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!ōǎǘǊŀŎǘ 

 

The divertor of a tokamak is expected to be able to sustain high heat loads during operation. The large difference 

between the service temperatures of the plasma facing tungsten and the heat sink alloy CuCrZr demands a 

compatible thermal barrier interlayer for efficient heat exchange and extended service lifetimes.  

High entropy alloys ς composed of five or more metallic elements in concentrations between 5 at. % and 35 at. 

%, that can form random solid solutions with distorted BCC or FCC lattices ς already revealed enhanced thermal 

and mechanical properties, for some compositions, that are promising for thermal barrier applications. 

In this study the WxTaCrNbV (x = 20 and 30 at. % W) and CuxCrFeTiV (x = 5, 10, 20 and 30 at. % Cu) were prepared 

using mechanical alloying, followed by consolidation by spark plasma sintering. Heat treatments were performed 

to assess the thermal stability of the consolidated samples. All samples were analysed through Scanning Electron 

Microscopy, X-ray Diffraction and Energy Dispersive Spectroscopy. 

The as-cast WxTaCrNbV systems reveal essentially two BCC solid solutions in the matrix. Thermal annealings 

indicate stability extended to 1100 ̄C. 

The CuxCrFeTiV exhibits a dominant BCC structure, along with a minor FCC structure. Thermal measurements 

indicate good stable thermal barrier properties. Argon ions were used to simulate defects created during the 

nuclear reactor operation.  

 

Keywords: divertor; tokamak; high entropy alloy; thermal barrier interlayer; microstructures; X-ray diffraction 
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wŜǎǳƳƻ 

 

Espera-se que o diversor de um tokamak sustente elevados fluxos térmicos em tempo de serviço. A grande 

diferença entre a temperatura operacional do tungsténio e a da liga dissipadora de calor CuCrZr, requer uma 

camada intermédia operando como uma barreira térmica, compatibilizando a troca eficiente de calor com um 

tempo de vida útil prolongado. 

Ligas de alta entropia - compostas por cinco ou mais elementos metálicos, concentrações entre 5 at. % e 35 at. 

%, formadoras de soluções sólidas aleatórias com estruturas distorcidas BCC ou FCC - têm revelado propriedades 

térmicas e mecânicas diferenciadas que são promissoras para aplicações de barreira térmica, em determinadas 

composições. 

Neste estudo, o WxTaCrNbV (x = 20 e 30 at.% W) e CuxCrFeTiV (x = 5, 10, 20 e 30 at.% Cu) foram preparados 

através de moagem mecânica e consolidadas por Spark Plasma Sintering. Tratamentos térmicos foram realizados 

para avaliar a estabilidade térmica das amostras consolidadas. Análises de microscopia eletrónica de varrimento, 

difração de raios-X e espetroscopia de energia dispersiva foram executadas em todos as amostras.  

Os sistemas sinterizados WxTaCrNbV revelam essencialmente duas soluções sólidas BCC na sua microestrutura. 

Recozimentos térmicos apontam para estabilidade até 1100 ̄ C.  

O CuxCrFeTiV exibe uma estrutura de BCC dominante com uma estrutura minoritária FCC. Medições de 

difusividade térmicas revelam propriedades indicadas para barreira térmica. Iões de árgon foram irradiados para 

simular defeitos criados nos materiais durante a operação do reator nuclear. 

Palavras-chave: diversor; tokamak; liga de alta entropia; camada intermédia de barreira térmica; microestrutura; 

difração de raios -X 
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Chapter One 
 

1. Introduction 

 

The aim and scope of this work are to produce thermal barriers meant to function as thermal impedance 

adaptors in future nuclear fusion reactors, and to ascertain whether they have the capacity of guaranteeing a 

smooth thermal transport between the materials flanking it, according to the thermal and configurational 

differences in the system.  

Nuclear reactors can convert the energy released by controlled nuclear fusion into thermal energy for further 

conversion to mechanical or electrical forms, with no emission of harmful greenhouse gases and no long-lived 

radioactive waste. With the implementation of these machines the opportunity to produce clean energy with 

nearly unlimited energy reserves arises. 

The production of clean energy from the fusion of light mass particles, using nuclear fusion reaction facilities, has 

been under study for the past 50 years. However, numerous challenges come to light when engineering the 

power stations to handle these fusion reactions in a contained space.  

 

The fuel inside a thermonuclear reactor consists of plasma of hydrogen. The energy gained from the fusion of 

these elements is given by the equation: 

 

Ὀ Ὕᴼ ὌὩ ὲ ρχȢφ ὓὩὠ 

 

When the two isotopes of hydrogen, deuterium and tritium fuse, a helium nucleus is releasedΣ ǘƘŜ ʰ-particle, 

and a neutron (ὲ), along with large amounts of energy.   

 

The most prominent step which yields energy production and at the same time, prevents emissions to legislated 

levels, was taken in 2005, with the decision of the construction of the International Thermonuclear Experimental 

Reactor (ITER) for proof of concept demonstration. The DEMOnstration Power Station (DEMO) will be the next 

one to be built to demonstrate feasibility of energy production by a fusion reactor. Both of these reactors are 

Tokamaks (toroidal chamber with magnetic coils) which is the most advanced and investigated configuration of 

a fusion reactor in present days [1][2]. Inside a tokamak, the energy released through the fusion of nuclei is 

absorbed as heat in the walls of the vessel. Just like a conventional power plant, a fusion power plant will use 

https://en.wikipedia.org/wiki/Nuclear_fission
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ǘƘƛǎ ƘŜŀǘΣ ǊŜƭŜŀǎŜŘ ōȅ ǘƘŜ ŜƴŜǊƎŜǘƛŎ ʰ-particles, to heat the cooling fluid (water) and produce steam and then 

electricity by way of turbines and generators. 

In a Tokamak, the confinement is achieved by the generation of a strong toroidal field and a poloidal field which 

can produce a magnetic helicoidal field. It will be composed by superconducting magnets, vacuum vessel, the 

blanket, cryostat and the divertor, shown in Figure 1 below. 

 

 

Figure 1 - Main components of a tokamak fusion reactor [3]. 

 

The blanket and the divertor cover the inner walls of the vessel, respectively the sides and bottom. The blanket 

modules protect the steel structure and the superconducting toroidal field magnets from the heat and high-

energy neutrons. As the neutrons are slowed in the blanket, their kinetic energy is transformed into heat energy 

and collected by the water coolant. In a fusion power plant, this energy will be used for electrical power 

production. 

The divertor is situated at the bottom of the vacuum vessel and its main function is to exhaust the high heat 

loads coming from the plasma, control the particles and impurities in the plasma and exhaust these particles to 

the outside, and to provide neutron shielding for the plasma and other components behind them in a reactor 

level tokamak. The ITER tokamak divertor is the largest, most complex and most expensive component of this 

type ever constructed [3]. It is a fully water-cooled, tungsten armoured unit, comprising 54 stainless steel 

cassettes bearing two pairs of vertical targets and a dome, themselves constituted of a series of plasma-facing 

units made up of chains of W monoblocks bonded to a CuCrZr cooling tube. It shall tolerate high heat loads ς 

from 10 MWm-2 to 20 MWm-2 - on the main interfacing components between the plasma and material surfaces, 

while at the same time providing neutron shielding for the vacuum vessel and superconducting magnets, in the 

vicinity of the divertor.  

 

In Figure 2, it is possible to observe that, in between W and CuCrZr is an interlayer, which in ITER is pure copper. 

This interlayer facilitates joining of the parts and is often regarded as a compliance layer (layer connecting the 

two metallic components, promoting their adhesion and reducing the thermal mismatch stress at the armour 

interface) [4]. Since the optimum operating temperature windows for the most promising divertor materials do 

not overlap, it is desirable to use an intermediate material, a thermal barrier material capable of guaranteeing a 

smooth thermal flow. Thermal barrier materials are materials with high thermal impedance that allow to keep 
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the temperatures of both armour and heat sink parts in the corresponding operating windows, as such to 

mitigate the effects of their different thermomechanical properties [5]. 

 

 

 

 

 

 

 

 

 

 

 

There are three sources of stress in the structural (pipe) material: (1) the internal pressure of the water coolant; 

(2) the temperature gradient due to the applied heat flux; (3) the difference in thermal expansion between 

CuCrZr pipe and tungsten.  

 

1.1 Motivation 

 

Developing, testing, and validating structural materials is a long-term activity. Still today many open questions 

remain concerning the better suited materials to withstand the extreme conditions present in the course of the 

ITER operation. Therefore, the fundamental dissimilarities between the materials applied in the divertor, a region 

subjected to high heat flux, is an important issue. 

Tungsten is a promising material for plasma facing in fusion reactors (ITER and the future DEMO reactor) owing 

to its high melting point, high sputtering resistance, low deuterium/tritium retention, and good thermalς

mechanical properties [6]. Also, it has a low transmutation rate (nuclear reactions with the neutrons, leading to 

formation of radioactive nuclides and changes in the elemental configuration of the materials) comparing to 

others candidates to plasma facing components [7]. Nevertheless, it has drawbacks, namely its embrittlement at 

Figure 2- Schematic view of ITER divertor[85] consisting of a) inner vertical target and b) outer 
vertical target, c) dome umbrella; (d) PFU, with monoblock geometry [4]. 
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temperatures lower than its Ductile-to-Brittle Transition (DBTT) (350-400 oC)[8] [9], which makes the W tiles 

brittle at water cooling temperatures (150 oC) [8] [11].  

The  heat sink material chosen with the task of draining the generated heat in the W armour is a CuCrZr alloy, 

due to its high thermal conductivity, high strength, structural stability and ductility at the predicted operating 

temperatures (consult Table 1) [12][13][14]. It has a high fracture toughness, allied to a good availability [15]. 

In Table 1, it is presented a thermal strain mismatch between both components [4][16], induced due to the 

dissimilar values of the coefficients of thermal expansion (CTE) and operating temperatures of the referred 

materials. The motivation of this study relies on the gap existing between the operation temperatures of the W 

armour and the CuCrZr piping, since the W armour must operate above 400 oC [2], and the CuCrZr piping between 

150 oC and 350 oC [16].  

 

Table 1 - Comparison of the properties of two materials in the Plasma Facing Unit [2]. 

 

 

 

 

 

Therefore, an interlayer between the tungsten armour and the CuCrZr heat sink is necessary to accommodate 

for the temperature difference while allowing heat flux across this layer. The purpose of the interlayer is to 

conduct the heat flux [16], in a way that the maximum temperature in the tube is kept adequately low. 

A strategy proposed to solve this issue is the use of Cu-W based high entropy alloys to accommodate for the 

thermal mismatch between tungsten and the CuCrZr, thus being a new concept worth exploring.  

  

 Operating Temperature 

(oC) 

Brittle 

@150oC 

CTE/ 

/ µm×m-1 K-1, 

measured @150oC 

Tungsten >400 Yes 4,6 

CuCrZr 150-350  No 17 
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1.2 Background  

1.2.1 IƛƎƘ ŜƴǘǊƻǇȅ ŀƭƭƻȅǎΩ ŘŜŦƛƴƛǘƛƻƴ ŀƴŘ ƪŜȅ ŜŦŦŜŎǘǎ 

 

High entropy alloys (HEA) are alloys with five or more principal elements, each with a concentration between 5 

and 35 atomic % [17], having substantially higher mixing entropies than those in conventional alloys. Besides 

major elements, HEAs can contain minor elements, each below 5 at. %. Higher mixing entropy in these alloys 

promotes the formation of solid solution phases with simple structures and reduced number of phases [17]. 

Since it is expected that the additional entropy of the multi-element composition will stabilize the microstructure 

consisting of either: (a) a single solid solution having one of the simple close-packed crystal structures (FCC, BCC, 

or HCP)[18] and (b) a mixture of two simple solid solutions [18]. 

It is these types of HEA that are of interest because the resulting random solid solution(s) will exhibit a 

combination of ductility coupled with significant solid solution hardening. Because of the unique multiprincipal 

element composition, HEAs can possess other special properties, such as high-temperature strength [19], 

outstanding wear resistance [20], good structural stability [21], good corrosion and oxidation resistance [22]. 

 

1.2.1.1 High entropy effect 

 

The Gibbs equation is given by G = H - TS (where G is the Gibbs free enthalpy, H is the enthalpy, T is the 

temperature, and S is the entropy). The higher mixing entropy of HEAs lowers the free enthalpy of solid solution 

phases making their formation enthalpically favourable, particularly at higher temperatures. It is expected that 

enhanced mutual solubility among constituent elements favours mixing and thus higher configurational entropy. 

Phases with higher entropy may also be stabilized at higher temperature. However, if the formation enthalpy of 

an intermetallic compound is high enough to overcome the effect of entropy, that intermetallic compound will 

still be stable at high temperature [23]. 

 

1.2.1.2 Sluggish Diffusion Effect 

 

In HEAs, due to its configurational disorder, the atoms and relative positions neighbouring each lattice site 

generally change from site to site, and also the corresponding bonding energies. This leads to different local 

energies for each site [17]. When an atom jumps into a low-ŜƴŜǊƎȅ ǎƛǘŜΣ ƛǘ ōŜŎƻƳŜǎ άǘǊŀǇǇŜŘέ ŀƴŘ ǘƘŜ ŎƘŀƴŎŜ ǘƻ 

jump out of that site will be lower; on the other hand, if it jumps to a high-energy site, then the atom has a higher 

chance to hop back to its original site or to some other site. The consequence is the concurrence of many 

different diffusion rates and an overall non-homogeneous slower diffusion. 
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Additionally, phase transformation requires the diffusion of many kinds of elements, for example, the nucleation 

and growth of a new phase requires the redistribution of all elements to reach the desired composition. 

 

1.2.1.3 Severe lattice-distortion effect 

 

In HEAs, each element occupies the lattice site in a random way. Since the sizes of the different atoms can be 

very different, this can lead to lattice distortion (as presented in Figure 3). Besides atomic size difference, 

different bonding energy and crystal structure among constituent elements are also expected to cause changes 

in properties 

 

Figure 3 - Schematic diagram showing large lattice distortion exists in the five-component BCC lattice [18]. 

 

Lattice distortion not only affects various properties but also reduces the thermal dependence of mechanical 

properties. Hardness and strength effectively increase due to a large solution hardening in the heavily distorted 

lattice.  The severe lattice distortion is also used to explain the high strength of HEAs, especially the BCC-

structured HEAs and is related with the tensile brittleness and the slower kinetics of HEAs.  

 

 

1.2.1.4 Cocktail effect 

 

Because HEAs may have single phase or more than one phase, depending on the composition and processing, 

their properties reflect the overall contribution of the constituent phases. This is related with the phase size, 

shape, distribution, phase boundaries, and properties of each phase. Moreover, each phase is a multicomponent 

solid solution. Its properties not only come from the basic properties of elements by the mixture rule but also 

from the mutual interactions among all the elements and from the severe lattice distortion. 
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1.2.2 Entropy prediction calculations 

 

Each high entropy alloy contains multiple elements, often five or more in equiatomic or near-equiatomic ratios. 

It was suggested by Yeh [24] that alloy systems with five or more metallic elements will in fact possess higher 

mixing entropies, and therefore favour the formation of multi-element solid solution phases, as opposed to the 

inferred complex structures consisting of many intermetallic compounds.  

Indeed, work over the past decade into such multi-principal-element alloys, called as "high-entropy alloys" (HEA), 

has found them to form simple phases with nanocrystalline and even amorphous structures [18][25][26].  

Lƴ ½ƘŀƴƎ Ŝǘ ŀƭΩǎ ǿƻǊƪ [23], three parameters were taken into account to characterize the collective behaviour of 

the constituent elements in the multi-component alloys: the mixing entropy (ῳὛ , the mixing enthalpy 

(ῳὌ ) and the mismatch size parameter .ɻ 

 

CǊƻƳ ǎǘŀǘƛǎǘƛŎŀƭ ǘƘŜǊƳƻŘȅƴŀƳƛŎǎΣ ǘƘŜ .ƻƭǘȊƳŀƴƴΩǎ Ŝǉǳŀǘƛƻƴ Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ configurational 

entropy of a system: 

ῳὛ Ὧ ÌÎ ύ  

Where Ὧ ƛǎ .ƻƭǘȊƳŀƴƴΩǎ Ŏƻƴǎǘŀƴǘ ŀƴŘ ύ is the number of ways in which the available energy can be shared among 

the particles of the system [17]. Thus, the configurational entropy change per mole for the formation of a solid 

solution from n elements with mole fractions ὧ  is: 

 

ῳὛ Ὑ ὧ ÌÎὧ  

where Ὑ is the gas constant. 

 

In what concerns the RMS average atomic size mismatch (parameter) ʵ ǳǎŜŘ ǘƻ ŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ ŀǘƻƳƛŎ ǎƛȊŜ 

difference, the equation is the following: 

 

‏ ρππ ὧρ ὶȾὶӶ 

 

where ὶӶ В ὧὶ, ὧand ὶ are the atomic fraction and atomic radius of the ith element, respectively [23]. 

 

ῳὌ    ὧὧ 
ȟ
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Where   τ ῳ  and ῳ  is the mixing enthalpy of binary liquid AB alloys. 

 

In addition, Zhang et al. [23] considered two more parameters. One is the RMS averaged electronegativity 

difference, ῳ…: 

 

ῳ… ὧ… …Ӷ 

Where …Ӷ В ὧ…, … is the Pauling electronegativity for the ith element. The other parameter is the valence 

electron concentration (VEC). According to ZhangΩǎ study [23], it is believed that the VEC parameter strongly 

determines the phase stability of intermetallic compounds. VEC is defined by: 

 

ὠὉὅ ὧὠὉὅ 

 

 

Where ὠὉὅ is the VEC for the ith element. This property allows to count the total electrons including the d-

electrons accommodated in the valence band. Moreover, Zhang et al.[23] defined  that the solid solution tends 

to form in the range of -15 KJ/mol Җ ɲImix Җ р YWκƳƻƭ ŀƴŘ м Җ ʵ Җ 6.  

 

On a parallel research, Sheng et al.[18] developed a study that yielded important results, finding that mixing 

entropy and the atomic size difference are not the only factors to be taken into account regarding the control of 

solid solution formation. The mixing entropy must match the range of 11 Җ ɲ{mix Җ мфΣр WκόYΦƳƻƭύΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ 

same author reported that the VEC is the parameter that physically ensures the phase stability for FCC or BCC 

solid solutions [27]. FCC phases are found to be stable at VEC җ 8 and BCC at a lower VEC (< 6.87). Between these 

values mixed FCC and BCC phases will co-exist. 
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/ƘŀǇǘŜǊ ¢ǿƻ 

2. State of the art  

 

Fusion materials must support enormous heating and a high flux of particles during its operational life. This 

chapter gives an insight on the most common materials proposed for the plasma facing components and in 

particular for thermal barriers. In this scope, the remarkable properties of high entropy alloy systems and their 

processing techniques are presented. 

 

2.1 Plasma Facing Components 
 

Energy efficiency is a top priority for the development of next generation nuclear reactors [28]. Due to the need 

to generate and maintain the plasma at high temperature, novel materials are forcefully demanded to withstand 

not only high temperature but also intense irradiation [29] and corrosive environments [20]. The plasma-facing 

component of the divertor is a component capable of sustaining variable heat flux loads and substantially high 

and non-uniform irradiation doses. The working environment is expected to impose extreme thermal, 

mechanical and physical impact on its components, leading to damage and degradation of materials [2]. Due to 

this phenomenon, the development of the plasma facing components of the divertor is a serious engineering 

challenge.  

In the International Thermonuclear Experimental Reactor (ITER), the material used for the first wall will be 

tungsten. Tungsten will be used in an almost pure form in the high heat-flux divertor regions due to its high 

melting point, thermal conductivity, and resistance to sputtering and erosion [15], [30], [31]. 

Novel materials such as composites were developed to be suitable for first wall materials in future fusion power 

plants. The selection of proper materials follows requirements which include high radiation resistance and low 

neutron activation together with low thermal expansion and appropriate mechanical properties. Several W-

based binary alloys have been developed, with mechanical characteristics significantly improved when compared 

to pure tungsten. Research conducted by M. Dias et al. about W-Ta composites [32], which consist of tantalum 

fibre/powder dispersed in a nanostructured W matrix consolidated by hot isostatic pressing, revealed a 

promising solution for this issue.  

In 2015 and 2016, respectively, other proposals to suppress this issue were made by Yang et al. concerning W-

ZrC-Re [33], and by Arshad et. al about W-V alloys [34]. In the case of Yang et.al, these alloys presented significant 

degradation of tensile properties after annealing at temperatures higher than 1800 oC, which foreshadows 
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compatibility problems with the environment of the nuclear fusion reactor. On the other hand, Arshad et al. 

synthetized W-V alloys which presented outstanding mechanical properties with the addition of submicron 

vanadium parts; the issue concerning this addition was consequent segregation of V particles to the matrix, which 

would induce different properties in these regions. 

Be that as it may, the selection of suitable first wall materials is one of the major challenges associated with the 

development of components for future fusion power plants and all these consist on a major piece of evidence 

on the great progress made after years of exploration. This work aims to propose valid candidates for materials 

between the first wall material at a high temperature and the water tubes, for posterior heat extraction, while 

assuring the heat flow between the flanking layers. Therefore, those candidates must be able to accommodate 

the high heat fluxes while maintaining structural stability and resistance across the layers.  

2.1.1 Thermal Barriers 

 

In 2012, under the European DEMO programme, a promising concept known as thermal barrier has been under 

development at Culham Center for Fusion Energy (CCFE), with the purpose of reducing the overall heat flow 

between the CuCrZr and tungsten. This concept is a variation of the ITER tungsten divertor in which the pure 

copper interlayer between CuCrZr coolant pipe and tungsten monoblock armour is replaced with a low thermal 

conductivity compliant interlayer, with the aim of reducing the thermal mismatch stress between the armour 

and structure [35]. 

Intensive research has been carried out in order to understand the behaviour of the different materials under 

extreme conditions, like the ones in the nuclear fusion reactor chamber. Numerous candidates to interlayers 

have been considered ever since, as thermal barrier divertor candidates, which will be further emphasized. 

Joining W with Cu based materials is, thus, considered as a concern, since these two materials show a large 

difference in their thermal expansion coefficients, which in turn will generate stresses in the interface. Several 

thermal barrier materials have been suggested, like diamond-Cu composites [35]; according to Blank et al. [36] 

the irradiation, as well as high temperature of the fusion reactor tends to form an intermediate carbon phase 

with a structure between graphite and diamond,  which changes its thermal expansion coefficient and 

mechanical properties, which is not a good  feature. 

W-Cu functionally graded materials [37], proposed by Pintsuk et al., revealed a material capable of gradually 

change its properties, from one interface to another. However, the copper matrix softens under high heat fluxes, 

lacking the needed strength at elevated temperatures [24]. 

Another proposal was made by Schöbel et al., in which he presented a tungsten monofilament reinforced Cu 

composite [38]. The main problem posed by this novel material was the mismatch stress between the W-wires 

and the matrix, which lead to thermal fatigue during the thermal cycling. 
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The other candidate material for this interlayer is FeltMetalTM (Technetics Group, USA)[35]. This material consists 

of an amorphous matrix of fine copper wires sintered onto a thin copper foil. Although the conductivity of this 

material is close to that required in the thermal barrier concept [35], it presents large nonlinear variations in 

conductivity with thickness. 

Amongst the presented solutions above, none possesses the properties, nor the characteristics, needed to be 

considered a valid candidate for a thermal barrier. That is the motive why it is momentous to propose a material 

truly capable of functioning as a compatible thermal barrier interlayer between the high temperature plasma 

facing tungsten and the CuCrZr heat sink ς the high-entropy alloys. 

 

2.2 High-Entropy Alloys (HEAs)  
 

The concept of high entropy introduces a new path of developing advanced materials with unique properties, 

which cannot be achieved by the conventional alloying approach based on only a few dominant elements.  

Figure 4 presents an historical evolution of engineering materials in which the birth of high-entropy alloys is 

marked. In the development of the multicomponent alloys two names should be distinguished: Brian Cantor and 

Jien-Wei Yeh. Incidentally, although they started working on these alloys independently at different times 

(Cantor starting in 1979 and Yeh starting 1996), their work came to open literature in the same year: 2004 [17].  

 

Figure 4 - Historical evolution of engineering materials ς marked with the birth of high-entropy alloys, adapted from [18]. 
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The first work on exploring this brave new world was done in 1981 by Cantor with his undergraduate project 

student Alain Vincent. They studied multicomponent alloys, containing many elements but particularly rich in 

transition metals, notably Cr, Mn, Fe, Co, and Ni. Surprisingly, all developed predominantly a single FCC primary 

phase.  

In 2004, J.W. Yeh independently explored the multicomponent alloys and the effect of the entropy of mixing 

within these materials. The author experimented from the simple as-cast CuCoNiCrAlxFe alloy system to a 10-

element equimolar alloy, CuCoNiCrAlFeMoTiVZr. Through X-ray diffraction, he discovered that both presented 

simple solid solution microstructures, essentially FCC and BCC phases. This notorious absence of complex phases 

or microstructures manifested the lowering of free energies by the high entropy of mixing and showed the 

significance of simple-structured HEAs, whose development is encouraged to this day [24]. 

The CuCoNiCrAlxFe alloys were prepared by Yeh et al. by arc-melting and it was later reported that typical 

dendritic structure was seen in the as-cast samples. Moreover, annealing treatments were performed to increase 

hardness, but this property was only significantly altered with 3 at.% B addition [39]Φ CǳǊǘƘŜǊƳƻǊŜΣ ƘŜ άōŀǇǘƛȊŜŘέ 

ǘƘŜǎŜ ŀƭƭƻȅǎ ŀǎ άI9!ǎέ ōȅ ǇƻƛƴǘƛƴƎ ƻǳǘ ǘƘŜ ƪƴƻǿƴ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ŦŀŎǘ ǘƘŀǘ configurational entropy of a binary 

alloy is a maximum when the elements are in equiatomic proportions [17]. 

To this day only about thirty HEA systems have been investigated, which typically include Fe, Al, Cu, Ti, Mg and 

Ni [40]. The Al-Co-Cr-Cu-Fe-Ni and its Cu-free version Al-Co-Cr-Fe-Ni are the ones that have been studied most 

comprehensively of all the HEA systems reported [41]. Information of HEA systems based on Cu is still limited, 

focused essentially on addressing corrosion and strength [42][43].  

The multi- principal-element nature of HEA translates to an immense amount of possible compositions: HEA with 

a single FCC phase usually presents high contents of Cu, Ni and/or Mn but a different situation was found in the 

case of CuxNiCoZnAlTi [42]. For atomic fractions of Cu below 8.33 at. % the material assumes a BCC structure, 

while for higher Cu contents an FCC structure is observed.  

Moreover, the solid solution formation was observed mainly in systems, based on 3d transition elements as 

CoCrFeMnNi which crystallizes with FCC structure [25] and on refractory metals as NbMoTaVW [44], [26] and 

HfNbTaTiZr [45] systems, crystallizing with BCC structure.  

 

2.2.1 W-based high entropy alloys 

 

As Tungsten (W) was chosen as a material for nuclear fusion reactors [30], the development of W-containing, 

refractory, high entropy alloys with enhanced properties has been significantly emphasized in the last five years. 
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In 2010, Senkov et al. [44] developed an alloy by arc melting based on WNbMoTaV and investigated its properties 

and microstructural stability, namely at near-equiatomic concentrations, which, despite being compositionally 

complex, had a quite simple microstructure.  It was found to have a fine grain size (on the order of 80 µm), with 

an inter and intra-granular porosity volume of around 5%. This alloy presented constitutional segregation during 

solidification. 

 

Six years later, Anzorena et al. [46] produced a WTaVMoZr alloy by arc melting, as a part of a project for 

developing a new material that preserves its physical and mechanical properties for a sufficient length of time 

under irradiation conditions. A non-uniform grain size distribution (from 20 µm to 100 µm), with a dendritic 

structure conjoined with micro-segregation between the dendrite arms was observed. 

 

Recently, Yao et al. [21] developed a series of theoretical entropic first-principle calculations of alloys of 

Wx(TaTiVCr)1-x, ranging between (x=0.30ς0.67 M), aiming to investigate the variations in structural and mechanic 

properties when the composition is altered. These results provide a guideline for further optimizing the 

composition and mechanical properties of tungsten alloy, yet they lack information on the thermal stability of 

the alloys and its asscoiation with the constituent elements. Only last year, 2018, Waseem and Ryu developed 

an equimolar alloy Tix(WTaVCr)1-x (x=0.30-0.67) [22] which yielded remarkable mechanical and oxidation 

properties associated with increasing amounts of added Ti. 

However, the current research lacks information about thermal and neutron activation properties in W-based 

HEAs, which are required to curtail hazards in irradiated materials subjected to a high heat flux. 

 

2.2.2 Cu-based high entropy alloys 

 

The remarkable features of corrosion and strength of copper based alloys [43], allied with their thermal barrier 

capability [5], make these alloys especially appealing for the envisaged fusion reactor applications. In accordance 

with the broadness of the HEAs design concept, the potential applications of Cu-based materials as thermal 

barriers seems to be quite promising from the materials and economic points of view.  

In order to investigate the microstructure evolution according to the addition of zinc, Murali et al. synthesised 

and characterized a CuAlCoCrFeZnx (x=0.5, 1.5, 2 wt.%) [47] high-entropy alloy by mechanical alloying, with 

samples being analysed through X-ray diffraction to find a predominant BCC. FCC phases on the microstructure 

were present in compositions with higher zinc content.  

In 2018, M. Dias et al. developed and characterized high entropy alloys of the type CuxCrFeMoTi (x = 0.21, 0.44, 

1 molar ratio) by arc melting [48]. This research provided extensive crystalline analysis coupled with detailed 

microstructural transformations occurring with the variation of the atomic fraction of copper in the samples. 
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Towards accessing the corrosion resistance, microstructure and properties of high-entropy FeCoNiCrCu0.5 alloy, 

Lin et al. [49] subjected this alloy to a 3,5% NaCl solution to found out that the Cu-rich phase was susceptible to 

corrosion and the main corrosion mechanism was due to precipitation of the Cu-rich phase in the matrix, which 

promoted corrosion by pitting. The same author, subjected this alloy to heat treatments in the range of 350 oC ς 

1350 oC; the FCC phase structures remained unchanged, after heating to 1350oC, while forming Cr-rich 

precipitates from the BCC phase [50]. 

Despite the numerous studies regarding Cu-based HEAs, information on these systems is limited, focusing 

essentially on corrosion and strength. These studies lack information about the sample behaviour and 

microstructural changes when submitted to high temperatures and/or irradiation. The type of properties that, 

together with its thermal barrier capability, make these alloys especially appealing for the envisaged fusion 

reactor applications[39]. 
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Chapter Three 
 

3. Experimental procedure  

 

This chapter describes in detail the experimental techniques and methods for the production, preparation and 

analysis of HEA systems.  

 

3.1 Mechanical alloying 

 

Mechanical alloying (MA) is a powder processing technique that allows production of homogeneous materials 

starting from elemental powder blends. Developed around 1966 by John Benjamin and his colleagues [51], it is 

an high-energy ball milling technique which has been employed to produce a variety of commercially useful and 

scientifically interesting materials. 

MA starts by mixing the powders in the right proportion and loading the raw mix into the mill along with the 

grinding medium (e.g. steel or tungsten carbide balls) and putting it to work through mechanical agitation: the 

collisions between hard balls, vial and raw materials promotes transformations in the material, namely alloying. 

Metal powders can be milled with a liquid medium and this is referred to as wet grinding. Depending on the 

materials, it often is a more suitable method than dry grinding to obtain finer-ground products, since the solvent 

molecules are adsorbed on the newly formed surfaces of the particles lowering their surface energy and 

facilitating the removal of the milled powder from the vial. A popular mill for conducting MA is the planetary ball 

mill, schematically depicted in Figure 5, in which a few hundred grams of the powder can be milled at a time. 

These mills are arranged on a rotating support disk and a special drive mechanism causes them to rotate around 

their own axes. Since the vial moves on one direction but the supporting disk rotate in the opposite one, the 

centrifugal forces act on opposite directions. This causes the grinding balls to run down the inside wall of the vial 

and fractioning and grinding the powder, followed by the free traveling of the milled material through the inner 

chamber of the vial. 
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Figure 5 - Schematic demonstration of the ball motion inside the ball mill [52]. 

 

Numerous process variables come into play when considering the optimization of the process towards a given 

application ς e.g. mechanical alloying or just size reduction, ς  namely milling time and speed, process control 

agents, etc. [51], which can lead to better results more efficiently in less time. 

In principle, the longer the milling time, the more homogeneous the milled powder is expected to be, as there is 

a larger probability of an even distribution of energy throughout all the particles. With higher milling speed more 

energy is put into the powder, which, above a critical value, can convey a high temperature to the vial. This can 

promote diffusion and homogenization, as it can also accelerate transformation processes and decompositions 

of solid solutions or other metastable phases. Thus, there is a limit to the maximum speed that can be used. In 

fact, with critical values of speed, the balls may stick to the walls of the vial hindering the transfer of energy to 

the powder particles [51].  

The larger the ball to powder ratio, the higher the probability of collision and the more particles receive energy 

from the mill. The addition of a solvent to the grinding medium prevents large agglomeration of particles by 

reducing the cold welding [52] and prevents adhesion of the balls to the walls. However, with very long milling 

times, this can contribute to contamination of the milled powder. 

 

3.2 Consolidation  

 

To obtain the dense materials for the desired applications, the powder must be consolidated ς made into a 

compact aggregate form ς e.g. by sintering, using for example, Spark Plasma Sintering (SPS) or Pulse Plasma 

Sintering (PPS). 
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SPS was developed based on the idea of using the plasma created on electric discharge through the material for 

sintering metal and ceramics in the early 1960s, as put forward by Inoue et al [53].They expected that sintering 

assisted by plasma could help synthetize advanced materials [53]. In fact, SPS is a sintering method used to 

consolidate materials in short time originating high quality, densified sintered pieces. 

As illustrated in Figure 6, the consolidation of the powders involves the simultaneous influence of an electric 

current and external applied pressure; the material is placed in a die (of typically graphite) and by passing an 

electric current (typically pulsed DC) through the die and the sample, heat is produced, while uniaxial pressure is 

applied to the powder keeping it confined. 

 

Figure 6 - Schematic of the SPS process [54]. 

 

According to a research conducted in 2008 by Zhaohui et al.[54], the sintering process is divided in four steps: 1) 

activation and refining of the powder, which consists on the removal of oxide layers by spark discharges among 

particles, due to the conductive nature of the materials; 2)  formation and growth of the sintering neck while by 

spark discharges become stronger, and local temperature increases, driven by diffusion of the atoms; 3) as the 

high electric current density passes through the narrow neck, joule heating will drive further atomic diffusion, 

connecting most particles together and densifying the bulk quickly; finally, 4) plastic deformation densification 

occurs under the combined effects of applied pressure and heat softening of particle boundaries, leading to 

elimination of any remaining porosity [55]. 

Consolidation carried out by spark plasma sintering (SPS) and pulse plasma sintering (PPS) has been extensively 

employed in the development of composites and nanocrystalline materials due to the fast heating and 

confinement of the consolidation phenomena to the particle boundaries [5,6]. The difference between these 
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two techniques lies in the fact that in PPS extremely high currents (several tens of kA from capacitor discharging) 

accelerates the consolidation process, due to the fast energy release in one pulse - around 600 MW for about 

500 µs [55] - while conserving fine microstructures, whereas in SPS one pulse is less energetic and lasts for a few 

milliseconds. 

 

3.3 Ion irradiation  

 

Ion irradiation is a technique of processing/modification of materials through ion bombardment capable of 

ŎǊŜŀǘƛƻƴ ƻŦ ŘŜŦŜŎǘǎΣ ƛƴŘǳŎŜ ƳƛȄƛƴƎ ƻŦ ŀǘƻƳƛŎ ǎǇŜŎƛŜǎ ŀƴŘ ƛƳǇƭŀƴǘŀǘƛƻƴ ƻŦ ŦƻǊŜƛƎƴ ŀǘƻƳǎέΦ ²ƘŜƴ ƘƛƎƘ ŜƴŜǊƎȅ 

particles penetrate in depth, further in the material, they lose energy due to atomic and electronic collisions, 

until they stop. In the process of stopping very many atoms of the target material get displaced from their original 

positions/native sites, and remain so even in the absence of further irradiation, giving rise to a built-in depth 

distribution of point defects; about these the knowledge of its effects on the materials properties and stability is 

of paramount importance. The depth of ion stopping and defects generation is comprehended between several 

nm and a few µm, and will depend on parameters like the energy and mass of the beam ions and target atoms 

[56], that are controlled by the apparatus, an ion implanter as the one schematically depicted in Figure 7 below. 

 

Figure 7 - Schematic of a High Current Ion Implanter, at Instituto Superior Técnico - Campus Tecnológico e Nuclear. 

 

In fusion reactor experiments aiming at understanding the role of the defects created during its operational 

lifetime, different types of particles are employed, such as neutrons, electrons and ions. To study and replicate 

the effects of neutrons, energetic ions can be used, with the clear advantage of preventing the creation of 

residual radioactivity and dispensing with the use of expensive test reactors. In addition, it is a technique which 

allows for a control of fluence, temperature and depth distribution of both ions and defects. An obvious (and 
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unwanted) disadvantage/drawback is that by using ions a depth distribution of implanted ions is left behind 

which interplay with defects and effects on the materials properties should be addressed. In the hope of 

minimizing these issues inert gas ions are chosen. 

Irradiation may increase the surface hardness, lower the sliding friction, and modify the surface chemistry; the 

interactions of the beam ions with the sample surface can be resumed as follows [57]: an ion impinging on the 

ǎǳǊŦŀŎŜ ǿƛǘƘ ǎǳŶŎƛŜƴǘ ŜƴŜǊƎȅ will cause radiation damage. The amount of damage is related to the mass and 

energy of the ions, such that: 

 

(i) ǎƻƳŜ ƻŦ ǘƘŜ ƛƻƴǎ ŀǊŜ ŜƭŀǎǘƛŎŀƭƭȅ ǊŜƅŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜ ǿƘƛƭŜ ƻǘƘŜǊǎ ƎŜǘ ƛƳǇƭŀƴǘŜŘ ŀǘ ŘŜǇǘƘǎ 

commensurate with their impacting energy; 

(ii) the implanted ions can remain in solid solution or form compounds such as nitrides or carbides. In 

ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ŎƘŜƳƛŎŀƭ ŜũŜŎǘǎΣ ǘƘŜ ƘŜŀǘƛƴƎ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ōȅ ǘƘŜ ƛƻƴ ōŜŀƳ Ŏŀƴ 

determine whether the implanted element precipitate or not; 

(iii) a fraction of point defects created by the incoming ions may survive the collision cascades, 

subsequently leading to vacancy-interstitial recombination within the diffusion volume. 

(iv) energy transferred from the primary ions to target atoms, primary knock-ons, which are set in 

motion, may then be transferred from these to surface atoms which get ejected or sputtered from 

the material, causing surface changes ς structural and/or compositional ς and erosion. 

 

3.4 Scanning electron microscopy and energy dispersive 

spectroscopy  
 

Scanning Electron Microscopy (SEM) 

The SEM instrument/scanning electron microscope utilizes a focused electron beam to scan across the surface 

of the specimen systematically, producing large number of signals, as illustrated in Figure 8. These interactions 

provide information on the surface and near surface aspects of the sample, to a depth of a few 

microns/micrometres. These signals are eventually converted to a visual information signal and displayed on a 

screen ς the image displayed is dependent on the signals chosen, resulting/produced from collisions between 

the electrons of the beam and the and specimen atoms. These events can be roughly divided into two categories: 

elastic and inelastic [58]. 

Elastic events occur when the electrons of the beam collide/interact with the electric field of the ionic cores and 

ƴǳŎƭŜƛ ƻŦ ǘƘŜ ŀǘƻƳǎΦ LƴŎƛŘŜƴǘ ŜƭŜŎǘǊƻƴǎ ǘƘŀǘ ŀǊŜ ŜƭŀǎǘƛŎŀƭƭȅ ǎŎŀǘǘŜǊŜŘ ǘƘǊƻǳƎƘ ŀƴƎƭŜǎ ƳǳŎƘ ƭŀǊƎŜǊ ǘƘŀƴ флɕ ǿƛǘƘƻǳǘ 

significant changes in energy are called backscattered electrons (BSE). These are responsible for the chemical 

composition contrast in the image, closely correlated with the atomic number of the scattering elements ς the 
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greater the atomic number of the scatterer, the greater the yield of backscattered electrons (heavier elements 

produce more backscattering events) ς translating onto brighter areas on the screen. 

Inelastic events occur when the primary beam strikes the sample surface causing ionization and electronic 

excitation of the specimen atoms: on one hand, loosely bound electrons may be emitted with low energies (in 

the range 3-5 eV on average)  ς these are referred to as secondary electrons ςescaping from within a few 

nanometres of the material surface, thus accurately marking the position of the beam and giving topographic 

information with good resolution [58].  

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, several other signals/emissions are produced and may be used, e.g. Auger electrons and 

cathodoluminescence, which complement surface analysis, as well as characteristic X-rays emitted when excited 

atoms relax back to their electronic ground states, which allow a quantitative assessment of the elemental 

composition of the sample. 

 

Energy Dispersive Spectroscopy 

Coupled with SEM is a technique by the name of Energy Dispersive Spectroscopy (EDS), responsible for detecting 

the characteristic X-rays of the elements generated upon de-excitation/relaxation of atoms excited by interaction 

with the electrons of the primary beam.  

Figure 8 - Representation of several signals generated by the electron beam-specimen interaction in the 
scanning electron microscope and the regions from which the signals can be detected [59]. 
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Characteristic X-rays are a class of signals that result primarily from the collisions of the beam electrons with the 

electrons of inner shells, displacing them to higher energy states, and leaving behind the original electronic states 

vacant; to re-establish the proper balance in the orbitals after these ionization events, outer shell electrons may 

fall into the inner shell vacant states, releasing the excess energy as characteristic X-ray photons. In order of 

decreasing binding energies of the electrons these shells are designated K, L, M , etc. shells, and so accordingly 

the X-ray emissions are named after the shells the original vacant states resided in (K, L, M, etc. X-rays). 

By 1913 Moseley determined that the energies of the same electron shells in different elements correlate with 

their atomic numbers, so that the X-rays emitted from element to element in the same electronic de-excitation 

processes have energies determined solely/primarily by the atomic number of the element, i.e. sets of X-ray 

energies are characteristic of those atomic numbers [59]. It was concluded that the difference in energy between 

shells can be expressed as 

Ὁ ὃὤ ὅ  

Where E is the energy of a given X-ray line and Z is the atomic number of the emitting element. A and C are 

constants which differ for the X-ǊŀȅΩǎ ǎŜǊƛŜǎ όYΣ [Σ ŜǘŎΦύΦ  

This discovery became the basis for qualitative X-ray analysis, that is, the identification of elemental constituents, 

performed on an apparatus such as the one illustrated in Figure 9. 

 

 

 

Figure 9 - Schematic representation of an energy-dispersive spectrometer (EDS) and associated electronics [59]. 
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3.5 X-ray diffraction 
 

Powder X-ray Diffraction 

An X-ray beam may also be described as an electromagnetic wave with electric vector varying harmonically in 

time perpendicularly to the direction of the propagation of the beam. Continuous (wavelength) X-rays may be 

generated in a cathode-ray tube with a hot filament producing electrons by thermionic emission, accelerating 

the electrons onto an anode target by a properly applied voltage difference; the stopping of the accelerated 

electrons on the anode gives rise to the emission of X-rays breaking radiation (with a continuous distribution of 

energies, from a value corresponding to the maximum accelerating voltage to near zero) along with X-rays 

characteristic of the anode material; the emitted X-rays may then be filtered (e.g. allowing only the characteristic 

X-rays), scattered, detected and counted.   

When such radiation impinges upon a crystal, it is diffracted at specific angles from each set of lattice planes. By 

scanning the sample through a range of angles, all possible diffraction directions of the lattice should be assessed 

due to the random orientation of the crystallites in the powdered material. 

²ƘŜƴ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ƻŦ ǘƘŜ ƛƴŎƛŘŜƴǘ ǊŀŘƛŀǘƛƻƴ ό˂ύ ƛǎ ƻŦ ǘƘŜ ǎŀƳŜ ƻǊŘŜǊ ŀǎ ǘƘŜ ƭŀǘǘƛŎŜ ǇŀǊŀƳŜǘŜǊ ƻŦ ŀ ŎǊȅǎǘŀƭΣ ǘƘŜ 

interaction of such radiation with the sample produces constructive interference ς .ǊŀƎƎΩǎ ƭŀǿ ƛǎ ǎŀǘƛǎŦƛŜŘ - and 

gives rise to diffraction peaks whenever 

ὲʇ ςὨ ίὭὲʃ 

is fulfilled (n is an integer determined by the order of diffraction, ɚ is the wavelength of the illuminating X-rays, 

d is the interplanar spacing, the spacing between crystallographic planes contributing to the diffraction and ɗ is 

the diffraction angle). This law relates the wavelength of X-rays to the diffraction angle and the lattice spacing in 

a crystalline sample. 

 

Grazing-Incidence Diffraction  

The Grazing-Incidence Diffraction (GID) is used to study surfaces and thin layers since it uses small incident angles 

of the X-ray beam (slightly above the critical angle for total reflection on the surface of the material). 

Incident X-rays with energy Ep in the range between 10 keV and 20 keV are typically employed for structural 

studies using surface X-ray diffraction since the wavelength (ɚ): 

ʇ ὬὧȾὉ 

or the equivalent, 
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ʇ
ρςτπ ÎÍϽÅ6

ὉȾÅ6
 

 (where h is the Planck constant, and c is the speed of light) is in the range of 0.06 nm ς0.12 nm. Therefore its 

value is similar to the typical size of the lattice parameter of materials, a condition necessary for diffraction [60]. 

A sample of a crystalline material is composed of a surface region including its top layer and a bulk part. With the 

grazing configuration the typically small intensity and poor signal to background ratio of the surface (with respect 

to the diffraction of the bulk region), is optimized, and the structural parameters of surfaces, interfaces, and thin 

films can be determined. 

This technique was also used after irradiation since the penetration depth of the X-ray will give only information 

about the superficial irradiated region. 

 

3.6 Thermal diffusivity 
 

Thermal diffusivity is the thermophysical property that defines the speed of heat propagation by conduction 

during changes of temperature. The smaller the thermal diffusivity, the slower the heat propagation to the 

surrounding system. The thermal diffusivity is related to the thermal conductivity, specific heat capacity and 

density through the formula: 

 

‌
‗

”z ὧ
 

 

(where Ŭ ƛǎ ǘƘŜ ǘƘŜǊƳŀƭ ŘƛŦŦǳǎƛǾƛǘȅΣ ˂ ƛǎ ǘƘŜ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ˊ ƛǎ ǘƘŜ ŘŜƴǎƛǘȅ ŀƴŘ ὧ is the specific heat). 

Therefore, this property is significant when assessing the capability of the material to withstand strong 

temperature gradients with negligible cooling rates, ascribing its thermal capacity.  

 

Accurate values of these properties are essential for modelling and managing heat, whether the component of 

interest is called on to insulate, conduct, or simply withstand temperature changes. This obligates to the 

application of methods able to translate immaculately the thermal transport characteristics of the considered 

materials. 

The most effective method used for measuring thermal diffusivity is the flash method. This transient technique 

features short measurement times, is completely non-destructive and provides values with excellent accuracy 

and reproducibility. The flash method involves uniform irradiation of a small, disc-shaped specimen over its front 

face with a very short pulse of energy, as depicted in Figure 10 below. 
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Figure 10 - Schematic representation of the laser flash measurements [61]. 

 

The time-temperature history of the rear face of the sample is recorded through high-speed data acquisition 

from an optical sensor with very fast thermal response. Based on this time-dependent thermogram of the rear 

ŦŀŎŜΣ ǘƘŜ ǎŀƳǇƭŜΩǎ ǘƘŜǊƳŀƭ ŘƛŦŦǳǎƛǾƛǘȅ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ό[ύ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ŀƴŘ ǘƘŜ ǘƛƳŜ ǘƘŜ 

thermogram takes to reach half of the maximal temperature increase (t1/2). This method provides high precision, 

quick response and a non-contact measurement of the sample surface temperature through the laser pulse. 

 

3.7 Rutherford Backscattering Spectrometry (RBS) 
 

While discussing and interpreting the results of experiments on the scattering of alpha particles through thin 

metal foils, conducted by Geiger and Marsden in the period from 1909 to 1914, Rutherford concluded that the 

atom positive charge must concentrate in a single massive core, the atomic nucleus. From this perception derived 

the ion beam analytical technique named Rutherford Backscattering Spectrometry (RBS). 

 

RBS is a well-established non-destructive ion beam characterization technique used to obtain information on the 

elemental composition of the near-surface region of materials. It consists on the bombarding of the material to 

inspect with a beam of monoenergetic and collimated particles (typically 1H+ or 4He+), with energies in the range 

0.4 MeV to 2.4 MeV, impinging on the target surface, and collecting and measuring some selected set of 

backscattered ions [cf. Figure 11] and their energy distributions. The beam ions are created in a gaseous ion 

source, extracted and their energy raised to several MeV by a MV voltage difference in the drift tube of an 

accelerator, often an electrostatic machine of the Van de Graaff type [62]. 

The beam then enters the scattering chamber and impinges on the sample to be analysed, as represented in 

Figure 12. When the target sample is thin enough, most of the beam is transmitted through with only very little 

loss of particles (cf. Figure 11). The few particles that are lost undergo large changes in energy and direction, due 

to close encounters of the incident particles with the nuclei of the target atoms. If the specimen is thick, only the 

particles scattered at backward angles ς angles larger than 90o from the incident direction ς can be detected, 

hence the name backscattering spectrometry [63]. 

https://en.wikipedia.org/wiki/Alpha_particles
https://en.wikipedia.org/wiki/Atomic_nucleus


34 
 

The integrals of the charge pulses generated by the particle detector upon a detection event ς or the maximal 

amplitudes of the corresponding voltage signals they are converted to ς are proportional to the energies of the 

particles that gave rise to the events, and their numbers (rates) proportional to the number of detection events 

(rate  of detection). These signals are then amplified and processed with fast analogic and/or digital electronics. 

The final stage of data processing is usually in the form of a histogram, a discretized, digitized spectrum. 

Building on the underlying simple Physics this method allows identification of target elements, quantification of 

elemental concentrations along with assessment of depth distributions in the near surface region [56].  

   

 

 

Figure 11 - Conceptual layout of a scattering experiment [64]. 

 

 

Figure 12 - Layout of the target chamber and electronics of a backscattering system. The ions impinge on the target in the 
vacuum chamber, Backscattered particles are analysed by the detector and the detector signal is magnified and reshaped 

in the preamplifier. 

 

The relation between the energies of an incident beam particle of mass M1 immediately before (E0), and after 

(E1) collision with a target atom of mass M2 is given by [56]: 
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with 

ὑ
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(  ̒stands for the angle between the initial and final wave vector of the incident particle. This kinematic factor (K) 

translates the sensitivity of the RBS technique to the atomic masses of the elements within the target sample 

and its ability to resolve them as a mass spectrometer.  

The strength of the RBS resides in its simplicity of concept, interpretation and speed of use, ability to perceive 

depth distributions of atomic species below the surface, and the quantitative nature of the results. 

In spite of its simplicity the analysis of the experimental RBS data is best made with the help of some software 

code, capable of dealing with the spectral data and concepts. 

The RUMP software allowed the simulation of data structures containing not only the spectral information 

(counts per channel), but also experimental parameters (incident particle, beam energy, charge integral 

(proportional to the total number of beam ions bombarding or illuminating the target sample), scattering 

geometry, etc.) required to analyse the experimental data [64]. Through comparison of these data with the 

spectral simulations carried out in RUMP, one can ascertain the elements within the microstructure and very 

often also the retained quantity of the implanted ions. 

 

3.8 Experimental details 
 

In this chapter and in the following, the at. % compositions of the reference element of the HEA alloys will be 

indicated by whole numbers, the remaining elements being left without numerical indices, e.g. WxTaCrNbV with 

x = 20 at. % will be written as W20TaCrNbV, CuxCrFeTiV with x = 30 at. % will be written as Cu30CrFeTiV, etc. 

 

3.8.1 Preparation of HEAs 

W-based high entropy alloys 

Powders of W, Cr, Ta, Nb and V with compositions as shown in Table 2 were produced by pulse plasma sintering 

(PPS) from powders of 99.9% nominal purity with average particle sizes in the range 1 µm to 3 µm (AlfaAesar), 

and mixed in a glove box, under argon atmosphere to avoid oxidation of the components. The powders were 

mechanically alloyed in a planetary ball mill, PM 400 MA type, with WC balls and vials. The balls to powder mass 
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ratio was 10:1, and the milling occurred for effective times up to 2 hours, at 380 rpm. The samples and the 

respective designation can be seen in Table 2. 

 

Table 2 - Compositional distribution of the constituent elements within the WxTaCrNbV (x = 20 at. % and 30 at. % W) 
system. All values are given as at.%. 

 

The as-milled powders of W20TaCrNbV and W30TaCrNbV were next consolidated by pulse plasma sintering in a 

GeniCore AV2L200HV sintering machine in Poland Industry GeniCore. Furthermore, the powder mixture was 

consolidated in graphite dies of 10 mm in diameter and 5 mm height. Then, a preliminary degassing step was 

conducted at 873 K for 2 minutes under a pressure of 15 MPa.  

Consolidation was carried out at 1773 K in 5x10-3 mbar vacuum with an applied mechanical pressure of 100 MPa, 

while a 300 ˃ C ŎŀǇŀŎƛǘƻǊΣ ŎƘŀǊƎŜŘ ǘƻ ŀ ǾƻƭǘŀƎŜ ƻŦ р ƪ±Σ ǿŀǎ ǳǎŜŘ ǘƻ Řischarge 3.75 kJ with a pulse frequency of 1 

Hz and a pulse duration of 500 ˃ ǎ ŦƻǊ нлл ǎΦ !ŦǘŜǊ ǘƘƛǎ ŎȅŎƭŜ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƻƭŜŘ Řƻǿƴ ǘƻ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ 

in the same level of vacuum.  

 

 Cu-based high entropy alloys 

 Powders of Cr, Cu, Fe, Ti and V with pǳǊƛǘȅ ƘƛƎƘŜǊ ǘƘŀƴ ффΦр҈ ŀƴŘ пр ˃Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜ όŦǊƻƳ !ƭǇƘŀ !ŜǎŀǊύ ǿŜǊŜ 

mixed in a glove box, under argon atmosphere to avoid oxidation of the mixed components. These powders were 

mechanically alloyed in a planetary ball mill (PM 400 MA type) with stainless steel balls and vials. The balls to 

powder mass ratio was 10:1, and the milling occurred for effective times up to 20 hours, at 380 rpm. A solution 

of anhydrous ethanol was used as processing agent, to prevent heating and powder sticking to the balls (wet 

grinding). These as-milled powders were afterwards consolidated by spark-plasma sintering (SPS) in a FCT 

Systeme Gmbh sintering machine, at a temperature of 1178 K with an applied mechanical pressure of 65 MPa 

for a holding time of 5 minutes. The following table shows the samples that have been used and their respective 

designations. 

 

Sample W Ta Cr Nb V 

W20TaCrNbV 20 20 20 20 20 

W30TaCrNbV 30 17.5 17.5 17.5 17.5 
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Table 3 - Compositional distribution of the constituent elements within the CuxCrFeTiV (x = 5, 10, 20, 30 at. % Cu) system. 

 

 

3.8.2 Ion irradiation 

 

The polished surface of one sintered alloy, the equiatomic CuCrFeTiV, was irradiated at room temperature 

with 300 keV Ar+ ions to a fluence of 3 x 1020 at/m2. This fluence was set after the SRIM 2013 [65] simulation 

code was used to compute the number and distributions of defects caused by the moving argon ions, amounting 

to an average of  ~100 dpa in the region of deceleration of the ions, prior to stopping [66]. This is the average 

level of damage expected from neutron irradiation during the foreseeable work cycle of a fusion reactor. The 

region affected by the Ar+ irradiation is limited to a depth of approximately 300 nm. 

Due to the short period of time assigned to development and characterization of these novel materials, the 

W-based high entropy alloys were not irradiated, in the period of this work and their study will be assessed in 

future work. 

3.8.3 Annealing 

 

Since the final application envisioned for these alloys involve temperatures in the interval 600 oC - 700 oC, it is 

important to analyse how their microstructures behave in face of such conditions. Thus, heat treatments were 

imposed to the non-irradiated samples and their results studied and reported. 

W-based high entropy alloys 

An annealing was performed on the W20TaCrNbV sample in a vacuum tube furnace (shown in Figure 13), at 1100 

oC for 72 hours, under a pressure of 1x10-5 mbar. 

Cu-based high entropy alloys 

For the Cu20CrFeTiV sample, the same apparatus was used, in the same vacuum conditions, but for three different 

conditions: 2 h at 550 oC, 8 h at 550 oC, and 8 h at 700 oC. 

 

Sample Cu Cr Fe Ti V 

Cu5CrFeTiV 5 23.75 23.75 23.75 23.75 

Cu10CrFeTiV 10 22.5 22.5 22.5 22.5 

Cu20CrFeTiV 20 20 20 20 20 

Cu30CrFeTiV 30 17.5 17.5 17.5 17.5 
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3.8.4 Microstructure analysis 

 

All HEA samples followed the same metallographic preparation. The samples were embedded in an epoxy resin, 

grinded with SiC paper, polished with diamond suspensions (6 µm, 3 µm and 1 µm) and fine polished with oxide 

particle suspension (OPS) of 0.04 µm average grain size. 

The microstructures of the samples were studied with secondary electrons (SE) and backscattered electrons (BSE) 

images, using a JEOL JSM-7001F field emission gun scanning electron microscope equipped with an Oxford 

energy dispersive X-ray spectroscopy (EDS) system. Since the Ma peaks of W and Ta (with energies of 1.775 keV 

and 1.710 keV, respectively [67]) are convoluted in EDS spectra, the La peaks (with energies of 8.396 keV and 

8.145 keV, respectively [67]) were used instead in the analyses and an acceleration voltage of 25 kV was used to 

guarantee the necessary excitation [58]. The values of the characteristic X-ray energies used in the analysis are 

presented in Table 4. 

  

Figure 13 - Tube vacuum furnace apparatus. 
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Table 4 - Energies of X-rays emission lines of the analysed elements [67]. All X-ray energies are given in units of keV. 

 Y 1h [1h a 1h 

W - 8.396 1.178 

Ta - 8.146 1.710 

Cr 5.414 0.573 - 

Nb - 2.166 - 

V 4.952  - 

Cu 8.048  - 

Fe 6.404  - 

Ti 4.511  - 

O 0.525 - - 

C 0.277 - - 

 

Each observed phase that is distinctly different was analysed in more than 5 randomly selected points. The EDS 

analyses were made in regions where the phases present large and extended areas in order to decrease the 

probability of spectral contamination.  

 

3.8.5 RBS  

 

The RBS measurements were performed in the Cu20CrFeTiV specimen with a 2 MeV 4He+ beam from a 2.5 MV 

Van de Graaff accelerator, at room temperature and a pressure of about 10ҍ6 mbar. Under these conditions, the 

purpose was to determine and analyse the presence of Ar. 

 

Small enough current densities (0,4W/cm2) were measured through the stabilization slits ensuring that beam 

heating could be neglected. The particles that were backscattered from the target were detected using Si-

semiconductor diode detectors with energy resolutions of 16 keV, positioned at scattering angles of 165° and 

140o to the incident beam direction. 

 

3.8.6 Thermal Diffusivity 

 

After consolidation, the Cu20CrFeTiV specimen with a 1cm diameter was investigated in terms of thermal 

diffusivity, using a Netzsch LFA457 Microflash apparatus in the range of 20 oC up to 1000 °C. 
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3.8.7 X-ray diffraction  

3.8.7.1 Powder X-ray Diffraction 

 

Powder X-ray diffraction was collected/performed at room temperature with monochromatic Cu K1h radiation 

(l = 0.15408 nm) using an Inel CPS 120 diffractometer. The powders were prepared in a glove box, under argon 

atmosphere, by deposition onto a silicon wafer and agglomeration with acetone; the analysis were performed in 

the 2̒  range from 10° to 80° degrees, with 10 seconds scan steps of 0.04° width. 

W-based high entropy alloys 

After 2 hours, the samples were analysed in the said apparatus to evaluate the degree of solid solution 

formation. Following the 2-hour milling, there was consolidation through PPS. 

Cu-based high entropy alloys 

The powder mixtures were analysed after 2 hours of milling, to ascertain the degree of solid solution formation. 

This process was repeated after 6 hours, 12 hours and 20 hours of milling time. After this period, the powder was 

consolidated through SPS. 

 

3.8.7.2 Grazing-Incidence Diffraction  

 

After consolidation the samples of both systems were studied in near grazing X-ray incidence, with a Bruker D8 

AXS diffractometer using a Gέbel mirror. The incidence angle was 3o to the sample surface, the scan steps of 

0.02° width and 6 seconds duration, in the 2̒ range between 30o-100o. 

The analysis and phase identification of the diffraction patterns from both alloys were simulated using Powder 

Cell software [68]. The lattice parameters of all compounds and pure elements simulated were taken from 

tŜŀǊǎƻƴΩǎ /Ǌȅǎǘŀƭ 5ŀǘŀ ǎƻŦǘǿŀǊŜ [31]. 
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Chapter Four 

4.1 The Tungsten-based System 

This chapter describes the phase prediction calculations together with the experimental results of the tungsten-

based WxTaCrNbV HEA (with x = 20 and 30 at. %) prepared using mechanical alloying followed by consolidation 

through plasma sintering at 1773 K and 100 MPa as indicated in chapter 3, section 3.8.1. 

  

4.1.1 Phase Prediction calculations 

 

The design of the desired multi-component alloys was studied analysing the combined effect of the size mismatch 

ǇŀǊŀƳŜǘŜǊǎ όʵύΣ ƳƛȄƛƴƎ ŜƴǘƘŀƭǇƛŜǎ όɲImixύΣ ŀƴŘ ŜƴǘǊƻǇƛŜǎ όɲ{mixύΣ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘƛŜǎ ό˔ύ ŀƴŘ ǾŀƭŜƴŎŜ ŜƭŜŎǘǊƻƴ 

concentrations (VEC) of the constituent elements.  

These calculations will give information on which phases are expected to form and eventually become dominant 

in the system. 

Table 5 displays the atomic radii, valence electron concentrations (VEC) and Pauling electronegativities of the 

elements used in the alloys [69]. Table 6 indicates the mixing enthalpies of binary liquid alloys of equiatomic 

compositions [70].These were used to calculate the mixing enthalpies of the two HEA alloys, upon their different 

ŀǘƻƳƛŎ ǇŜǊŎŜƴǘŀƎŜǎΣ ŀǎ ŜȄǇƭŀƛƴŜŘ ƛƴ ŎƘŀǇǘŜǊ мΦнΦнΦ ¢ƘŜ ʵΣ ±9/Σ ɲImixΣ ɲ{mix ŀƴŘ ˔ ǾŀƭǳŜ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ ²20TaCrNbV 

and for W30TaCrNbV are listed below, in Table 7. 

Table 5 - Radii, valence electron concentrations and Pauling electronegativities of the elements in the alloys. 

Elements Radius/nm Valence electron 

concentration 

Pauling electronegativity 

W 0,1367 6 2,36 

Ta 0,143 5 1,5 

Cr 0,1249 6 1,66 

Nb 0,1429 5 1,6 

V 0,1316 5 1,63 

 

Table 6 - Mixing enthalpies between the elements of the alloys. 

Elements W Ta Cr Nb V 

W - - - - - 

Ta -7 - - - - 

Cr 1 -7 - - - 

Nb -8 0 -7 - - 

V -1 -1 -2 -1 - 
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Table 7 - Values of ɻ , VEC, ɲHmix, ɲSmix and ̝ respectively calculated for both alloys. 

HEA  ɻ VEC ɲImix/ /kJÖmol-1 ɲ{mix/ /JK-1Ömol-1 ɲ ̝

W20TaCrNbV 5,096 5,400 -5,280 13,381 0,310 

W30TaCrNbV 4,768 5,475 -5,355 13,147 0,353 

 

In order to form solid solution phases [69]Σ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ƘŀǾŜ ǘƻ ōŜ ƳŜǘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΥ ҍмр ƪWκƳƻƭ 

Җ ɲImix Җ р ƪWκƳƻƭΣ м Җ ʵ Җ сΣ ŀƴŘ мм Җ ɲ{mix J/(KÖƳƻƭύ Җ мфΦр WκόYÖmol) [18].  ɲImix cannot be too large as large 

positive ɲImix leads to phase separation, and large negative ɲImix characteristically leads to the formation of 

ŎƘŜƳƛŎŀƭƭȅ ƻǊŘŜǊŜŘ ŎƭǳǎǘŜǊǎ ŀƴŘ ƛƴǘŜǊƳŜǘŀƭƭƛŎ ǇƘŀǎŜǎΦ ¢ƘŜ ǎƛȊŜ ƳƛǎƳŀǘŎƘ ǇŀǊŀƳŜǘŜǊ ʵ Ƴǳǎǘ ōŜ ŀŘŜǉǳŀǘŜƭȅ ǎƳŀƭƭ 

ǎƛƴŎŜ ƭŀǊƎŜ ʵ ƭŜŀŘǎ ǘƻ ŜȄŎŜǎǎ ǎǘǊŀƛƴ ŜƴŜǊƎȅ ŀƴŘ ŘŜǎǘŀōƛƭƛȊŜǎ ǎƛƳǇƭŜ ǎǘǊǳŎǘǳǊŜǎΦ ɲ{mix must be adequately large 

enough because it is the main stabilizing factor for simple phases [69][2][5]. In addition, following/according to 

the classical Hume-Rothery rule [71] it is known that to form a solid solution, the properties of constituent 

alloying elements need to be similar, namely having similar atomic sizes and electronegativities.  

The valence electron concentration (VEC) is the parameter that physically ensures the phase stability of BCC or 

FCC solid soluǘƛƻƴǎΦ C// ǇƘŀǎŜǎ ŀǊŜ ŦƻǳƴŘ ǘƻ ōŜ ǎǘŀōƭŜ ŀǘ ǾŀƭǳŜǎ ƻŦ ±9/ җ у ŀƴŘ .// ŀǘ ŀ ƭƻǿŜǊ ǾŀƭǳŜǎΣ ±9/ όғ сΦутύ 

[27]. In between these values FCC and BCC phases will co-exist. 

The calculations presented in Table 7 for both samples, W20TaCrNbV and W30TaCrNbV, agree with the rules 

presented above, thus predicting the existence of BCC solid solutions for both compositions.  

 

4.1.2 X-ray Diffraction   

 

Table 8 summarizes the crystalline structure and lattice parameters of the five elements used to produce these 

alloys (W, Ta, Cr, Nb, V). These elements all have similar crystal lattices.  

 

 

Table 8 - Crystalline structure and lattice parameter of the elements of the alloys. 

 

 

 

 

 

Elements Crystalline Structure Lattice Parameter (nm) 

W BCC 0.3165  

Ta BCC 0.3303 

Cr BCC 0.2884  

Nb BCC 0.3300  

V BCC 0.3027  
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Figure 14 presents the experimental diffractograms of (a) the mixture of the raw powders, (b) as milled powder 

mixture, and finally (c) the consolidated W20TaCrNbV high entropy alloy, with a corresponding BCC simulation 

performed with the Powder Cell software code (as referred to in chapter 3.8.7.2).  

After 2 hours of milling, the diffraction peaks of the individual elements can no longer be observed, and a set of 

strong, broad peaks has developed. Very weak peaks assigned to WC show also in the as-milled powder 

diffractogram, a contamination most probably due/related to the use of WC balls and vials as milling agents (cf. 

Figure 14 (b)). After consolidation the set of broad peaks observed before has been replaced by sharper, well 

defined peaks (at the same positions, see Figure 14 (c)), that correspond/may be assigned to (110), (200), and 

(211) diffractions by a BCC structure with a lattice parameter of 0.3161 nm, according to the theoretical 

simulations (cf. Figure 1(d)). The WC diffraction peaks are no longer present. 

  

Figure 14 - Diffractograms of the W20TaCrNbV alloy: (a) mixture of raw powders, (b) as-milled powders and (c) 
consolidated W20TaCrNbV alloy, together with (d) BCC simulation by the Powder Cell software code. Carbide WC is 

identified as *. 

 

Figure 15 shows the X-ray diffraction data for the W20TaCrNbV together with the two BCC simulations. The 

diffractogram reveals the presence of one BCC structure with lattice parameter a = 0.3156 nm and a second BCC 

with a = 0.3345 nm. 

 

Additional low-intensity diffraction peaks in the X-ray pattern indicate the presence of minor phases. The peaks 

were identified as tantalum oxide (TaO2), tantalum carbide (Ta2C) and vanadium oxide (VO) as indicated in the 

figure. 
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It is known that Ta and V can act as getters for oxygen which enables to produce materials without oxygen 

contamination. Furthermore, Ta also shows affinity for carbon. 

 

Figure 15 - Diffraction pattern of the (a) W20TaCrNbV consolidated alloy, with the respective simulations indexed. (a) 
consolidated W20TaCrNbV alloy, (b) BCC_1 simulation with a = 0.3156 nm and (c) BCC_2 simulation with a = 0,3345 nm. 

 

The presence of these carbides  derives from the consolidation technology, which uses graphite moulds, that 

may be the source of carbon contamination in the consolidated samples [72][73][33]. In fact, observation of the 

as-consolidated samples showed a graphite-like hard coating indicating that some carbon transferred to the 

consolidated material and formed tantalum carbide.. This phenomenon inhibited the opportunity to perform 

thermal diffusivity in order to evaluate the thermal properties 

A similar result was found on a study carried out by Waseem et al. who produced a WTaCrTiV alloy by mixing of 

elemental powders followed by spark plasma sintering [74]. The author mentioned the presence of carbides 

within the consolidated material, which derived from the moulds used to sinter the powders. 

The XRD results for the W30TaCrNbV are the results previously shown for W20TaCrNbV sample and are as depicted 

in the Figure 16 below: 
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Figure 16 - Diffractograms of the W30TaCrNbV alloy: (a) mixture of raw powders, (b) as-milled powders and (c) 
consolidated W30TaCrNbV alloy, together with (d) BCC simulation by the Powder Cell software code. Carbide WC is 

identified as *. 

 

4.1.3 Microstructural Analysis 

 

Figure 17 presents microstructures of W20TaCrNbV and W30TaCrNbV alloys as seen by SEM. The micrographs of 

the W20TaCrNbV microstructure, depicted in Figures 17 (a) and (c), show the presence of three phases: a majority 

phase, identified as A and two minor phases identified as B and C. Moreover, some intergranular precipitates 

over intergranular regions were observed (see circles in Figure 17 (c)). A similar microstructure was found for 

W30TaCrNbV where four phases were identified, namely a majority phase D and three minor phases E, F and G, 

as can be seen in Figures 17 (b) and (d).  The EDS results for the major phases are presented in Table 9.  
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Table 9 - Atomic fractions of the majority phases in both alloys (phases A and D). 

 

 

 

 

 

 

 

 

Since the grain size of the minority phases in W20TaCrNbV is lower than 1 µm the EDS quantification was not 

performed on these regions. EDS was not performed in W30TaCrNbV specimen as there was not enough time to 

utterly analyse the respective phases of this sample. 

 

Elements Atomic fraction (at. %) 

Phase A Phase D 

W 23.5 ± 0.6 30.6 ± 0.3 

Ta 19.2 ± 0.8 16.6 ± 0.3 

Cr 20.4 ± 0.7 19,9 ± 0.3 

Nb 15.9 ± 0.5 14.3 ± 0.1 

V 21.0 ± 0.4 18.7 ± 0.2 

B 

A 

D 

A 

C 
F 

G 

D 
E 

(d) 

(b) (a) 

(c) 

1 µm 

1 µm 1 µm 

1 µm 

B 

Figure 17 - BSE images of the microstructure of the (a) low and (c) high magnification of W20TaCrNbV sample and 
(b) low and (d) high magnification of W30TaCrNbV alloys. 






























