectrum is 

shown in Figure 30.  

 

Figure 30: Raman spectrum of dehydrogenated AlLiMgTiZr-Cx and with indicated vibration modes. 

As can be seen in Figure 30, the spectrum shows two broad bands (centered at ~230 

and ~560 cm-1) and two weaker shoulders at 313 and 790 cm-1. The location of the 

broad bands is typical for interstitial carbides with fcc rocksalt crystal structure.100 

The first band in the region of 196 and 254 cm-1 can consequently be assigned to the 

low-frequency acoustic vibrational modes. The second band, around 530 and  

595 cm-1, corresponds to the high-frequency excitation of the optical branch. The 

separation between the acoustic and optical branches is well-known for 

monocarbides and is caused by the significant mass difference between the carbon 

atoms and the transition metals. The shoulder at ~313 cm-1 and the band at 790 cm-1 

can then be explained by multi-phonon processes, which were also measured for 

TaC0.99 at ~300 and ~800 cm-1.100 At this point, it should be mentioned that the rocksalt-

like crystal structure of carbides does not usually show first-order Raman scattering, 

but vacancies break the local symmetry and Raman scattering can be observed. 

Accordingly, the measured signals reveal a non-stoichiometric interstitial carbide 

since no signals would otherwise be measured in the region shown at full occupancy 

of the sublattice. Moreover, it is known that the width of the bands strongly depends 

on the surface properties. In the literature, it has been shown that longitudinal and 
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transverse excitations on electrically polished carbide surfaces can be distinguished 

by measuring two Raman peaks. In contrast, a mechanically polished surface and, 

thus, an increased defect density on the surface resulted in a broadening of the 

Raman peaks.100  The investigated sample here shows no separation of longitudinal 

and transverse excitation and indicates high defect density, which is typical for 

mechanically synthesized materials. Consequently, it can be reasonably assumed that 

a defect-rich, high entropic carbide has formed. At the same time, the broadening 

and position of the Raman peaks are still influenced by the statistically distributed 

alloying elements and by the particle size, which cannot be distinguished at this 

point. 

Nevertheless, all analytical methodologies (XRD, TEM-EDX, and Raman 

spectroscopy) indicate that a high entropy carbide with homogeneous rocksalt-like 

fcc crystal structure has been synthesized besides the minor contaminations of 

tungsten carbide and metal oxide. Therefore, the unit cell could be described 

illustratively with the following Figure 31 and serves only as an assumption since the 

further investigation of the exact lithium content in the microstructure is needed to 

solve the crystal structure.  

 

Figure 31: Proposed crystal structure with fcc unit cell (structure drawn using VESTA).101 

We propose the following composition (Al0.2Li0.2Mg0.2Ti0.2Zr0.2)C0.47H0.72. Metal atoms 

randomly occupy the main lattice sites, and the sub-lattice is by either carbon or 

hydrogen. The carbon concentration shown was estimated from ICP-OES analysis, 

and hydrogen concentration was estimated from the thermal analysis. It should be 

noted that the real composition could differ from the theoretical composition given 

here due to tungsten carbide abrasion, the metal oxide phase, and slight variation in 

PCA amount. The exact occupation of the interstitial sites cannot be determined. 
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Using computational methods, a reported study of hydrogen bond strengths within 

monocarbides showed that the occupation of the octahedra and tetrahedra depends 

on several factors. On the one hand, the bond strength is influenced by the local 

carbon environment, corresponding to whether nearby interstitial sites are occupied 

by carbon. At the same time, the occupation is also influenced by the particular metal 

in the carbide structure itself, which has been correlated with the valence electron 

concentration.96 Adapting these findings to the presented system, it quickly becomes 

apparent that the complexity of the random occupation of lattice sites and interstitial 

sites makes the exact determination of the presented high entropy carbide almost 

impossible. Therefore, the occupation probability of the interstitial sites is 

represented as 50 % by the half-filled spheres and the random occupation of the main 

lattice sites by the color fraction of the respective elements. Since the possible 

hydrogen trapping in metal carbides has already been described theoretically, and 

the sample presumably showed the lowest contamination according to the XRD 

experiments, the material was examined concerning hydrogen absorption. For this 

purpose, 0.550 g of the material was transferred to the Sieverts apparatus and cycled 

with kinetic measurements. For this purpose, the material was initially desorbed at 

340 °C under a dynamic vacuum for 2 hours, followed by an absorption step. The 

absorption conditions consisted of a single dose of hydrogen with a final pressure of 

around 28 bar at 150 °C. The material was exposed to these conditions three times. 

Between the first two measurements, the material was desorbed at 340 °C under a 

dynamic vacuum for 2 hours. In order to observe the influence of the desorption 

kinetics, the third measurement was carried out after a desorption time of 17 hours at 

the same conditions. The corresponding measurement data, the hydrogen uptake, 

and the corresponding time are shown in Figure 32. 

 

Figure 32: Kinetics of hydrogen absorption in AlLiMgTi-ZrH2 compound measured at 150 °C and a final 

hydrogen pressure of ~28 bar, after dehydrogenation at 340 °C for 2 hours. 
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The kinetics diagram shows rapid hydrogen absorption without incubation time so 

that within 10 minutes almost the entire capacity was absorbed after hydrogen 

exposure.  At the end of the measurements, the material absorbed about 0.6 wt.% in 

the first two cycles.  In the third cycle, after the longer desorption time of 17 hours, 

the sample absorbs 0.66 wt.%. This could indicate that desorption is kinetically 

inhibited under the conditions (340 °C ). The longer desorption time seems to lead to 

a lower hydrogen concentration in the sample, which may have led to a slightly 

increased hydrogen uptake in the subsequent measurement. Considering also the 

TGA desorption profile, which shows that temperatures above 500 °C are required 

for complete desorption (~1.56 wt.%), this suggests that the desorption conditions at 

340 °C may not have been sufficient for complete desorption of the sample. This 

would be reflected in the subsequent absorption step by reduced hydrogen uptake 

(0.6 wt.%). This means that the remaining fixed hydrogen in the sample can account 

for the measured difference between TGA and PCI.  In general, however, it can be 

concluded that the material is active towards hydrogen and that the hydrogen 

absorption is reversible in the first three cycles. Moreover, metal hydrides are known 

to suffer from degradation processes when they are cycled, so the dehydrogenated 

material was investigated for its phase stability by XRD experiment after three cycles. 

The corresponding measurement data are shown in Figure 33. 

 

Figure 33: Powder XRD pattern of cycled AlLiMgTi-ZrH2 compound (black), related Pawley simulation (red) and 

corresponding difference curve (blue). 

The XRD data generally show that the material has good phase stability. Using the 

Pawley method, the lattice parameter is determined to be 4.5286(6) Å and agrees very 

well with the initial lattice parameter (4.5281(6) Å). This suggests that no phase 
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segregation or segregation of individual elements has occurred over three reversible 

cycles.  

5.3. Conclusion 

This chapter discusses the synthesis approaches regarding a new high entropy alloy 

composed of AlLiMgTiZr. It was shown that PCAs are necessary for the 

processability of the material composition. Otherwise, the materials have an 

increased cold welding effect during ball milling and thus cannot be processed in 

powder form. Furthermore, the influence of different PCAs (ethanol, toluene and  

n-hexane) during synthesis was investigated. Based on these experiments, it was 

found that a new compound with an fcc (Fm3̅m) structure similar to a carbide 

structure could be synthesized. The performed tracking experiments revealed the 

transformation of the materials. Zirconium hydride was identified as the 

intermediate phase in all samples and when the milling speed was reduced. With 

further processing, the intermediate zirconium hydride disappeared, and the new fcc 

phase formed more strongly. This mechanism was also reported in the literature that 

zirconium carbide could be synthesized via the decomposition of solvents during 

ball milling with zirconium hydride as an intermediate phase.85 The combination of 

the findings from Raman spectroscopy, XRD, and EDX analysis and the reported 

findings lead to the assumption that a high entropy carbide has been synthesized. 

The grinding speed reduction indicated that the conversion is only slowed down or 

that no alloying process occurs, as it was found at 400 rpm. The comparison of the 

lattice parameters (𝑎𝐸𝑡ℎ𝑎𝑛𝑜𝑙  = 4.5145(6) Å, 𝑎𝑇𝑜𝑙𝑢𝑒𝑛𝑒 = 4.5189(4) Å, 

𝑎𝑍𝑟𝐻2,𝑇𝑜𝑙𝑢𝑒𝑛𝑒 = 4.5281(6) Å) suggests that in all cases, an high entropy carbide with a 

similar rocksalt-like crystal structure has been synthesized, and the products are 

isotypic. The minor variations of the lattice parameter can be attributed to different 

carbon concentrations within the structure, as it is also known for mono carbides, 

that the lattice parameters vary with the carbon content.102-104 

The subsequent thermal analyses allowed conclusions to be drawn about the 

composition by comparing the theoretical proportion of hydrogen within the PCAs 

with the measured mass loss correlated with the hydrogen signal. The higher mass 

loss of the ethanol synthesized sample also corresponded to the PCA's increased 

hydrogen-to-carbon ratio. The literature also described a similar observation, that the 

hydrogen-to-carbon ratio of different PCAs was found in a titanium carbohydride 

phase of mechanically alloyed samples.86 In this work, titanium was milled with n-

heptane or toluene, and it was found that the incorporated carbon-to-hydrogen ratio 
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corresponded to the ratio of the PCAs used.86 These observations could also be 

necessary for the experiment carried out with zirconium hydride. Titanium hydride 

was not identified during the tracking experiments but could also be responsible for 

the decomposition of the PCAs. Therefore, an experiment with hydrogenated 

titanium and zirconium would be of interest in the future to suppress PCA 

decomposition. However, reactive grinding showed that no crystalline bcc phase 

could be synthesized under the process conditions. Instead, the results show that a 

high entropy carbide with a rocksalt-like structure (Fm3̅m symmetry) can be 

synthesized. This suggests that the empirically developed parameters for VEC, δ and 

Ω are not necessarily applicable to the material composition studied. However, this 

hypothesis cannot be completely ruled out because, under the experimental 

conditions, other factors such as hydrogen, carbon, tungsten carbide impurities, and 

oxygen come into play and complicate the adaption of these selection criteria. 

Concerning the hydrogen storage properties, it was also possible to incorporate 

further hydrogen into the structure, in which ZrH2 served as an additional H2 source, 

thereby increasing the hydrogen content to 1.56 wt.%. The cycle experiments showed 

that 0.6 wt.% reversible could be stored over three cycles, and the connected XRD 

experiments indicated a high phase stability of the material. To classify the material 

as a possible hydrogen storage material, we would classify it as mid-range since 

superior systems based on TiFe or Mg exist as storage materials.  The TiFe system 

has the advantage of storing a higher amount of hydrogen reversible already at room 

temperature, and MgH2 has to be operated under higher operating temperatures, but 

it is superior with a theoretical storage capacity of 7.6 wt.%.29, 36 The investigated 

carbide seems to have a technical relevant time range only with respect to kinetics, 

where it can be charged within a few minutes. The dehydrogenation temperatures of 

up to 550 °C are not technically significant. Another interesting property comes from 

the volume stability of the investigated materials. The lattice parameters in the 

hydrogenated (4.5281(6) Å) and dehydrogenated state (4.5286(6) Å) do not deviate 

from each other, whereby it is assumed that, in contrast to the metal-based storage 

system, no volume change takes place during cyclization. This property is 

advantageous for the design of storage tanks since no empty volume for the storage 

material must be considered. 

Furthermore, it would be interesting to investigate carbon's role in carbide formation. 

An interesting approach would be determining the critical carbon concentration 

needed for the carbide phase formation. Connected to this, it would also be 

interesting to see how the carbide concentration affects the hydrogen uptake. In 
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addition, the material could also be considered a coating material since carbides 

generally have high strength, and the synthesized material also contains light metals, 

which can lead to lower density.105-106  

In principle, the results show how a high entropy carbide can be produced based on 

light metals, although a spatially resolved technique such as electron energy loss 

spectroscopy would still be required for the precise structure solution to be able to 

detect lithium locally. 
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Chapter 6 

6. High Entropy Alloys Based on 

TiVZrNb 
This chapter presents the investigations of various high entropy alloys (HEA) based 

on the previously studied four-component Ti0.325V0.275Nb0.275Zr0.125 system.19 The four-

component system is of interest because it has shown a high hydrogen capacity at 

room temperature of 2.7 wt.%, corresponding to a H/M of 1.8. Furthermore, the alloy 

exhibited fast absorption kinetics and showed that 2.3 wt% hydrogen could be 

reversibly stored over 10 cycles.19, 107 Subsequently, Montero et al. systematically 

investigated the influence of individual elements in multicomponent bcc alloys by 

adding different elements to the alloy to obtain M0.1Ti0.3V0.25Nb0.25Zr0.1 

(M = Ta, Mg, Al) compositions.19-22 Since the hydrogenation properties of 

multicomponent alloys are poorly studied, the purpose of this chapter is to continue 

the systematic investigation of Montera et al.23 Li is to be added to the alloy and the 

simultaneously Li and Al as alloying elements (Ti0.3V0.25Nb0.25Zr0.1Li0.1 and 

Ti0.3V0.25Nb0.25Zr0.1Al0.05Li0.05) and to evaluate the influence on hydrogen storage 

properties systematically. Lithium was chosen at this point to investigate the effect 

on gravimetric storage density. It is assumed that by reducing the average molar 

mass of the alloy due to the incorporation of Li while keeping the H/M ratio constant, 

the gravimetric storage density can be increased (c.f. Equation 4.2). In addition, it was 

necessary to check whether the selection criteria for forming a solid solution were 

met with lithium in the alloys. For this purpose, the parameters such as the VEC, δ, 

ΔHmix, and Ω for each compound are given in Table 8 below. 

Table 8: Overview of the selection parameters for the respective alloy.  

Composition VEC δ [%] 
ΔHmix  

[kJ mol-1] 
Ω 

Ti0.325V0.275Nb0.275Zr0.125 4.55 6.34 -0.30 82 

Ti0.3V0.25Nb0.25Zr0.1Li0.1 4.2 6.11 13.71 1.9 

Ti0.3V0.25Nb0.25Zr0.1Al0.05Li0.05 4.3 6.00 2.31 11.96 

Ti0.3V0.25Nb0.25Zr0.1Al0.1 4.4 5.87 -9.01 2.9 
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Except for the enthalpy of mixing of the lithium sample, which is above the limit of 

5 kJ mol-1, the selection criteria are met for all parameters of each compound. The two 

alloys (Ti0.325V0.275Nb0.275Zr0.125 and Ti0.3V0.25Nb0.25Zr0.1M0.1) were synthesized for the 

study following the publications to obtain two reference systems. In addition, 

mechanical alloying and reactive milling were applied as synthesis methods to 

evaluate the influence on the alloys and their storage capacity. Accordingly, the 

chapter is divided into two subchapters assigned to the synthesis process. In order to 

better categorize the materials, various techniques were applied. Tracking 

experiments were used to evaluate the alloying process through XRD analysis. 

Thermal analysis was used to investigate the desorption behavior of the materials in 

order to obtain information on the stability of the hydrides. SEM-EDX and ICP-OES 

were used to evaluate the microstructure and chemical composition of the materials. 

Furthermore, the Sieverts method was applied to investigate the material 

volumetrically as a hydrogen storage material and to obtain information on the 

thermodynamic parameters.  

6.1. Mechanical Alloyed Samples 

In this chapter, the results of mechanically alloyed samples are presented. First, the 

synthesis of the HEAs is discussed, and then the hydrogen storage behavior is 

presented. 

 Synthesis of Mechanical Alloyed Samples 

The synthesis was carried out with a planetary mill in an argon atmosphere to 

prevent oxidation. The grinding jars and the balls were made of stainless steel. A 

process step consisted of 15 minutes of grinding with an associated scraping of the 

walls to ensure sufficient mixing. Samples were then taken at specific times and 

analyzed using the XRD method to evaluate the alloying progress. The 

corresponding XRD samples are shown in Figure 34 and marked with the respective 

process time for the respective XRD sample. 
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Figure 34: XRD pattern of mechanical alloyed high entropy alloys: a) Ti0.325V0.275Nb0.275Zr0.125,  

b) Li0.1Ti0.3V0.25Nb0.25Zr0.1, c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1, d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

As the tracking experiments show, a dominant bcc phase (indexed space group 

Im3̅m) can be identified in all four cases after 2 hours of process time. Alloy 

formation already takes place within the first 75 minutes, with a small amount of 

remaining vanadium being identified and marked by (*) in the diffraction patterns. It 

has to be mentioned at this point that the (110)-reflection of the pure vanadium bcc 

phase is expected to be at 19.069°, and the center of the shoulder is approximately at 

18.5° - 18.8°. This slight shift of a 2 Theta value can be explained by alloy formation 

between vanadium and the other used elements, which occurs simultaneously with 

the formation of the dominant bcc phase. Vanadium has the smallest atomic diameter 

(132 pm) compared to Li (152 pm), Ti (147 pm), Nb (143 pm), and Zr (162 pm). 

Alloying with larger elements, i.e., forming a solid solution, then leads to an 

enlargement of the lattice cell.108 The enlarged lattice cell can be recognized by shifted 

reflections to smaller 2 Theta values, as is also described for binary solid solutions by 

Vergard's law.109-110 The element with which vanadium is alloyed cannot be identified 

from the diffraction patterns. However, it can be assumed that vanadium is involved 

to a lower extent or more slowly in the alloy formation of the dominant bcc phase 

since the position of the shoulder is very close to the reflection of the pure vanadium 

phase. For comparison, the (110)-reflection of the niobium bcc structure is expected to 
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be at 17.42° under the same measurement conditions (ICSD #76011). As the process 

continues, the intermediate phase is also depleted. The intensity of the shoulder at 

18.5° - 18.8° decreases noticeably, which can be attributed to the homogenization of 

the dominant alloy. Interestingly, the secondary phase is transformed more slowly in 

the lithium samples (cf. App. 9.5. for increased time resolution). The formed 

shoulder, which can be attributed to the side phase, is still more pronounced after 

75 minutes for the lithium-containing samples (Figure 34b and c), whereas for the 

other samples without lithium (Figure 34a and d), the intensity appears to be 

significantly lower after 60 and 75 minutes of processing. The miscibility of the 

individual elements could explain the delayed alloying progress by considering their 

binary mixing enthalpies (cf. Table 9). 

Table 9 – Values of enthalpy of mixing ΔHmix (kJ mol-1) for atomic pairs contained in synthesized HEAs108. 

Element Li Al Ti Nb V 

Al -4     

Ti 34 -30    

Nb 51 -18 2   

V 37 -16 -2 -1  

Zr 27 -44 0 4 -4 

 

The enthalpies of mixing of lithium with the transition metals are all positive, which 

corresponds to poor or no miscibility of the elements in the binary system. 

Accordingly, the increased lithium content may slow the formation of the single-

phase HEA. However, since mechanical alloying is also known to form metastable 

phases and expand the solubility ranges of the systems, mechanical alloying could be 

considered a successful synthesis technique of the initially difficult-to-mix elements 

at this point, as seen by the formed dominant bcc phase.71  

Consequently, the final X-ray diffraction patterns were simulated (Pawley method) 

with a bcc phase (space group Im3̅m) and additional consideration of the minor 

phase (assumed to be vanadium, Im3̅m) as well as contamination by iron abrasion 

from milling equipment. The respective simulations are shown with the measured 

data in Figure 35.  
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Figure 35: Powder XRD pattern of mechanically alloyed compounds (black), related Pawley  

simulation (red) and corresponding difference curve (blue): a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1  

c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

First, it should be emphasized that all diffraction patterns could be simulated with 

the bcc phase. However, compared to the final diffraction patterns directly, it 

becomes clear that the signal widths of the samples differ. The samples synthesized 

with lithium (Figures 35b and c) show an increased width. In the case of the sample 

containing 10% lithium (b), this even leads to the result that it is not possible to 

distinguish between the primary phase and the two minority phases. The broadening 

and the presence of minority phases result in an asymmetry of the prominent reflex.  

Thus, making the discrimination of all phases much more difficult. The reflection 

broadening may be due to the extended milling time, which reduces the crystallite 

size reflected by the broadening in diffraction experiments.111 However, since the 

reflection width of the 10% lithium-containing sample does not change significantly 

after 120 min of milling, it is more likely that the mechanical properties of the 

respective samples differ. Lithium uptake into the alloy could lead to a more brittle 

material, which means that the crystallites are generally expected to be smaller than 

in materials with higher ductility.71-72  To examine this assumption, the morphology 
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of the particles was studied using SEM images, and the images obtained are shown 

in Figures 36 and 38. 

 

Figure 36: SEM micrographs:  a) Ti0.325V0.275Nb0.275Zr0.125, b) Li0.1Ti0.3V0.25Nb0.25Zr0.1, c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1,  

d) Al0.1Ti0.3V0.25Nb0.25Zr0.1.  

All images show agglomerated particles ranging from a few to several tens of 

micrometers. The samples without lithium, Figures 36 a) and d), show larger 

coherent surface areas, suggesting a larger particle size, while the lithium-containing 

samples show a coarser and more open-pored surface structure. Smaller particles 

may account for the coarser surface area of the sample. In addition, as seen 

sporadically in Figure 36b), smaller particles are located adjacent to the agglomerates. 

Here it is assumed that lithium influences the mechanical properties via its 

incorporation into the solid solution and that these are more brittle than the samples 

without Li. Smaller crystallites would be expected for more brittle materials, which 

could explain the broader reflections of the XRD analysis and the sporadically visible 

smaller particles in the SEM images. These findings could thus provide a first 

indication of the successful synthesis of the solid solution with lithium. 

In addition, lithium uptake into the solid solution is characterized by an increased 

lattice parameter, shown in Table 10. With increasing lithium content, the lattice 

parameter increases, which is reasonable considering the larger atomic diameter of 

lithium (152 pm) compared to the other alloying elements (V 132 pm, Ti 147 pm, Nb 
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143 pm, Zr 162 pm).108 The lattice parameters of the two reference systems also agree 

well with the lattice parameters from the literature, which are also in Table 10 for 

comparison.  Slight deviations can be attributed to the synthesis processes.  

Table 10 Lattice parameters of the synthesized HEAs determined with the Pawley method and the corresponding 

literature values.  

Composition Lattice parameter [Å] Reference 

Ti0.325V0.275Nb0.275 Zr0.125 

3.2627(1)  

3.261(1)a  

 3.270(1)b 

Present work 

[19] 

[19] 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 3.2831(4) Present work 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 3.2578(2) Present work 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 
3.2507(2)  

3.247(1)a 

Present work 

[21] 

a) synthesized by arc-melting and b) by mechanical alloying for 60 min. 

The four-component system, Ti0.325V0.275Nb0.275Zr0.125, as described by Montero et al., 

was synthesized by arc melting, where the lattice parameter agrees very well with 

the lattice parameter determined in this work. However, the mechanically alloyed 

sample from the literature shows a higher deviation of the lattice parameter, which 

could be due to different process parameters.19 In the literature, the synthesis was 

performed with a speed of 700 rpm, a BPR of 26 at a powder amount of 5 g, and a 

ball diameter of 7 mm. The higher speed compared to the present work (600 rpm) 

may have reduced the synthesis time to 60 min. In addition, it is expected that with a 

higher BPR and increased speed, more abrasion may have occurred, causing the 

amount of contamination to be different and thus influencing the lattice parameter. 

The shorter synthesis time of 60 minutes and the increased material usage (5 g) could 

influence the homogenization of the sample. As it is also shown in the present work 

that after 60 minutes, the remaining vanadium can be identified in the XRD 

experiments (cf. Figure 34). Accordingly, the deviation of the lattice parameter can be 

attributed to different synthesis conditions. The aluminum-containing sample, 

Al0.10Ti0.30V0.25Nb0.25Zr0.10, also shows a deviation of the lattice parameter, which may 

also be process-related. The literature value was determined on a sample synthesized 

by arc melting, and in the present work, mechanical alloying was applied.21 Ball 

milling is known to result in materials having a high defect density and increased 

contamination due to the abrasion of iron. Accordingly, the higher defect 
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concentration and the incorporation of the abrasives into the alloy may have resulted 

in a slight shift in the lattice parameter. The evidence of defect density is 

indistinguishable based on the quality of the data, with the incorporation of the 

abrasives confirmed by subsequent analysis using SEM-EDX. 

In order to assess the alloy formation in terms of its chemical composition, SEM-EDX 

analysis was performed. For example, an analysis of the Li0.10Ti0.30V0.25Nb0.25Zr0.10 

sample with the respective individual mappings and the summed energy-dispersive 

spectrum is shown in Figure 37. 

 

Figure 37: SEM micrograph of Li0.1Ti0.3V0.25Nb0.25Zr0.1 sample with corresponding individual EDX mappings and 

energy dispersive spectrum.  

The chemical analysis utilizing element distribution images shows a homogeneous 

element distribution over the recorded particles. The iron abrasion can be identified 

in isolated particles and is uniformly dispersed over the recorded particles. The 

identified iron leads to the assumption that iron uptake also accompanies the alloy 

formation into the solid solution, which could be found in all samples. In this case, 

the amount of iron is low relative to the metals used (< 2.3 wt.%) but cannot be 

prevented due to mechanical alloying as a synthesis method. The quantitative results 

obtained from the sum spectra and the individual images of each sample are 

attached to the appendix (cf. Appendix 9.6).  
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Figure 38: SEM micrographs and corresponding elemental mapping overlay without significant inhomogeneities: 

a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.1Ti0.3V0.25Nb0.25Zr0.1 d) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1. 

From EDX analysis, it can be seen that the ratios of the elements used correspond 

approximately to the nominal ratios of the alloys, although the quantification of the 
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elements by EDX spectroscopy on particles should be considered with caution. In 

addition, Figure 38, with SEM micrographs and the corresponding elemental overlay, 

further illustrates that the detectable elements are evenly distributed without 

significant inhomogeneity. 

Since lithium is not detectable with the EDX detector used, additional ICP-OES 

experiments were performed to verify the elemental composition with respect to the 

lithium content, and the corresponding results are shown in Table 11.  

Table 11: Metal content determined by ICP-OES of alloys synthesized by mechanical alloying. 

Sample Al  

at.% 

Li  

at.% 

Ti 

at.% 

V 

at.% 

Nb 

at.% 

Zr 

at.% 

Ti0.325V0.275Nb0.275Zr0.125 - - 33.48 27.70 26.71 12.12 

Li0.1Ti0.3V0.25Nb0.25Zr0.1 - 11.71 30.17 24.31 24.17 9.64 

Al0.1Ti0.3V0.25Nb0.25Zr0.1 9.43 - 30.42 24.74 25.14 10.27 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 5.02 4.27 31.22 24.79 24.75 9.96 

 

As the results of EDX quantification, the concentrations determined by ICP-OES 

show no significant deviation from the nominal concentration of the compounds. 

Therefore, considering the respective analytical methods, it can be assumed that a 

high entropy alloy with the targeted concentrations and a bcc phase has been 

successfully synthesized, which have been further investigated for their hydrogen 

storage properties. 

 Hydrogen Storage Properties of 

Mechanical Alloyed Samples 

For the investigation of hydrogen storage properties, the alloys were transferred to 

the measuring autoclave of the Sieverts apparatus after synthesis without further 

treatment and initially activated according to the literature.19-22, 107 The materials were 

activated at 340 °C under a dynamic vacuum for two hours, after which they were 

hydrogenated and dehydrogenated at different temperatures. In order to compare 

and evaluate the systems, the same measurement conditions were used for all 

materials. To investigate the hydrogenation rates at different temperatures (33, 200, 

and 400 °C), the materials were exposed to a hydrogen dose with an initial pressure 
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of 40 bar in the reservoir. After opening the valve, the final pressure was approx. 18 

bar depending on the amount of hydrogen absorbed. Between each time-dependent 

measurement, the materials were dehydrogenated at 400 °C for at least two hours 

under a dynamic vacuum. Each measurement at 200 °C was performed five times. 

After five hydrogenations at 200 °C, the materials were then three times exposed to 

hydrogen at 33 °C to investigate their storage behavior under ambient conditions. 

The kinetics measurements were then finished with a measurement at 400 °C to 

check whether the material absorbed hydrogen at high temperatures. Figure 39 

shows the hydrogen uptakes versus time at the respective temperatures.   

 

Figure 39: Hydrogen uptake versus time in mechanically alloyed samples at 33, 200, and 400 °C and a final 

hydrogen pressure of ~18 bar depending on hydrogen uptake and temperature: a) Ti0.325V0.275Nb0.275Zr0.125  

b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.1Ti0.3V0.25Nb0.25Zr0.1 d) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1. 

Considering the individual samples, it is notable that the quaternary system, 

Ti0.325V0.275Nb0.275Zr0.125, initially shows a lower hydrogen uptake (~ 0.7 wt.%) during 

the first hydrogenation. In the second hydrogenation, however, the capacity 

increases to about 1.4 wt.%. This capacity increase upon second hydrogenation 

suggests that the quaternary compound is not yet fully activated at the first time. 

Activation opens accessible diffusion pathways into the material and can be achieved 
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by pulverization.  Pulverization creates new surfaces and thus facilitates hydrogen 

diffusion into the materials.45 However, the exact cause cannot be clarified at this 

point. The other samples, on the other hand, show an inverse trend. An increased 

hydrogen capacity was measured for the first hydrogenation at 200 °C than for the 

subsequent hydrogenations. During the first hydrogenation, the initial hydrogen 

capacities of the Li0.1Ti0.3V0.25Nb0.25Zr0.1 alloy and Al0.1Ti0.3V0.25Nb0.25Zr0.1 compound 

were 1.40 wt.% and 1.48 wt.%, respectively. In the subsequent second hydrogenation 

at 200 °C, hydrogen uptake was determined to be 1.13 wt.% and 1.2 wt.%, 

respectively, resulting in a loss of about 20 % for the quinary alloys in the first cycle. 

In contrast, the Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 alloy shows a loss of about 12 %, from 

1.58 wt.% to 1.35 wt.% (the average of the four following cycles). A similar behavior, 

in terms of capacity degradation, is also described in the literature for the 

Al0.1Ti0.3V0.25Nb0.25Zr0.1 compound (~11% loss) and quaternary compound (~18%), but 

the exact cause is not clear.19, 21 However, it is known for other metal hydrides that 

several causes can be responsible for the loss. Firstly, phase segregation, also called 

disproportionation, in alloys can lead to loss of storage capacity, in which the storage 

material loses its initial crystal structure and, therefore, its previous chemical nature 

due to the thermodynamic favoring of the decomposition products.28, 36, 45, 112 In 

addition, dislocation formation is also supposed to be responsible for reducing the 

storage capacity, although the complex relationship between crystalline structure 

and the degradation behavior is not yet fully understood.45 Pulverization of the 

metals could also contribute to the reduction. Pulverization leads to the loss of crystal 

volume, which provides interstitial sites for hydrogen incorporation so that the 

increase in grain boundaries associated with pulverization can reduce the number of 

possible occupation sites. Consistently, the inverse trend in crystal growth towards 

increased capacity as a function of cyclic number has been observed.28, 113 

Furthermore, the formation of very stable hydrides can also reduce the measured 

storage capacity, as the hydrogen remains strongly bound during the 

dehydrogenation step and can, therefore, no longer be detected as a pressure drop in 

the subsequent hydrogenation.112 All three mechanisms could have led to the 

decrease after the first hydrogenation but could not be differentiated based on the 

kinetic measurements since the intrinsic degradation depends on many physical and 

chemical properties.45 For these two or more plateaus, volume expansion of the 

crystal lattice, maximum operation temperature, alloy composition, and defects in 

the lattice has to be considered.28, 114 

A rapid hydrogen uptake can be observed for all samples. All samples absorb 

hydrogen within the first 5 minutes without additional incubation time, independent 
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of the temperature. Apparent differences can be observed regarding the maximum 

hydrogen capacity after 12 minutes. At 33 °C, the quaternary alloy with reversible 

hydrogen uptake of about 1.85 wt.% shows the highest uptake, followed by the 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 compound with a hydrogen uptake of about 1.7 wt.%. On 

the other hand, the lithium-containing sample shows a capacity of 1.5 wt.%, although 

this value was not recorded reversibly. Only during the 8th absorption was this value 

measured. The other two measurements (6th and 7th) were determined at 1.3 wt.% 

and comparable to the aluminum-containing sample. For the latter, a hydrogen 

uptake of 1.3 wt.% was measured. Accordingly, the quinary compounds seem to 

show the lowest hydrogen uptake. 

Another characteristic of metal hydrides can be seen in the temperature dependence 

of hydrogen storage capacity. With increased temperature, the maximum storage 

capacity of the samples shown decreases, excluding the first hydrogenations. 

Accordingly, the storage capacities at 400 °C decreased to about 0.9 wt.%, with the 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 alloy still showing the highest capacity at 0.97 wt.% and 

the Al0.1Ti0.3V0.25Nb0.25Zr0.1 compound having the lowest uptake at 0.91 wt.%. This is 

because the metal hydride formation is no longer favored thermodynamically and is 

thus temperature-dependent, which can be understood as a destabilization of the 

hydride phase with an increase in temperature. In the equilibrium diagram (the PCI 

curve), this is shown by the plateau becoming narrower as the temperature increases, 

and thus the maximum storage capacity is defined at a given temperature.45 This 

occurs at a critical temperature when the transformation from α to β-phase 

continuously changes.115 It is particularly noticeable that the temperature changes 

have a more negligible effect on hydrogen uptake for the five-element components, 

which could indicate a smaller dependence of the equilibrium pressure on 

temperature and was investigated with subsequent isothermal absorption 

measurements.   

In order to better characterize the material with respect to its storage behavior, PCI 

curves were recorded after the time-dependent measurements. For this purpose, 

three isothermal hydrogen absorption measurements were performed at 400 °C, 

starting with a desorption isotherm followed by a cycle consisting of absorption and 

desorption. At this point, 400 °C was chosen to investigate the temperature 

dependency of the equilibrium pressure.  In the literature, only one absorption 

isotherm at room temperature is given for the respective reference system, where the 

equilibrium pressure of the alloy is at the lower limit of the pressure transducers. 

Additionally, no information about the equilibrium pressure at higher temperatures 
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is given.19, 21 It was also assumed that the kinetics at 400 °C would be sufficient to 

allow an acceptable time for the approximate equilibrium state to be reached since no 

information on the desorption kinetics was available at that time. In addition, with 

the increased temperature, the temperature dependence of the equilibrium pressure 

should be examined. The recorded PCI curves at 400 °C are shown in Figure 40, 

where the first desorption and the following cycle are marked as first absorption and 

second desorption, respectively. Furthermore, it should be mentioned at this point 

that not all curves could be recorded up to the same pressure since the air supply of 

the pneumatic valves was interrupted, and the measuring system consequently got 

stuck at the final or initial pressures shown.    

 

Figure 40: Absorption and desorption PCI measured at 400 °C: a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1  

c) Al0.1Ti0.3V0.25Nb0.25Zr0.1 d) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1. 

The PCI curves obtained at 400 °C show a single hydrogen desorption and 

absorption plateau for all four alloys. One identified plateau indicates that a single-

phase transformation mainly accompanies hydrogen uptake at the pressures studied. 

However, the equilibrium pressure at this point is still at the lower limit of the 

pressure transducer (10-3 bar) despite the temperature of 400 °C. Furthermore, the 
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pressure values fluctuate around -0.01 and 0.03 bar; therefore, the logarithmic plot is 

not reasonable and prevents the evaluation of the thermodynamic parameters using 

the van't Hoff plot and the evaluation of the temperature-dependent equilibrium 

pressure. Low equilibrium pressures indicate that in all four cases, very stable 

hydrides are formed based on the low-temperature dependency of the equilibrium 

pressure. Furthermore, it is striking that cycling at 400 °C leads to a loss of storage 

capacity except for the Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 alloy. The exact cause for this 

cannot be clarified, as this feature may be due to several reasons. The previously 

formed metal hydride may be too stable for dehydrogenation, leaving hydrogen 

stored in the solid phase during cycling and not further detectable as a pressure drop 

during re-hydrogenation. However, a comparison of the hydrogen uptake of the 

absorption isotherm at 400 °C and the hydrogen uptake determined as a function of 

time (cf. Figure 39) shows no significant difference. In both cases, the hydrogen 

uptake is about 0.9 wt.%, and at the same time, a reduced hydrogen release is 

measured for the second desorption isotherm. This speaks against a too-stable metal 

hydride because the second desorption isotherm should behave the same as the first 

one after one cycle. Accordingly, the loss due to bound hydrogen would also have 

been shown in advance in the first absorption isotherm in that a reduced hydrogen 

uptake would be measured in relation to the kinetic measurement. Furthermore, the 

equilibrium pressure can also play an important role. The equilibrium pressure can 

be far below the achievable vacuum, which cannot be reached by the used apparatus, 

whereby then a thermodynamic cause comes into consideration. The applied 

vacuum is insufficient to initiate dehydrogenation, or the kinetics are too slow at the 

pressure difference between equilibrium pressure and working pressure, which 

means that the given time for reaching the equilibrium state at each measurement 

point has not been sufficiently long. However, this could not be arranged due to time 

management. Otherwise, the measurements would require an unreasonable amount 

of time. In the end, the pressure sensors themselves could be a problem since they are 

not designed to determine such low pressures, which means that a high 

measurement variance is expected since the pressure for the hydrogen determination 

is directly included in the calculation. Considered together, the results of the 

desorption curves should be viewed with caution for the reasons stated above. 

In order to address the issue of the different reasons for the loss of capacity, 

isothermal absorption measurements were subsequently performed at 33 °C, 

followed by thermal analyses and X-ray diffraction experiments. The corresponding 

PCI isotherms are shown in Figure 41. 
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Figure 41: Absorption PCI measured at 33 °C for mechanically alloyed samples. 

The isotherms recorded at 33 °C also show a single plateau at low equilibrium 

pressures in a range or below 10-2 bar. Except for the slight change in the quaternary 

sample characterized by a jump in the capacity from 6.8 to 8.6 bar, no unusual 

features of the isotherms can be observed. The maximum hydrogen capacity 

decreased for the samples relative to the initial capacity. Since for the 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 sample, the air pressure for the pneumatic valves failed, 

the recordings are compared at 10 bar. At 10 bar hydrogen pressure, the senary 

compound shows the highest uptake at 1.05 wt.% (H/M = 0.64) after 10 cycles. The 

quaternary alloy is close behind with 0.96 wt.% (H/M = 0.64), while uptake of 

0.85 wt.% (H/M = 0.51) and 0.69 wt.% (H/M = 0.43) is measured for 

Li0.1Ti0.3V0.25Nb0.25Zr0.1 and Al0.1Ti0.3V0.25Nb0.25Zr0.1 alloy, respectively. Given the highest 

capacity at 10 bar, The PCI measurements give a first impression that the 

introduction of Al and Li has a beneficial influence on the gravimetric storage 

capacity. However, the H/M ratio suggests no significant difference in atomic 

occupation between the four-component and senar alloys. Consequently, it can be 

assumed that the gravimetric capacity is increased by decreasing the average molar 

mass of the alloy due to the introduction of lighter elements.  However, it is not yet 

clear which cause, whether pulverization, phase separation or a too-stable hydride 

phase, is responsible for the decrease in storage capacity after cycling. 

In order to investigate the phase segregation and the structural information of the 

hydride phase, the hydrogenated alloys were subsequently investigated by X-ray 

diffraction experiments. The obtained measured data with Pawley simulations are 

shown in Figure 42. To illustrate that the crystal structure of the alloys in the 

hydrogenated state is more challenging to differentiate and simulate, the respective 
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individual phases that contribute to the calculation of the envelopes are included 

with the quaternary compound as an example (cf. Figure 42a). 

 

Figure 42: Powder XRD pattern of mechanically alloyed compounds (black) after hydrogen exposure during PCI 

measurement at 33 °C, related Pawley simulation (red) and corresponding difference curve (blue): a) 

Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

Simulation of the quaternary alloy required two bcc and one fcc phase to obtain a 

reasonable Rwp of 8.54. The measurement clearly shows a mixture of bcc and one fcc 

phase and indicates that different phases have formed in the alloy. One phase can be 

hydrogenated from bcc to fcc structure according to the mechanism described in the 

literature.23 While for the two bcc phases an increased lattice parameter than the 

initial alloy is determined (cf. Table 9 and  11). The identified two phases, bcc and fcc, 

indicate incomplete hydrogenation. Another alloy composition also reported a 

similar behavior of reduced degree of hydrogenation. The material also consisted of a 

mixed phase of bcc and fcc after hydrogenation from the gas phase and indicated 

incomplete hydrogenation, but the authors gave no direct reason for the appearance 

of two phases.58 However, it seems that two explanations can be considered. First, 

different particle sizes could be responsible for two identified phases, where the 

phase indicates a different degree of hydrogenation. A complete phase transition 
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from bcc to fcc corresponds to a H/M ratio of 2, whereas the expansion of the bcc 

lattice without symmetry change can be attributed to a lower degree of 

hydrogenation (~1 H/M). For the magnesium/magnesium hydride system, it has been 

reported that crystallite size (< 50 nm) can affect the enthalpy of formation. Thus, for 

crystallites smaller than 5 nm, an influence on the hydrogen absorption/desorption 

temperature was found for reversible hydrogen storage near room temperature, 

generally between 350 – 400 °C for bulk magnesium.116-117 Accordingly, smaller 

particles of the present alloy may have enhanced hydrogen uptake and completed 

the mechanism from bcc to fcc. On the other hand, larger particles might be 

thermodynamically or kinetically hindered and only partially hydrogenated, as in 

the case of Mg. 116-117 The partially hydrogenated state is then reflected in an increased 

lattice parameter of the bcc phases but without phase transformation. Finally, 

different particle sizes may cause the two identified phases (bcc/fcc). Yet, the exact 

clarification requires further investigation with respect to the particle size 

distribution, which is generally expected to be broad in mechanically alloyed 

materials.71 

On the other hand, a concentration gradient of the elements within the particles can 

also be responsible for the occurrence of different phases. For example, the chemical 

composition of the alloys determines the hydrogen storage properties and, thus, the 

degree of hydrogenation of the alloy. Accordingly, two phases can occur due to the 

different compositions, with one material composition having a higher degree of 

hydrogenation and undergoing the phase transformation from bcc to fcc. In 

comparison, the other material composition has a lower degree of hydrogenation 

reflected in a lattice parameter increase without symmetry change. The variant of the 

concentration gradient is also reasonable since dendritic structures were detected in 

the literature for the reference systems synthesized by arc melting, which showed 

apparent differences in their chemical composition.107 Accordingly, cycling at 

elevated temperatures (~ 400 °C) could have driven the disproportionation of the 

materials studied here, resulting in different phases with different concentrations, 

exhibiting different hydrogenation properties.  
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Table 12: Overview of determined lattice parameter via Pawley simulations after hydrogenation at 33 °C. 

Composition Phase (Spacegroup) Lattice parameter [Å] 

Ti0.325V0.275Nb0.275 Zr0.125 

bcc1 (Im3̅m) 

bcc2 (Im3̅m) 

fcc (Fm3̅m) 

fcc (Fm3̅m)a 

3.321(1)   

3.381(1) 

 4.460(1) 

4.478(1)a 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 
bcc1 (Im3̅m) 

bcc2 (Im3̅m) 

3.401(1) 

3.116(2) 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 

bcc1 (Im3̅m) 

bcc2 (Im3̅m) 

fcc (Fm3̅m) 

3.375(2) 

3.049(2) 

4.712(3) 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 
bcc1 (Im3̅m) 

bcc2 (Im3̅m) 

3.378(3)  

3.359(2) 

a) Synthesized via arc melting from literature 107 

The lattice parameters determined in Table 12 also represent this for the alloys 

investigated. With the consideration of a second bcc phase, the asymmetry of the 

signals could be better simulated. However, this does not exclude the simultaneous 

presence of high stresses and strains within the crystallites and a crystal size 

distribution since these properties can all affect the shape of the reflections. 

Mechanically synthesized materials usually have many defects accompanied by high 

stresses and strains, which can also result in strong asymmetric to displaced 

reflections of the sample. However, determining the stresses and strains within the 

crystals requires further investigation. Nevertheless, an improved simulation could 

be achieved by introducing the additional bcc phase, which could indicate a 

concentration gradient within the particles. Local concentration gradients in the form 

of dendritic structures have been visualized for Al0.10Ti0.30V0.25Nb0.25Zr0.10.21 It was 

found that one dendritic region was zirconium rich, and the other zirconium poor. It 

is assumed that this difference in concentration leads to different lattice parameters 

since zirconium also has the largest atomic radius of the elements used. Further, it is 

assumed that the different concentrations led to different lattice parameters, as 

shown in other literature.118-120 The observed lattice parameters of the bcc phases 

differ by 0.04 Å. However, since the deviation of the lattice parameters for the 4-

component and aluminum-containing sample is also very small, it is assumed that 
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the effect of the local concentration deviation on the resulting lattice parameters is 

also small. To complicate the situation, these local concentration differences may also 

be of different orders of magnitude, leading to the enhanced asymmetry of the 

reflections. However, this needs to be further investigated using high-resolution 

imaging techniques, which is currently not possible due to the pyrophoric nature of 

the hydride particles and the unavailability of inert sample transfer equipment. 

These effects - local composition, stress and strain, crystallite size, and defect 

concentration - affect the resulting diffractogram but cannot be differentiated without 

complementary analytical techniques. Nevertheless, these results indicate the loss of 

storage capacity over the cycle number, in which the alloys could lose their chemical 

composition over the cycles, and consequently, the capacity is decreased. 

After the volumetric measurements in the Sieverts apparatus, the materials were 

subjected to thermal analysis in the hydrogenated state to investigate the 

dehydrogenation properties of the hydride phase. In addition, the gravimetric 

method was used to check whether the previous volumetric measurements had been 

influenced by residual hydrogen. Accordingly, the previously hydrogenated samples 

were transferred to aluminum crucibles under an inert gas atmosphere and heated at 

a heating rate of 5 K min-1 up to 625 °C, and the exhaust gas stream was measured 

with a mass spectrometer for the detection of hydrogen. The measurement data 

obtained, mass in percentage, heat flow, and the correlated hydrogen signal are 

shown in Figure 43. Table 13 contains an overview of the significant parameters of 

the dehydrogenation properties, onset temperature, peak temperature, and the 

volumetric and gravimetric capacities for comparison of the two measurement 

methods. In brackets are the H/M ratios calculated with Equation 4.1. 

Table 13: Volumetric and gravimetric analysis results and associated hydrogen storage performance.  

Composition 

H2 uptake 

PCIa 

[wt.%]  

(H/M) 

H2 release 

TGA 

[wt.%]  

(H/M) 

Onset 

temperature 

[°C] 

Main peak 

temperature 

[°C] 

Ti0.325V0.275Nb0.275 Zr0.125 0.96 (0.64) 1.26 (0.84) ~ 226 288 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 0.85 (0.51) 0.95 (0.57) 
~ 120b) 

~230 
305 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 1.05 (0.64) 1.24 (0.77) ~ 230 285 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 0.69 (0.43) 0.96 (0.6) ~ 230 318 

a) Hydrogen uptake determined from the volumetric method at 10 bars after ten cycles b) First onset with lowered weight loss 
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When heating the samples to 625 °C, a multistage endothermic desorption process 

can be seen for all samples. Except for the 10% lithium-containing sample, all 

samples showed no mass loss up to the onset temperature at about 230 °C and a 

constant heating and hydrogen signal.  After the maxima, a relatively steady 

hydrogen release is detected for all samples. Several reasons can be given for the 

more complex desorption characteristics. First, as described by Ek. et al., the 

desorption process depends on the local environment of the hydrogen atoms within 

the alloys, resulting in different activation energies depending on the locations of the 

atoms within the crystal, which can be reflected in the multiple steps.62 Furthermore, 

the desorption temperature is dependent on the particle size, so the broad 

distribution of particles generated by ball milling directly influences the desorption 

profile.36, 116 Finally, the change in microstructure due to disproportionation cannot be 

neglected since the elements' concentration gradients can influence the desorption 

properties.  

 

  

Figure 43: Thermal analysis of as hydrogenated alloys after 10 cycles; TGA weight loss profile (top), DSC heat 

flow (middle) and MS ion current of H2 (bottom): a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 
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Figure 43: Thermal analysis of as hydrogenated alloys after 10 cycles; TGA weight loss profile (top), DSC heat 

flow (middle) and MS ion current of H2 (bottom): a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

In addition, the thermal analysis results reveal that the volumetrically determined 

hydrogen uptakes differ from the gravimetric capacities. When heating the samples 

to 625 °C (limited by the melting point of the aluminum crucibles), it can be seen that 

all samples above 400 °C continue to release hydrogen. The continuous H2 release 

above 400 °C suggests that 400 °C during dehydrogenation in the Sieverts apparatus 

was insufficient to fully dehydrogenate the samples, thus slightly affecting the 

volumetric measurements. Nevertheless, the maxima of hydrogen release are below 

400 °C so the samples can be cycled under these conditions. The comparison of the 

gravimetric storage capacity to the storage capacities determined at the beginning of 

the time-dependent measurements indicates that in all four cases, the hydrogen 

uptake is degraded over the number of cycles (cf. Figure 39), possibly caused by the 

disproportionation of the samples as described above. 

In order to obtain crystallographic information on the alloys in the dehydrogenated 

state after a total of 11 cycles (10.5 in Sieverts apparatus and 0.5 in TGA), the alloys 

were studied by X-ray diffraction experiments. The recorded diffractograms and the 

corresponding Pawley simulations are shown in Figure 44. 
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Figure 44: Powder XRD pattern of mechanically alloyed compounds (black) after 11 cycles, related Pawley 

simulation (red) and corresponding difference curve (blue): a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1  

c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

After cycling, the X-ray diffraction patterns of the investigated alloys show apparent 

differences from the initial structure.  Deviations from a single-phase bcc alloy can be 

identified in all four cases. The diffractograms of the alloys Ti0.325V0.275Nb0.275 Zr0.125 and 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 have a slight asymmetry, which can be fitted with higher 

accuracy by introducing two bcc phases. The attempt to model the asymmetry of the 

sample via a size distribution function of the crystallites in the WPPM model was 

carried out with lower accuracy, which is reasonable due to a symmetric influence on 

the signal. However, it cannot be excluded that the samples are under substantial 

stress and strain. Stress and strain may also be responsible for the asymmetry and 

require further investigation. The introduction of the second bcc phase, for example, 

in the case of the aluminum-containing alloy, led to a reduction of the Rwp value from 

11.59 to 8.07 and accordingly indicated two phases with different lattice parameters 

(cf. Table 14). At the same time, high-resolution imaging techniques would be 
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supportive of identifying the phase composition but were not possible at the present 

stage.  

Table 14: Overview of determined lattice parameter via Pawley simulations after initial synthesis and after 11 

cycles. 

Composition 

Initial Lattice 

parameter of  

pristine alloy [Å] 

Lattice Parameters 

after 11 cycles [Å] 

Ti0.325V0.275Nb0.275 Zr0.125 3.2627(1) 

3.2581(2) bcc1 

3.239(2) bcc2 

a = 3.232(1)  

c = 5.147(1)  hcp 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 3.2831(4) 
3.276(1) bcc1 

3.024(1) bcc2 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 3.2578(2) 3.2227(5) bcc 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 3.2507(2) 
3.245(1) bcc1 

3.2353(7) bcc2 

 

On the other hand, a dendritic microstructure has been observed for the two 

reference systems after the materials have been synthesized by arc-melting.19, 21 

Therefore, it is likely that over the long measurement times (3 – 4 weeks at 400 °C) 

during the volumetric measurements, the material has undergone phase separation. 

The phase separation can be observed more clearly in the sample containing 10 % 

lithium. The diffraction pattern shows a much more pronounced shoulder next to the 

primary reflection at about 19°, but the measurement data could be inadequately 

simulated even with two bcc phases. The right flanks at the 2nd  (25°) and 3rd (31°) 

reflections continue to be inadequately described, which could be indicative of a 

third bcc phase but has not been investigated further since, for hydrogen storage, 

disproportionation is not considered to be beneficial to the lifetime as a storage 

material. In addition, the contribution of contamination by iron abrasion is marked in 

the figures. In the case of the quaternary alloy, the abrasion appears very broad, 

which can be caused by tiny crystallites or amorphized structures. In the case of the 

senary compound, on the other hand, small sharp reflections can be seen, indicating 

larger crystal domains consisting of the stainless steel of the grinding jar.  
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Furthermore, to describe the alloy of the four-component system 

crystallographically, an hcp structure was included in the simulation to describe the 

asymmetric background at 15° and 30° adequately. This background can also be 

recognized for the senary (marked with arrows) and aluminum compound, 

although, in the Al0.10Ti0.30V0.25Nb0.25Zr0.10 sample, it is only slightly prominent. 

Considering the elements used (atomic radii: V 132 pm, Li 152 pm, Ti 147 pm, Nb 143 

pm, Zr 162 pm) and the corresponding crystal structures and lattice parameters 

under normal conditions (V bcc, Li bcc, Ti hcp, Nb bcc, Zr hcp), it appears that 

zirconium may be responsible for the small contribution of the hcp phase. The lattice 

constant of the simulated hcp phase agrees very well with that of zirconium 

(a = 3.232 Å, b = 3.232 Å, c = 5.148 Å, ICSD 43700).121 Consequently, the loss of 

zirconium from the solid solution could also be responsible for the reduced lattice 

constant of the dominant bcc phase.  Finally, our notion is corroborated by literature 

reports.  A hydrogen release-induced segregation process has also been identified for 

zirconium in other equimolar high entropy alloys.  Above 12.5 % zirconium content 

within the alloys studied, phase separation into two bcc phases, one zirconium rich 

and one zirconium poor, was observed after dehydrogenation. It was found that the 

release of the incorporated hydrogen even induces this because no phase separation 

was observed in stability tests without dehydrogenation at 1200 °C for 24 hours.64  

Accordingly, the segregation process in the alloys studied here could be similar. The 

cycling has driven the disproportionation of the initially disordered solid solution, 

resulting in two phases with a bcc structure and segregated zirconium. However, the 

disproportionation is more pronounced for the 10 % lithium-containing alloy, 

evident from the increased intensity and the strongly deviating lattice parameter of 

the second bcc phase, and is comparable to vanadium (ICSD 171003) when the lattice 

parameters are taken into account. At the same time, the broad main reflection 

overlaps with those of zirconium, which means that the latter cannot be identified 

directly. 
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6.2. Reactive Milled Samples 

The previous chapter has shown that the mechanically alloyed materials were only 

partially hydrogenatable from the gas phase under the selected reaction conditions. 

A similar observation was also demonstrated in the work of Zepon et al. It was 

observed that the mechanically alloyed high entropy alloy MgZrTiFe0.5Co0.5Ni0.5 was 

only partially hydrogenatable, characterized by a mixed phase of bcc and fcc.58 

Reactive milling, on the other hand, resulted in a complete phase change, consistent 

with the described mechanism of bcc alloys to fcc/bct metal hydride upon 

hydrogenation. Accordingly, this chapter aimed to investigate whether reactive 

milling could hydrogenate the selected alloy compositions to a higher degree. 

Furthermore, it should be checked whether a phase transition into the previously 

described bcc structure (cf. Chapter 6.1.1.) can be expected after dehydrogenation of 

the fcc phase. Thus, in the following, the results concerning the synthesis and the 

results of the hydrogen storage properties are presented. 
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 Synthesis of Reactive Milled Samples 

The reactive milling was carried out with a planetary ball mill under a 30 bar 

hydrogen atmosphere. Specially designed stainless steel high-pressure grinding jars 

were used for this purpose. The grinding process consisted of 30 minutes of milling 

at 600 rpm with a subsequent 10 minute break. In order to observe the progress of the 

synthesis, tracking experiments were carried out. For this purpose, the milling 

process was stopped after 2 hours, and a sample was taken for X-ray diffraction 

experiments. Further samples were then taken after a time interval of one hour, and 

30 bar hydrogen was added to the autoclave after each sampling and at the 

beginning of the synthesis. The X-ray diffraction patterns obtained are shown in 

Figure 45 for the respective sample and process time.  

 

Figure 45: XRD pattern of reactive milled HEAs after different milling times:  

a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

The entire alloying process was followed for 6 – 9 h, depending on how far the 

formation of the expected fcc phase had progressed. From the diffraction patterns, 

different characteristics of hydride formation can be seen. First, it should be 

emphasized that after 2 h of process time, a relatively similar diffraction pattern can 
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be seen for all four samples. The first feature can be identified by the reflection at 

about 14.8°.  This reflection can be assigned to the zirconium hydride phase (ICSD 

24624), and its intensity decreases with increasing process time. After 5 h of process 

time, the contribution of the zirconium hydride phase is no longer observed, which 

can be explained by incorporating the zirconium hydride into the alloy. At the 

beginning after 2 hours, besides the ZrH2 phase, the contribution of a bcc phase 

marked with the asterisk and an fcc phase marked by the crystal planes can be 

observed. Nevertheless, the intensity of the bcc phase decreases steadily, and in the 

same course, the fcc structure increases. According to the diffraction pattern, it can 

thus be assumed that a bcc alloy is formed within the first 2 hours. However, the 

positions of the primary reflections are shifted to smaller angles compared to the 

mechanically alloyed samples (e.g., for Ti0.325V0.275Nb0.275 Zr0.125  from 17.66° to 16.7°). 

The shifting reflections indicate that the bcc phase has an enlarged lattice cell, which 

can be explained by hydrogen uptake during the first 2 hours. The identified fcc 

phase suggests that partial sample volume has been hydrogenated to the extent that 

phase transformation from the bcc to fcc phase has occurred. In addition, it can be 

noted that the zirconium hydride can be incorporated into the solid solution at a 

delayed rate. Consequently, it could be assumed that with advanced hydrogenation 

and the accompanying phase transformation into the fcc phase, the uptake of 

zirconium hydride is also favored due to the same crystal structures. Interestingly, it 

can also be seen from the intensities that the aluminum-containing compounds 

exhibit an increased ratio of maximum intensity from the bcc to the emerging fcc 

phase, which also persists longer over the processing time compared to the samples 

without aluminum. With 10 % aluminum, a higher intensity of the bcc phase can still 

be seen after 7 hours, compared to the 5 % Al-containing sample. This could be 

attributed to the hydrogenation properties of aluminum. Aluminum hydride has a 

slightly negative enthalpy of formation of -9.9 kJ mol-1, resulting in a positive Gibbs 

free energy of 48.5 kJ mol-1 at room temperature, and therefore, formation is not 

favored under standard conditions.122 Consequently, the results indicate that 

aluminum impedes hydrogen uptake during reactive milling. Accordingly, the 

aluminum-containing compounds also had to be milled for longer to hydrogenate 

the remaining parts of the bcc phase and observe the accompanying phase 

transformation. In order to identify the final lattice parameters, the final products 

were simulated using the Pawley method, and the data obtained are shown in Figure 

46. 
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Figure 46: Powder XRD pattern of reactive milled compounds (black) after initial synthesis, related Pawley 

simulation (red) and corresponding difference curve (blue): a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1  

c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

Except for the 10% lithium-containing alloy, all compounds were simulated with two 

phases consisting of bcc and fcc. Due to the strong signal-to-noise ratio, the lithium 

sample was more challenging to simulate with two phases, so it was simulated with 

one fcc phase, but the presence of a residual bcc cannot be excluded at this point. 

Nevertheless, the simulations and the measured data indicate that the products are 

composed of two phases since the separation of the first two reflections of the fcc 

phase is hindered in all 4 cases by an occurring background due to the residual bcc 

phase.  At the same time, it is noted that the background between the first two 

reflections increases with aluminum concentration, indicating an increased fraction 

of the residual bcc phase.  An increased bcc fraction indicates decreased hydrogen 

uptake, as less sample volume follows the phase transformation from bcc to fcc. This 

is consistent with the decreased hydrogen uptake due to the increased aluminum 

content. The lattice parameters obtained are listed in Table 15. 
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Table 15: Lattice parameters of reactive milled HEAs determined with the Pawley method and the corresponding 

literature values. 

Composition 
Phase 

(Spacegroup) 

Lattice 

parameter [Å] 
Reference 

Ti0.325V0.275Nb0.275 Zr0.125 

fcc (Fm3̅m) 

bcc (Im3̅m) 

fcc (Fm3̅m) 

4.508(1) 

3.326(1) 

4.478(1)a 

Present work 

Present work 

[109] 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 fcc (Fm3̅m) 4.511(1) Present work 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 
fcc (Fm3̅m) 

bcc (Im3̅m) 

4.491(1) 

3.325(2) 

Present work 

Present work 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 

fcc (Fm3̅m) 

bcc (Im3̅m) 

bct (I4/mmm) 

4.505(1) 

3.334(1) 

a = 3.137(1)a 

c = 4.374(1) 

Present work 

 

[109] 

a) synthesized by arc-melting 

From the simulations, it can be summarized that the alloys are multiphase as bcc and 

fcc after the entire process time, whereby the bcc phase can be considered as a 

minority due to the lower intensity. The determined lattice parameters are all in a 

similar order of magnitude. However, no direct statement on the successful synthesis 

with lithium can be made based on the lattice parameters since different hydrogen 

concentrations could influence all. The lattice parameter of the 4-component 

reference system from the literature differs slightly and can be due to the different 

processing using arc melting, the subsequent dendritic structure, or even the 

multiphase system presented in this work, but it cannot be clarified here. As a final 

feature, the XRD measurements as a function of process time (c.f. Figure 45) clearly 

show that the intensity of the fcc phase increases as the process progresses. An 

increasing fcc phase is associated with a higher degree of hydrogenation. Given the 

previously investigated solid-gas reactions on the mechanically alloyed samples (cf. 

Chapter 6.1.2.), where no or only partial phase transformation from bcc to fcc was 

observed, it can be concluded that the addition of mechanical energy favors the 

incorporation of hydrogen into the alloy. The favoring of hydrogen uptake by 

mechanical influence is also described for another system in the literature.58 This also 

suggests that the hydrogen content could increase as the process progresses, but this 

depends on the probability of each sample volume being exposed to the mechanical 

impacts. 
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In addition, the morphology of the particles was investigated using SEM images and 

micrographs in Figure 47 to serve as an overview. 

 

Figure 47: SEM micrographs:  a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1  

d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

All images show a particle bed ranging from several hundred nanometers to several 

micrometers. It is striking that the particle sizes do not show any significant 

differences concerning their compositions, as it occurred for the mechanically alloyed 

samples (cf. Figure 36). All four samples consist predominantly of agglomerates 

composed of relatively small particles, although larger agglomerates can be seen. The 

mechanical properties of the hydrides can explain the increased occurrence of small 

particles. As the XRD results have already indicated, hydrogenation of the metals 

takes place within the first 2 h of reactive milling, and it is also known that metal 

hydrides exhibit reduced ductility.123 Furthermore, it is known that the milling of 

brittle materials leads to smaller particles.71 Accordingly, it can be concluded that 

during the milling process under a hydrogen atmosphere, particle size reduction is 

favored, in which the metal and alloys are hydrogenated in the initial stage and 

consequently change their mechanical properties, which is consistent with the time-

resolved tracking experiments. In addition, the shape of the particles supports the 
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assumption of the more brittle materials since they are not flattened, as is the case for 

ductile materials.71 It is also noted that even with different process times of 6 – 9 h, 

the samples do not show a significant difference in the particle size, indicating that 

fragmentation and coalescence seem balanced. 

Additionally, SEM-EDX analyses were performed on the samples to verify the 

chemical composition. As an example, the results of the Li0.10Ti0.30V0.25Zr0.10Nb0.25 alloy 

with the respective individual mappings and the summed energy-dispersive 

spectrum are shown in Figure 48.  

 

Figure 48: SEM micrograph of Li0.1Ti0.3V0.25Nb0.25Zr0.1 sample with corresponding individual EDX mappings and 

energy dispersive spectrum. 

As the individual element distributions show, all detectable elements are uniformly 

distributed over the investigated range. This supports the XRD results that a 

multicomponent solid solution consisting of the elements used has been synthesized. 

However, high-resolution imaging techniques should be used in addition to 

investigating the elemental distribution in more detail and simultaneously localizing 

the lithium in the alloys. Furthermore, no significant inhomogeneities of the 

elemental distributions are identified, supporting the assumption that the two 

identified phases in the XRD analyses must originate from different hydrogen 

concentrations within the alloy. The quantitative results determined from the sum 

spectrum as well as the individual mappings of the individual samples are attached 

(c.f. Appendix 9.7). From there, it can be concluded that the ratios of the individual 
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elements agree well with the nominal ratios used. In order to summarize these 

results, the overlays of the individual mappings and the corresponding micrograph 

are shown in Figure 49. 

 

Figure 49: SEM micrographs and corresponding elemental mapping overlay: a) Ti0.325V0.275Nb0.275Zr0.125  

b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.1Ti0.3V0.25Nb0.25Zr0.1 d) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1. 
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In addition, ICP-OES experiments were performed on the samples to assess the 

chemical composition of lithium content. The compositions obtained are shown in 

Table 16. 

Table 16: Metal contents determined by ICP-OES of alloys synthesized by reactive milling. 

Sample Al  

at.% 

Li  

at.% 

Ti 

at.% 

V 

at.% 

Nb 

at.% 

Zr 

at.% 

Ti0.325V0.275Nb0.275Zr0.125 - - 33.87 27.07 25.33 13.71 

Li0.1Ti0.3V0.25Nb0.25Zr0.1 - 9.60 28.29 24.98 27.24 9.86 

Al0.1Ti0.3V0.25Nb0.25Zr0.1 9.78 - 30.79 24.73 22.89 11.79 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 4.81 5.16 30.71 24.67 24.97 9.67 

 

Like the mechanically alloyed samples, the results of the ICP-OES analysis show no 

significant deviations from the nominal concentrations. Therefore, in conjunction 

with the XRD, EDX, and ICP-OES analyses, it can be assumed that the metal 

hydrides have been successfully synthesized, although the XRD analyses have 

shown that they consist of two phases, which is possibly due to the hydrogen 

concentration. It should also be noted that the reactive milling process favored 

hydrogen uptake and led to the phase transformation from bcc to fcc, typical for bcc 

metal upon hydrogenation.  
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 Hydrogen Storage Properties of Reactive 

Milled Samples 

Since the materials were in the hydrogenated state after reactive milling, the 

desorption behavior was investigated with thermal analysis. For this purpose, the 

hydrides were transferred into aluminum crucibles under an argon atmosphere and 

then measured on the TGA-DSC module coupled with MS. In order to apply the 

Kissinger method, different heating rates (2, 5, 10, 15, and 20  K min-1) were used, and 

the mass losses were averaged over the number of measurements. For overview 

purposes, Figure 50 first shows the measurement data obtained with a heating rate of  

5 K min-1. 

As shown in Figure 50, the curves for all four samples over the temperature range 

from 150 °C to about 500 °C show a multistep endothermic process. The weight 

decrease and the heating flow correlate very well with the hydrogen signal recorded 

in the MS, supporting that the dehydrogenation must proceed via a multistep 

desorption process. Interestingly, the desorption profiles of the 

Ti0.325V0.275Nb0.275Zr0.125 and Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 alloys look very similar. The 

desorption starts at an onset temperature of 150 °C and then increases steadily to the 

maximum desorption peak, 250 °C and 258 °C, respectively. After the peak, the 

hydrogen desorption rate decreases steadily, and around 600 °C, the weight loss is no 

longer observed. The desorption profile of the 10% lithium-containing sample 

deviates slightly. The heat flow signal also initially shows an onset temperature of 

150 °C and then decreases steadily to the first local minimum at about 200 °C. With 

further heating up to 245 °C, a sharp minimum in the heat flow signal is observed, 

accompanied by an increased weight loss. Subsequently, as with the other two 

samples, the hydrogen signal steadily decreases, and the weight loss ceases at 600 °C. 

In contrast to the other samples, the desorption profile of the Al0.1Ti0.3V0.25Nb0.25Zr0.1 

alloy is different in that three maxima can be identified during desorption. The onset 

temperature is also initially at 150 °C, but the hydrogen signal rises steeply towards 

the first local maximum at 190 °C. After this, both the heat flow and the hydrogen 

signal decrease slightly, and a second maximum of the heat flow and hydrogen 

signal is reached at 260 °C. Subsequently, a third maximum can be seen at about 

360 °C. Interestingly, the mass loss of the aluminum-containing sample also behaves 

differently. None of the maxima observed correlate with a sudden mass loss as 

measured for the other samples. The mass loss of the aluminum sample is uniform 

over the entire measured temperature curve and correlates with the very broad 

hydrogen signal. 
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Figure 50: Thermal analysis of reactive milled alloys after synthesis; TGA weight loss profile (top), DSC heat flow 

(middle) and MS ion current of H2 (bottom): a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1  

c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

The significant parameters, such as mass loss, onset temperature, and peak 

temperature, are summarized in Table 17. The mass loss in wt.% represents an 

average of the measurements and is given with the standard deviation. The onset 

and peak temperatures were determined from measurements at a heating rate of 

5 K min-1. The H/M ratios are calculated via formula 4.1. 
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Table 17: Hydrogen desorption properties of reactive milled samples determined from thermal analysis.  

Composition 

H2 release 

TGA 

[wt.%]   

H2 release 

TGA  

H/M   

Onset 

temperature 

[°C] 

Main peak 

temperature 

[°C] 

Ti0.325V0.275Nb0.275 Zr0.125 2.40 ± 0.16 1.63 ~ 150 251 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 2.59 ± 0.22 1.59 ~ 150 245 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.10 2.47 ± 0.14  1.54 ~ 150 258 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 2.00 ± 0.14 1.26 ~ 150 
190a) 

260b) 

a) 1.Maxima b) 2.Maxima 

Based on the hydrogen release shown in Table 17, the first trend can be seen in which 

the incorporation of lithium has a positive effect on the gravimetric storage capacity. 

The increase in gravimetric storage capacity is explained by the lower average 

molecular weight of the alloy associated with the incorporation of lithium, the 

lightest element of the metals used. Consequently, for the Li0.10Ti0.30V0.25Nb0.25Zr0.10 

alloy, an initial superior hydrogen storage capacity of ~2.6 wt.% is determined, 

followed by the 6-component alloy with ~2.5 wt.%. For the Ti0.325V0.275Nb0.275 Zr0.125 

alloy, a gravimetric capacity of 2.4 wt.% has been determined. This capacity is in 

good agreement with the capacity of the reactive milled sample from the literature.19 

Only the 10% aluminum-containing compound deviates more strongly with a 

capacity of ~2.00 wt.%. In contrast, a value of 2.6 wt.% is given in the literature.21 

Nevertheless, the reference system from the literature was synthesized by arc melting 

and should generally have different properties.  In addition, the XRD experiments 

show an increased residual bcc content in the sample investigated in the present 

work, which can also explain the reduced capacity since a residual bcc phase should 

reflect a reduced hydrogen concentration. 

In contrast, based on the H/M ratio shown in Table 17, no trend can be observed 

regarding the positive contribution to the hydrogen capacity by incorporating 

lithium. The H/M ratio for the top three alloys is of similar magnitude. Only the alloy 

with aluminum is determined to be lower, with a value of 1.26. Two factors can 

explain this. The aluminum sample shows a significantly reduced hydrogen release 

temperature at 190 °C, indicating that the hydride phase is more destabilized than 

the other three alloys. The destabilization is possibly due to the previously 

mentioned influence of aluminum (cf. Chapter 6.2.1.), which could also impede the 
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hydrogen uptake. Furthermore, the reduced H/M ratio could also be due to the 

increased iron content in the Al0.10Ti0.30V0.25Nb0.25Zr0.1 sample. The iron content due to 

abrasion was 3 wt.% and is increased in contrast to the other three samples 

(~ 0.6 wt%, c.f. Appendix 9.7). Iron also has a positive enthalpy of formation of 

7.9 kJ mol-1 and could negatively affect hydrogen uptake in synergy with the other 

elements.27 Therefore, it is expected that iron and aluminum show a destabilizing 

effect on the hydride phase, in which the hydrogen uptake is reduced, and the 

dehydrogenation temperature is lowered compared to the other samples. The 

slightly reduced H/M ratio (1.54) of the Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 compound could 

also be attributed to the influence of aluminum on hydrogen uptake. The latter also 

had to be milled for longer times under hydrogen to convert the residual bcc phase, 

which must be accompanied by an increase in the hydrogen concentration. At the 

same time, the EDX analysis showed lower iron contamination of 0.61 wt.% and is 

comparable to the samples without aluminum (c.f. Appendix 9.7). The reference 

system, Ti0.325V0.275Nb0.275 Zr0.125, also agrees well with the reference system from the 

literature, indicating that the direct influence of the minor iron impurity is 

negligible.19 Therefore, the influence of the iron on the H/M can be neglected at this 

point. It can be assumed that aluminum destabilizes the hydride phase, which is why 

the storage capacity and the dehydrogenation temperature are lowered at increased 

aluminum concentration.  

The Kissinger method was further used to determine the samples' activation energies 

(Ea). The required measurement curves of the heat flow at different heating rates are 

shown in Figure 51. The heat flow of the Ti0.325V0.275Nb0.275 Zr0.125, 

Li0.10Ti0.30V0.25Nb0.25Zr0.10, and Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 samples are comparable. The 

three samples have an on-set temperature of about 150 °C, increasing with the 

heating rate. On a similar order of magnitude (~ 30 – 50 °C), the endothermic peak 

temperature, related to the maximum desorption rate, also shifts to higher 

temperatures with an increased heating rate. However, the Al0.10Ti0.30V0.25Nb0.25Zr0.1 

sample shows a different behavior, where two local minima of the heat flux can be 

identified. The first local minimum is reached after the on-set temperature at about 

150 °C and is approximately 190°C. As the temperature increases, the minimum heat 

flow reaches ~ 260 °C, shifting by ~ 50 °C with the varied heating rate. A linear 

relationship can then be established via the peak position of the endothermic maxima 

in relation to the heating rate using formula 4.3, and the activation energy can be 

determined by linear regression based on the slope.  
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Figure 51: DSC heat flow signal recorded at varying heating rates (2, 5, 10, 15, 20 K min-1): a) 

Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

At this point, it must be mentioned that for the alloy Al0.10Ti0.30V0.25Nb0.25Zr0.10, the 

position of the total maximum (~ 260 °C) was taken into account since this point must 

be the maximum desorption rate.  Due to the signal shape with an additional local 

maximum, it is assumed that the aluminum-containing sample is not comparable to 

the other samples. Nevertheless, according to Eq. 4.1, the following Kissinger 

diagrams are obtained and shown in Figure 52. 

As the plots show, linear fits could be obtained in each case (R² > 0.95), and the 

activation energy was determined from the slope. For the reference system, an 

activation energy of 112 ± 4 kJ mol-1 is determined and deviates from the literature 

value. In the literature, an activation energy of 153 ± 10 kJ mol-1 was given for the 

same composition, but the difference can be attributed to the measurement 

methodology used.19 The thermal analysis for the determination of Ea was done with 

thermal desorption spectroscopy measured on a homemade instrument, where the 

hydrogen partial pressure was recorded in a connected quadrupole spectrometer.19  
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Figure 52: Kissinger plots from reactive milled samples: a) Ti0.325V0.275Nb0.275Zr0.125 b) Li0.1Ti0.3V0.25Nb0.25Zr0.1  

c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 

In thermal desorption spectroscopy, the sample is subjected to a high vacuum at  

10-6 mbar.107 In contrast, during TGA-DSc measurements, the samples are measured 

in argon at atmospheric pressure. It is assumed that the pressure difference in the 

measurements led to deviating activation energies since desorption from hydrogen is 

pressure dependent. Therefore, independent of the literature, the results from this 

work can be compared. Accordingly, the activation energies of 99 ± 12 kJ mol-1 and 

87 ± 9 kJ mol-1 were determined for alloy Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 and 

Li0.10Ti0.30V0.25Nb0.25Zr0.10, respectively, indicating that the activation energy is lowered 

with increasing lithium concentration. The aluminum compound cannot be directly 

compared due to the more deviating desorption profile, but an activation energy of 

114 ± 6 kJ mol-1 was determined for the second desorption maximum. It should also 

be mentioned that the desorption mechanism of hydrogen from a metal hydride is a 

complex process involving several phases, such as the gaseous hydrogen and two or 

more hydrogen-containing solid phases.124  Considering only the phases, hydrogen 

desorption is influenced by interlinked processes such as the desorption of molecular 

hydrogen from the surface, recombination of hydrogen atoms on the metal surface, 

diffusion within the metal and hydride phases, and the phase transformation from 
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metal hydride to metal.124 Further, the diffusion process depends on several 

variables, over which interstitial sites and in which phase the diffusion takes place, at 

which temperatures, and more.45, 125 The complexity of the desorption process makes 

it clear that the activation energy represents an averaged value over all the processes 

mentioned, whereby the process with the highest activation energy represents the 

decisive variable but cannot be differentiated. Nevertheless, the results indicate that 

lithium leads to a reduction of Ea. Aluminum, on the other hand, contributes 

synergistically to destabilization, as indicated by the first local maxima at lower 

temperatures. 

After the thermal analysis, the materials were subjected to X-ray diffraction 

experiments. The obtained data are from samples heated at a rate of  

10 K min-1 up to 625 °C. The X-ray diffraction data were then simulated to determine 

the lattice parameters using the Pawley method, and the corresponding data are 

shown in Figure 53.   

 

Figure 53: Powder XRD pattern of reactive milled compounds (black) after heat treatment up to 625 °C with  

10 K min-1, related Pawley simulation (red) and corresponding difference curve (blue): a) Ti0.325V0.275Nb0.275Zr0.125  

b) Li0.1Ti0.3V0.25Nb0.25Zr0.1 c) Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 d) Al0.1Ti0.3V0.25Nb0.25Zr0.1. 
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As the diffractograms show, in all four samples, the transformation from the 

previously identified fcc phase to one or more bcc phases was completed after 

dehydrogenation. The 4-component alloy has been fitted with two bcc phases since 

the fitting of the reflections at higher 2 Theta angles with a single bcc phase showed a 

higher deviation. This indicates that the 4 component alloy also tends to 

disproportionate after dehydrogenation, as in the mechanically alloyed samples. The 

lithium alloy even shows this effect of disproportionation more strongly. Due to the 

asymmetric shape of the (110) reflection and the (211) reflection, zirconium with an 

hcp to lower 2 Theta angles and vanadium to larger 2 Theta angles are included. The 

reflections' asymmetry may indicate segregation of the Zr and V. The pattern of the 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 alloy, on the other hand, indicates higher stability with 

respect to disproportionation. The first reflection shows only a slight asymmetry 

towards smaller angles, which could be compensated under the introduction of the 

zirconium phase, but also indicates that disproportionation has taken place. These 

segregation phenomena can not be excluded for the Al0.10Ti0.30V0.25Nb0.25Zr0.10 sample. 

The areas marked by the arrows strongly indicate unidentified phases, which may 

have resulted from the superposition of several segregation products. The obtained 

lattice parameters of the Pawley simulations are listed in Table 18 for comparison.  

Table 18: Overview of the lattice parameters of the mechanically alloyed samples and the reactively milled 

dehydrogenated samples determined using Pawley simulations. 

Composition 

Initial Lattice 

parameter of  

Pristine Alloya) [Å] 

Lattice Parameters 

after Cycling [Å] 

Ti0.325V0.275Nb0.275 Zr0.125 3.2627(1) 
3.2710(2) bcc1 

3.251(1) bcc2 

Li0.10Ti0.30V0.25Nb0.25Zr0.10 3.2831(4) 

3.2228 (1) bcc 

a = 3.232(1)  

c = 5.147(1)  hcp 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 3.2578(2) 

3.2227(2) 

a = 3.232(1)  

c = 5.147(1)  hcp 

Al0.10Ti0.30V0.25Nb0.25Zr0.10 3.2507(2) 3.244(1) bcc1 

a) Mechanically alloyed samples 
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The segregation of the elemental zirconium from the disordered solid solution can be 

determined by comparing the simulated lattice parameters with those from the 

database. The simulated lattice parameters of the hcp phase agree very well with the 

data from the ICSD database (a = 3.232 Å, b = 3.232 Å, c = 5.148 Å, ICSD 43700). In the 

case of the alloys containing aluminum and/or lithium, the dehydrogenation resulted 

in a significant decrease in the lattice parameter when the lattice parameters of the 

freshly synthesized mechanically alloyed samples are considered and are well 

explained by the segregation of zirconium from the alloy. However, the intensities of 

these segregation products indicate a small amount compared to the bcc major phase, 

although the actual amount of each phase could not be refined due to the unknown 

composition.  

6.3. Conclusion 

In Chapter 6, high entropy alloys with different compositions were discussed, 

focusing on incorporating the light metal lithium into the alloys and evaluating its 

influence on the hydrogen storage properties. First, the alloys were successfully 

synthesized in the targeted alloy composition by mechanical alloying and reactive 

milling to investigate their hydrogen storage properties. Then, the X-ray diffraction 

experiments at different synthesis times provided insight into the alloying process 

and the formation of the respective crystal phase.  

The time-dependent X-ray diffraction results of the mechanically alloyed samples 

showed that introducing 10% lithium into the reference alloy requires a longer 

milling time for homogenization, which can be attributed to the positive enthalpy of 

mixing of lithium with the four transition metals used. Nevertheless, the 

determination of the lattice parameters and the elemental analyses indicate the 

successful incorporation of lithium into the solid solution, and it was possible to 

synthesize all four compositions with a bcc phase. 

Subsequently, the mechanically alloyed samples were subjected to multiple cycles of 

hydrogenation and dehydrogenation in the Sieverts apparatus, followed by X-ray 

diffraction experiments in the hydrogenated state. The results showed that the alloys 

with light metal addition (Al, Li, or AlLi) react upon hydrogen uptake with an 

increased lattice parameter, but an expected phase transformation from bcc to fcc 

does not occur. On the other hand, the reference system undergoes a partial phase 

transformation from bcc to fcc. In contrast, the investigations of the reactively milled 

samples showed that a phase transformation from bcc to fcc is possible in all four 

investigated material compositions. Furthermore, the phase transformation is 
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accompanied by an increased hydrogen concentration in the metal hydride, as 

described in the literature.23 This suggests that the additional energy supplied during 

the milling process favors the hydrogen uptake. In addition, time-dependent XRD 

studies on the reactive milled alloys showed that hydrogen uptake decreases with 

increasing aluminum content, and a longer process time is required. The subsequent 

thermal analyses also showed that the hydrogen content of the 10% aluminum-

containing sample was the lowest. 

The thermal analyses showed differences in the dehydrogenation properties 

concerning the synthesis methodology. Reactive milling resulted in a reduced onset 

temperature of ~150 °C in all four cases, whereas the onset temperatures of the 

mechanically alloyed samples were around 220 – 230 °C. The SEM images of the 

reactively milled samples showed a particle network with smaller particles. It is 

assumed that the hydrogenated phase is more brittle in terms of mechanical 

properties, which should lead to smaller particles.71 Accordingly, it was assumed that 

a particle size difference exists between the mechanically and reactively milled 

samples, which is responsible for the different dehydrogenation temperatures. 

However, high-resolution methods should be applied to support this assumption. 

Regarding the hydrogen absorption kinetics, no significant differences were 

identified for all four mechanically synthesized alloys. All samples show a rapid 

hydrogen uptake within a few minutes. However, the dehydrogenation, as shown by 

the thermal analysis, proceeds up to 500 – 600 °C depending on the synthesis 

methodology. 

The initial high storage capacities of up to 2.6 wt.% of the reactive milled samples 

and the low equilibrium pressure of the mechanically alloyed samples indicate the 

potential of the alloy composition to serve as a fast intermediate storage material and 

suggest that the storage capacity could be increased by introducing light metals. 

However, the disproportionation of the phases would cause the material to degrade 

too much over a technically relevant number of cycles, potentially limiting its use to a 

short period. 
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Chapter 7 

7. Conclusion, Final Remarks and Outlook 
Within the scope of this work, various high entropy alloys were successfully 

synthesized, and their use for hydrogen storage was evaluated. The main focus of the 

work was to synthesize new compositions based on light metals or by adding light 

metals to already investigated systems, to reduce the average molar masses of the 

alloys in order to increase the gravimetric storage capacity (c.f. Equation 4.1 and 4.2). In 

this respect, apart from hydrogen storage capacity, the effects of synthesis methods 

including mechanical alloying and reactive milling were investigated, which is strongly 

dependent on the metals involved and synthesis parameters used. 

Chapter 5, which deals with the synthesis of a high entropy alloy with the composition 

AlLiMgTiZr, shows how important the process parameters are for the successful 

processing of such an alloy. First, the investigations showed that PCAs are necessary 

for processing to suppress an enhanced cold welding effect during milling. Based on 

the subsequent analyses via XRD, EDX, and Raman spectroscopy, it was shown that the 

PCAs used decompose during milling and form a high entropy carbide with a rock 

salt-like crystal structure as in the case of transition metal mono carbides. Moreover, 

the formation mechanism was demonstrated based on the tracking experiments. 

During the synthesis, the hydrocarbons decompose, and zirconium hydride is formed 

as an intermediate phase. Later in the process, the final fcc structure is formed and the 

proportion of the zirconium hydrid phase decreases. Subsequently, it was assumed that 

the decomposition of PCA could be suppressed via the use of ZrH2. However, the time-

dependent studies showed that even in the case of ZrH2 as an educt, the PCA still 

decomposed, and the carbides were formed. Altogether, the presented experiments 

ended in a similar high entropy carbide structure that could be described by fcc 

symmetry. These findings led to the conclusion that, instead of the expected bcc alloy, 

mainly the rocksalt-like fcc high entropy carbide forms under the conditions used. 

Accordingly, it is assumed that the proposed empirical selection criteria VEC, δ, and Ω 

are not transferable to the selected equimolar composition. The further work should 

focuses on whether the selection criteria are transferable to high entropy carbides. Since 

the occupation of the sublattice, e.g., by carbon, can have a compensating influence on 

the atomic mismatch, which would make the application of δ negligible. 
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Regarding the hydrogen storage properties, it was observed that when zirconium 

hydride was used as an additional hydrogen source, the formed carbide exhibited a 

mass loss of 1.56 wt.% during the first dehydrogenation. The cycle experiments 

subsequently showed a reversible storage capacity of 0.6 wt.%. The time-dependent 

measurements indicated a fast absorption rate, with 90 % of the capacity absorbed 

within the first minute. In addition, a unique feature of the carbide structure is the 

constant lattice parameter in the hydrogenated and dehydrogenated states. In contrast 

to other metal hydride solid-state storage materials, it is assumed that the material does 

not undergo any significant volume change upon hydrogen loading or unloading. A 

constant volume of the storage material is advantageous for the design of storage tanks 

since no blank volume in the tank has to be considered for the volume change, and 

thus, a higher volumetric storage density can be achieved. The results show that high 

entropy carbides can be considered solid-state hydrogen storage materials, which to 

our knowledge, is the first time this has been demonstrated. 

In the literature, carbides are mainly considered hydrogen-trapping materials to 

counteract hydrogen embrittlement in high-strength steels.96, 126-127 To counteract 

hydrogen embrittlement, composite materials are produced based on metals and 

carbides. As hydrogen trapping material, the presented light metal high entropy 

carbide brings a further advantage in its average weight. The reduced weight of the 

carbide then becomes advantageous for the lightweight construction sector, as an 

additional weight due to heavy elements can be avoided. Regardless of the use as 

hydrogen storage or in avoiding hydrogen embrittlement, it would be interesting to 

know the role of carbon in the formation of the alloy or carbide and whether a 

minimum concentration of carbon is required to stabilize the fcc structure. Ultimately, 

the materials could also be of interest for other applications, e.g., coating materials for 

tools, where high wear resistance is demanded. In addition, investigating the electronic 

properties could be interesting, as these can be tuned via the carbon concentration, 

which can presumably vary via the synthesis process. 

In Chapter 6, the effect of lithium and/or aluminum on a Ti0.325V0.275Nb0.275 Zr0.125 alloy 

was systematically investigated.  The alloys were successfully fabricated with a bcc 

structure via mechanical alloying. Based on the tracking experiments, it was found that 

an increased lithium content requires a longer process time, which can be attributed to 

the positive enthalpy of mixing of lithium with the transition metals used. 

Furthermore, vanadium exhibited the lowest affinity to form a solid solution. The 

vanadium concentration does not decrease until a bcc majority phase has formed. The 

subsequent analyses indicated that the materials had a homogeneous elemental 
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distribution, although investigation with high-resolution imaging techniques would be 

required to also identify lithium as an alloy participant in the solid solution. For this 

purpose, it would be interesting to perform spatially resolved electron energy loss 

spectroscopy, as this would allow lithium to be detected.  

The connected investigations of hydrogen storage properties showed that the materials 

can store hydrogen with fast kinetics within a few minutes. The pressure-composition 

isotherms revealed a very low equilibrium pressure (< 0.01 bar) for each compound. In 

addition, the hydrogen absorption experiments of the mechanically alloyed samples 

indicated that the uptake of hydrogen (H/M < 0.64) does not occur at the expected 

maximum capacity, which for bcc alloys is typically a H/M of 2. Over the number of 

cycles, all samples lost capacity. The subsequent thermogravimetric analysis showed 

that the materials release hydrogen up to 500 °C, so the volumetric measurements were 

influenced by residual hydrogen. The gravimetric measurements determined a H/M 

ratio of up to 0.84. Furthermore, the connected X-ray diffraction experiments showed 

that the materials are affected by disproportionation, which can explain the loss of 

capacity over the cycle number.  

Reactive milling proved to be beneficial for hydrogen uptake as well as for the 

dehydrogenation temperature. The materials had been synthesized with a majority fcc 

phase, with residual bcc components as a by-product. Based on the increasing intensity 

of the bcc phase with the increasing aluminum content, the influence of the non-

hydride forming element could be demonstrated. Based on the required prolonged 

synthesis time, reduced capacity, and dehydrogenation temperature, it was assumed 

that aluminum destabilized the hydride phase.   By introducing lithium, the intended 

goal of increasing the gravimetric storage capacity was achieved (2.56 ± 0.22 wt.%). In 

addition, the Kissinger method demonstrated that the activation energy could be 

lowered with increasing lithium content, but this was not significantly reflected in the 

dehydrogenation temperature. Furthermore, lithium proved to be phase destabilizing, 

which limits its applicability as an alloying element over multiple hydrogen storage 

cycles.  

Nevertheless, because of the high number of possible combinations and concentration 

gradients, HEAs represent a very interesting class of materials in terms of their storage 

properties. Due to the diversity of composition, some storage properties could be 

modulated via chemical composition, as shown in this work. Technically, long-term 

stability and thermal properties such as hydrogenation temperature and desorption 

would have to be examined. 
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9. Appendix 

9.1. Calculations of the selection paramters of 

AlLiMgTiZr 

Table 19: Values of enthalpy of mixing ΔHmix (kJ mol-1) for atomic pairs contained in synthesized HEAs108 

Element Al Li Mg Ti 

Li -4    

Mg -2 0   

Ti -30 34 16  

Zr -44 27 6 0 

 

Table 20: Atomic radii, valence electrons, melting point and concentration of the respective element.69, 108 

Element 
Atomic 

radius [pm] 

Valence 

electrons 

[#] 

Melting 

point [K] 
Concentration 

Al 143 3 933 0.2 

Li 152 1 454 0.2 

Mg 160 2 922 0.2 

Ti 147 4 1943 0.2 

Zr 162 4 2130 0.2 

 

𝛿 = √∑ 𝑐𝑖 (1 −
𝑟𝑖

𝑟̅
) ²𝑛

𝑖=1 =  … =  0.0478 =  4.78 [%]  

𝑉𝐸𝐶 = ∑ 𝑐𝑖(𝑉𝐸𝐶𝑖)  =  …  =  2.8 [a. u. ] 𝑛
𝑖=1   

∆𝐻𝑚𝑖𝑥  = ∑ 4∆𝐻𝑖𝑗
𝑚𝑖𝑥𝑐𝑖𝑐𝑗

𝑛
𝑖=1,𝑖≠𝑗  =  …  =  0.48 [𝑘𝑗 𝑚𝑜𝑙−1]   

𝑇𝑚  =  ∑ 𝑐𝑖(𝑇𝑚)𝑖
𝑛
𝑖=1 =  …  = 1276.4 [K]  

Ω =
𝑇𝑚ΔS𝑚𝑖𝑥

|Δ𝐻𝑚𝑖𝑥|
=

1276.4 ∙ 0.013381

0.48
 [𝑎. 𝑢. ]  
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9.2. Wavelength for  ICP-OES Experiments 

Aluminum:  167.078 nm  394.401 nm 396.152 nm 

Lithium:   670.780 nm 

Niob:   269.706 nm  295.088 nm 

Titanium: 334.941 nm 336.121 nm 

Vanadium:  209.244 nm 311.071 nm 

Zirkonium:  339.198 nm 343.823 nm 

 

9.3. XRD-Pattern of cryomilled sample 
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9.4. Theoretical uptake of PCAs 

Hydrogen mass content within PCA: 

𝑤𝑡.𝐻,𝑇𝑜𝑙𝑢𝑒𝑛𝑒  [%]  =
𝑀𝐻

𝑀𝐻 + 𝑀𝐶
∙ 100 [%] =

8 ∙  1.00784

92.14
∙ 100 [%] = 8.75 [%] 

𝑤𝑡.𝐻,𝐸𝑡ℎ𝑎𝑛𝑜𝑙  [%]  =
6 ∙  1.00784

46.07
∙ 100 [%] = 13.13 [%] 

Mass of PCA assuming 8 wt.% during the synthesis:  

𝑚𝑃𝐶𝐴 = 0.08 ∙ 2 [𝑔]  = 0.16 [𝑔] 

Hydrogen mass based on the PCA quantity used 

𝑚𝐻,𝑇𝑜𝑙𝑢𝑒𝑛𝑒 =  0.16 [𝑔] ∙ 0.0875 = 0.014 [𝑔]  

𝑚𝐻,𝐸𝑡ℎ𝑎𝑛𝑜𝑙 =  0.16 [𝑔] ∙ 0.1313 = 0.021 [𝑔] 

Theoretical uptake of synthesized material assuming complete uptake:  

𝑤𝑡.𝐻,𝑇𝑜𝑙𝑢𝑒𝑛𝑒  [%]  =  
𝑚𝐻

𝑚𝐻 + 𝑚𝐴𝑙𝑙𝑜𝑦
100 [%] =

0.014

0.014 + 2
∙ 100 [%] = 0.7 [%] 

 

𝑤𝑡.𝐻,𝐸𝑡ℎ𝑎𝑛𝑜𝑙  [%]  =  
𝑚𝐻

𝑚𝐻 + 𝑚𝐴𝑙𝑙𝑜𝑦
100 [%] =

0.021

0.021 + 2
∙ 100 [%] = 1.04 [%] 
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9.5. Tracking Experiment for Ti0.3V0.25Nb0.25Zr0.1Li0.1  

compound 
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9.6. SEM-EDX Mappings of Mechanical Alloyed 

Samples  

Ti0.325V0.275Nb0.275Zr0.125 

 

Element Wt.% At.% Relative At.% 

Ti (K) 21.96 25.18 33.01 

V (K) 20.36 21.95 28.77 

Nb (L) 34.00 20.10 26.35 

Zr (L) 15.03 9.05 11.86 

Fe (K) 2.15 2.12 - 

Ni (K) 0.27 0.25 - 

O (K) 6.22 21.35 - 
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Li0.10Ti0.30V0.25Nb0.25Zr0.10 

 

 

Element Wt.% At.% Relative At.% 

Ti (K) 22.73 23.64 34.78 

V (K) 20.97 20.51 30.17 

Nb (L) 31.87 17.09 25.14 

Zr (L) 12.32 6.73 9.90 

Fe (K) 2.15 1.92 - 

Ni (K) 0.38 0.32 - 

O (K) 9.57 29.81 - 

 

 

 



Appendix 

141 
 

Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 

 

 

Element Wt.% At.% Relative At.% 

Al (K) 1.67 3.36 4.21 

Ti (K) 23.61 26.77 33.47 

V (K) 21.30 22.72 28.40 

Nb (L) 33.20 19.41 24.27 

Zr (L) 12.96 7.72 9.65 

Fe (K) 1.68 1.63 - 

Ni (K) 0.22 0.20 - 

O (K) 5.36 18.19 - 
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Al0.10Ti0.30V0.25Nb0.25Zr0.10 

 

Element Wt.% At.% Relative At.% 

Al (K) 3.56 6.98 8.91 

Ti (K) 21.96 24.26 30.97 

V (K) 19.68 20.45 26.10 

Nb (L) 32.94 18.76 23.95 

Zr (L) 13.60 7.89 10.07 

Fe (K) 2.15 2.03 - 

Ni (K) 0.25 0.22 - 

O (K) 5.86 19.40 - 
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9.7. SEM-EDX Mappings of Reactive Milled 

Samples 

Ti0.325V0.275Nb0.275Zr0.125 

 

 

Element Wt.% At.% Relative At.% 

Ti (K) 22.79 25.98 33.75 

V (K) 20.00 21.44 27.85 

Nb (L) 34.58 20.33 26.41 

Zr (L) 15.41 9.23 11.99 

Fe (K) 0.68 0.67 - 

O (K) 6.55 22.35 - 
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Li0.10Ti0.30V0.25Nb0.25Zr0.10 

 

 

Element Wt.% At.% Relative At.% 

Ti (K) 22.77 25.86 33.78 

V (K) 19.98 21.34 27.87 

Nb (L) 35.89 21.01 27.44 

Zr (L) 14.01 8.35 10.90 

Fe (K) 0.64 0.62 - 

O (K) 6.71 22.81 - 
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Al0.05Li0.05Ti0.3V0.25Nb0.25Zr0.1 

 

Element Wt.% At.% Relative At.% 

Al (K) 1.80 3.64 4.54 

Ti (K) 22.92 26.13 32.59 

V (K) 20.10 21.54 26.87 

Nb (L) 35.27 20.72 25.84 

Zr (L) 13.60 8.14 10.15 

Fe (K) 0.61 0.59 - 

Mn (K) 0.10 0.10 - 

O (K) 5.61 19.14 - 
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Al0.10Ti0.30V0.25Nb0.25Zr0.10 

 

Element Wt.% At.% Relative At.% 

Al (K) 3.33 6.60 8.41 

Ti (K) 22.31 24.87 31.72 

V (K) 20.07 21.04 26.84 

Nb (L) 32.37 18.60 23.72 

Zr (L) 12.44 7.28 9.28 

Fe (K) 3.41 3.26 - 

Mn (K) 0.18 0.18 - 

Cr (K) 0.38 0.39 - 

Ni (K) 0.24 0.21 - 

O (K) 5.61 19.14 - 
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