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Abstract

Nuclear fusion offers an attractive future prospect for energy production with no carbon

emissions. However, a viable nuclear fusion reactor has yet to be demonstrated. One

of the factors limiting the development of such a device is the hostile environment that

reactor materials will be exposed to. A combination of high-energy neutron fluxes, high

temperatures, large temperature gradients, thermal shocks, transient loading events,

and corrosion from coolants/tritium breeding materials creates a set of conditions that

will be detrimental to materials performance. Several candidate materials for various

reactor components exist, but they are all limited in some capacity. The aim of this

project was to use a novel alloy development approach to produce a material that may

be better suited for certain fusion applications, or otherwise may be able to inform the

future development of such an alloy.

One potential advantage of nuclear fusion power is its relative lack of radioactive

waste products compared to nuclear fission. However, this imposes a restriction on

the elements used in reactor materials: they must not produce radioactive waste that

is long-lived. By using elements with favourable nuclear activation properties and

adopting a similar development rationale used in high entropy alloys, a set of low-

activation, multi-principal component alloys were produced. The alloy systems investi-

gated, Ti-V-Cr-Mn and V-Cr-Mn, produced a microstructure that would be favourable

for fusion applications after a homogenisation treatment, in contrast to some other,

highly-concentrated alloys. Furthermore, the alloys generally showed no or limited

microstructural evolution after ageing at fusion relevant temperatures. This kind of

behaviour is essential for any candidate fusion material. The high temperature oxida-

tion properties of the alloys were also assessed and were found to be improved relative

to other fusion candidate alloys. Resistance to oxidation has important implications

for the safety case of using a given material and may also aid in manufacturing.

This work has examined two virtually unexplored alloy systems and found that they

may hold promise for fusion applications. Further characterisation will be required

to assess whether they are truly viable candidate materials. Regardless, this work

will aid in the exploration of new alloy systems and may inspire further fusion alloy

development.
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Chapter 1

Introduction

1.1 Fusion energy

Atmospheric carbon dioxide levels continue to rise across the world with disastrous and

far-reaching effects, which will only get worse as concentrations increase[1]. Energy

production resulted in the release 33.1 Gt of carbon dioxide into the atmosphere in

2018[2]. Decarbonising energy generation has been identified as a key objective in the

fight against climate change[3]. Coal- and gas-fired power plants are the power sources

with the highest carbon emissions, so phasing these plants out is a necessity for any

long-term climate plan. The United Nation’s Paris Agreement to reduce greenhouse gas

emissions came into effect in late 2016, so there is now additional legislative pressure

to reduce carbon emissions[4].

However, global energy demand is also growing, necessitating the construction of

new power sources to cope with this increased requirement. Furthermore, electrical

energy will make up an increasing share of the energy demand as industries like trans-

portation move towards increased electrification[2]. Renewable sources such as solar

and wind have had significant technological improvements in recent years and are more

cost-effective than ever, but they are still beset by problems with supply reliability,

which can leave electrical grids short of power if there is less sunshine or wind than

expected[5].

Due to these problems, nuclear fission power is touted as an alternative to augment

the fluctuating supply of renewables with a constant, baseline load. Despite large

capital costs, fission power can provide very large amounts of power with excellent

reliability. However, the issue of potentially dangerous radioactive waste and other

issues relating to decommissioning still tarnish public perception of nuclear power,

especially with the question of waste disposal remaining unanswered in the UK[6, 7].

This negative perception is compounded by incidents such as Fukushima and Chernobyl

in living memory. The steps required to enrich the uranium fuel needed for fission power

17
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can also be used in the proliferation of nuclear weapons, an outcome that many object

to.

Although still in the research stages of its development, nuclear fusion should be con-

sidered as a long-term alternative to fission power. Nuclear fusion offers a low-carbon

energy source that minimises long-lived radioactive waste and cannot be weaponised.

By fusing deuterium and tritium, an extremely large amount of energy in the process

is released in the form of a helium ion and a neutron. The energy from these particles

can be captured by a reactor, where it will then be used to drive a turbine to provide

electricity. Deuterium is abundant in nature and can be easily separated from its natu-

ral mixture with protium. Tritium, although not naturally occurring, can be generated

inside a fusion reactor using lithium, another readily available element.

1.2 Fusion materials

Before sustainable and economically viable fusion power can be achieved, there are

many challenges that need to be addressed, especially in the field of materials science.

High temperatures, large doses of energetic neutrons, cyclic heating, cyclic loading,

extreme transient thermal loads, corrosion and plasma erosion are amongst some of the

challenging conditions that a material inside a fusion reactor will be subject to. Such

a unique environment necessitates the use of unique materials. Many new materials

have been developed specifically for fusion applications, and many more will continue

to be developed as the requirements for materials become clearer as fusion research

progresses.

One of the constraints imposed on fusion materials is a restriction based on the

neutron activation properties of their constituent elements. Transmutation of elements

used in the reactor structure will cause previously inert materials to become radioactive.

As a functional fusion reactor could be constructed while ignoring activation properties,

it is not an engineering requirement. However, due to the desire of the fusion research

community to offer an alternative to fission with no (or reduced) long-lived radioactive

waste, new fusion materials should conform to these low-activation requirements.

Some of these new materials will be modifications of existing alloys, as is the case for

EUROFER-97 and F82H, ferritic-martensitic steels that are candidates for structural

materials in the reactor. Their compositions are based on existing steels, with elements

that produce long-lived activation products replaced with other less activating elements

that can produce similar metallurgical effects. In other cases, new materials, such as

tungsten and vanadium alloys, have been developed. These alloy systems have not been

used for any practical applications to date. Each of these materials have limitations,

which will be discussed in more detail later. It is clear that there is scope for new

materials to be developed for fusion applications.
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1.3 High entropy alloys

In 2004, Jian-Wei Yeh and Brian Cantor, independently of each other, had the idea of

producing alloys with equal (or near-equal) proportions of several elements[8, 9]. The

rationale behind this previously untested idea was that the entropy of mixing many

elements would be high enough to stabilise a single solid solution.

Despite being a relatively recent development in materials science, the field of high

entropy alloys (HEAs) has exploded in popularity, with more than 7,500 articles pub-

lished on the topic since the idea was first conceived[10]. Part of the reason behind

this popularity will no doubt be the variety of interesting properties that HEAs have

exhibited since their discovery. These properties include remarkable ductility at cryo-

genic temperatures, extreme wear resistance and resistance to neutron irradiation[11,

12].

There are virtually endless combinations of possible high entropy alloys (Cantor

created a 20 component alloy in his 2004 paper!), with the possibility of more unique

properties yet to be discovered. Relatively little work has been done on exploring the

use of HEAs for nuclear applications, and even less on fusion specifically, so there are

still many potentially attractive alloy systems that have been hitherto unexplored.

1.4 Thesis aims

With so little of the HEA phase space explored, it is entirely possible that there exists

HEAs (or multi-principal component alloys) that are comprised entirely of low acti-

vation alloys and have the requisite properties to be suitable for use inside a fusion

reactor. Therefore, the aim of this thesis is to map out a small segment of the phase

space of a few selected elements that may offer a pathway to the development of HEAs

for nuclear fusion applications. It should be noted that this work does not, strictly

speaking, focus on HEAs as they are commonly defined (i.e. alloys with ≥5 elements).

Instead, the alloys under investigation will be referred to as multi-principal element

alloys (MPEAs). During this exploration, key features such as phase thermal stability

in fusion relevant conditions, mechanical properties, and oxidation properties will be

investigated.

Specifically, the aims of the work are to:

� Perform design and preliminary experimental studies working towards a fusion

HEA, comprising of elements with low-activation properties and using existing

vanadium alloys as a starting point to begin investigation.

� Assess phase stability of a suite of appropriate alloy compositions by exposing

the alloys to fusion relevant temperatures for long periods of time.
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� Assess mechanical/oxidation performance to determine suitability of the alloys

for engineering applications.

1.5 Thesis structure

Chapter 2 of this thesis consists of a review of the relevant literature broadly separated

into two parts. Firstly, the requirements of contemporary and future fusion reactors

are detailed. Secondly, some of the candidate materials developed to deal with these

challenges are assessed by examining their advantages and drawbacks. The second part

of the literature review also covers HEAs, some of their properties, and the limited work

that has been done on assessing their candidacy for nuclear applications.

The three results chapters, which are presented in the form of papers following

the alternative format, address each of the aims stated above, starting with Chapter 3,

which presents the experimental methods used in this work alongside a brief description

of the theory underlying each technique. This chapter complements the methodology

sections of the subsequent experimental chapters.

Chapter 4 contains an initial phase stability assessment of the system of alloys to

be investigated. The rationale behind the elements chosen is presented. Phase stability

is assessed with a variety of techniques alongside investigation of the microstructure.

A more detailed evaluation of the alloys’ stability in fusion environments is presented

in Chapter 5. A series of heat treatments are performed on the alloys and the resulting

microstructure and properties are assessed.

The final body of experimental work is contained with in Chapter 6. This chapter

focuses on the oxidation behaviour of the alloys with a view to determining their

accident tolerance and processability.

Finally, Chapters 7 and 8 present the final conclusions of this work and possible

directions for future work, respectively.

1.6 Publications

The experimental chapters of this thesis will be provided in the format of journal ar-

ticles, including Chapter 4 which is presented as published in:

P.J. Barron et al. “Towards V-based high-entropy alloys for nuclear fusion applica-

tions”. Scripta Materialia 176 (Feb. 2020).
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Chapter 2

Literature review

2.1 Fusion energy

2.1.1 The fusion reaction

The process of nuclear fusion is defined as a “process by which nuclear reactions between

light elements form heavier elements, [in which] substantial amounts of energy are

released.”[1]. From inspection of the nucleon binding energies presented in Fig. 2.1,

fusing two hydrogen nuclei together will release large amounts of energy, as the 4He

nucleon is considerably more tightly bound than the 2H and 3H nucleons. The most

viable fusion reaction for energy generation is the deuterium-tritium (D-T) reaction,

shown below:

2
1H

+ + 3
1H

+ → 4
2He+ (3.5 MeV) + 1

0n (14.1 MeV)

The D-T reaction is the most viable as it has the largest maximum reactivity of

any fusion reaction by an order of magnitude, seen in Fig. 2.2a. It also has the lowest

reaction triple product condition of any reaction, again by over an order of magnitude

(see Fig. 2.2b). The fusion triple product is a figure of merit that indicates the

conditions required for ignition, which is when a fusion reaction produces more energy

than it loses to the environment. The triple product consists of a plasma’s density (ne),

temperature (T ), and confinement time (τE) multiplied together. When this value is

greater than a reaction- and temperature-dependent value (a condition known as the

Lawson criterion[3]), ignition is said to have occurred.

Fig. 2.2b also shows that the temperatures required to meet the triple product

condition at its minimum are enormous, with a temperature of around 100 million

Kelvin for the D-T reaction. Despite the massive temperatures required for ignition, the

D-T reaction still represents the easiest path to fusion as it has the lowest requirements

for ignition and the greatest reactivity of any reaction. All of the following discussion

of fusion power is based on using a D-T fuel mixture.

22
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Figure 2.1: Binding energy of nucleons. Taken from [2].

(a) Fusion reaction reactivity for selected
reactions. Taken from [4].

(b) Fusion reaction triple product re-
quired for ignition in selected reactions.
Taken from [5].

Figure 2.2: Properties of selected nuclear fusion reactions.

2.1.2 Fusion reactors

In order to confine plasmas at such high temperatures, fusion reactors generally utilise

one of two methods: magnetic confinement fusion (MCF) and inertial confinement

fusion (ICF). Other types of device do exist but these two are the most common.

Although the fusion reactions in both cases are the same, the methods are differentiated

by how the plasmas are confined. MCF utilises large magnets to keep the plasma in a

toroidal loop (also known as a tokamak), leading to relatively large confinement times
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with moderate plasma densities. ICF uses a large array of high powered lasers fired

simultaneously to compress and heat a small pellet of fuel, with much greater plasma

densities at the expense of comparatively short confinement times.

This thesis will focus on alloys for use in a future MCF reactor. As the more

technologically developed of the two primary types of fusion device, the conditions

that components will be subjected to are more clearly known. ITER1, a tokamak

currently under construction in France, will be the largest (in terms of both physical

size and power output) and most advanced fusion reactor built to date when complete.

As the materials that will be used in ITER have already been chosen and, in some cases,

manufactured, the alloys presented here are being investigated to further the range of

potential materials which could be used in fusion reactors in the far future. This may

be DEMO, the power-generating demonstration reactor scheduled for construction in

the 2040s[6], or some other device.

A depiction of a functional tokamak reactor is shown in Fig. 2.3, which shows a 3D

model of ITER. This figure is presented simply to indicate the scale and complexity

of a large fusion device. A more useful representation is provided in Fig. 2.4, which

shows a schematic of a tokamak reactor cross-section. While the exact nature of the

components will depend on the design of the individual reactor, all of the components

and systems shown in the diagram are essential for the operation of a power generating

fusion reactor. Out of these components, the vacuum vessel, cryostat and biological

shield can all perform to an acceptable level with current engineering materials[7]2,

and the magnet coils require specialised superconducting materials that are outside

the scope of this work. Therefore, it is arguably the blanket, first wall, and divertor

components that have the greatest scope for new material developments, and will be

the focus of this work.

2.1.2.1 Fusion blankets

The deuterium-tritium reaction generates neutrons with 14.1 MeV of kinetic energy,

which are then captured by the reactor structure and their kinetic energy converted

into heat. Fig. 2.4 shows where the blanket lies in relation to other components in

tokamak reactors. In addition to absorbing energy, the blanket also contains the tritium

breeding systems. As tritium is not a naturally occurring isotope, a fusion reactor must

breed its own supply in order to operate continuously and in an economically feasible

manner. Breeder systems work by generating additional neutrons with a multiplier

material (beryllium or lead) to bombard a supply of lithium-6, which in turn generates

1Which originally stood for International Thermonuclear Experimental Reactor but has since been
changed to represent “the way” in Latin

2That is not to say the materials used for these components cannot be further improved with
research (e.g. a cheaper steel or more environmentally friendly concrete), but merely that these
components can be manufactured using currently available materials, irrespective of reactor conditions.
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Figure 2.3: A cross-sectional 3D model of the ITER reactor. Note the worker provided
for scale in the bottom right of the image. Taken from [8].

Figure 2.4: Schematic showing the role of the blanket and other components within a
Tokamak. Taken from the Culham Centre for Fusion Energy.
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Figure 2.5: The design of a helium-cooled pebble bed tritium test blanket module that
may be used in DEMO. The breeder units in this design will be filled with lithium
orthosilicate and beryllium in solid pebble form. The structural material is a ferritic
steel. Taken from [14].

more tritium to be extracted and used as fuel.

Behind the first wall of an MCF device blanket lies the structural support material

and corresponding breeding materials. This structure will absorb many of the neutrons

emitted from the reactor core in addition supporting the tritium breeding and coolant

systems. As such it will need to retain good mechanical properties under irradiation at

high temperatures. It must also be compatible with the tritium breeding and coolant

systems.

The exact nature of the design of the blanket for DEMO and its corresponding sys-

tems has yet to be decided. A variety of blanket designs that utilise different structural

materials, tritium breeding materials and coolants will be tested in modules installed in

ITER. These test blanket modules will allow the performance of the various proposed

blanket designs to be tested in a fusion environment[9, 10, 11, 12, 13]. One prospective

blanket module design is shown in Fig. 2.5, but this is only provided for illustrative

purposes and is not necessarily indicative of what will actually be chosen to be used in

DEMO or any future reactor.

Thermal performance and stability is a key aspect of blanket material selection. The

efficiency of a fusion reactor will increase with operating temperatures, so it is desirable

that a reactor be operated as hot as possible[15]. Fig. 2.6 shows the predicted operating
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Figure 2.6: Operating temperatures of blanket candidate materials. Adapted from [16].

temperature ranges for some candidate blanket materials in a fusion environment[16].

These materials will be discussed in more detail in the following sections.

This thermal performance must be maintained in the presence of neutron irradia-

tion. Neutrons can cause extensive microstructural changes in materials, which will be

discussed in Section 2.2. All of these changes will lead to a degradation of materials’

properties. Embrittlement and hardening caused by radiation will determine the lower

operating temperature limit of blanket materials (see Sections 2.4 and 2.5). As reactor

blankets will be operated for extended periods of time (up to several years)[17], the

materials used must also be resistant to thermal creep. Creep properties are one of the

key factors that determine the upper temperature limits in fusion structural materials,

alongside microstructural stability[16].

The coolant used in the blanket will impose additional material requirements. A

variety of different coolant systems are being explored across a number of devices:

helium, water, molten Li-Pb alloys, molten Li salt, and dual coolant systems[9, 10, 11,

12, 13]. Corrosion from the coolant itself or its impurities may necessitate the use of a

protective coating on the blanket material. Uptake and retention of the tritium that is

bred inside the blanket may also require some form of barrier coating to minimise this

effect (see Section 2.4.1.6).

The blanket’s multifunctionality will require a complex geometry of parts joined

together. A variety of joining methods are available to combine both similar and dis-

similar materials. However, materials must be designed with these joining requirements

in mind, as such processes can degrade material performance (see Sections 2.4.1.7 and

2.5.1.5).
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2.1.2.2 First wall

Between the plasma core and the rest of the reactor structure lies the first wall of

armour material. In addition to intense neutron irradiation, the armour material will

interact with the plasma ions and neutral particles. The plasma-wall interactions will

result in a thermal load of up to 4.6 MW m−2 (for a worst-case scenario in ITER

[18]) in addition to much more intense transient events in the core, known as edge-

localised modes (ELMs). ELMs can lead to fluxes in excess of gigawatts per square

meter[19]. The steady state heat loads can cause microstructural changes and failure of

component joints, even in extremely high melting point materials such as tungsten[20].

The more extreme transient events can lead to melting, cracking and the formation of

dust particles[19].

Exposure to highly energetic ions in the plasma can cause sputtering of the wall

material. This will lead to erosion of the first wall and deposition in other less exposed

parts of the reactor interior. Furthermore, implantation of deuterium and tritium

results in embrittlement of the plasma facing material[21]. This embrittlement will

have a negative effect on the wall’s ability to withstand transient thermal loads. In

the case of tungsten, one of the leading plasma-facing candidate materials, helium

implantation causes morphological changes in the form of microscale tendrils growing

out of the surface, leading to the formation of tungsten “fuzz”. This fuzz will lead to

a deterioration in the thermal transport properties of the tungsten, which could make

localised melting more likely[22].

Finally, the wall material will be exposed to the highest neutron fluxes in the reactor,

as it is situated directly adjacent to the plasma core, unlike the blanket which will be

partially shielded from neutrons by the first wall. This will lead to similar damage

effects mentioned in the above section and discussed in more detail in Section 2.2.

2.1.2.3 Divertor

The divertor of a fusion device functions as the exhaust system of the reactor. The

ionised fusion products (i.e. He+ and minor amounts of other species) are carried by

the magnetic fields in the plasma core to the surface of the divertor at specific strike

points, shown schematically in Fig. 2.7. The exhaust products are extremely hot

and the strike points are concentrated to a relatively small area, only 3.5 m2 in ITER,

which has a plasma radius of 6.2 m[23]. This means that the divertor will be subject

to enormous thermal loads of around 10 MW m−2 in ITER, or even higher for future

reactor designs[24].

As a result, the divertor materials will be exposed to all of the hostile conditions

listed above for the first wall, with the added constraint of an even higher baseline

thermal load. Such conditions necessitate the use of extremely high melting point tem-
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Figure 2.7: Schematic of the location of the divertor strike points in a fusion reactor.
Taken from [24].

peratures, with tungsten and tungsten-based alloys as the currently preferred option

(see Section 2.6).

2.1.3 Low-activation materials

One of the most significant differences between the environmental impact of a fission

reactor versus a fusion one is the radioactive waste products that are generated. Fission

reactors produce significant quantities of long-lived waste consisting of fission products

from the spent uranium fuel. If one considers the D-T reaction, no radioactive waste

is produced directly from the fusion process. Only when the fusion neutrons interact

with the materials inside the reactor are radioactive byproducts produced.3

Unlike their fission counterparts, the materials used in a fusion reactor will be

the sole source of any radioactive waste produced. Therefore, it is desirable that the

waste produced in a fusion reactor be as short-lived as possible in order to provide

a compelling environmental and safety argument for fusion over fission (and other

energy sources). Indeed, the fusion community is in broad agreement that so called

low-activation elements should be used. Although there is no set definition for what

constitutes a low-activation element, it is sometimes defined as an element that takes a

period of less than 100 years to reach low-level waste (LLW)[25, 26]. In this instance,

the UK government’s definition of LLW will be used. This is defined as waste with a

3Analogous processes occur with fission neutrons. However, they are not main sources of radioactive
waste for fission reactors.
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radioactivity of <4 MBq/kg of alpha radiation and <12 MBq/kg of combined beta and

gamma radiation. LLW in the UK is able to be recycled or incinerated in some cases, or

otherwise directly disposed of in special repositories[27]. Other classifications of waste

not based on legal limits also exist. One such example is the remote handling limit,

which is based solely on gamma emissions that can damage the electronics of robotic

handling equipment. As this is a limit based on technology and not on legislation, it

does not have a fixed value. 2 mSv/hr is a value that has been used in literature[28]

as a conservative limit, but electronics may well become tolerant of higher doses as

technology improves.

The nuclear reactions undergone by most elements when exposed to neutron radi-

ation are well characterised, which means that it is possible to predict the activation

behaviour of materials after use in a fusion reactor. Work by Gilbert et al. (shown in

Fig. 2.8) shows how long elements will take to reach LLW criteria after 12 years of

pulsed operation in a hypothetical DEMO reactor design[29]. Materials will be exposed

to different neutron irradiation fluxes depending on their position in the reactor and

their activities will change correspondingly. Although the data in Fig. 2.8 is specific to

the divertor, comparisons between elements can be made for any component exposed

to significant amounts of neutron irradiation. If fusion reactors are to limit the amount

of radioactive waste produced during and after operation, it is clear that some restric-

tions on materials selection will be imposed. For example: it can be seen that nickel,

which is extremely common in a variety of steels, often in large weight fractions, would

remain radioactive for 66,000 years if used in a fusion divertor.

2.1.4 Accident tolerance

When designing materials for a fusion reactor, it is important to consider both the

environment that materials will exist in during normal operation but also the conditions

that may be faced during an accident or some other unexpected event. Such events

could include: plasma disruption, magnetic discharge; water, air or helium ingress

into the vacuum chamber; dust or hydrogen explosions, fires, earthquakes and loss of

power/coolant[30, 31, 32].

Materials should be chosen to mitigate the hazards that will arise, if possible. A

paper examining the safety case with respect to the nuclear activation of elements

identified four figures of merit for elements:

1. Prompt dose rating

2. Latent dose rating

3. Time before damage (from decay heat)

4. Maximum temperature rise[33]
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Figure 2.8: Time taken to reach low-level waste after 14 years of pulsed operation in
the DEMO divertor. From Gilbert et al[29].
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A follow-up study by the same authors outlined the criteria a material should ideally

fulfil to be considered “low-activation”:

1. Prompt dose rate of <2 Sv from 100% release of inventory

2. Possible cancer risk of <0.1%/yr to local residents in realistic release scenarios

3. Decay heat should be limited to ensure the design is passively safe

4. Used materials could be recycled or disposed of as near-surface waste

5. Hands-on maintenance should be possible in coolant systems

6. Effluents of activation products should not pose significant extra risk c.f. tritium

effluents[34]

Radioactivity concerns are not the only safety issues that have been considered in

the literature. If air ingress is accompanied by a loss-of-coolant accident (LOCA), then

the first wall material could be exposed to oxygen at high temperatures for a period

of weeks in a DEMO-type reactor[35]. Significant oxidation for this length of time

would have severe safety implications. Therefore, some recent work has been devoted

to developing oxidation-resistance first wall materials[36, 37, 38].

If these assessments are taken into consideration, it is clear that a holistic view

of material safety should be adopted, not just one that focuses only on the long-term

activation properties of an alloy.

2.2 Irradiation damage

As mentioned in previous sections, irradiation can have profound effects on the proper-

ties of materials. This section only aims to summarise the basics of radiation damage

as described by Was[39], whose work offers a far more complete summary than can

be presented here. When a neutron (or some other particle) with sufficient energy

collides with an atom, the neutron imparts some of its energy to the atom, which is

then displaced from its lattice site with a portion of this energy. This atom, known as

the primary knock-on atom (PKA), will then go onto collide with other atoms, which

in turn collide with more atoms, creating a displacement cascade. In this cascade re-

gion, many Frenkel pairs (FPs), consisting of an atomic vacancy and corresponding

interstitial atom, are created. FPs are the primary mechanism behind the formation

of other microstructural features that form as a result of irradiation. At lower ho-

mologous temperatures (T/Tm < 0.2), only the interstitials are sufficiently mobile to

form clusters and larger defects such as dislocation loops. When the homologous tem-

perature is higher (T/Tm > 0.2), the vacancies will be mobile enough to form large

clusters known as voids. When both vacancies and interstitials are mobile, other radi-

ation damage mechanisms such as elemental segregation, phase transformations, and

precipitation can occur. These microstructural features can significantly degrade the
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mechanical properties of materials, leading to them becoming potentially unsuitable for

their original application, if these changes are not taken into account or some how miti-

gated. The exact nature of radiation damage can vary widely depending on irradiation

temperature, fluence, flux, material composition and thermomechanical history.

The most common method of quantifying the amount of damage in a material is to

use the number of displacements per atom (dpa). It is a measure of how many times,

on average, each atom in a material has been displaced from its original lattice point

within a crystal. This number is defined by how much energy is transferred from the

incident radiation particle to the PKA, and by how many other atomic displacements

the PKA will go on to make. This means that is not just the particle fluence (i.e. the

number of incident particles) that is important in determining damage, but the energy

spectrum of these particles too. A larger fluence of less energetic particles may be less

damaging to a given material than a smaller fluence of more energetic ones, as the

more energetic particles can displace more atoms from a given cascade event.

Alongside activation and safety concerns (see Section 2.1.3), nuclear transmutation

will also be strongly detrimental to materials’ properties when considered alongside

displacive damage. As mentioned in Section 2.1.2.2, tungsten transmutes into rhenium

and, subsequently, osmium. When this “new” alloy is exposed to neutron radiation, it

will also undergo elemental clustering, further deteriorating its properties[40]. Another

transmutative effect that is significant in fusion materials is the production of He and

H from certain nuclear reactions. These atoms are highly mobile in materials due

to their small size, and can contribute further to damage by diffusing to defects and

grain boundaries. He and H can also be introduced into the first wall materials via

bombardment from the plasma, which itself can be considered a form of radiation

damage.

2.3 Candidate fusion materials

It is clear that the field of nuclear fusion poses a number of materials challenges that

are unique even when the challenges are faced individually, let alone in conjunction

with other problems. The development of new materials has been a cornerstone of

fusion research for many decades, which has resulted in numerous new materials being

researched and developed with varying degrees of success and technological readiness.

The following sections will provide an overview of some of the research that has

been done on candidate fusion materials. As the alloys studied in this work contain

vanadium as the major element (or one of the major elements), the focus of this section

of the review will primarily be on vanadium-based alloys. The secondary focus will be

on low-activation steels, which are the primary competitors to vanadium alloys in the

role of a blanket structural material. Other materials will also be covered, but in
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limited depth as they are either intended to fulfil a different role to vanadium alloys

and steels (in the case of tungsten and beryllium), or they represent a departure from

the metallurgical focus of this work (in the case of silicon carbide). This is by no

means an exhaustive list of every material to have been considered for use in fusion

applications, it is merely meant to highlight some of the main classes of materials and

their relative advantages and limitations.

Following these sections, an introduction will be given to the field high entropy

alloys (HEAs), accompanied by some discussion of the properties that may render

them useful as fusion materials, especially when compared to some of the deficiencies

of vanadium alloys and steels.

2.4 Vanadium alloys

Although vanadium-based alloys have been in development for fission applications since

the 1960s[41, 42], they have remained purely experimental materials and have not been

put to any practical use in the nuclear industry. Chromium and titanium are the most

common alloying elements, both often present in concentrations of several wt%. They

both have good solubility with V and offer improved mechanical properties when added.

However, adding more Cr and Ti has diminishing returns when it comes to strength

and irradiation resistance and can decrease ductility[43]. As these elements are some

of the least activating transition metals (see Fig. 5.1), they are attractive candidate

materials for blanket applications.

Many different vanadium alloy compositions containing various elements such as Al,

Cr, Ti, Ni, Si, Mo and W have all been tested to varying degrees, V-4Cr-4Ti has been

decided as the most favourable reference alloy for future development[44], however more

recent results have cast doubt on this long-held assumption[45]. It has good resistance

irradiation swelling and embrittlement, good mechanical properties[46, 47, 48], as well

as favourable creep properties, in both irradiated and unirradiated states[49]. More

generally, solute additions of a larger size relative to V, such as Ti, inhibit irradiation

swelling[50].

2.4.1 Properties

2.4.1.1 Strength & hardness

As a structural component, the blanket must be able to withstand the loads required

to support the enormous reactor structure. Additionally, less material can be used

if it is stronger, so high strength may confer economic benefits. As with any other

alloy, the strength of a vanadium alloy is highly dependent on its composition and

thermomechanical processing. Fig. 2.9 shows the ultimate tensile strength of V-4Cr-
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Figure 2.9: Strength of V-(4-5)Cr-(4-5)Ti alloys at varying temperatures. Taken from
[44].

4Ti as ranging from approximately 350 to 525 MPa at temperatures between 20 and

700 ◦C.

Chen et al.[51] investigated the effects of thermomechanical processing on V-4Cr-

4Ti and found that with appropriate annealing and cold working, large increases in

hardness and tensile strength can be achieved compared to a solution annealed sam-

ple. Highest hardness was found to occur after annealing for 10 hours at 600 ◦C.

Earlier transmission electron microscopy (TEM) work performed to characterise the

strengthening mechanisms of V-4Cr-4Ti found that Ti-C-O precipitates were the cause

of strengthening from annealing[52, 53].

Hardness is positively correlated with both O and N content in both unalloyed vana-

dium and V-4Cr-4Ti. N is contained in large precipitates which are stable at 1373 K. O

was found to be present in both small and large precipitates. However, the smaller pre-

cipitates dissolved into the matrix at 1373 K, leading to a solid solution strengthening

effect from the O released[52]. Notably, this study also found that repeated annealing

during rolling may produce less pronounced high temperature hardening behaviour due

to the formation of large precipitates which reduce the matrix impurity concentration.

This leads to the important suggestion that chemically similar vanadium alloys may

be sensitive to thermomechanical processing history. Findings from Muroga et al.[54]

also highlighted the importance of precipitate control when producing vanadium alloys,

shown in Fig. 2.10.

Recent work by Zhang and Han[55] has also emphasised the significant and vari-

able effect that oxygen content has on pure vanadium. At high O concentrations

(>1 at%), the presence of oxygen greatly strengthens the alloy through a combination

of solid solution hardening and a contribution from the dynamic formation of oxygen-



36 CHAPTER 2. LITERATURE REVIEW

Figure 2.10: Microstructure and yield stress for V-4Cr-4Ti after heating at various
temperatures. Taken from [54].

vacancy complexes. In the case of alloys with intermediate O content (≈ 1 at%), these

oxygen-vacancy complexes also induce strain hardening, which causes the alloys to

retain significant ductility. However, as O content increases beyond this, the density

of oxygen-vacancy complexes is too high and dislocation glide is inhibited, leading to

brittle fracture. Although this work was performed on pure V metal, it signifies the

importance of forming interstitial-vacancy complexes in BCC alloys. These effects are

in addition to those posited in an earlier density functional theory (DFT) work by

Zhang et al.[56]. This study found that the presence of 1 at% C, N or O is enough to

significantly increase the energy required to activate slip systems in pure V, causing

the normally ductile metal to become brittle.

Chen et al.[57] investigated the effects of alloy composition on strengthening. By

comparing V-4Cr-4Ti to V-6W-4Ti and V-4Ti, it was found that the precipitation

hardening effect was much stronger in V-4Cr-4Ti than in V-6W-4Ti and V-4Ti, sug-

gesting that although the precipitates are formed from Ti, it is the addition of Cr that

changes the behaviour of these precipitates and results in improved strength. The ad-

dition of W on its own resulted in no significant increase in hardness, exhibiting similar

hardness to V-4Ti[58]. The mechanical properties of vanadium alloys, particularly at

high temperatures, seem well-suited to a fusion environment.
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2.4.1.2 Creep behaviour

As the blanket structure will be operating at high temperatures, it is vital that the

material used is able to resist creep. In this section, thermal creep will be discussed

separately from irradiation induced creep as the operating mechanisms differ in each

case.

Thermal creep data shows that V-4Cr-4Ti at higher temperatures (650-800 ◦C or

approximately 0.4 - 0.5 Tm) and normalised stresses greater than 0.002, has a creep

rate with a power law dependence, given by:

ε̇ = Aσn exp (−Q/RT ) (2.1)

where σ is the applied stress, n is the stress exponent, Q is the activation energy

for the creep mechanism, R is the universal gas constant and T is the temperature.

Both uniaxial[59] and biaxial[60] tests in vacuum found that the stress exponent is

approximately 4, and the activation energy for creep was around 300 kJ/mol. This is

similar to the activation energy of pure vanadium self-diffusion, which indicates that

climb-assisted dislocation glide is the dominant creep mechanism.

Creep tests performed in a liquid Li environment showed creep rates that were

generally consistent with results obtained under vacuum. Certain tests did show an

increased creep rate in the lithium environment, but the author acknowledged that

longer exposure times would be necessary for further investigation[61, 62]. An expla-

nation for the differing creep behaviour in liquid Li may be offered by the effect of O

interstitial levels. Biaxial tests performed with an O concentration of 699 weight parts

per million (wppm)[60] exhibited greatly decreased creep rates compared to uniaxial

tests with an O concentration of 310 wppm[59]. Kurtz[60] asserts that the difference is

due to O interstitials and not texture differences that may be present between uniaxial

tensile and biaxial tube specimens. However, a highly purified ingot of V-4Cr-4Ti with

∼180 wppm O, was found to have comparable creep properties to other less pure alloys,

suggesting that O concentrations of this level are still enough to impede dislocation

motion and consequently, creep behaviour[63].

Thermomechanical processing also effects creep performance. Creep tests on various

thermomechanical treatments of another high purity V-4Cr-4Ti alloy found that the

specimen that had been heat treated and cold rolled by 20% had reduced creep rates

above a certain stress level between 700 and 800 ◦C, compared to a sample with the

same heat treatment and no rolling[64]. Below this stress level, creep rates were similar

in both rolled and unrolled specimens. The critical stress decreased with increasing

temperature. Increases in yield strength from cold rolling found in the same study can

partially explain this improved creep performance. However, the activation energies for

both samples were much higher than those determined by Natesan et al.[59], suggesting
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that climb assisted dislocation glide is not the mechanism responsible for creep in these

heat treated alloys. Secondary electron microscopy (SEM) examination showed grain

structure on the deformed regions of the test specimen, suggesting that Coble creep,

grain boundary motion governed by diffusion, was the mechanism at play.

This is in contrast with results from Zheng et al.[65] which found that STD4 or

SAACW5 specimens both exhibited dislocation glide-assisted climb above 180 MPa.

Below 180 MPa, dislocation climb was the only mechanism observed. SACWA6 speci-

mens have a higher threshold stress of 280 MPa for dislocation glide to become active.

This is thought to be caused by the high density of fine precipitates pinning dislo-

cations and suppressing glide. However, the same increased density allows for easier

climb, leading to higher creep rates at stresses below 180 MPa. Diffusion based creep

is not offered as a possible mechanism for any regime. This suggests that the diffusion-

based Coble creep only starts to operate at around 800 ◦C.

Muroga et al.[66, 67] suggested that sessile a〈100〉 type dislocations prevent precip-

itates from coarsening, allowing vanadium alloys to maintain their strength and creep

resistance at high temperatures. However, the authors offer no mechanistic explanation

for this process. Cold rolling produced a mixture of a〈100〉 and a/2〈111〉 dislocations,

which explains the improved creep performance of cold worked alloys previously found.

The authors state that operating temperatures and loads should be kept within a range

where these dislocations cannot recover. SACWA treated alloys have much lower creep

rates at high stresses compared to STD and SAACW treatments, but at lower stresses

the reverse is true (see Fig. 2.11)[68]. This is because grain boundary creep is dom-

inant at low stresses, whereas dislocation creep dominates at higher stresses. leading

to improved creep performance for SACWA alloys with greater dislocation densities.

Grain size also has a strong effect on creep resistance. V-1.6Y-8W-0.8TiC tested

at various grain sizes at 800 ◦C and 250 MPa showed that creep rate decreased with

increasing grain sizes, up to around 1000 µm[69]. This was attributed to the fact that

creep occurs via grain boundary sliding in this alloy, as opposed to the dislocation glide

that occurs for V-4Cr-4Ti under the same conditions. The solute W and dispersoids of

Y2O3, YN and TiC were able to suppress dislocation glide, leading to a grain boundary

mechanism dominating.

Recent results have revealed a stress dependence on the effects of interstitials on

creep properties. At lower stresses (<100 MPa), no difference in creep behaviour was

observed between the highly-purified (339 wppm of C + N + O) Japanese NH2 ingot

and the less pure US ingot (600 wppm). However, at higher stresses, the alloy with in-

creased interstitial content has a higher time to rupture and reduced creep rate[70] due

4Standard annealing at 1000 ◦C for 2hrs
5Solid solution annealing at 1100 ◦C for 1hr + aging at 600 ◦C for 20hrs + 20% cold working
6Solid solution annealing at 1100 ◦C for 1hr + 20% cold working + aging at 600 ◦C for 20hrs
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to purification softening in the NH2 alloy. The design stress for fusion blanket materials

is expected to be under 100 MPa (based on existing design codes for nuclear structural

materials), so the benefits afforded by reduced interstitial content, such as improved

weldability (see Section 2.4.1.7) and neutron activation properties (see Section 2.5.1.4),

mean that reduced interstitial content is a desirable property for vanadium alloys.

Figure 2.11: Stress against creep rate for different heats of V-4Cr-4Ti, with arrows to
indicate the two creep mechanisms at play. Taken from [68].

Thermal creep behaviour is a key factor in determining the upper limit of the a

material’s operating temperature in a fusion reactor[16]. Both mechanical alloying

and appropriate thermomechanical treatments have shown to be effective in improving

creep performance and are promising avenues for further investigation.

2.4.1.3 Irradiation resistance

Early work discovered that when unirradiated, various vanadium alloys (pure V and

V-Cr-Ti alloys with <10wt.% combined Cr + Ti and various additions of Si and Nb)

have a very low (<77 K) ductile-brittle transition temperature (DBTT)[71, 72], al-

though this can rise to room temperature with annealing at 1100 ◦C[73]. However,

when irradiated at moderately low temperatures (200-300 ◦C), DBTT increased dra-

matically to 300 ◦C[73]. Shear punch tests on vanadium alloys irradiated at the same

temperature range also found a loss of ductility[74]. From 90-200 ◦C, both the density

of dislocation loops and hardness increased with increasing irradiation temperature,

suggesting that the irradiation hardening is caused by these loops. V-5Ti and V-5Nb

were the exceptions, with loop density remaining the same and decreasing respectively.

Additionally, at higher irradiation temperatures (350-400 ◦C), no voids were observed

in these two alloys. This behaviour is thought to be caused by larger atomic radii of Ti

and Nb compared to V, with vacancies being trapped by the oversized solute atoms[75].
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Recovery of irradiation damage incurred at 228 ◦C was possible through annealing at

600-700 ◦C and for some alloys, complete disappearance of irradiation hardening was

observed[76].

Alloy composition is also known to strongly effect irradiation swelling behaviour.

Addition of Cr to V leads to greatly increased swelling when compared to pure V, a

behaviour that becomes more prominent at higher temperatures. The addition of Si

also increases swelling in V, but with an inverted temperature dependence. Adding

1 wt% Zr does not lead to high rates of swelling at any temperature[77]. However, the

increased swelling from the addition of Cr between 420 and 600 ◦C can be counteracted

by introducing Ti in quantities over 3 wt% as long as Cr concentrations remain below

15 wt%[78]. Although atomic size effects have been implicated in the swelling behaviour

of V binary alloys[79], more recent DFT studies suggest that the swelling suppressing

effects of Ti are due to the chemical nature of the Ti-vacancy complexes formed during

irradiation[80]. A molecular dynamics (MD) study comparing pure V to V-4Ti found

that the addition of Ti does not effect the number of Frenkel pairs generated during

atomic displacement cascades of 0.5-20 keV[81]. However, the Ti-containing alloy did

have a larger proportion of small-sized clusters (mainly monovacancies) compared to

pure V.

The formation of vacancy complexes is not exclusive to metal alloying additions.

Another DFT study showed that He atoms will bind less strongly to O- or N- vacancy

complexes compared to lone vacancies in pure vanadium[82]. As He is less tightly

bound to interstitial-vacancy complexes, dissolution of He becomes easier, resulting in

less growth and swelling of the trapping He clusters.

Tailoring the grain structure of vanadium alloys may also be beneficial for resist-

ing radiation damage. MD studies of grain boundaries in vanadium alloys show that

self-healing of radiation damage can occur at some symmetrical tilt boundaries via a

interstitial emission mechanism[83]. The addition of Cr and Ti also appear to reduce

the activation energy of this process, indicating that maximising grain boundaries may

be an effective method of lessening radiation damage in V-Cr-Ti alloys.

At higher irradiation temperatures, creep behaviour is the mechanical property of

primary concern. As many components in the blanket structure will be operating in

this high temperature regime, possibly involving thermal cycles, it is important that

the creep behaviour under irradiation is understood. Fukumoto et al.[73] performed

creep irradiation experiments at a variety of temperatures on V-Cr-Ti and V-Fe-Ti

alloys, and found that there was no significant acceleration of creep below 300 ◦C.

Tsai et al.[84] showed that strain rate linearly increased with stress for V-4Cr-4Ti for

temperatures up to 500 ◦C. This is in contrast to the behaviour seen by Troyanov

et al.[85] who observed a bilinear creep regime, with strain rate rapidly increasing at

stresses above 120 MPa. Li et al.[86] performed experiments on the higher temperature
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creep performance of V-4Cr-4Ti. Linear creep behaviour was observed below 110 MPa

and 600 ◦C. For stresses above 110 MPa, the creep behaviour became non-linear, which

could not be fully accounted for by consideration of thermal creep alone. More recent

irradiation creep results from vanadium alloys in liquid lithium environments have

found that at temperatures below 500 ◦C, creep rate is proportional to the square root

of the neutron dose. Above these temperatures, creep strain is much larger but the

dependence on irradiation dose is unclear due to insufficient data[87].

Overall, the behaviour of irradiated vanadium alloys are reasonably well charac-

terised and understood. However, some questions remain about the irradiated creep

behaviour of otherwise well-characterised alloys like V-4Cr-4Ti, which may limit safe

operating temperature ranges.

2.4.1.4 Oxidation

As alluded to in Section 2.1.4, the oxidation resistance will be an important part of

the safety case for a material, even if it is not expected to be exposed to oxygen

during normal operation. Additionally, the uptake of oxygen into vanadium alloys

in its interstitial form is detrimental to the alloys’ mechanical properties (see section

2.4.1.1). The prevention of interstitial-related degradation is the motivation for much

of the literature on vanadium alloy oxidation[88, 89, 90, 91, 92, 93, 94].

An early study of the V-Cr system found that oxidation rates could be reduced by

increasing Cr content[95]. The formation of V2O5 at high temperatures was observed

in a later work on pure vanadium[96]. This oxide melted at 670 ◦C and resulted in

reaction rates that were too rapid to measure when oxidation was performed above

this temperature at high oxygen partial pressures (>0.1 atm). It is worth noting that

V2O5 is highly toxic, so the formation of this chemical (especially in its liquid state)

has the potential to be highly hazardous[97].

The first work performed on a V-Cr-Ti alloy (using He gas with H2O impurities)

found that the addition of Ti to the V-Cr binary improved oxide scale adherence to the

alloy and led to reduced spallation[98]. However, the elevated oxygen content in the

alloy matrix after oxidation (5 wt%) would result in such severe embrittlement that

the use of a He cooled design would be incompatible with a V alloy blanket (in the

absence of corrosion barriers). Indeed, much of the work that followed this served to

confirm the embrittling effects that oxidation had on V-Cr-Ti alloys[89, 99, 59].

Doping elements such as Al, Si and Y were added to V-Cr-Ti alloys and all three

were able to reduce oxidation rates at 500 and 600 ◦C. Y doping resulted in the smallest

decrease in ductility after oxidation[100], caused by Y inhibiting the depth to which

O was able to diffuse. This led to a more shallow brittle region and greater ductility

overall[91].

Altering the Cr and Ti content of the alloys was also effective at mitigating the
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effects of oxidation in air. Increasing Cr content from 4 wt% was effective in reducing

weight gain at temperatures ranging from 500 - 900 ◦C. Increasing Ti content resulted

in smaller changes (both positive and negative) in weight gain. However, increasing

the Cr content came at the cost of reducing their ductility[92], as discussed above.

Increasing Cr content was also effective in inhibiting corrosion from pressured water,

and also lead to losses of ductility after corrosion. This could be mitigated by degassing

the H dissolved in the matrix after exposure or by doping with Y[101].

In the last decade there has been limited work on the oxidation performance of

vanadium alloys, with the exception of a few interesting developments. Silicide diffu-

sion coatings have been successfully applied to V-4Cr-4Ti alloys. Ostensibly designed

for sodium-cooled fast fission reactors, these coatings were found to resist oxidation

in air (approximately an order of magnitude decrease in weight gain compared with

uncoated V-4Cr-4Ti) and corrosion in liquid Na[102]. V-Ti-Ta alloys have better ox-

idation properties across a wide range of fusion relevant temperatures[103], but this

alloy is in very preliminary stages of research, with only basic results available for other

properties of interest[104, 105].

The high temperature oxidation behaviour of vanadium alloys is somewhat under-

explored, given the potential safety implications that a toxic, low-melting point oxide

might have in the event of a fusion reactor accident. However, the use of coating

materials may mitigate some of these risks.

2.4.1.5 Coolant compatibility

Although the plasma chamber of a fusion reactor will be under vacuum, the blanket

structure will still be exposed to liquids capable of corroding the materials used and

gases that may become embedded in the structure. These substances may come from

both the coolants and the breeder materials used, and some designs use a material that

can perform both functions. Liquid Li, Li-Pb eutectic, and FLiBe molten salt, all of

which can breed tritium, have been considered as coolants.

Studies featuring liquid lithium at 700 ◦C flowing round a thermal convection loop

of V-4Cr-4Ti for 2355 hours found a maximum mass loss of approximately 2.5 mg m−2

hr−1, occurring on the hot leg of the loop. Mass gain was observed elsewhere on the

sample[106]. Furthermore, the areas that gained mass also had slightly higher yield

stresses and lower ductility. This was consistent with increased N and C content in the

mass gain regions.

Further work using the same apparatus found negligible decreases in ductility for

samples exposed to lithium. The increase in yield stress was higher at lower lithium

exposure temperatures[107]. More detailed hardness studies by Zheng et al[108] showed

that increases in surface hardness after flowing lithium exposure corresponded to the

approximate diffusion distance of N in V-4Cr-4Ti, and that the hardening effect was
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absent in pure V. This suggests the conclusion that Ti(C,O,N) precipitates, caused by

mass transfer of N and C from the Li, are responsible for the hardening effect. Hardness

is further increased closer to the surface. This is caused by N-rich precipitates, due to

the slower diffusion rate of N in V compared to C and O. This precipitate hardening is

also able to counteract the loss of O atoms, which offer solid solution hardening, into

Li.

Water and helium have not been seriously investigated due to excessive corrosion

rates from either the bulk water, or the water present in small quantities in commercial

grade helium[109, 98]. This limits the blanket design options available to vanadium

alloys.

2.4.1.6 Tritium uptake

A review by Muroga et al.[110] calculated the expected levels of tritium uptake into

700 tons of V-4Cr-4Ti from FLiBe and Li, as well as upper and lower bounds for Li-Pb,

are shown in Fig. 2.12. Nuclear regulators in France have legislated a limit of 1 kg on

the amount of tritium that may be present on-site at ITER[111]. This implies that at

reasonable tritium concentrations, retention in V-4Cr-4Ti will be well over the limit

for FLiBe and possibly Li-Pb coolants[31]. This limit has been imposed due to safety

concerns. Given the radioactivity of tritium, the amount present on a nuclear site must

be kept to a minimum in case of a catastrophic accident involving release of the entire

inventory. There is also an economic argument for minimising tritium retention, as

any tritium contained in the reactor materials cannot be burnt in the plasma core.

Figure 2.12: Calculated equilibrium tritium inventory in V-4Cr-4Ti at 1000 K. The
ITER reactor retained tritium inventory limit of 1 kg is marked (taken from [110]).

In order to prevent corrosion and tritium uptake, as well as reduce the magnetohy-



44 CHAPTER 2. LITERATURE REVIEW

drodynamic pressure drop with a liquid Li coolant, it may be necessary to use a thin

barrier coating to protect the vanadium alloys. Er2O3 has been suggested for use in

this application[112].

2.4.1.7 Primary production & welding

Although a final design has not been decided, the blanket of DEMO will be an extremely

complex structure weighing thousands of tons. In order to be a viable blanket material,

vanadium alloys must be capable of being manufactured in large quantities and welded

together while maintaining structural integrity.

V-4Cr-4Ti ingots with masses ranging from tens to hundreds of kg and consis-

tent material properties have been developed in the US, Japan, China, Russia, and

France[113, 114, 115, 116, 117]. Although the exact nature of the fabrication tech-

niques vary, most of the steps are broadly similar. For instance, all procedures involve

the use of electron beam melting to initially join the constituent metals combined with

either vacuum degassing or remelting. These steps are necessary to reduce interstitial

impurity content to acceptable levels. In order to avoid interstitial pickup during hot

forging, the billets were either coated with stainless steel or canned. Finally, samples

were worked and annealed to give the desired microstructure. Fig. 2.13 shows the

fabrication steps for CEA-J57, the French V-4Cr-4Ti alloy grade, as an example[117].

These techniques are suitable for producing plates, but the more complex geometries

involved in a fusion blanket structure will require joining techniques. Initial efforts to

weld V-4Cr-4Ti used gas tungsten arc (GTA) welding. With an appropriate post-weld

heat treatment (PWHT) and a sufficiently pure atmosphere, a DBTT of 50 ◦C was

achieved[118]. Further improvements to purity of the bulk and fillet resulted in an

even lower DBTT. A good correlation between O concentration in the fusion zone

and DBTT was observed. Laser welding increases hardness of the heat affected zone

(HAZ), caused by increased impurity levels from the dissolution of precipitates. Impact

absorption energy was the same in both the base and the weld metal[119]. Precipitate

dissolution may negatively affect irradiation resistance as the precipitates act as sinks

for radiation-induced defects. This causes increased irradiation hardening and a higher

DBTT in the weld metal compared to the base metal. These property changes can

be reversed with appropriate post-irradiation annealing[120, 121]. Investigation into

optimal PWHTs for laser welds found that annealing at 800 ◦C for an hour was optimal

for forming Ti precipitates and purifying the matrix from oxygen impurities. Higher

temperatures resulted in partial precipitate dissolution[122].

More recent investigation of electron beam (EB) welding found that weld metal had

superior impact properties to the base metal, thought to be caused by a narrow fusion

zone and/or remaining thermal stresses. Despite dissolution of fine Ti precipitates,

there was no shift in DBTT as one might expect from the O solid solution hardening
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Figure 2.13: Fabrication steps of CEA-J57. Taken from [117]).

effects[123]. EB weld joints showed poorer Charpy impact properties, after a PWHT

and after exposure to liquid Li, caused by precipitation hardening[124]. In order to

avoid embrittlement at fusion reactor operating temperatures (∼700 ◦C), a PWHT at

800 ◦C should be performed even though the weld metal prior to PWHT has superior

impact properties to the base metal[125].

In addition to joining V-4Cr-4Ti to itself, there is also the possibility of joining it

to dissimilar metals. Diffusion bonding by hot isostatic pressing (HIP) between V-4Cr-

4Ti and a carbide dispersion strengthened V alloy resulted in a join with good strength

and ductility with no PWHT required, although grain growth was a problem at the

temperature used[126].

Hastelloy X, a corrosion resistant nickel-based alloy, has been suggested as a ma-

terial for use in the heat exchanger of a lithium molten salt blanket design. Both

EB and explosive welding techniques have been investigated for joining Hastelloy to
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Figure 2.14: Specific activity of vanadium c.f. iron in various reactor components after
2 full power years of service in DEMO-like conditions. Taken from [131].

vanadium alloys[127, 128]. EB welding required the use of a Cu interlayer to avoid the

formation of embrittling intermetallic phases, at the expense of a softer weld region.

Explosive welding avoided the formation of intermetallic phases, instead producing an

face centred cubic (FCC) phase in the weld region. Curiously, this FCC phase is com-

positionally complex and would fit most definitions of a HEA, making it one of the few

HEAs that has appeared so far in fusion research (see Section 2.9.3).

Although fabrication of high quality vanadium alloys has been performed in large

quantities across various countries, the joining technology required to make the larger,

more complex components used in fusion blankets is still at a relatively early stage.

EB welding shows promise as an effective technique for joining vanadium alloys when

combined with an appropriate PWHT. However, the effects of irradiation on these

welds has not been well-investigated nor has how to mitigate these potential effects

with PWHTs.

2.4.1.8 Activation properties

Fig. 2.14 shows that vanadium itself has relatively favourable long-term activation

properties compared to iron, the majority component of the steels that are the other

main competitor blanket material to vanadium alloys. Of course, minor alloying and

also impurity elements must also be included in an activation analysis. A recent study

investigating prospective vacuum vessel materials for the ARC (affordable, robust,

compact) reactor (a proposed spherical tokamak design) found that V-15Cr-5Ti was

the preferred choice from an activation perspective, when likely impurity elements

were taken into account[129]. An earlier analysis performed for impure V-4Cr-4Ti that

included 66 different elements found that impurities, particularly Mo and Nb, from the

source metal had a large impact on activation properties[130].
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As mentioned in section 2.1.4, it is not merely the long term activation properties

of a material that must be considered, but also the potential for prompt release of

radiation. Piet et al. gives an average safety grade of C (grades range from A to

G) for vanadium, and D and B for titanium and chromium respectively. Although

these grades indicate intermediate levels of safety, they are the three lowest of all the

transition metals (alongside iron, which also scores D).

2.4.2 New alloy development

In terms of alloy development, V-4Cr-4Ti is not necessarily the only composition that

should be investigated, despite it being the most well-characterised alloy. By utilising

mechanical alloying techniques, such as using yttrium as an impurity getter and carbide

nanoparticles as strengtheners, researchers may be able to push the operating limits

of vanadium alloys beyond what is currently possible. Various vanadium-based alloys

utilising yttrium and nanocarbides have already shown improved strength and creep

properties[69, 132, 133, 134, 135, 136]. Focusing on V-4Cr-4Ti in particular, Zheng et

al.[137] have investigated a range of mechanically alloyed carbide particles and found

that Ti3SiC2 had the best thermal stability and offers the most promising precipitate

strengthening.

However, these are only relatively preliminary investigations into the mechanical

properties of these new alloys. Production of samples is performed by hot isostatic

pressing and it is unclear if this process is appropriate for manufacturing components

on the scale of a fusion blanket. Furthermore, there has been no investigation of many

other properties discussed in this review which are vital for fusion blanket applications.

2.5 Steels

A review of relevant fusion materials would not be complete without examining the

progress made in developing new steels for fusion applications. A significant amount

of work has been devoted to the investigation of reduced activaton ferritic-martensitic

(RAFM) steels. RAFM steels also aim to utilise the low activation elements highlighted

in Fig. 2.8. Their compositions are based on those of stainless steels designed for use

in fast breeder fission reactors7 but with highly-activating elements such as Co and Nb

taken out and replaced with other, less-activating elements[139]. A review identified

the four RAFM steels that have been the most widely researched, shown in Table

2.1[140].

Of these four, F82H and EUROFER-97 have the largest selection of data available

7These steels have, somewhat ironically, been used in high temperature fossil fuel applications
instead[138].
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wt%
Steel Fe Cr W Mn V Si C Ta
F82H balance 7.46 1.96 0.21 0.15 0.1 0.09 0.023
JLF-1 balance 9.0 2.0 0.45 0.25 0.2 0.1 0.07
EUROFER 97 balance 8.9 1.1 0.47 0.2 - 0.11 0.14
CLAM balance 8.98 1.55 0.4 0.21 - 0.11 0.15

Table 2.1: Compositions of common RAFM steels. Taken from [140].

and have demonstrated the greatest promise for preparing the shapes required in a

fusion blanket[141]. As such, the rest of this section will primarily focus on the recent

advances in these steels and their derivatives.

2.5.1 Properties

The properties required of a steel used in a fusion blanket are much the same as

those required by vanadium alloys. Fusion reactors will inherently entail large fluxes

of neutrons and high temperatures, so being able to maintain their properties in these

conditions is essential for both types of materials, even the mechanisms underlying

their properties is different. The similarities end for properties like corrosion resistance,

where the requirements will be dependent on the choice of coolant and blanket system,

which themselves will be selected based on the structural material used.

2.5.1.1 Mechanical properties

The mechanical properties of EUROFER steels have been well characterised, seen in

Fig. 2.15[142]. A maximum operating temperature of around 575 ◦C (based on an

assessment of high temperature creep properties) has been suggested for RAFM steels

in fusion applications[16], which corresponds to a tensile strength of approximately 400

MPa in EUROFER97.

Although EUROFER97 is stronger than V-4Cr-4Ti for temperatures up to about

500 ◦C (see Figs. 2.9 and 2.15), it is difficult to draw any meaningful conclusions from

this fact since blanket design, and therefore applied loads, will be heavily dependent

on the structural material used. Other considerations, such as weldability and coolant

compatibility, will influence blanket design far more than strength considerations alone.

As previously mentioned, creep behaviour is the determining factor in the upper

temperature limit for RAFM steels[16]. At 550 ◦C, the creep stress exponent for

EUROFER97 is around 14[143]. This is greater than the exponent of vanadium alloys,

indicating a greater dependence on stress.

Of perhaps greater interest, however, is the creep behaviour of oxide dispersion

strengthened (ODS) EUROFER97, created by mechanically alloying Y2O3 particles in

a steel matrix. Creep exponents for this material were in the range 3.9-5.5 for tests
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Figure 2.15: Influence of ageing on mechanical properties of EUROFER97. Taken from
[142].
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performed between 500 and 700 ◦C[143]. Values in this range are indicative of creep

occurring via dislocation movement in the ferrite matrix[144]. These exponents are in

contrast to the much greater values of 9-15[144, 145] and 50[146] found in similar ODS

steels published in earlier studies. These anomalous values are explained by the much

larger grain sizes in the earlier works, which is known to have a large effect on creep

exponent in dispersion strengthened alloys[147]. The concept of a threshold stress,

below which creep rate is negligible, can also explain the large variations in n values.

This improved creep performance suggests that ODS-RAFM steels could have a higher

operating temperature for fusion applications.

Other grades of ODS steels are also being considered, such as reduced activation

ferritic steels[148]. These steels contain higher proportions of Cr (12-16 wt%), which

yields a fully ferritic matrix and may allow operating temperatures to be pushed as high

as 800 ◦C. However, they also suffer from embrittlement at intermediate temperatures,

due to the precipitation of a brittle Cr-rich α′ phase[149, 150]. It has been suggested

that the two grades of steel be used in conjunction with each other inside a fusion

reactor, with ODS ferritic steel utilised in areas exposed to higher temperatures and

ferritic-martensitic steels used in the intermediate temperature regions[139].

2.5.1.2 Irradiation resistance

As in vanadium alloys, irradiation of RAFM steels results in significant property

changes which will have serious impacts on their performance in a fusion environment.

The microstructure of highly irradiated EUROFER97 has been well-characterised.

Irradiation causes dislocation loops, defect clusters, precipitates, and voids in RAFM

steels[151, 152]. Dislocation loop analysis in TEM found a loop density of 4.9×1021

m−3 for a〈100〉 type dislocations and 6.3×1021 m−3 for a/2〈111〉 type after irradiation

to 15 dpa at 300 ◦C. Void density was 6.3×1021 m−3 with an average diameter of 2.3

nm. Loop density increases with dose and dose rate, whereas average loop size increases

with dose. Precipitates took the form of Ta and V enriched MX types, and Cr and W

enriched M23C6 types. A breakdown of precipitate size and number is presented in Fig

2.16. Precipitate volume fraction grows with increased neutron dose[152].

Void formation was found to be heavily dependent on the neutron spectrum, with

the thermal neutron flux of the High Flux Reactor (HFR) generating a void density a

factor of 20 higher than what was generated by the fast neutron flux from the BOR-

60 reactor, shown in Fig 2.17[151, 153]. This is thought to be due to the increased

amounts of helium generated in the HFR compared to the BOR-60. As helium is known

to stabilise and enhance void formation, this explains the increased number density of

voids[154]. Large uncertainties in the measurements of void size mean that it is difficult

to draw conclusions regarding the effects of neutron dose on void diameter.

These microstructural changes have large effects on the steel properties. Fig. 2.18
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Figure 2.16: Precipitate distribution in a 23 µm2 sample of EUROFER97 irradiated to
15 dpa. Taken from [152].

Figure 2.17: Density of various microstructural features of EUROFER97 irradiated
under various conditions. Taken from [152]
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Figure 2.18: Irradiation hardening vs. irradiation dose for EUROFER97 and F82H.
Taken from [155].

shows the dependence of RAFM steel hardness on neutron dose, saturating at approx-

imately 30 dpa. This increase in hardness is believed to be caused by the disloca-

tion loops generated from neutron irradiation[155]. Another cause of hardening and

strengthening effects are α′ precipitates in ferritic steels[156] and, to a lesser extent,

He bubbles[157]. These loops and precipitates also embrittle the steels by impeding

dislocation motion, raising the DBTT significantly from around -100 ◦C, saturating at

70 dpa, as seen in Fig 2.19.

Partial recovery of mechanical properties is possible with post-irradiation annealing

at 550 ◦C for 3 hours. This treatment leads to the DBTT of heat-treated EUROFER

dropping from 135 to -43 ◦C, for a ∆DBTT of 48 ◦C relative to the unirradiated state.

F82H displays slightly poorer performance, with a less pronounced drop in DBTT

after annealing. This recovery is caused by the dissolution of dislocation loops and α′

precipitates that occurs in samples irradiated or annealed at high temperatures[157].

Recent results on the irradiation resistance of ODS-EUORFER97 are promising.

The Y2O3 strengthening particles lead to an extremely fine grain structure, with grain

sizes of several microns, resulting in improved strength for both irradiated and unir-

radiated samples. Moreover, the particles act as sinks for defects introduced by irra-

diation and He that is produced by transmutation. Unirradiated OSD-EUROFER97

had a yield strength 220 MPa higher than EUROFER97, but with sightly reduced

strain to failure. When irradiated to 16.3 dpa, the ODS steel showed no increase in
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Figure 2.19: Dependence of DBTT on neutron dose for various EUROFER97, heat
treated EUROFER97, and F82H. Taken from [155].

yield strength and no strain localisation. Macroscopic strain localisation (or plastic

instability) is a behaviour found in irradiated RAFM steels which is manifested as a

stress drop after yielding, caused by irradiation induced embrittlement[158, 159]. Fur-

ther microstructural study confirmed that irradiated ODS-EUROFER97 had a number

density of dislocation loops an order of magnitude less than EUROFER97 irradiated

under the same conditions (16 dpa, 250 ◦C). Furthermore, areas of material with a

higher number density of fine (<10nm) ODS nanoclusters had much lower concentra-

tions of dislocation loops and voids compared to coarser areas of microstructure across

all temperatures tested. However, it was not possible to determine the effects of irra-

diation on the Y2O3 particles beyond the fact they were in an amorphous state after

irradiation[160]. Higher temperature irradiations (>450 ◦C) have no effect on tensile

behaviour[161].

The DBTT shift of ODS-EUROFER97 increases with increasing neutron dose, with

∆DBTT values of 56 and 151 ◦C at 1 and 3 dpa respectively. Like with strength, this

shift is only observed for irradiations at 300 ◦C, at higher temperatures the shifts are

negligible[161]. ODS steels are the better performers for lower temperature irradiations,

but at higher temperatures many of the microstructural features that cause hardness

and embrittlement disappear due to thermal effects.

The void swelling levels of ODS steels are less than half of those found in conven-
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tional ferritic steels, for both ion and neutron irradiation of several hundred dpa[162,

163]. This resistance to swelling is thought to arise from a combination of the fine grain

structure, leading to increased grain boundary areas where defects can be trapped and

annihilated, and the fine nanoprecipitates which also trap defects[162].

One significant caveat to the work presented in this section is that the response to

these materials in a true fusion neutron environment (i.e. a highly energetic neutron

spectra combined with H and He production from transmutation) remains untested.

However, dual- and triple- ion beam (self ion irradiation combined with H and He)

have shown ODS steels to be more resistant to irradiation damage than their non-ODS

counterparts[139].

2.5.1.3 Coolant compatibility

The current European designs for a test blanket module (TBM) to be used in ITER will

utilise either a Pb-16Li eutectic as a tritium breeder and neutron multiplier, or lithiated

ceramic pebbles as a tritium breeder with beryllium pebbles as neutron multiplier.

Both designs utilise EUROFER97 as the structural material and liquid He as the

coolant[164]. There are also designs that utilise water cooling with RAFM as the

structural material[165].

Recent results on the corrosion behaviour of EUROFER97 in a flowing Pb-17Li loop

(flow rate of 0.22 m/s at 550 ◦C) found a corrosion rate of 400 µm/year. Additionally,

the rapid corrosion rates led to line blockages after 3000 hours of operation at cooler

portions of the loop, caused by precipitation of dissolved material[166]. These findings

indicate the need for a coating layer to be used to protect the steel structure, or for

the coolant to be run in at a lower temperature with reduced corrosion rates. ODS

particles in the steel are found to have no visible impact on corrosion rate[167].

Water is also detrimental to RAFM steels, by way of promoting stress corrosion

cracking. However, chloride content in the water was found to be dominating factor in

the cracking behaviour, suggesting that these effects can be suppressed with appropriate

water chemistry control[168].

Hydrogen uptake also poses a significant problem for RAFM steels, be it in the

form of embrittling the steel itself, or trapped tritium that creates a radioactive inven-

tory issue. Hydrogen and deuterium uptake of EUROFER97 compared favourably to

other RAFM steels, but was still about an order of magnitude higher than austenitic

stainless steels[169]. Embrittlement was found to occur in EUROFER97 in wppm

quantities[170]. Again, barrier coatings have been suggested as a potential solution

to this problem[171]. Helium uptake of upto 1000 appm does not have any signifi-

cant effect on the creep properties of RAFM steels[172]. However, it does produce a

non-hardening embrittlement effect, starting at He concentrations of around 400-600

appm[173].
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2.5.1.4 Activation properties

Despite efforts to make fusion steels low-activation through careful selection of ele-

ments, a recent study by Gilbert et al.[29] has cast doubts on the prospect of leading

fusion candidate steels (namely EUROFER and SS316) actually being classified as

low-activation after use in DEMO, when certain minor alloying elements are taken into

account. In EUROFER, one of the two main culprits responsible for the long-lived

waste products is 14C, produced from the hundreds of wppm of 14N that is present

in the alloy to form nitride precipitates for high temperature strength. The other is
94Nb, produced in small quantities from the tens of wppm of 93Nb present in EURO-

FER. Unlike N, which is an intentional microalloying addition, Nb is present only as

an impurity from the raw metal that is difficult to remove.

The specific activity produced by 14C in the most radioactive region of the DEMO

blanket would be too high for it to be considered LLW in the UK (which uses a

combination of beta and gamma emissions from all sources to determine limits) for

thousands of years. However, in France, limits are defined on a per isotope basis and

the levels and the activity of 14C would be acceptable for disposal in Centre Stockage

de l’Aube, a LLW facility that will handle the waste produced by ITER. 94Nb is what

would make EUROFER unacceptable for LLW disposal in France, as the activity of

this isotope would remain well over the French disposal limit for thousands of years.

It is currently unclear how these issues, which are in clear opposition to nuclear

fusion’s assumed goal of exclusively producing short-lived level waste, can be resolved.

The authors of the work suggest possible mitigation approaches:

1. Change the DEMO operation schedule so that materials are exposed to smaller

neutron doses

2. Alter material composition to remove the parent elements of the problematic

radionuclides

3. Create a DEMO-specific waste repository with different disposal requirements to

account for the extremely small concentrations of long-lived radionuclides

4. Process waste material to remove the problematic nuclides

1 would not solve the problem inherent to the materials and cannot be regarded

as a solution for a viable fusion reactor. 2 may be possible but it is unclear how

these adjustments would effect the behaviour of the alloys in question. 3 would require

enormous legislative effort, but may be the best potential solution, an idea echoed in

another review[174]. 4 has not been shown to be technically or economically feasible.

2.5.1.5 Primary production & welding

A 2011 review claims that “the status of RAFM manufacturing technology indicates

that there is enough experience for F82H and EUROFER to be manufactured for use
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as the structural material for TBM”. However, more sophisticated fabrication tech-

niques such as vacuum arc remelting and careful selection of raw materials used to

control impurities will be required for DEMO readiness[175]. Despite the advantages

that ODS-RAFM steels possess, they are held back by manufacturing technology and

methods. Another review has identified that a lack of industrial-scale fabrication and

heat treatment methodologies are a current issue for the use of ODS-RAFM steels for

fusion applications[139]. A more recent study has shown that casting large ingots of

ODS ferritic martensitic steels with relatively homogeneous microstructures is possi-

ble[55].

Four EUROFER97 joining methods have been identified for use in the European

TBM[164]:

� TIG fusion welding

� YAG laser + HIP - diffusion welding (DW)

� two step HIP

� drilling + spark erosion + bending

HIP has proven itself to be a viable RAFM steel joining method. A full scale

mockup of a breeding blanket structure made from F82H was produced in 2008[176].

A study into the welding of EUROFER97 plates found that below a certain size (5 mm

for EB or laser welds, 12 mm for TIG welds), welds require no or only one PWHT. An

EB weld below the maximum size has a DBTT very close to the base material. Laser

welds have a slightly raised DBTT, which can be restored to near-base levels with a 700
◦C heat treatment. TIG welds are much more brittle and require at least one PWHT.

Creep strength is decreased in all welds and requires a two-step PWHT to restore it.

However, creep strength may be sufficient if operation temperature is near the limits

of the material (550 ◦C for EUROFER97)[177].

Welding of ODS-RAFM steels is possible, but results in a reduction in mechanical

performance. EB welds of similar ODS-EUROFER97 joints had a higher DBTT and

worse tensile properties, with little improvement after a PWHT, caused by agglomer-

ation of the the strengthening nanoparticles[178]. However, creep strength and DBTT

in dissimilar ODS-EUROFER97 to EUROFER97 joins can be improved with a suitable

PWHT. This improvement is brought about by grain structure modification and car-

bide re-precipitation in the fusion zone[179]. Diffusion bonding and solid-state welding

may allow for ODS steels to be joined without coarsening the oxide dispersion[180,

181, 182].
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2.5.2 Future work

2.5.2.1 Existing alloy development

In terms of near-future applications, EUROFER97 is sufficiently understood for it to be

used as the structural material for some ITER TBM designs[164, 165]. Mockup blanket

components have been manufactured, clearly demonstrating the capability of producing

future blanket structures. However, for more advanced long-term applications, such

as the DEMO reactor, more work is required. Although current joining technology is

sufficient for ITER, DEMO components will require larger and stronger joints, possibly

to dissimilar materials. Fission neutron irradiation data are still being accumulated,

but testing with a fusion-relevant neutron spectra is highly desirable to determine the

effects of transmutation products such as H and He.

ODS-RAFM steels offer confer many advantages over standard RAFM steels, es-

pecially in irradiation resistance. However, difficulties in fabrication and joining on a

large scale mean that it is currently unsuitable for use in fusion blanket components.

However, promising results with dissimilar joining to RAFM steels give rise to the pos-

sibility of using ODS steels in areas of the blanket nearer the first wall or even being

used as the first wall (in the case of high Cr ODS-ferritic steels [141, 183]), where

temperatures and radiation doses are higher. Again, prediction of the effects of fusion

irradiation conditions is challenging and data from real fusion neutrons would be ideal.

2.5.2.2 New alloy development

It is clear that existing RAFM steels such as EUROFER97 and F82H have been well-

characterised and researched. However, FM steels developed for fossil fuel applications

(i.e. without the reduced activation requirement) have shown long term creep perfor-

mance well in excess of what current RAFM steels can achieve[142, 184]. If the high

activation elements present in the fossil fuel steels (namely Co, Nb and Ni) can be re-

placed with reduced-activation equivalents, then there is a large potential for increased

creep performance in RAFM steels. However, developing and characterising new steels,

especially those with several alloying components, is a time consuming process.

Fortunately, advances in computational thermodynamic calculations and improve-

ments in phase equilibrium databases mean that rapid and accurate predictions of

equilibrium phases are now possible. Such calculations have been used to create

high-strength FM and RAFM steels with improved properties, comparable to ODS

steels[185, 186, 187]. By optimising composition and thermomechanical treatment, it

is possible to promote microstructural features, such as disperse nanoscale precipitates,

that strengthen the steels and improve resistance to radiation damage. Nevertheless,

since these computationally designed alloys are relatively new, there are many gaps in

the knowledge compared to more mature RAFM steels. Many of the issues that have
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been examined in EUROFER97 and F82H, such as creep behaviour, coolant compati-

bility, joining, and in particular, radiation resistance, are almost completely unexplored

for the new alloys and will need to be investigated thoroughly.

2.6 Tungsten

As the element with the highest melting point, tungsten would seem like an obvious

choice for the areas of the reactor subject to the most severe thermal loads: the divertor

and first wall regions. Possessing decent thermal conductivity and low sputter yield

(to prevent poisoning the plasma with high Z atoms), tungsten has been described as

an “almost perfect plasma-facing material (PFM)”[19]. It has also demonstrated that

it meets the requirements of ITER and will be used as the divertor material[188].

However, despite the advantages that tungsten offers, it still falls short when con-

sidered for use in a DEMO-type reactor. A review of the materials requirements of the

plasma-facing components in DEMO identified the following key issues that need to be

addressed[21]:

Operating temperature window Transient events such as unmitigated ELMs can

cause large fluctuations in temperature. Such a disruption could lead to a temperature

rise of 1500 K in the top 1 mm of material[189], leading to thermal cracking or even

localised melting if the operating temperature is not low enough.

Thermal properties Although pure tungsten has good thermal conductivity in its

initial state, exposure to fusion neutrons will rapidly deteriorate this property. Even a

small amount of irradiation damage (0.1 dpa) can lead to a significant drop in thermal

conductivity, caused by defects generated in the lattice and also transmutation of W

into Re and Os.

Embrittlement The DBTT of unirradiated tungsten is around 50 ◦C, which is un-

likely to be a problem for plasma-facing tungsten components in normal operation.

However, the DBTT of unirradiated tungsten increases significantly with neutron flu-

ence as shown in Fig. 2.20. This embrittlement will be compounded by the grain

growth of tungsten that occurs at temperatures over 1200 ◦C.

Activation and transmutation The long-term activation properties of a fusion

material are important from an environmental and safety perspective as outlined in

section 2.1.3. Tungsten has acceptable activation properties, and will be less active than

iron after a year of cooling following DEMO-like operation[131]. However, the grade

of tungsten that will be used in ITER has been shown to contain sufficient impurity
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Figure 2.20: DBTT dependence on neutron fluence for pure tungsten. Taken from [21].

content to significantly extend its lifespan as ILW according to UK regulations[29]. The

risks of latent radiological dose in an accident scenario are higher in tungsten than many

other common fusion elements, owing to its relatively high short-term specific activity.

However, as there is no way to reduce radioactivity while retaining the properties that

make tungsten one of the most (if not only) attractive options for PFMs, it must be

instead managed to ensure that risks are minimised.

Tritium retention and permeation The uptake of radioactive tritium into the

PFMs of a fusion reactor is a critical safety issue. Due to the proximity of the PFMs

to the plasma core, exposure to tritium is an inevitability. In order to ensure a safe

and economical operation of a reactor, the retention and permeation of tritium into

the PFMs must be kept to a minimum (see section 2.4.1.6).

Oxidation Although not mentioned in the review, the oxidation performance of

tungsten and its alloys has also been the subject of investigation. In the event of

a LOCA occurring in conjunction with a vacuum leak, the sublimation of the oxide

formed, WO3, could result in an evaporation rate of up to 300 kg hr−1 at 1450 K, the

highest predicted temperature for this scenario[190]. This would lead to large amounts

of radioactive material being released into the atmosphere.

2.6.1 New developments

With the exception of transmutation properties, which are inherent to tungsten in

any form, these issues can be mitigated with the development of new materials and

processing methods.
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Figure 2.21: Schematic showing the response of smart tungsten to regular operation
and to an accident scenario. Taken from [196].

Ultrafine-grained tungsten Ultrafine-grained or nanostructured tungsten alloys

can be prepared through a variety of methods such as powder metallurgical pro-

cesses like sintering[191] or mechanical processes like surface mechanical attrition treat-

ment[192]. Both methods lead to microstructures with average grain size of the order

of 100 nm. Not only does this lend the alloys extra strength from the Hall-Petch effect,

but also lowers the DBTT[193].

Tungsten composites Another method for improving toughness is to use compos-

ite materials. Tungsten fibre/tungsten composites have been successfully produced,

leading to greatly increased toughness and resistance to local overloads or fabrication

flaws compared to a monolithic sample[194]. Tungsten laminates, using thin layers

of tungsten sandwiched between layers of a different metal, have also been proposed

as a method for increasing ductility while retaining tungsten’s useful physical proper-

ties[195].

Smart tungsten alloys So-called “smart” tungsten alloys (so named for their ap-

parent ability to react to changes in local environment) may offer a solution to the

serious safety concerns raised about the high oxidation and subsequent sublimation

rates of tungsten during a LOCA and vacuum leak. During normal operation, the

plasma will preferentially sputter the lighter alloying elements such as Cr and Ti. This

will leave a W-enriched surface layer (approx. 10 nm thick) that is more resistant to

sputtering and less harmful to plasma performance. In the event of an accident, this

thin layer will volatilise, releasing a relatively small amount of material. The bulk al-

loy will then produce a passivating layer of Cr2O3, which greatly slows oxidation rates

compared to pure tungsten[36]. A schematic of this behaviour is shown in Fig. 2.21.
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Functionally graded materials Due to the aforementioned embrittlement issues

associated with irradiated tungsten, using it outside of the high temperature regions

of a reactor is unlikely to be feasible. Instead, bonding tungsten to another structural

material such as steel or vanadium alloys with a functionally graded material is a more

promising route[21]. By introducing interlayers of material that have a more gradual

change in coefficient of thermal expansion between the two parent metals, thermal

mismatch stresses and strains can be minimised, thereby reducing the chance of failure

during thermal cycling[197].

2.7 Beryllium

The first wall of ITER will be lined with tiles made of beryllium[20]. As fusion plasmas

have a low tolerance to the presence of heavy element impurities, the low Z number

of beryllium is the primary reason for this selection. Conversely, its low atomic mass

also means that it has a high sputtering yield compared to heavier elements, leading

to accelerated erosion. Given the toxic nature of beryllium, redeposition of sputtered

material is a serious safety issue. Co-deposition of hydrogen isotopes is also an issue for

the tritium inventory of a reactor. Co-deposition rates can be nearly as high as carbon

fibre composites[198], another candidate material that has been discounted an account

of its tritium uptake behaviour. However, in the case of beryllium, baking at 350 ◦C

will cause degassing of the tritium, which will allow for mitigation of the inventory

issue.

Despite its advantages, beryllium is unlikely to be used in any plasma facing com-

ponent in a reactor after ITER, such as DEMO, with tungsten being the favoured

material[199]. However, beryllium may still see usage in fusion reactors as a functional

material used for neutron multiplication to aid with tritium breeding[200].

Beryllium can also suffer from activation issues, as identified by Gilbert et al[29].

If a Be pebble bed blanket design is used in DEMO, then uranium impurities in the

beryllium can produce highly radioactive actinides, in particular 239Pu. However, these

impurities are strongly dependent on the geological source of the beryllium and specific

activity can be brought down to acceptable levels for UK LLW disposal by using

beryllium from a particular region.

2.8 Silicon carbide

Of all the structural materials considered for fusion applications, only one ceramic has

emerged as a candidate so far: silicon carbide (in the form of a SiC fibre/SiC matrix

composite). Although a relatively immature option, silicon carbide possesses good ac-

tivation properties, high temperature strength and resistance to radiation damage[201,
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202]. It is viewed as a long-term option for use in DEMO-like reactors or beyond.

A review by Koyanagi et al. claims that SiC/SiC composites are now engineering

materials (rather than being simply confined to the laboratory), and that future re-

search on their use in fusion reactors should be focussed on engineering issues such as

material codes and lifetime assessments[202]. In particular, it has been suggested as a

flow channel insert (components that act as thermal and electrical insulation between

flowing liquid metal and structural steel) material in the EU blanket design[203], with

PbLi corrosion remaining a critical issue.

2.9 High entropy alloys

As mentioned in the previous chapter, the field of HEAs is still in its infancy. Having

undergone less than two decades of development, it is still unclear what niche HEAs

can fill. However, meeting the demanding materials requirements of a fusion reactor

will necessitate the consideration and exploration of a wide range of materials, and

HEAs are no exception. By their very nature, the properties and components of HEAs

are nearly infinitely variable, so the following sections will aim only to give a brief

overview of some of the underlying theory of HEAs and some examples of properties

that may hold some promise for future fusion applications.

2.9.1 HEA theory

High entropy alloys (HEAs) are defined by their composition, consisting of several

principle alloying elements often at equiatomic or near-equiatomic ratios. The rationale

behind these mixtures of elements is that the high entropy of mixing will stabilise the

formation of solid solution phases, instead of stoichiometric intermetallic phases.

Jien-Wei Yeh, the researcher who first brought attention to HEAs[204], has sug-

gested four core principles which underpin the properties of HEAs[205]:

� High configurational entropy of mixing

� Lattice distortion caused by atomic radii mismatch between elements

� Sluggish diffusion kinetics

� The “cocktail effect”, a blanket term for interactions between elements producing

unusual behaviours

All four of these claims have either had serious doubt cast upon their validity by

experimental studies, or describe effects that are found in many other conventional

alloys and as such cannot be taken as a “core principle” of HEAs[206, 207]. Despite
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the nebulousness of these claims, briefly covering them will help to elucidate what are

the unique properties of HEAs and why they arise.

2.9.1.1 High configurational entropy

By maximising the entropy term of the Gibbs free energy equation of mixing various

alloying elements in to a disordered solid solution (shown in equation 2.2), it appears

that it should be possible to minimise free energy of this phase and render it more

stable. As the entropic term is proportional to temperature, it suggests that this

stabilising effect will be even more effective at higher temperatures.

∆Gmix = ∆Hmix − T∆Smix (2.2)

However, the disordered phase will be in competition with ordered intermetallic

phases, which will have equivalent equations for the free energy of their formation. As

more elements are added, the likelihood of a thermodynamically stable intermetallic

phase arising will increase as more phases are able to coexist.

The entropy of a completely randomly mixed solid solution is given in equation 2.3.

This equation suggests that entropy can be increased by maximising the number of

components, N , and maintaining an equiatomic composition. However, this equation

merely provides an upper bound to the entropy term, as it does not consider short

range order effects or contributions arising from electronic, phononic and magnetic

sources, which are not directly related to atomic configuration.

∆Smix = −kBΣN
i xi lnxi (2.3)

The so-called “entropy hypothesis” posits that HEAs with a large number of con-

stituent elements in equiatomic compositions will result in a single stable disordered

phase due to these entropic stabilisation effects. However, this is not often seen in prac-

tice and many different quinary alloy systems decompose into multiple phases when

heat treated. One of the earliest and most-studied HEAs, CrMnFeCoNi (or Cantor

alloy after it’s discoverer) was long believed to form a single FCC phase, as initially

reported[208]. Despite its position as HEA par excellence, Cantor alloy was later found

to also compose of multiple phases after extended annealing[209, 210]. A systematic

investigation of five Cantor-like alloys, with one of the elements being replaced with

a similar one for each alloy, found that none of these produced a stable single-phase

microstructure (with the unmodified Cantor alloy still being presumed stable).

Three reviews of the field all conclude that the entropy hypothesis is, at best, of

limited usefulness[207, 206, 211]. Entropy of solid solution should not be considered

the thermodynamically dominant factor over the entropy of other phases, or over the

enthalpies of both the disordered solution and intermetallics.
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Recent computational results also cast serious doubts on the validity of the entropy

hypothesis. A paper by Schön et al. suggests that configurational frustration caused

by conflicting interactions and correlations in the solid solution is the main driver for

the stabilisation of a disordered phase in both an idealised equinteracting system, and

in a model HEA (VNbTaMoW)[212]. The same work also showed that configurational

entropy only exerted a minor influence on disordered phase stability.

As mentioned earlier, other entropic terms aside from the configurational entropy

also contribute to free energy. Ab initio studies found that magnetic and electronic

entropy terms can contribute up to 50% of the configurational entropy in Cantor al-

loy[213]. Vibrational entropy was also considered, but as all phases investigated had

Svib values of similar magnitudes, these contributions will partially cancel each other,

meaning only the spread in values is relevant.

2.9.1.2 Lattice distortion

Another core effect originally posited by Yeh is the severe lattice distortion experienced

by atoms in HEAs[214]. The combination of many different atoms of varying atomic

radii, all in high concentrations, was thought to introduce significant strains into the

lattice as atoms are highly displaced from their ideal lattice positions.

Both experimental[215] and computational[216] results show that a strain effect

clearly exists, although this effect is no more pronounced than in other less concentrated

and less compositionally complex alloys[207].

However, this is not to say that the effects of the strain are unimportant. The inter-

nal strain in these alloys produces solid solution strengthening effects, and a strength

scaling factor based on the mean squared atomic displacement has been introduced by

Okamoto et al.[217].

2.9.1.3 Sluggish diffusion

Another one of the core effects that may be said to arise from the distorted lattice is

the apparent phenomena of relatively sluggish diffusion observed in HEAs[214]. The

rationale behind this is that the large amount of variation in atomic sizes and displace-

ment from lattice sites will result in an uneven energy landscape with local minima

acting as traps for diffusing atoms, shown schematically in Fig. 2.22.

Two review papers have concluded that the apparent sluggish diffusion in HEAs

arises from misinterpretation of results (such as recrystallisation resistance being ev-

idence of slow diffusion, ignoring other factors like dislocations, grain size and other

inomogenities[207]) or is simply not found in practice (with HEA diffusion being com-

parable to other conventional alloys[206]). A comprehensive review focused on the

topic also found no experimental evidence to suggest that sluggish diffusion exists in
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Figure 2.22: Schematic representation of differences in energy profile for diffusion in a
pure element compared with an HEA. Taken from [207].

known HEAs, although did concede that the evidence was mostly based on FCC metals

and that the relatively unexplored class of BCC HEAs could yield new results[218].

Despite the lack of evidence for sluggish diffusion, there is a compelling case that

diffusion in HEAs may be more complex than in less compositionally varied alloys.

Recent computational results using DICTRA codes have shown considerable complex-

ity (such as non-linear diffusion paths) in the diffusion behaviour of multicomponent

alloys[219]. An ab initio study of the entropy hypothesis also yielded some intrigu-

ing diffusion results, suggesting that diffusion behaviour in the VNbTaMoW system is

highly complex (e.g. the diffusion direction of some species is inverted below a certain

temperature)[212]. The authors suggest that the quasi-binary approached adopted

by Tsai et al.[220] should be criticised. However, this approach has been utilised in a

more recent study[221] that has elucidated some of the diffusion behaviour in “medium

entropy” CrFeCoNi alloys.

2.9.1.4 Cocktail effect

This is the most nebulous of the four proposed core effects, even the origins of the term

“cocktail effect” are hard to define: two different explanations[222, 223] are offered.

Etymology aside, no consistent definition of the term has been agreed upon. It has

been suggested that the term is merely an artistic flourish used to refer to the varied and

often unpredictable nature of HEAs[206], or that it should be dismissed entirely[207].

In any case, the term is not particularly useful for a critical review of the field, and

can be substituted for more specific examples of potentially useful HEA effects and

properties.
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2.9.1.5 Summary

Although it can be seen that the originally proposed core effects for HEAs are somewhat

unclear and dissatisfying, closer examination of each of the effects reveals underlying

complexity that does make a difference to material behaviour. Some of the more specific

effects and features will be outlined in the following sections.

2.9.2 Mechanical properties & microstructure

It is difficult to discuss the mechanical properties (or indeed, any other type of property)

of HEAs in general terms due to the varied nature of materials that are defined by

the term HEA. However, certain HEAs have shown promising mechanical properties

at fusion relevant conditions. The underlying microstructure that gives rise to these

properties can be used a basis for the development of fusion HEAs.

Several HEAs have exhibited promising mechanical behaviour at high temperatures.

AlxCoCrFeNi (0 < x < 1.8) displays a wide array of microstructures depending on the x

value of the composition and temperature[224]. All compositions of this alloy show bet-

ter higher-temperature softening resistance than similar commercial multicomponent

alloys (T-800, In718, and In718H). The Al0.9 and Al1.0 alloys even exhibited reharden-

ing behaviour between 700 and 800 ◦C, although they softened the most rapidly above

this temperature (see Fig.2.23(a)-(d)). These compositions and temperature ranges

correspond to the formation of the Fe-Cr σ phase, which is though to provide the re-

hardening effect. These results show that it is possible to finely tune the mechanical

behaviour of HEAs by forming specific precipitates with relatively small variations in

composition. Additionally, the authors suggest that sluggish diffusion at higher tem-

peratures is another factor lending it resistance to softening, as the dominant deforma-

tion mechanisms are diffusional in nature at these temperatures. AlCoCrxFeMo0.5Ni

exhibits superior hot-softening properties to AlxCoCrFeNi (see Fig. 2.23) and is also

σ phase strengthened. This class of HEAs has also displayed impressive mechanical

properties when tested in tension[225, 226].

However, the microstructures are sensitive to process routes. Selected electron beam

melting (SEBM) is an additive manufacturing technique which offers rapid solidification

cooling rates, of the order 104 K s−1[228]. Using this technique on a AlCoCrFeNi alloy

produced an FCC phase not observed during conventional vacuum arc melting[229].

The resulting microstructure also had vastly improved plasticity, with a failure strain

four times larger than the cast specimen[230]. The effect of SEBM on the high tem-

perature softening behaviour and the formation of σ phases has not been investigated.

Furthermore, homogenised Al0.5CoCrFeNi has improved flow stress behaviour as well

as better hot-workability[231]. It is evident that appropriate thermomechanical pro-

cessing is required to obtain optimum properties from this class of HEAs.
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Figure 2.23: Log of hot hardness against temperature for: (a)-(d) AlxCoCrFeNi al-
loys[224] (e)AlCoCrxFeMo0.5Ni alloys[227].
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Al0.5CoCrCuFeNi exhibits resistance to dynamic recovery after cold working and

recrystallisation after cold working, both at 900 ◦C[232]. The authors propose two fac-

tors responsible for this behaviour: the formation of nanotwins, and the corresponding

low twin boundary energy which leads to a low driving force for recrystallisation; and

the sluggish diffusion of atoms and vacancies. Nanotwinning is seen under TEM and is

consistent with the observed behaviour. However, no evidence is offered in favour of the

explanation of sluggish diffusion. However, the same alloy, when annealed for several

days at high temperatures was found to have a slightly different phase composition

than the as-cast microstructure, indicating that the kinetics of reaching equilibrium

were indeed slow[233].

Arguably the most impressive mechanical property exhibited by an HEA is the

outstanding ductility observed in CoCrFeMnNi at cryogenic temperatures (see Fig.

2.24)[234]. This impressive behaviour is attributed to its low stacking fault energy

at low temperatures, which results in significant twinning to accommodate the plastic

deformation[235]. A recent study has clarified the exact nature of the difference between

the cryogenic and room temperature deformation behaviour[236]. Slip and twinning

are parallel processes in the cryogenic regime. There is some uncertainty as to whether

both of these processes are active at room temperature, with some studies suggesting

that only dislocation glide is the only active mechanism[237, 238].

Figure 2.24: Ductility of CoCrFeMnNi at various temperatures for two different grain
sizes. Taken from [235]

HEAs have also shown unexpected responses to interstitial doping. In TiZrHfNb

doped with 2 at.% oxygen, strength is significantly improved and ductility is almost

doubled[239]. This behaviour is caused by the creation of short range, (O,Zr,Ti)-

rich, ordered oxygen complexes within the alloy matrix. These complexes alter the

dislocation behaviour of the alloy during plastic deformation, by pinning dislocations

and promoting cross-slip which leads to dislocation multiplication. This multiplicative
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effect produces a greater work hardening rate and consequently, higher ductility.

2.9.3 Irradiation resistance

As research on HEAs has only garnered significant attention in the last decade or so,

many aspects of their properties are still unclear. Their behaviour under radiation is no

exception and is arguably one of the least characterised features of these alloys. This

section will follow the same approach as a review by Pickering et al.[240] in detailing

the various claims made about the irradiation resistance in HEAs.

2.9.3.1 Displacement cascade effects

After a displacement cascade has occurred in a crystal, the energy from the incident

particle will be dissipated around the cascade site. If the material has good thermal

conductivity, the energy will be dissipated over a larger area. Conversely, a lower

thermal conductivity means that the energy will remain more localised for a longer

period of time, in theory allowing more time for the recombination of FP defects.

As HEAs tend to have lower thermal conductivities than single elements[241], it has

been posited that this effect leads to a reduced defect concentration after displacement

cascades. This hypothesis has been backed up by MD studies comparing irradiated

Ni-containing equiatomic alloys to pure Ni, which found fewer irradiation-induced FP

defects in the alloys compared with the pure element[241, 242, 243]. Other results

showed that this effect is highly dependent on the particular element that is added,

with dislocation mobility believed to be the controlling factor[244].

Other studies have offered alternative explanations for the reduced damage. One

is that the range of atomic sizes present in HEAs results in higher inter-atom stresses,

which in turn leads to easier amorphisation of the cascade region. The amorphised

region can immediately recrystallise, leading to the suggestion that HEAs are self-

healing[245, 246]. It is unclear how true such claims given the discussion of the lattice

strain effects of HEAs in Section 2.9.1.2.

2.9.3.2 Defect mobility

There has been much debate about the general nature of diffusion in HEAs and whether

it is abnormally sluggish as early studies claimed (see Section 2.9.1.3). As radiation

damage is strongly governed by diffusional processes, it is natural that such discussion

will appear here too. As the mobile species for radiation damage (interstitials and

vacancies) are different than in conventional thermal diffusion, it would be reasonable

to question if the behaviour is the same (i.e. there is no abnormally sluggish diffusion).

Results in this area are limited but suggest that defects in HEAs are no less mobile

than in conventional alloys. Chen et al.[247] concluded that sluggish diffusion likely
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played little role in the microstructural evolution of FCC HEAs irradiated at 300 ◦C.

However, the authors did acknowledge that this picture may be different at higher

temperatures where long-range diffusion of point defects is more prevalent. Again, the

full picture appears to be complex and element dependent, as another study concluded

that a pair of FCC alloys (Cr18Fe27Mn27Ni28 and Cr15Fe35Mn15Ni35) had significant

differences in vacancy mobility due to differing levels of Mn in the alloys[248].

2.9.3.3 Defect formation

This complex picture is found yet again when considering the energy required to form

defects. Differences between the clustering behaviour of pure elements and equiatomic

alloys in some of the previous studies referenced has been attributed to changes in the

energy required to form extended defects[242, 243]. In the case of interstitials, these

changes have been found to be a result of the differing chemical environment in the

alloys[249, 250]. Vacancy formation energies tend to be higher in equiatomic alloys

compared to pure Ni in DFT studies[250, 247]. However, an experimental study found

little difference in vacancy formation energy between CrFeCoNiMn and pure Ni[251].

2.9.3.4 Phase stability

As discussed in Pickering et al.[240], some HEAs have shown good phase stability

under irradiation, whereas some have exhibited significant microstructural evolution.

This should come as no surprise given the highly varied microstructures that are present

in HEAs after thermal ageing without irradiation. Indeed, it is unclear whether the

microstructural changes reported in many irradiations would have occurred simply

from thermal effects without any irradiation.

However, some studies have compared the microstructural evolution of irradiated

samples with equivalently aged unirradiated ones. Irradiating Al0.3CoCrFeNi was found

to suppress precipitation at low temperatures and enhanced it at higher tempera-

tures[252]. Al0.12NiCoFeCr remained as a single FCC phase after long-term ageing

at 500 ◦C, but when irradiated at a similar temperature, an L12 phase was found to

precipitate[253].

2.9.3.5 Mechanical properties

Certain BCC HEAs have shown curious mechanical properties after irradiation, par-

ticularly no or limited hardening[254, 255, 256]. For example, TiZrNbHfTa was found

to undergo a small increase in nanohardness and strength after He-irradiation with-

out the corresponding loss of ductility found in other BCC alloys[257]. Another alloy,

V2.5Cr1.2WMoCo0.04, has even exhibited irradiation softening[258].
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2.9.4 Oxidation & corrosion

Elements that are capable of forming protective oxides such as Al and Cr are com-

monplace amongst HEAs that have been developed and studied. AlxCo1.5CrFeNi1.5Tiy

alloys have been shown to form protective Cr2O3 layers, with the Al present promoting

the formation of his layer[259]. Soare et al.[260] found that remelted AlCoCrFeNiTi

had improved corrosion performance compared to the as-cast alloy, caused by improved

distribution of elements and phases within the alloy. Such behaviour indicates the im-

portant role of processing in corrosion.

A comprehensive review by Qui et al.[261] details the effects of several common HEA

elements on corrosion properties. Addition of Cr in high quantities is not necessarily

enough to provide corrosion resistance, as is the case in stainless steels. The impact

of other elements on the corrosion and oxide-forming behaviour should be investigated

as Cr does not guarantee corrosion resistance. This is the case for AlCoCrFeNi, where

the dendritic Al-rich regions and interdendritic Cr-rich regions became anodic and

cathodic, respectively. This resulted in dissolution of the Al-rich regions[262]. Qui et

al.[261] also suggest that HEAs show promise for applications in industry due to their

corrosion properties, but also assert the need for industry-specific corrosion studies.

To this end, a search for literature involving the oxidation properties of nuclear

fusion-relevant HEAs was conducted. Only one study was found, which investigated

the high temperature oxidation properties of a TixWTaVCr alloy, for the purpose of

investigating its suitability for use in a fusion divertor[263]. The oxidation results

presented were relatively simple as oxidation was not the main focus of the paper, but

nevertheless drew the interesting conclusion that the addition of Ti improved oxidation

resistance in that compositional range.

2.9.5 HEAs for fusion

As mentioned above, if the field of HEAs is to be considered a young branch of materials

science, the subfield of HEAs for fusion is very much in its infancy. Most of the extant

work in this area has been focused on using low-activation elements to create materials

for applications in the divertor or blanket region of a fusion reactor. The utilisation

of low-activation elements has been suggested as a niche that HEAs may be able to

exploit, especially when combined with their promising irradiation resistance and high

temperature properties[240].

Table 2.2 shows the range of alloy systems studied for fusion applications. All alloys

shown are BCC and most of the elements used are low-activation (after 100 years, see

Fig. 2.8), with the exception of Mo, Zr, and Hf. However, the authors studying

the Zr and Hf containing alloys mention remote handling of radioactive waste as a

motivating factor in their element selection as opposed to legislative limits[255]. All of
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the alloys listed have shown promising behaviour in either their mechanical properties

or irradiation resistance.

Even within these alloy systems, compositions that deviate from equiatomic com-

positions may improve properties further still. Furthermore, there are many more

potential alloy systems waiting to be characterised. This may involve the use of differ-

ent elements from the ten listed in Table 2.2, or going beyond five elements in a single

system. Irrespective of the approach taken, there is much exploration to be done!

2.10 Summary

This chapter began by giving a short overview of the conditions that are found inside

a fusion reactor, why they are problematic for materials, and some of the materials

that have been developed to withstand the harsh conditions found across the various

components of a fusion reactor. It is apparent that existing materials that are cur-

rently favoured for use in fusion reactors are not without their drawbacks. HEAs (or

even more broadly: compositionally-complex alloys) may offer an alternative to some

of the proposed materials, in particular due to their observed high-temperature and

irradiation properties. However, research into HEAs for fusion applications has only

begun to scratch the surface of this potentially promising class of materials.

This thesis aims to add to the growing body of research on fusion HEAs. Specifi-

cally, a new suite of low-activation alloy systems will be investigated. This will begin

with an assessment of the alloys in their solution annealed state and whether the re-

sultant microstructures appear to be suitable for fusion applications. The work will

then continue with investigation into their microstructural and mechanical behaviour

after various fusion-relevant heat treatments. Finally, the oxidation properties of the

alloys will be assessed, with a view to determining their tolerance to accidents and

processability.

Alloy System Proposed Application Reference
WTaTiVCr Divertor [264, 263]
VTiFeCrZr Blanket [265]
TaTiVZrW Blanket [266]
TaTiVZrHf Blanket [266, 255]
WTaCrV Divertor/PFM [254]
TiVZrTa Blanket [256]
TiVCrTa Blanket [256]
SiFeVCr PFM [267]
SiFeVCrMo PFM [267]
TiVCrFe Blanket [268]

Table 2.2: Fusion alloy systems investigated and their potential applications.
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Chapter 3

Experimental methods

3.1 Introduction

This chapter presents a summary of the experimental techniques used in this work. It

is merely intended to outline the basic principles behind the techniques and explain

why they were used. It is not meant as an exhaustive description of how each technique

functions or of the underlying scientific principles. Nor is it intended to be a detailed

description of the experimental parameters utilised, which will instead be presented in

the relevant experimental chapters.

3.2 Laboratory techniques

3.2.1 Arc melting

Arc melting is a procedure that uses resistive heating from a high current electric

arc to melt solid lumps of material contained in a water-cooled copper crucible, all

performed under an inert argon atmosphere. In theory, this liquefaction allows for

all the components in the crucible to become mixed together and form a disordered

liquid phase, which will then rapidly solidify when the arc is stopped. Due to the short

melting time, small amount of material required (typically tens of grams) and the lack

of preparation required for the source material, arc melting is a technique well suited

to prototyping a variety of alloys in small pieces.

However, the technique is not without its drawbacks. Ideally, all of the pieces

will be fully melted and homogeneously mixed. In practice, some pieces can remain

unmelted and inhomogeneities will be left in the slug produced. This effect can be

particularly prominent when metals with large differences in melting points are mixed.

This difficulty can be overcome by physically inverting the slug and remelting several

times.

Manganese, a major constituent of the alloys studied in this work, can undergo
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severe evaporation when it is used in an arc melter, amounting to several wt.%. This

loss can be offset by adding excess manganese (with respect to the intended final

composition) to the mixture, and quantified by measuring the weight lost after melting,

but obtaining even moderately precise compositions is a challenge.

As metals in their liquid state possess a far greater solubility for gas atoms than in

solid state, there is a possibility that impurity gas atoms get introduced to the mixture

during melting. This can lead to them being trapped as interstitial impurities upon

solidification, either in the metallic solid solution or as new phases.

3.2.1.1 Manganese pickling

Manganese suffers from an additional problem in that it rapidly oxidises in the presence

of air, producing a thick brown film. Unfortunately, chemical suppliers tend to supply

manganese pieces in this oxidised state, so further treatment is necessary to avoid

introducing oxygen impurities into the melt. The oxide can be removed immersing the

pieces for several minutes in a 90:10 mixture of ethanol and nitric acid. The pieces

can then be washed, dried and quickly placed in the arc melter before any significant

oxidation occurs.

3.2.2 Sample preparation

The slugs produced from arc melting were sectioned into smaller pieces using an abra-

sive cutting wheel. These pieces were heat treated as described in the next section and

then further prepared for examination using standard metallurgical techniques. This

procedure involves further sectioning (if necessary) and mounting in a hard plastic

resin. Samples are then ground flat using abrasive paper of progressively finer grit

and polishing with diamond paste. Final preparation for microscopy involved using

an oxide polishing suspension (OPS) for several minutes. This process produces a

highly polished surface on which microstructural features (such as different phases,

precipitates and even grains) are clearly visible under microscopy.

3.2.3 Heat treatment

Care must be taken to avoid any adverse chemical reactions at high temperatures during

heat treatment, or to avoid impurity elements from the atmosphere finding their way

into the sample. This is particularly true in the case of alloys with significant vanadium

content, where there is a possibility of forming vanadium pentoxide. This oxide is not

only toxic but also has a low melting point (680 ◦C), which could lead to extremely

rapid oxidation as the oxide melts away if exposed to air at high temperatures.
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To counteract this, heat treatments were performed by first encapsulating the sam-

ples in quartz tubes which were then backfilled with 0.1 atmospheres of argon (sub

atmospheric pressure is used to avoid explosion of tubes when temperature is raised).

In order to getter any remaining oxygen impurities, the samples were also wrapped in

zirconium foil before encapsulation.

3.2.3.1 Water quenching

In order to ensure the microstructure observed representative of the heat treatment

temperature, the samples were quickly water quenched to ensure no microstructural

changes could evolve during cooling. When heat treatment was complete, the samples

were dumped into a bucket of room temperature water and the encapsulating tubes

were cracked open. After quenching, most samples had some degree of oxidation vary-

ing from a slight discolouration to a thick black film. It is thought that this oxidation

occurred when the tubes were cracked open and the still hot metal was expose to water.

3.2.3.2 Homogenisation times

To ensure an equilibrium microstructure, samples should be homogenised at a high

temperature for an extended period of time followed by a quench, to anneal out any

metastable microstructures that arise from the rapid heating and cooling of the arc

melter. Ideally, this should be performed just below the solidus temperature, but the

use of quartz glass imposed a temperature limit of 1200 ◦C to prevent the glass from

softening and potentially rupturing.1

Annealing times of the order of 100 hours are common in refractory HEA literature

[1, 2, 3, 4]. In order to determine if such a timescale was appropriate for these alloys,

diffusion coefficients of various binary pairs were used to find characteristic diffusion

distances using equation 3.1. The results of this calculation are shown in table 3.1.

d =
√
Dt (3.1)

The shortest diffusion distance was that of chromium in pure vanadium, of the

order of 10 µm. No elemental segregation was observed in the alloys in the as-cast

state (see Chapter 4), but the microstructural features that were observed (i.e. the

precipitates) were also separated by distances of the order of 10 µm. If these precipitates

were to dissolve, then 100 hours at 1200 ◦C would be sufficient to ensure chemical

homogeneity, assuming that the most sluggish binary pairing is representative of the

minimum diffusion. As seen in Chapter 2, the diffusion behaviour of multi-principal

element alloys is complex so these binaries may not be representative. However, in the

1Higher temperature anneals were attempted using unencapsulated samples in a vacuum furnace.
However, melting of the alloys occurred and this technique was not pursued any further.
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absence of more detailed diffusion data and also in the interests of saving experimental

time, a 100 hour anneal was deemed sufficient.

System Temperature / ◦C D / m2 s−1 d / µm Ref
Ti in V-10%Ti 1200 3.96× 10−15 37.8 [5]
V in V-10%Ti 1200 7.47× 10−13 519 [5]
Cr in pure V 1170 4.19× 10−16 12.3 [6]
Cr in Ti-18%Cr 1178 18.3× 10−13 812 [7]
Mn in Ti-14%Mn 1200 5.14× 10−12 1360 [8]

Table 3.1: Diffusion parameters for selected element binary systems.

3.2.4 Optical microscopy

Samples were initially inspected optically for ease of examination. However, the mag-

nification and range of information obtainable compared to electron microscopy meant

that it was only used for checking that samples were adequately prepared and obser-

vation of large features such as hardness testing indents.

3.2.5 X-ray diffraction

X-ray diffraction (XRD) was used to identify phases present in samples and to measure

their lattice parameter. Simple 2θ scans were performed to find peaks in intensity,

which can be matched with phases present. As the intensity of the lab diffractometers

used were relatively low (c.f. synchrotron sources), detection limits are of the order of

1% by volume. This makes laboratory XRD unsuitable for characterising precipitates

which only constitute a small proportion of the alloy studied.

Lattice parameters of the body centred cubic (BCC) phase were determined by

fitting the diffraction peaks in HiScore XRD analysis software. The positions of the

peaks were then used to refine the lattice parameter using a least squares regression.

3.2.6 Secondary electron microscopy

Secondary electron microscopy (SEM) was the primary method of microstructural in-

vestigation used in this work. The reason for its prevalence is that it can achieve much

finer resolutions than optical microscopes, and that it can also give chemical and mi-

crostructural information about the sample investigate using the techniques described

below. SEMs also allow for easier investigation of numerous samples, as the relatively

large chamber can hold multiple samples that have undergone standard metallographic

preparation (described above). This is in contrast to TEM (see section 3.2.7) which

can only hold a single sample.
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Element Kα energy / keV Kβ energy / keV
Ti 4.512 4.933
V 4.953 5.428
Cr 5.415 5.947
Mn 5.900 6.492

Table 3.2: X-ray emission energies of selected elements.

3.2.6.1 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray (EDX) analysis was used to obtain the chemical composition

of SEM samples by measuring the energy spectra of the X-rays given off from excited

electrons in the atoms. The elements used in this study have characteristic X-ray

energies that are very close in value to other elements (see table 3.2). For example, the

Kβ energy of Cr is 5.947 keV and the Kα energy of Mn is 5.900 keV, well within the

limits of the energy resolution (120 - 130 eV) in commercial EDX systems[9].

3.2.6.2 Wavelength dispersive spectroscopy

Accurate chemical composition was obtained through the use of wavelength dispersive

spectroscopy instead. WDS systems are fitted to SEMs (often specialised microscopes

with higher beam currents that are more suitable for chemical analysis) . WDS provides

a much finer energy resolution (approximately 6 eV for the Fe Kα peak[10]) than EDX

and is better suited for quantitatively analysing the compositions of alloys containing

elements with overlapping peaks.

It is also able to quantify the concentrations of light elements in samples as it is

able to between the Kα peaks of lighter elements that often overlap with the Lα peaks

of transition metals. The higher beam current afforded by the SEM which contains the

WDS system enables detection of elements present in low concentrations, as it allows

for more X-ray counts to be collected in the same time frame.

3.2.6.3 Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is a technique that works in conjunction with

SEM to provide crystallographic information. Specialised detectors fitted inside an

SEM can pick up diffraction bands present in the backscattered electron signal. By

using computer software to fit the band patterns to simulated models, the lattice

parameters and crystallographic orientation of the region of interest can be determined.

Although EBSD is a powerful technique, it is often limited by the crystal database

used in the fitting software and sensitivity to sample preparation. It is also relatively

time intensive; mapping regions of interest can take several hours depending on desired

resolution.
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3.2.7 Transmission electron microscopy

Transmission electron microscopy (TEM) was also used for investigation of samples.

It has a higher resolution to SEM so allows for finer microstructural features to be

detected. Although a variety of investigative techniques can be employed using a

TEM, this work mostly relied on scanning transmission electron microscopy (STEM)

in conjunction with EDX, and convergent beam electron diffraction (CBED). STEM-

EDX was used to produce elemental maps of small regions of interest such as fine

precipitates and grain boundaries, whereas CBED was used to produce diffraction

patterns to aid in phase identification.

3.2.7.1 Sample preparation

Electropolishing As the alloys produced have not been previously, initial TEM

sample preparation was done using electropolishing in a perchloric acid-methanol so-

lution. Electropolishing did produce electron transparent samples but suffered from

some problems. The precipitates didn’t polish at the same rate as the matrix and

were too thick for diffraction. Additionally, some precipitates fell out of the matrix,

leaving gaps in the sample. Finally, the brittleness of the alloys meant that polished

discs were extremely fragile and could be broken by routine handling, necessitating the

production of several discs per sample.

Mechanical polishing Mechanical polishing was also trialled as an alternative method

for producing TEM discs. However, the brittleness of the alloys meant that samples

frequently broke, and their hardness meant that polishing just one sample took much

longer than the equivalent electropolishing procedure. Moreover, further treatment

using a plasma polisher was required after mechanically polishing. For these reasons,

mechanical polishing was avoided for TEM sample preparation.

Plasma polishing In addition to being a finishing procedure for mechanical pol-

ishing, plasma polishing was used to improve the quality of electropolished samples

by further thinning them. This allowed previously electron opaque areas of discs (in

particular precipitates) to produce diffraction patterns.

Focused ion beam Milling out samples using a focused ion beam (FIB) is a tech-

nique more suited to fabricating smaller TEM foils from a specific area of a sample. As

the target area is selected using an SEM, particular regions of interest could be chosen,

such as a particular type of precipitate or phase.
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3.2.8 Hardness testing

The main method of mechanical testing performed to samples was a simple Vickers

hardness indentation test. Micro and macro scale testing was performed, using loads

of 9.8 N and 196 N respectively. Hardness testing offers a simple way of estimating a

materials strength. It can also provide a qualitative assessment of a materials ductility

based on whether cracking is observed (which is the case for brittle materials). How-

ever, more quantitative information requires other forms of mechanical testing to be

performed.

3.2.9 Oxidation

Oxidation of samples was performed in air using a tube furnace. A tube furnace

was chosen over a conventional muffle furnace as it is able to provide more consistent

temperature over long periods of time. As the formation of toxic and potentially volatile

vanadium pentoxide was believed to be a risk (see Chapter 6), all oxidation work was

carried out with the furnace situated in a fume hood. Temperatures throughout the

length of the tube were measured using a thermocouple to determine the position of

the hot zone where temperatures were within an acceptable range of values for the

experiment.

Samples were placed in porcelain boats before being inserted into the furnace. Ide-

ally, each sample would be placed in an individual pre-weighed boat so that the total

weight change of the sample, including any potential spalled oxide films, could be mea-

sured. However, due to space constraints inside the tube, several samples were instead

placed in one boat so that multiple oxidations could be performed in the limited time

that was left for the final section of this work.

3.3 Computational methods

3.3.1 CALPHAD

CALPHAD (or the CALculation of PHAse Diagrams) is a methodology which uses

thermodynamic models to compute the equilibrium phase diagrams for a given set

of conditions (e.g. an alloy with a specific composition). From this, the equilibrium

phases present at different temperatures can be extracted.

As CALPHAD techniques are able to much more quickly assess the properties of

alloys than other atomistic techniques such as density functional theory and molecular

dynamics, they offer the ability to narrow down the infinitely vast phase space occupied

by HEAs. More advanced CALPHAD techniques are also able to predict more than just

phase stability, with predictions of diffusion behaviour and properties now possible[11,
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12].

However, the speed at which CALPHAD can assess alloys comes at the expense

of accuracy. For narrow, well-characterised alloy systems (such as steels and nickel

superalloys), CALPHAD can offer excellent predictive power and is regularly used for

designing new alloys[13, 14]. Even the most well studied of HEA systems, however,

have only been characterised for a comparatively limited range of temperatures and

compositions. Not to mention the vast array of exploratory systems to have been

barely been characterised, or have only been studied in a metastable state. Analysis of

CALPHAD results in multicomponent (i.e. N>3) systems has revealed that a correct

description of the relevant ternary systems is generally a requisite for high quality

descriptions of the system[15].

Nevertheless, CALPHAD was still used owing to the relatively simplicity and speed

at which predictions can be made. The CALPHAD package chosen for this work was

Thermocalc, as it has a HEA database (TCHEA) available for use. This database

has all the relevant binary systems assessed, and some of the ternary systems[16].

Also of use was the TCPython module, which allowed Python code to interact with

the Thermocalc API. Instead of manually entering the compositions to be assessed, a

Python script was written to run multiple alloys in succession, then export and plot

the phases present.

3.3.2 FISPACT

FISPACT-II[17] is a nuclear inventory code that calculates what nuclides will be present

in a material after exposure to a radiation flux or series of fluxes. When used in con-

junction with nuclear data libraries, FISPACT-II is able to give a wide variety of infor-

mation about an irradiated material including: transmutation products, radioactivity,

equivalent dose, thermal output power and primary knock-on atom energy spectra.

All of this information is calculated at a series of time intervals given by the user, so

evolution of all of these properties can be easily observed as a function of time.

A Python module called Pypact was used to generate the input files and parse the

output data into a more readable format. As activation properties are a key motiva-

tion for this project, the use of FISPACT-II allowed direct calculation of activation

properties in response to specific fusion spectra, rather than just extrapolation from

already calculated data.
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4.1 Manuscript

Abstract

By mixing elements with favourable nuclear activation properties to create high-
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entropy alloys, it may be possible to create a material that can withstand a nu-

clear fusion environment while minimising the radioactive waste produced. Such

a material could be used in the extreme thermal and irradiation conditions of

a fusion blanket. A suite of previously unexplored V-Cr-Mn and V-Cr-Mn-Ti

alloys have been fabricated then homogenised and the resultant microstructures

and phases were characterised. Results demonstrate that single-phase body cen-

tred cubic solid solution microstructures can be formed in highly-concentrated

alloys incorporating low-activation elements, which is promising for a fusion alloy

development standpoint.

Nuclear fusion offers an alternative low-carbon energy source with potentially abun-

dant fuel. However, fusion reactors must minimise the amount of harmful radioactive

waste they produce in order to be considered a truly green energy source. This criteria

necessitates the use of low-activation alloys, made from elements that will not remain

radioactive for extended periods of time after exposure to fusion neutrons.

The structural material of a fusion reactor blanket also has to face a variety of hostile

conditions, including: extremes of neutron irradiation and temperature, transient load-

ing from plasma instabilities, and corrosion from coolant systems[1]. These conditions

necessitate the use of a material that is sufficiently strong, with good irradiation and

creep resistance. The blanket will also require thousands of tons of material, preclud-

ing the use of extremely costly or scarce elements as significant alloying additions, or

alloys that cannot be processed on large scales. Further restrictions are imposed by the

aforementioned desire to use low-activation elements. Table 4.1 shows the calculated

time taken for selected elements to reach UK low-level waste (LLW) (<4 MBq kg−1

alpha radiation and <12 MBq kg−1 combined gamma and beta radiation) after 5 years

of pulsed operation in the DEMO reactor divertor body[2]. Although the divertor will

be exposed to a greater fluence of neutrons, these values are still representative of their

relative activities when used in a fusion blanket. It is apparent that certain elements

such as Ni or Zr which are commonly used for nuclear structural applications would

be unacceptable from a waste-management perspective.

Research efforts for fusion structural materials have been primarily focused on re-

duced activation ferritic-martensitic (RAFM) steels and vanadium alloys[3, 4, 5]. How-

ever, RAFM steels have a relatively low maximum operating temperature, limited by

creep[6]. Their oxide dispersion strengthened counterparts offer improved high tem-

perature performance but large scale processing is still an issue[4]. V-based alloys

containing other elements as minor (<10 at.%) additions have been explored as an

alternative to steels for fusion blanket applications[3]. However, high-entropy alloys

(HEAs) containing multiple low-activation elements have received very little attention.

A recent study by Ayyagari et al.[7] examined the Ta-Ti-V-Zr-X system, but here we

avoid Zr owing to its activation properties listed in Table 4.1. Investigation of more
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Element
Time to

LLW / yrs
Element

Time to
LLW / yrs

Element
Time to

LLW / yrs
C 99 V 54 Zn 1.1× 103

N 9.4× 104 Cr 40 Y 21
O 1.1× 104 Mn 86 Zr > 106

Mg 97 Fe 59 Nb 2.9× 105

Al 157 Co 184 Mo 8.7× 105

Si 58 Ni 6.6× 105 Ta 41
Ti 10 Cu 1.3× 103 W 23

Table 4.1: Calculated time taken to reach UK LLW for selected elements after use in
a DEMO reactor divertor. Elements used in this study have been highlighted. Data
taken from [2].

concentrated alloys covering unexplored compositional space may yield materials that

are more processable and have enhanced properties in comparison to the more conven-

tional alloys. Other HEAs have shown surprising toughness[8] and irradiation swelling

properties[9], so it is hoped that this work may form the basis for developing fusion al-

loys with improved properties such as a larger operating temperature window or easier

processing.

Due to the favourable activation properties of their constituent elements, alloys in

the V-Cr-Mn ternary and V-Cr-Mn-Ti system were investigated. The nominal com-

positions are shown in Table 4.2. V and Cr were chosen because of their high melting

points, which will allow for good creep performance at elevated temperatures in com-

parison to Fe-based alloys[6]. V and Cr show complete mutual solubility, forming a

bcc phase at all compositions below the solidus[10]. A single bcc phase is consid-

ered highly desirable for adequate resistance to neutron irradiation swelling[11, 12, 13].

Additionally, Cr provides improved oxidation resistance in the binary system above

around 30 wt.%[10]. Such environmental resistance will be useful in limiting corrosion

in service as well as in processing.

Mn was chosen as an extra element in working towards a HEA composition because

the binary V-Mn and Cr-Mn diagrams show a good solubility of Mn in both Cr and

V[14]. The V-Cr-Mn ternary is not well characterized, but the one ternary diagram

available in the literature seems to agree that Mn should have good solubility in an

alloy containing V and Cr[15]. Although the power of the entropic stabilisation effect

in HEAs is disputed [16, 17], the addition of Mn to a mixture of V and Cr will increase

the configurational entropy of a solid solution of the elements and, therefore, should

increase its high-temperature stability. It was hoped that the stability of the solid solu-

tion would be increased sufficiently to allow for the introduction of higher concentration

of elements like Ti (see below) with less propensity to form damaging intermetallics,

such as Laves phases (which appear in the Ti-Mn and Ti-Cr binary [14]) or secondary
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solid solutions. Fe was not considered, despite being bcc and low-activation, as it is

known to readily form undesirable sigma phases with Cr[18].

Finally, Ti was added to act as an impurity getter in a similar manner to the

behaviour found in V-Cr-Ti alloys[3, 19, 20] and interstitial free steels[21]. A reduction

of interstitial solute concentration is desirable as they are known to cause embrittlement

in vanadium alloys[22]. However, high quantities of both Cr and Ti are known to

embrittle vanadium alloys[23, 24]. Furthermore, observation of the Ti-Mn and Ti-Cr

binary phase diagrams suggests that Ti has low solubility in these two elements[14].

For these reasons, the amount of Ti added to the alloys was limited to 8 at.%. Although

the alloys studied here contain fewer elements than necessary to be considered HEAs,

and may instead be referred to as multi-principle element alloys (MPEAs), it is hoped

they will contribute towards the development of true HEAs for fusion applications.

Nominal Measured (EPMA)
V Cr Mn Ti V Cr Mn Ti
60 20 20 - 63.04 ± 0.07 20.58 ± 0.03 16.39 ± 0.09 -
40 20 40 - 39.40 ± 0.24 21.60 ± 0.17 39.01 ± 0.08 -
40 40 20 - 41.08 ± 0.22 43.20 ± 0.35 15.73 ± 0.14 -

33.33 33.33 33.33 - 32.80 ± 0.28 35.53 ± 0.29 31.68 ± 0.04 -
33 33 33 1 42.03 ± 0.03 40.89 ± 0.05 15.69 ± 0.07 1.38 ± 0.01

32.67 32.67 32.67 2 35.82 ± 0.16 36.08 ± 0.15 25.10 ± 0.11 3.00 ± 0.42
32 32 32 4 34.53 ± 0.02 32.09 ± 0.02 27.92 ± 0.02 5.45 ± 0.05

30.67 30.67 30.67 8 35.84 ± 0.18 29.95 ± 0.12 25.52 ± 0.03 8.68 ± 0.32

Table 4.2: Nominal and measured alloy compositions. Values are in at.% with absolute
standard errors shown.

Eight alloys were fabricated as ingots weighing approximately 25 g using an arc

melting process in an argon atmosphere. The ingots were inverted and remelted three

times to ensure homogeneity. Sections of each ingot were cut off, wrapped in tantalum

foil, and then encapsulated in a quartz ampoule backfilled with low pressure argon.

These samples then underwent a homogenisation heat treatment at 1200 ◦C for 100

hours, before quenching in water.

Secondary electron microscopy (SEM) specimens were prepared using standard met-

allographic techniques. The final polish was performed with an 0.06µm oxide polishing

suspension. Back scattered electron (BSE) images were obtained using a Zeiss Ultra55

microscope at 10 kV. Transmission electron microscopy (TEM) foils were produced by

electropolishing punched sections of thin foils in a 5% perchloric acid-methanol solution

with a temperature of -40 ◦C using a Tenupol 5 twin jet electropolisher at a voltage

of 29 V. Further plasma polishing was performed using a Gatan PIPS II Model 695

polisher with conditions ranging from 1000 V for 20 minutes down to 100 V for two

hours. A ThermoScientific Talos TEM with an accelerating voltage of 200 kV was used
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to produce annular dark field (ADF) images and energy dispersive X-ray (EDX) maps.

Wavelength dispersive spectroscopy (WDS) was performed using a JEOL JXA-8530F

FEG electron probe microanalyser (EPMA). Quantification was performed at 20 kV,

10 nA for Ti Kα, V Kα, Cr Kα and Mn Kβ standardised against pure metals. 100

composition measurements were randomly taken from an area 500µm in radius for each

sample. Overlap corrections were applied to the raw X-ray intensities where required

(Ti Kβ on V Kα, V Kβ on Cr Kα) and corrected iteratively using the PAP phi-rho-Z

matrix correction routine using NIST FFAST mass absorption coefficients. X-ray maps

were conducted at 10 kV and 163 nA (V-40Cr-20Mn, Fig. 2) and 46 nA (V-Cr-Mn-

8%Ti, Fig. 3). Vickers hardness measurements were taken with a load of 9.8 N and

dwell time of 10 s using a Matsuzawa MMT-X indenter. Nine hardness measurements

were made spaced 0.5 mm apart in a three by three grid formation.

WDS analysis suggests that there is a difference between the intended alloy com-

position and what is found in practice (see Table 4.2). In particular, the at.% of Mn is

lower than expected in all alloys. This is likely to be caused by the low vapour pressure

of Mn, leading to evaporation during the arc melting process.

BSE images (Fig. 4.1) of the alloys show a microstructure consisting of a light

grey matrix with darker precipitates. The precipitates found in the ternary alloys

(Fig. 4.1 (a) to (d)) are a mixture of larger, more rounded shapes which appear

along grain boundaries, and smaller long and thin precipitates that are intragranular.

The quaternary alloys have much finer precipitates (Fig. 4.1 (e) to (h)). The matrix

appeared as a single phase in all alloys. This was confirmed to be bcc (a = 2.90 -

3.04 Å) through X-ray (see supplementary information) and TEM diffraction. These

microstructures and lattice parameters are consistent with observations of a bcc Ti-V-

Cr-Mn alloy with differing composition, used for hydrogen storage[25].

WDS was utilised to determine the composition of the matrix and precipitate

phases. The matrix appeared to be a homogeneous mixture of the constituent metals

in both the ternary (Fig. 4.2) and the quaternary alloys (Fig. 4.3). The main differ-

ence between the two types of alloy was in the composition of the precipitates. The

ternary precipitates were depleted in Mn and Cr, and also contained large amounts of

oxygen. No segregation of other interstitial impurities (namely carbon and nitrogen)

was observed. However, the precipitates in the Ti-containing alloys were extremely

Ti rich relative to the matrix and were also enriched in all three impurity elements

studied. This suggests that the addition of Ti to these alloys acts as a getter for these

interstitial impurities, forming Ti-[C,O,N] type precipitates similar to those found in

V-4Cr-4Ti.[3, 19, 20]

TEM was used to check for smaller scale elemental segregation as shown in Fig.

4.4. No segregation was found, indicating a homogeneous bcc phase across all length-

scales. Diffraction patterns (fig. 4.7) indicated that the precipitates in the ternary
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Figure 4.1: Representative BSE images of alloy (a) V-20Cr-20Mn (b) V-20Cr-40Mn
(c) V-40Cr-20Mn (d) V-Cr-Mn (e) V-Cr-Mn-1%Ti (f) V-Cr-Mn-2%Ti (g) V-Cr-Mn-
4%Ti (h) V-Cr-Mn-8%Ti.

alloys were fcc with a lattice parameter of approximately 8.38 Å. This is a close match

with the spinel MnV2O4[26] which suggests an similar structure, perhaps with slightly
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Figure 4.2: WDS map of alloy V-40Cr-20Mn showing: (a) BSE image (b) secondary
electron image (c) V (d) Cr (e) Mn (f) C (g) N (h) O.
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Figure 4.3: WDS map of alloy V-Cr-Mn-8%Ti showing: (a) BSE image (b) Ti (c) V
(d) Cr (e) Mn (f) C (g) N (h) O.
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altered stoichiometry. Diffraction patterns of the quaternary alloy precipitates (fig.

4.7) indicate an fcc structure with a lattice parameter of approximately 4.16 Å, which

is consistent with the Ti-[C,O,N] phase found in V-4Cr-4Ti alloys[19]. As all the pre-

cipitates found in this study are formed from impurity elements, there is no indication

that these alloys would not form a single bcc phase if interstitial impurity content was

lower.

Figure 4.4: Alloy V-Cr-Mn: (a) ADF image (b) V map (c) Cr map (d) Mn map. Alloy
V-Cr-Mn-4%Ti precipitate: (e) ADF image (f) Ti map (g) V map (h) Cr map (i) Mn
map.

Hardness values were found to range from 348 to 456 HV in the homogenised state

(see supplementary information). Hardness decreased slightly after homogenisation for

all alloys. The Ti containing alloys were all harder than their equiatomic ternary equiv-

alent, V-Cr-Mn, which may indicate the solute strengthening caused by introducing
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Ti[23, 24] is the more dominant effect compared to the softening from gettering intersti-

tial impurities[22]. A high ductile-to-brittle transition temperature and embrittlement

by interstitial elements are foreseeable issues with these alloys, as they are with most

refractory-based alloys. Hence, in order to assess their suitability for manufacture and

service, larger-scale mechanical property and processibility investigations are needed

alongside long-term ageing experiments.

To summarise, this study has found that a suite of alloys fabricated from low-

activation elements consists of a single bcc phase, with precipitates forming from in-

terstitial impurity elements. The results are promising for the development of high-

entropy alloys for use in fusion applications due to the observation of only a single

metallic matrix phase after homogenisation. Such microstructures provide an excellent

launchpad for the future development of specialist alloys for fusion applications.
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4.2 Supplementary figures

Figure 4.5: XRD patterns of the ternary alloys. Peaks at 79 ◦were caused by the sample
holder.

Figure 4.6: XRD patterns of the quaternary alloys. Peaks at 52, 54 and 79 ◦were caused
by the sample holder.
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Figure 4.7: Diffraction pattern of a precipitate in V-36Cr-32Mn.



4.2. SUPPLEMENTARY FIGURES 119

Figure 4.8: Diffraction pattern of a precipitate in V-32Cr-28Mn-5Ti.
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Figure 4.9: Microhardness values of alloys in the as-cast and homogenised states.
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4.3 Additional discussion

4.3.1 Activation properties

The activation properties of the elements used in the alloys studied are generally con-

sidered low-activation (see Section 2.1.3). In-depth analyses of the activation properties

of the elements are presented in Figs. 4.10 and 4.11, which show how the specific activ-

ities and decay heat for the elements evolve during cooling after use in various DEMO

components. In the long term (>100 years) all four alloys display more favourable

activation properties than Fe1 in all reactor components. In the shorter term, only Mn

is more radioactive than Fe, by around an order of magnitude.

Perhaps of greater interest is the decay heat of the elements. If materials in a fusion

environment are only accepted for use within a certain temperature range defined by

engineering standards, then these temperatures should be not be exceeded, even if the

reactor is not operational. Thermal energy generated from radioactivity could continue

to heat the reactor even when no plasma is present. In the case of Mn, this decay heat

is significantly higher than the other elements and Fe (Fig. 4.11).

To check if these relatively high levels of decay heat would be problematic for a

DEMO reactor, a comparison can be made to studies of the decay heat for a proposed

DEMO blanket design with an output power of 3 GW operated for two years[1]. Peak

decay heat power was calculated to occur immediately after reactor shutdown, with a

value of 31 MW in the blanket region. Less than half of this peak value came from the

structural material, which was F82H steel. If the steel was replaced with an alloy that

contained significant amounts of Mn, as in the alloys studied here, the decay heat may

be expected to rise significantly. Although it would require further analysis to more

precisely determine how much the decay heat may rise by, this simple example shows

that using more Mn in the blanket could result in significant increases in the decay

heat.

However, decay heat is not necessarily an issue. If the heat can be managed with

cooling to the extent that the materials used stay within an acceptable temperature (as

to avoid loss of strength or creep resistance from high temperatures), then the energy

generated by radioactive decay can be extracted by the cooling system to provide

additional energy from the fusion plant. It may even confer benefits, such as keeping

irradiated materials that become brittle at low temperatures above their DBTT, or

“smoothing out” the energy release from the pulsed operation of a reactor.

1In this case, Fe is being treated as a best case material, i.e. a steel containing elements that are
no more active than Fe.
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(a) (b)

(c) (d)

Figure 4.10: Specific activities versus cooling time after exposure to a DEMO-like
neutron flux (a) Ti (b) V (c) Cr (d) Mn. Red circles for first wall region, green triangles
for blanket region, blue squares for vacuum vessel region, grey lines show equivalent
decay curves for pure Fe. Taken from [2].

4.3.1.1 FISPACT analysis

To further examine the activation properties of these alloys, a short analysis was per-

formed using the FISPACT-II nuclear inventory code[3] and the TENDL-2019[4] nu-

clear data library. The code was used to simulate what the nuclear inventory of the

alloys studied would be after being exposed to the neutron flux found in the blanket

back plate region (provided by the FISPACT-II Wiki list of reference spectra[5]) for 2

full power years, which is equivalent to the green curves in Figs. 4.10 and 4.11.

Fig. 4.12 shows the specific activity and decay heat that resulted from the FIS-

PACT calculations for V-22Cr-39Mn, the alloy with the highest Mn content. The

calculations were also performed with interstitial impurities measured by LECO anal-

ysis (see Chapter 5). Overall, the radioactivity profile is dominated by the presence of

Mn in the pure alloy, and the plots show very similar values to pure Mn (Figs. 4.10(d)

and 4.11(d)).

Also of note are the effects of introducing interstitial impurities into the calculation

(blue curves). Impurity elements have been shown to have a major impact on the
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(a) (b)

(c) (d)

Figure 4.11: Radioactive heat output versus cooling time after exposure to a DEMO-
like neutron flux (a) Ti (b) V (c) Cr (d) Mn. Red circles for first wall region, green
triangles for blanket region, blue squares for vacuum vessel region, grey lines show
equivalent decay curves for pure Fe. Taken from [2].

activation properties of materials. Work by Gilbert et al.[6] showed that steels that

are generally considered to be reduced-activation are much more active over large

timescales when nitrogen (contained in the steels in the form of nitrides) is added to

the calculation. 14N will transmute into 14C, which has a half-life of 5730 years and

is the main contributor to the long-term activation properties of otherwise reduced

activation alloys. The same behaviour was osberved when interstitials were included in

calculations for the alloys studied here. Only after cooling for over a year do the specific

activities and decay heat for the pure alloys and the interstitial-containing alloys start

to diverge. As the predicted activities are below the acceptable UK LLW limits, the

interstitial contents of these alloys are not of immediate concern from an activation

standpoint. However, another aspect that was not considered here was the presence

of other impurities from the source metal. Similar analysis performed for impure V-

4Cr-4Ti that included 66 different elements found that Mo and Nb impurities from the

source metal had a large impact on activation properties[7].

Without the use of advanced analytical techniques for measuring impurity content,
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(a) (b)

Figure 4.12: FISPACT calculation results for V-22Cr-39Mn (black) and V-22Cr-39Mn-
0.003C-0.0002N-0.3O-0.008S (blue) displaying: (a) Specific activity (red line indicates
UK LLW limit for beta and gamma radiation) (b) Decay heat output.

it is difficult to make any definitive assessments of the low-activation properties of

these alloys. However, it is clear that impurities play a large role in determining the

activation profile of a material and any future alloy design process should be cognisant

of this fact.

4.3.2 Precipitate distribution

The microstructures reported in the manuscript were accurate for the bulk of the

interior the alloys examined. However, some edge effects were present and will briefly

be discussed here. Figure 4.13 shows the microstructure of a V-22Cr-39Mn sample

that had been cross sectioned in the middle. There is clear change in distribution of

precipitates from the sample bulk (upper left of the figure) towards the edge. The

density and size of the precipitates near the centre are greater than those near the

edge. This change was found to occur in all four V-Cr-Mn ternary alloys. The region

that deviated from the bulk was of the order of 100µm in all four alloys.

Curiously, the opposite behaviour was observed in the quaternary Ti-V-Cr-Mn al-

loys. Figure 4.14 shows the microstructure of V-41Cr-16Mn-1Ti through the thickness

of the sample. A much greater density of precipitates occurs near the surface, although

their average size appears to remain roughly constant. This effect is observed in all

four quaternary alloys, manifesting in a similar way for each.

No systematic study of these effects was undertaken as they did not seem to influ-

ence the microstructure of the bulk material. As the precipitates in this study were

found be oxides and carboxynitrides, in the ternary and quaternary alloys respectively,

and because the alloys were found to be homogeneous with respect to their principal el-

ements, the anomalous behaviours could perhaps be explained by how interstitial atoms

behaved in these alloys. The lack of MnV2O4 oxides near the surface of the ternary

alloys might suggest a lower O content in the matrix in these regions. Likewise, the

increased population of Ti-[C,O,N] precipitates near the edge of the quaternary alloys



4.3. ADDITIONAL DISCUSSION 125

Figure 4.13: BSE image of V-22Cr-39Mn, note the depletion of precipitates near the
edge of the sample.

Figure 4.14: BSE image of V-41Cr-16Mn-1Ti, note the abundance of precipitates near
the edge of the sample.
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Diffusing species Alloy D1473K / m2 s−1 d / mm Ref
O Pure V 6.33× 10−11 4.78 [8]
O V-5Cr 1.20× 10−11 2.08 [8]
O V-5Ti 2.51× 10−10 9.50 [8]
N Pure V 1.01× 10−10 6.02 [9]
C Pure V 2.78× 10−8 100 [10]
C V-5.3Ti 1.12× 10−7 200 [10]

Table 4.3: Diffusion data at 1473 K and estimated diffusion distances of interstitial
atoms in selected alloy systems after annealing for 100 hrs.

might indicate increased C, O, or N content (or any combination of the three) in those

regions.

Some diffusion data for interstitials in alloys is presented in Table 4.3. Interstitial

diffusion data is scarce for even the binary systems of the elements of interest. O

diffusion is of the order of mm in V and adding Cr decreases it further. C diffuses much

more easily in the alloys where data is available. Given that the diffusion behaviour of

multicomponent alloys is complex (see Section 2.9.1.3), it would not be appropriate to

try and extrapolate diffusion behaviour from such limited data.

Given the behaviour of the ternary alloys, one possible explanation might be that

there is some process occurring on the surface of the alloy that removes O from the

solid solution. Even though the samples were annealed in an Ar atmosphere, it is

possible that dissolved O formed an oxide scale that depleted the matrix. However,

this explanation would not be satisfactory in the case of the quaternary alloys, as

precipitate content increases near the surface.

4.3.3 Hardness testing

Further to the hardness results presented in Fig. 4.9, some observations are added

here. Cracks were observed in some microhardness indents (see Fig. 4.15), but they

only originated from the indentation corners and propagated small distances relative to

the size of the indent. Cracking was almost exclusively observed only in the quaternary

alloys (only one instance of cracking was seen in over 50 indents of the ternary alloys),

but there was no clear correlation with alloy composition or microstructure near the

indent.

Macrohardness measurements were also taken, using a Matsuzawa VMT-X indenter

with a load of 196 N. If the alloys were highly brittle, then macrohardness testing would

show severe cracking and spalling under the increased load, akin to what is seen in

ceramics[11]. The cracking observed was not particularly severe and not observed in

all tests. Where cracking did occur, it tended to propagate through precipitates as

shown in Fig. 4.16, indicating they are a potential source of embrittlement in the
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Figure 4.15: Optical micrograph of Vickers microhardness indent of V-32Cr-28Mn-5Ti
from 9.8 N of force. Cracking is highlighted.

Figure 4.16: Optical micrograph of Vickers macrohardness indent of V-22Cr-39Mn
from 196 N of force. Cracking is highlighted.

alloys. Also of note was the “pincushioning” effect observed in the indents, where the

sides of the indent appear to bulge inwards slightly. This is indicative of an annealed

sample undergoing work hardening and leads an overestimation of the indent size[12].

Measurements from the macrohardness tests are shown in Fig. 4.17. The values are

on average slightly lower than the bulk microhardness measurements, possibly as a

consequence of the pincushioning effect.

To determine if the anomalous precipitation behaviour had any effect on hardness,

microhardness measurements were taken near the edge of the samples for comparison

to the bulk (Fig. 4.17). Microhardness was within standard error for all but one of the

samples, although the spread of values was generally greater.
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Figure 4.17: Comparison of microhardness and macrohardness values, measured using
loads of 9.8 N and 196 N respectively.
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Abstract

The environment inside a fusion reactor is exceptionally hostile, subjecting ma-

terials to extreme thermal and irradiation conditions. An additional constraint

is imposed on alloy design by the activation of elements, as it is desirable that

130
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materials used in fusion applications will generate minimal amounts of radioac-

tive waste. Previous work has demonstrated that it is possible to create a stable

metallic body-centred cubic alloy using a combination of highly concentrated,

low-activation elements. These initial studies have shown that the multi-principal

component alloy systems V-Cr-Mn and Ti-V-Cr-Mn are stable after solution an-

nealing at 1200 ◦C. For the alloys to be suitable for use in nuclear fusion reactors,

they must be stable across a wide range of temperatures relevant to fusion ap-

plications. Here, we assess the stabilities of the microstructures of alloys in these

systems following heat treatment at 1000 hrs at 600, 800 and 1000 ◦C. The ma-

jority of the alloys studied show no significant change in microstructure across

all temperatures studied. Furthermore, significant changes in hardness were ob-

served following the ageing heat treatments. This contrasts with other multi-

principal component alloys which develop complex microstructures after ageing

at intermediate temperatures. These phases have been assessed using SEM, TEM

and XRD, and the results compared to CALPHAD models. Experimental results

suggests CALPHAD models are able to provide reasonably accurate predictions

for these alloy systems, although some discrepancies are observed in the Ti-V-

Cr-Mn system when Ti content is above 5 at%.

5.1 Introduction

As global energy demand continues to grow, the world needs to expand its power output

through construction of new sources. However, as the UN’s Paris Agreement to reduce

greenhouse gas emissions came into effect in late 2016, there is now additional pressure

to ensure that these new energy sources are not only able to cope with global demand,

but also minimise carbon emissions[1]. Renewable sources such as solar and wind have

had significant technological improvements in recent years and are more cost-effective

than ever, but they are still beset by problems with supply reliability, which can leave

grids short of power if there is less sunshine or wind than expected[2].

Nuclear fusion offers an alternative low-carbon energy source with potentially abun-

dant fuel. However, fusion reactors must minimise the amount of harmful radioactive

waste they produce in order to be an attractive alternative to fission power. Even if

designing a reactor produces no waste requiring deep geological disposal may not be

feasible in the short-term[3, 4], it is still desirable that elements used in reactor ma-

terials should produce only intermediate-level waste that is as short-lived as possible.

Such a scenario may allow for fusion waste to be recategorised as separate from fission

waste (see Nicholas et al.[5] for further discussion).

This criteria necessitates the use of low-activation alloys, made from elements that

will not remain radioactive for extended periods of time after exposure to fusion neu-

trons.
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Figure 5.1: Time taken to reach low-level waste after 14 years of pulsed operation in
the DEMO divertor. Taken from [3].

Figure 5.1 shows the time taken for elements to reach specific radioactivity levels

that can be classified as low-level waste according to UK legislation1 if the element was

used in the divertor of a DEMO (the planned full-power demonstration fusion reactor)

reactor design for 14 years of pulsed operation[3]. In order to minimise the long-lived

waste produced, it is desirable that any new structural materials for fusion reactors

only use elements that generate short-lived waste. Certain elements that are commonly

used for nuclear structural applications (e.g. Ni or Zr) may be unacceptable from a

waste-management perspective.

Previous work on the V-Cr-Mn and Ti-V-Cr-Mn alloy systems by the authors has

confirmed that a range of compositions are capable of forming a single BCC solid

solution phase at 1200 ◦C[6]. A single phase is desirable for irradiation resistance (as

opposed to a microstructure comprising significant fractions of two or more phases,

since differential irradiation damage across them is likely to cause issues), so any alloy

used for fusion applications should exist as a stable single phase across the operating

temperature range of a fusion reactor. The operating temperature will be limited by

the materials used in the structural components. It is also desirable that the operating

temperature is as high as possible to improve thermodynamic efficiency[7]. Any single-

phase microstructure must also be shown to be at thermodynamic equilibrium at the

desired operating temperature. Many compositionally complex alloys appear stable at a

given temperature after short-term ageing (and are reported as such in literature[8, 9]),

when longer-term ageing results in a decomposition into a multi-phase microstructure.

Many components inside a fusion reactor will remain at elevated temperatures for

extended periods of time (although the exact length will depend on reactor design and

1<4 MBq/kg alpha activity or <12 MBq/kg beta + gamma activity.
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operation), so it is important that any materials used remain microstructurally stable

across these timescales.

This study aims to investigate the long-term phase stability of the alloys presented

in the previous work[6] by heat treating the alloys for periods of time up to several weeks

at fusion relevant temperatures: 600, 800 and 1000 ◦C. The resulting microstructures

will then be characterised using secondary electron microscopy (SEM), transmission

electron microscopy (TEM), and X-ray diffraction (XRD) to assess thermodynamic

stability. Microhardness will also be assessed and correlated with microstructure. The

relationship between interstitial content and alloy properties will be investigated. Some

conclusions will be drawn regarding the relationship between interstitial content and

alloy properties.

5.2 Method

Eight alloys were fabricated as ingots weighing approximately 25 g using an arc melting

process in an argon atmosphere (see Table 4.2). The ingots were inverted and remelted

three times to ensure homogeneity. Sections of each ingot were cut off, wrapped in

tantalum foil, and then encapsulated in quartz ampoules backfilled with low pressure

argon. These samples then underwent a homogenisation heat treatment at 1200 ◦C

for 100 hours, before quenching in water. From these homogenised samples, further

sections of the ternary and quaternary alloys were cut for ageing at 600, 800 and

1000 ◦C. Three samples were held at each ageing temperature for 1000 hours. A V-

4Cr-4Ti reference sample was also heat treated using the same procedure at 1200 ◦C

for 100 hours.

Nominal Measured (EPMA)
V Cr Mn Ti V Cr Mn Ti
60 20 20 - 63.04 ± 0.07 20.58 ± 0.03 16.39 ± 0.09 -
40 20 40 - 39.40 ± 0.24 21.60 ± 0.17 39.01 ± 0.08 -
40 40 20 - 41.08 ± 0.22 43.20 ± 0.35 15.73 ± 0.14 -

33.33 33.33 33.33 - 32.80 ± 0.28 35.53 ± 0.29 31.68 ± 0.04 -
33 33 33 1 42.03 ± 0.03 40.89 ± 0.05 15.69 ± 0.07 1.38 ± 0.01

32.67 32.67 32.67 2 35.82 ± 0.16 36.08 ± 0.15 25.10 ± 0.11 3.00 ± 0.42
32 32 32 4 34.53 ± 0.02 32.09 ± 0.02 27.92 ± 0.02 5.45 ± 0.05

30.67 30.67 30.67 8 35.84 ± 0.18 29.95 ± 0.12 25.52 ± 0.03 8.68 ± 0.32

Table 5.1: Measured alloy compositions (determined using wavelength dispersive spec-
troscopy) compared with their nominal values. Values are in at.% with absolute stan-
dard errors shown[6].

CALPHAD results were obtained by using Thermocalc 2021a with a high-entropy

alloy database (TCHEA4) and a ferrous alloy database (TCFE10). The ferrous database,
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although not strictly appropriate for performing calculations on alloys not containing

Fe, was used as it was capable of assessing O and S interstitial impurities. All ternary

and quaternary alloys were evaluated using both databases between temperatures of

200 and 2000 ◦C. Measured compositions were assessed, with and without interstitial

impurities (C, N, O and S in the TCFE10 database; C and N in the TCHEA4 database)

as the presence of interstitial elements is known to be the cause of certain microstruc-

tural features in this suite of alloys[6]. Interstitial impurity contents were known for

some alloys (see below). For the alloys where interstitial content was not known, an

average of the measured values was used as an estimate.

Secondary electron microscopy (SEM) specimens were prepared using standard met-

allographic techniques. The final polish was performed with a 0.04µm oxide polishing

suspension. Back scattered electron (BSE) images and energy dispersive X-ray (EDX)

spectra were obtained using a Zeiss Ultra55 microscope at 10 kV with an Oxford In-

struments EDX detector. SEM-EDX quantification was performed using the AZTEC

software. Electron back-scattered diffraction (EBSD) was performed using a Zeiss

Sigma electron microscope with Oxford Instruments EDX and EBSD detectors. Vick-

ers hardness measurements were taken with a load of 9.8 N and dwell time of 10 s using

a Matsuzawa MMT-X indenter. Nine microhardness measurements were made spaced

0.5 mm apart in a three by three grid formation. Thin foils were prepared via the

focused ion beam (FIB) in-situ lift-out method[10] using an FEI Nova Nanolab 600

dual beam SEM/FIB, operated at 30 kV and with a Ga+ beam current of 10 pA –

9 nA. A FEI Talos F200 TEM with a 200 kV X-FEG was used to produce annular dark

field (ADF) images, EDX maps (using Super X EDX with four silicon drift detectors),

and selected area electron diffraction (SAED) patterns. TEM-EDX quantification was

performed using the Velox software.

A selection of samples in the homogenised state were sent for external analysis to

determine C, N, O and S content using LECO infrared combustion analysers. The

surface of the samples was ground away to ensure no oxide film was present before

analysis. Two reference samples of V-4Cr-4Ti have also been included for comparison.

One was a highly purified sample in its as-received state from the Culham Centre for

Fusion Energy, having undergone refinement processes described in Ref. [11]. The other

sample was the as-received V-4Cr-4Ti which was subject to the same homogenisation

process as the other alloys.
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5.3 Results

5.3.1 CALPHAD

Using the TCHEA4 database, CALPHAD results predicted the formation of a single

BCC phase at high temperatures for all the ternary alloys, as seen in fig. 5.2. Some

sigma phase is predicted to form below 600 ◦C for the higher Mn ternary alloys. In

the quaternary alloys some Laves and sigma phases are predicted for temperatures as

high as around 600 ◦C for V-30Cr-26Mn-9Ti. None of the alloys, in their interstitial-

free states, are predicted to form anything other than a BCC phase in the range of

temperatures studied in this work, with the exception of V-30Cr-26Mn-9Ti.

Fig. 5.3 shows how the predicted phases change when including C and N intersti-

tial impurity atoms (O was not included in the database) in the calculation performed

using TCHEA4. A wide variety of new phases are predicted in both the ternary and

quaternary alloys containing the impurities. When C and N impurities (the concentra-

tions of which were determined by LECO analysis) are included in the calculation, the

phases present in the ternary alloys increase in number to include vanadium carbides

and nitrides, which were not observed in the samples. A zeta phase is also predicted at

lower temperatures, but again outside the range of study. For the quaternary alloys,

titanium carbonitrides are predicted in lieu of their vanadium counterparts. Carbides

and carbonitrides are predicted in all alloys between 600 and 1000 ◦C in sub-percent

quantities. Sigma and Laves phases are expected in the same fractions and temperature

ranges as their interstitial-free equivalents.

The same calculations were also run using TCFE10, a ferrous alloys database

(shown in Supp. Figs. 5.15 and 5.16). The Laves and Sigma phases were still pre-

dicted to form at roughly the same temperatures and fractions for all alloys, with the

only difference in predictions caused by O and S being added to the assessed elements.

Including O led to the prediction of VO in the ternary alloys, whereas including S led

to very small proportions of MnS and Ti4C2S2 phases being predicted.

5.3.2 Microstructure

Figs. 5.4 to 5.7 show BSE images of the four ternary V-Cr-Mn alloys after heat treat-

ment. Most of the alloys showed limited microstructural changes from the homogenised

state (Figs. 5.4,5.6, and 5.7(a)), which was previously identified to be a single-phase

BCC matrix with MnV2O4 precipitates formed from oxygen impurities[6]. Fig. 5.5

indicated some slight microstructural changes in V-22Cr-39Mn with long, thin precip-

itates appearing in the aged samples (b) to (d). EDX and EBSD indicated that these

morphologically distinct precipitates had the same crystal structure and chemistry as

the precipitates in the other ternary alloys (see Supp. Fig. 5.18).
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Figure 5.2: Phase proportions of alloys with no interstitial impurities, determined by
CALPHAD using the TCHEA4 database. Temperatures of study are marked with
dashed lines.
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Figure 5.3: Phase proportions of alloys containing both C and N impurities, determined
by CALPHAD using the TCHEA4 database. Temperatures of study are marked with
dashed lines.
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Figs. 5.8 to 5.11 show BSE images of the quaternary alloys heat treated in the same

manner as the ternary alloys. Alloys V-41Cr-16Mn-1Ti and V-36Cr-25Mn-3Ti again

show a single-phase matrix with small precipitates in all four heats. The only change in

microstructure appears to be a slight coarsening of the precipitates in V-41Cr-16Mn-

1Ti. EDX indicated that these precipitates were rich in Ti and presumably the same

Ti[C,O,N] precipitates observed in the homogenised state[6].

Alloys V-32Cr-28Mn-5Ti and V-30Cr-26Mn-9Ti showed more significant microstruc-

tural changes with respect to ageing temperature. Three different precipitates are ob-

served: one denoted white (W), which only appears in the 1000 ◦C heats, and two other

types, denoted dark grey (DG) and light grey (LG), which appear at all three ageing

temperatures (Figs. 5.10 and 5.11). Tables 5.2 and 5.2 show the results of SEM and

TEM EDX quantification of the precipitates. Some discrepancies between SEM and

TEM results were noted, possibly due to the SEM interaction volume overlapping into

regions that contained a different phase. SEM-EDX indicated the white precipitates

were enriched in Ti and Mn relative to the matrix. The dark grey precipitates were

chemically similar to those observed in the lower at%Ti alloys. The light grey precipi-

tates were also enriched in Ti, but also showed an increase in Mn, N and S relative to

the matrix.

SAED were utilised to identify these new precipitates. Fig. 5.12 shows TEM-EDX

maps of a FIB foil taken from a region of alloy V-30Cr-26Mn-9Ti treated for 1000 hours

at 1000 ◦C that contained all three precipitates, for the purpose of characterising them.

TEM-EDX was used to match regions of the foil to their respective precipitates. (Fig.

5.12(a)-(f)). Electron diffraction patterns for W and DG precipitates and the matrix,

are shown in Fig. 5.12. The matrix was BCC (a = 3.0±0.1 Å), dark grey was FCC

(a = 4.1±0.1 Å)), and white was hexagonal (a = 4.8±0.1 Å and c = 7.0±0.1 Å). The

diffraction pattern for the light grey precipitate could not be indexed. EBSD results

showed that the W precipitates were hexagonal, but the other precipitates were not

able to be indexed (see Supp. Fig. 5.17).

A FIB foil taken from V-32Cr-28Mn-5Ti aged for 1000 hours at 1000 ◦C used the

same approach to identify the precipitates and found similar chemistries and lattice

parameters. Furthermore, the diffraction pattern of a light grey precipitate was indexed

as FCC with a lattice parameter of approximately 11.8±0.5 Å. Difficulty obtaining good

diffraction patterns contributed to the low precision of this measurement.

FIB foils of alloys V-32Cr-28Mn-5Ti and V-30Cr-26Mn-9Ti aged at 600 and 800 ◦C

were also investigated. Both light grey and dark grey precipitates had similar com-

positions and identical lattice parameters to their counterparts in the 1000 ◦C aged

samples. Interestingly, the white phase was observed in the V-30Cr-26Mn-9Ti samples

in the form of sub-micron precipitates that were found adjacent to light grey particles,

despite not being observed under SEM.
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Figure 5.4: BSE images of V-21Cr-16Mn (a) homogenised at 1200 ◦C for 1000 hrs (b)
aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.

Overall, the lattice parameters of the white precipitates suggested a C14-Laves

phase, and the chemistries implied it was TiMn2 with significant deviations from ideal

stoichiometry. The dark grey phase comprised mostly of Ti and also showed high

quantities of N and O which were not included in the quantification due to large errors

in fitting the X-ray peak data (see Supp. Fig 5.20), and had a lattice parameter

consistent with Ti-[C,O,N] precipitates observed in the homogenised alloys[6]. The

light grey phase contained high amounts of Ti, N (not quantified) and S, with an

FCC lattice (a = 11.8 Å). The relatively high proportions of Ti and N and the lattice

parameter were similar to nitrides found in the Ti-Ni-Al-N system[12].
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Figure 5.5: BSE images of V-22Cr-39Mn (a) homogenised at 1200 ◦C for 100 hrs (b)
aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.

Figure 5.6: BSE images of V-43Cr-16Mn (a) homogenised at 1200 ◦C for 100 hrs (b)
aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.
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Figure 5.7: BSE images of V-36Cr-32Mn (a) homogenised at 1200 ◦C for 100 hrs (b)
aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.

Figure 5.8: BSE images of V-41Cr-16Mn-1Ti (a) homogenised at 1200 ◦C for 100 hrs
(b) aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.
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Figure 5.9: BSE images of V-36Cr-25Mn-3Ti (a) homogenised at 1200 ◦C for 100 hrs
(b) aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.

Figure 5.10: BSE images of V-32Cr-28Mn-5Ti (a) homogenised at 1200 ◦C for 100 hrs
(b) aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.
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Figure 5.11: BSE images of V-30Cr-26Mn-9Ti (a) homogenised at 1200 ◦C for 100 hrs
(b) aged at 600 ◦C for 1000 hrs (c) aged at 800 ◦C for 1000 hrs (b) aged at 1000 ◦C for
1000 hrs.

Precipitate composition / at%
ppt Method S Ti V Cr Mn
W SEM 0.08±0.02 29.4±0.1 10.4±0.1 18.3±0.1 41.9±0.1
W TEM 0.12±0.01 29.5±5.3 18.7±3.3 20.4±3.6 31.4±5.6
LG SEM 1.9±0.1 43.7±0.6 6.5±0.4 15.3±3.9 32.5±2.3
LG TEM 1.53±0.2 49.5±9.4 7.5±1.4 11.6±2.2 29.9±5.7
DG SEM 0 79.4±0.7 0.6±0.4 20.0±3.8 0
DG TEM 0 74.6±16.2 10.5±2.3 8.1±1.8 6.8±1.5

Table 5.2: Precipitate compositions for V-32Cr-28Mn-5Tiaged at 1000 ◦C. C, N, and
O X-ray peaks were not included in the quantification.

Precipitate composition / at%
ppt Method S Ti V Cr Mn
W SEM 0±0.04 26.0±0.1 16.1±0.1 21.0±0.2 37.0±0.2
W TEM 0.03±0.03 29.6±0.1 12.4±0.1 19.7±0.1 38.3±0.1
LG SEM 2.2±0.4 44.9±3.2 11.7±2.2 14.8±1.7 26.4±3.1
LG TEM 4.8±0.7 61±12.3 3.9±0.8 8.3±1.7 21.6±4.4
DG SEM 0.1±0.1 62.8±0.5 4.2±0.4 10.2±3.6 22.8±1.9
DG TEM 0.8±0.4 66.2±13.6 14.9±3.1 10.9±2.3 7.3±1.5

Table 5.3: Precipitate compositions for V-30Cr-26Mn-9Tiaged at 1000 ◦C. C, N, and
O X-ray peaks were not included in the quantification.
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(a) Bright field image (b) Ti map (c) V map

(d) Cr map (e) Mn map (f) C map

(g) N map (h) O map (i) S map

(j) Diffraction pattern of ma-
trix

(k) Diffraction pattern of re-
gion DG

(l) Diffraction pattern of re-
gion W

Figure 5.12: TEM-EDX map and diffraction patterns from V-30Cr-26Mn-9Ti aged for
1000 ◦C for 1000 hours.
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Figure 5.13: Vickers hardness variation for each heat treatment of the alloys. Error
bars show the standard deviation in the measurements taken.

5.3.3 Microhardness

Microhardness data are presented in Fig. 5.13, which shows no apparent relation be-

tween heat treatment conditions and hardness. There are significant variations between

the various heat treatments of a single alloy, which may be explained by differences

in interstitial content, which is known to have a noticeable effect on the mechanical

properties of vanadium alloys[13] (see Section 4.3.2).

5.3.4 Impurity analysis

Results of the elemental analysis are shown in Table 5.4. Oxygen is by far the most

prevalent impurity element in all of the alloys, and appears to be correlated with

alloy vanadium content (Fig. 5.14) in the homogenised alloys. Vanadium has a high

solubility of oxygen relative to other metals[14, 15], which may explain the relationship.
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Figure 5.14: Variation of oxygen concentration with vanadium content. As-received
V-4Cr-4Ti sample in orange.

Impurity content / wt%
Alloy C N O S
V-21Cr-16Mn 0.003 0.008 0.305 0.008
V-22Cr-39Mn 0.002 0.003 0.228 0.006
V-36Cr-32Mn 0.004 0.003 0.203 0.009
V-41Cr-16Mn-1Ti 0.007 0.004 0.209 0.012
V-36Cr-25Mn-5Ti 0.012 0.004 0.117 0.015
V-4Cr-4Ti (as-received) 0.009 0.005 0.324 0.001
V-4Cr-4Ti (homogenised) 0.009 0.007 0.044 0.002

Table 5.4: Impurity content of alloys measured by LECO analysis.
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5.4 Discussion

5.4.1 Microstructure & CALPHAD predictions

5.4.1.1 Ternary alloys

The results indicate that no significant microstructural evolution of the alloys occurred

during thermal ageing at the temperatures studied for times of up to 1000 hours in five

of the eight compositions studied. Out of ternary alloys, only V-22Cr-39Mn showed

a noticeable change in microstructure. The more round particles in this alloy appear

at grain boundaries, whereas the long, thin precipitates seem to appear inside grains.

However, these morphologically distinct precipitates do not appear to change in char-

acter between ageing treatments and appeared to be the same phase as the more round

precipitates in the same alloy and the other ternary alloys. Any precipitate evolution

might be problematic from a fusion perspective, rendering V-22Cr-39Mn unsuitable

for such applications. However, as the precipitates are caused by interstitial impuri-

ties, control of these elements may prevent the observed microstructural changes from

occurring.

In the case of interstitial-free ternary alloys, CALPHAD successfully predicts that

a single BCC phase will be present across all temperature ranges (Fig. 5.2). Although

sigma phase is predicted to precipitate at lower temperatures (< 600 ◦C) in alloys with

higher Mn content, these temperatures are outside the range of this study. The main

discrepancy between the CALPHAD predictions and observed microstructures are the

MnV2O4 precipitates, but as the TCHEA4 database does not include oxygen, it clearly

could not have been predicted.

5.4.1.2 Quaternary alloys

The two alloys with lower Ti content (V-41Cr-16Mn-1Ti and V-36Cr-25Mn-3Ti) dis-

played good thermal stability. The only microstructural change observed was a coarsen-

ing of the Ti-[C,O,N] precipitates in V-41Cr-16Mn-1Ti. The fact that these precipitates

are still present at 1200 and 1000 ◦C in all Ti-containing alloys is somewhat notable

as equivalent precipitates in V-4Cr-4Ti alloys will dissolve at these temperatures[16].

CALPHAD predictions indicate this may be due to Mn acting as a stabiliser for these

particles, as dissolution temperature seems to increase with Mn content (Fig. 5.3).

CALPHAD results for V-4Cr-4Ti predicted a much lower dissolution temperature of

around 800 ◦C for the Ti-[C,N] precipitates (see Supp. Fig. 5.19) relative to the alloys

studied here.

The two alloys with the higher Ti (V-32Cr-28Mn-5Ti and V-30Cr-26Mn-9Ti) con-

tent did exhibit evidence of new phases, such as the TiMn2 Laves phase and possibly

a nitride, forming after heat treatment at fusion relevant temperatures, potentially
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rendering them unsuitable for use in a fusion environment. Another study examining

the TiVCrMnFe system found that increased Ti content promoted the formation of

the Laves phase, with 20 at.% Ti leading to a Laves phase fraction of greater then

50%[17]. The appearance of these phases only at higher Ti concentrations is not neces-

sarily an issue from an alloy design perspective. Low Ti content (< 1wt%) is sufficient

for suppressing void swelling in vanadium fusion alloys[18]. Due to variations in the

alloy composition from the arc-melting process, the Mn content of the Laves-forming

quaternaries is higher than those that don’t form Laves. As the Laves phase appears

to be Mn2Ti, it is likely that this increased Mn content is an additional driver for the

formation of the Laves phase. For V-30Cr-26Mn-9Ti aged at 600 and 800 ◦C, a prob-

able reason for the observation of the Laves phase in the TEM and not in the SEM is

that the particles that were detected in the FIB foil were less than a micron in size and

were either adjacent to or partially surrounded by larger light-grey type precipitates.

There appears to be some sort of connection between the Laves phase and the unknown

nitrides. They are compositionally similar (showing high Ti and N content relative to

the matrix) and often appear adjacent to each other if present in the same alloy.

This alloy system also shows reasonable agreement with CALPHAD predictions

without interstitials (Fig. 5.2). Alloys V-41Cr-16Mn-1Ti and V-36Cr-25Mn-3Ti show

complete agreement across the range of temperatures studied (i.e. a single BCC phase).

Ti-[C,O,N] type precipitates do appear in the microstructures but are not predicted

due to these calculations not including C or N. A deviation from prediction does occur

for alloys V-32Cr-28Mn-5Ti and V-30Cr-26Mn-9Ti. CALPHAD predicts a single BCC

phase across almost the entire temperature range (with the exception of a few % of

Laves forming at 600 degree C in V-30Cr-26Mn-9Ti). However, in practice, the Laves

phase forms at 1000 ◦C for both V-32Cr-28Mn-5Ti and V-30Cr-26Mn-9Ti. It also

forms in very small quantities at 600 and 800 ◦C in V-30Cr-26Mn-9Ti. Given that O

is not included in this database, it is fair to say that the predictions of the CALPHAD

calculations with interstitials are generally accurate if the predicted Ti[C,N] phase is

treated analogously to the Ti[C,O,N] phase seen in practice.

5.4.2 Microhardness & impurities

As discussed in a previous work[6], the solid solution strengthening from introducing

Ti may outweigh the softening effect of gettering interstitials in the Ti-containing

alloys, leading to an overall hardening of these alloys relative to the ternary system.

V-21Cr-16Mn is an exception, which is harder than all of the quaternary alloys in the

as-cast state. It also has the highest concentration of interstitials, shown in Table 5.4.

Interstitial impurities are known to harden vanadium alloys[13], so this is a possible

source of the anomalous hardness. The presence of new phases in alloys V-32Cr-28Mn-



5.4. DISCUSSION 149

5Ti and V-30Cr-26Mn-9Ti does not appear to have had any systematic effect on the

microhardness properties of these alloys.

The source of these interstitial impurities present in these alloys was investigated

using the V-4Cr-4Ti reference sample. Comparing the highly purified V-4Cr-4Ti sam-

ple to one that had been homogenised under the same conditions as the alloys studied

here reveals a greatly increased oxygen content. Therefore, as might be expected,

the homogenisation procedure and subsequent heat treatments (which used the same

method) are likely to have introduced additional impurities to the alloys, potentially

altering their properties despite best efforts to mitigate against this.

5.4.3 Fusion applications

As seen in Section 5.4.1, the alloy systems seem to possess good thermal stability at a

range of fusion relevant temperatures. Only when Ti is present above a few at% or Mn is

present above equiatomic proportions is any sort of microstructural evolution observed.

Even still, many of the changes seen occur in phases that arise as a consequence of the

alloys interstitial content rather than their principal constituents. Of course, phases

that are produced by interstitials are not inconsequential and are utilised in most

candidate fusion structural materials, but their presence is well controlled through

processing routes.

However, there are many other factors that must be considered before a serious

justification is made for using these alloys in a fusion context. Foremost of which will

be the structural properties of these alloys. Although not quantitatively determined,

the brittleness observed when handling and preparing these alloys would limit their

usefulness in structural applications. It is not yet known if this brittleness is inherent

to such a highly alloyed refractory BCC material, or if interstitials play a significant

role. Furthermore, the effects of radiation on these alloys must be assessed. Some V-

based alloys have exhibited significant (and undesirable) irradiation swelling, but this

seems to be mitigated by the addition of Ti[19, 20].

As previously mentioned, the neutronic properties of the majority elements of these

alloys render them acceptable from a long-term recycling and disposal standpoint.

However, there other safety issues pertaining to element choice in fusion reactors that

shall be touched upon here. Analyses by Piet et al.[21, 22] gave an overall score for each

element in the periodic table based on structural and biological safety considerations

in the event of an accident. According to those studies, Mn is the element contained

in these alloys that is of greatest concern. This is due to its particularly high short

term decay properties, which could pose a radiological hazard from the dose released

if an accident were to occur. Furthermore, the large temperature rises accompanying

the decay heat could lead to further exposure to harmful materials. However, the same
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analysis reveals that elements such as W score equally as poorly, so such findings do

not necessarily preclude the use of an element in a reactor.

5.5 Conclusions

1. V-Cr-Mn alloys were found to possess thermal phase stability across a range of

fusion-relevant temperatures, from 600 to 1000 ◦C.

2. CALPHAD predictions were generally accurate for most compositions, predict-

ing a predominantly BCC microstructure across the range of temperatures in-

vestigated. It also correctly predicted the higher temperature of dissolution for

Ti-[C,N] precipitates in these alloys relative to V-4Cr-4Ti.

3. Laves phase appears in some Ti-V-Cr-Mn alloys after ageing at 1000 ◦C, which is

not predicted by Thermocalc CALPHAD databses. This behaviour is suppressed

in alloys with reduced Ti content.

4. Another phase appeared at all three ageing temperatures studied in the higher

Ti concentration alloys that is enriched in N, S, and Ti.

5. No significant changes in hardness measurements were observed after ageing

treatments.

6. Impurity content varied considerably between samples. This is thought to be

introduced in the homogenisation and heat treat processes, and may have an

effect on alloy properties.

7. Most alloys were stable in fusion relevant temperature regimes, with no mi-

crostructural evolution observed.
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Figure 5.15: Phase proportions of alloys containing both C and N impurities,
determined by CALPHAD using the TCFE10 database. Temperatures of study
are marked with dashed lines.
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Figure 5.16: Phase proportions of alloys containing both C and N impurities,
determined by CALPHAD using the TCFE10 database. Temperatures of study
are marked with dashed lines.
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Figure 5.17: EBSD and EDX maps of V-30Cr-26Mn-9Ti heat treated at 1000 ◦C for
1000 hours. Note: BCC matrix and C14 Laves have been indexed by the software as
Iron BCC and Fe2Ti respectively.
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Figure 5.18: EBSD and EDX maps of V-22Cr-39Mn heat treated at 800 ◦C for 1000
hours.
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Figure 5.19: Phase proportions of V-4Cr-4Ti alloys with and without interstitial impu-
rities, determined by CALPHAD using the TCHEA4 database. Temperatures of study
are marked with dashed lines.
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Figure 5.20: Low-energy TEM-EDX spectrum from V-30Cr-26Mn-9Ti N-rich region.
Note the poor adherence of the peak model to the peak data.
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5.7 Additional discussion

5.7.1 XRD

To check if there were any changes or evolution of the BCC phase, XRD measurements

for each heat treatment were taken with a PANalytical X’Pert Pro diffractometer.

Lattice parameter measurements were obtained by refining a BCC lattice to fit an XRD

diffraction pattern using the HighScore Plus software. No significant changes between

heat treatments were observed outside what would be considered experimental scatter

(Fig. 5.22).

XRD data showed no evolution in lattice parameter for any of the alloys across

the heat treatments performed. However, a consistent lattice parameter is not, in

itself, evidence of a stable microstructure in the alloys studied here. Given how lattice

parameter changes very little with ageing (see Fig. 5.22), depletion of a metallic element

(or elements) from the matrix phase into a new phase would not significantly affect the

lattice parameter. Observed variations in lattice parameter could perhaps be explained

by the introduction of interstitial impurities into the matrix during the heat treatment

process, with a 0.1 wt% increase in interstitial O and N corresponding to a 0.01 Å

increase in lattice parameter[1]. The lattice parameters also appear to be approximately

proportional to the average atomic radii of the alloy (Fig. 5.21). The exception is V-

21Cr-16Mn, which has a lattice parameter significantly higher than would be expected

for its atomic radius. This may be explained by a higher O content. However, lattice

parameters for concentrated multi-component alloys do not obey Vegard’s law, so it

is possible that this deviation would occur without interstitials. Furthermore, the

apparently reduced volume fraction of O-containing precipitates suggests that a greater

proportion of the O contained in the alloy is in the form of interstitials, rather than in

a separate phase, leading to a larger lattice parameter. Figure 5.23 shows the result

of wide-area (1×1 mm) EDX scans performed on the XRD samples (also including

additional, shorter heat treatments that were not included in this study). There is

little variation in the composition of the samples subjected to each heat treatment

(i.e., there was not much through-ingot segregation).
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Figure 5.21: Lattice parameter variation with average atomic radius.
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Figure 5.23: Chemical compositions of the heat treated alloys determined by EDX (a)
V-21Cr-16Mn (b) V-22Cr-39Mn (c) V-43Cr-16Mn (d) V-36Cr-32Mn (e) V-41Cr-16Mn-
1Ti (f) V-36Cr-25Mn-3Ti (g) V-32Cr-28Mn-5Ti (h) V-30Cr-26Mn-9Ti.
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5.7.2 Ordered phase

Also of note is the discovery of an ordered CsCl-type phase in V-Mn and V-Cr-Mn

alloys by Suzuki and Hagiwara[2, 3] in the 1970s. Studies of the binary V-Mn sys-

tem showed that the transition temperature, below which the ordered phase is stable,

drops parabolically with deviation from the equiatomic composition. The transition

temperature also drops in a similar manner with increasing Cr content. As the ternary

alloys studied here have V:Mn ratios that deviate significantly from the equiatomic

composition, as well as significant concentrations of Cr, the transition temperature

will be suppressed, possibly below the range of this study. To verify this ordered phase

was not present, anomalous scattering XRD was utilised (as in Suzuki et al.[2] and

Hagiwara et al.[3]) to check for the existence of ordered phase reflections, which would

ordinarily be imperceptible using normal XRD due to the small differences in atomic

scattering factor between V, Cr and Mn. However, due to the very small size of the

sample (V-22Cr-39Mn chosen due to its relatively high Mn and low Cr content, making

it the most likely to form the ordered phase) and the limited diffractometer time, the

patterns obtained were not conclusive and contained substantial amounts noise and

fluorescence effects.

Additional references

[1] Paluri Bhimeswara Rao. “The lattice constants of chromium and vanadium
containing dissolved gases dissolved gases”. PhD thesis. Missouri University of
Science and Technology, 1960.
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Manuscript

Abstract

Under normal operating conditions, the structural materials in a fusion reactor

will not be exposed to oxygen at high temperatures. However, in the event of an

accident, high temperature oxidation could occur. It is therefore desirable that

alloys used in fusion environments are able to adequately resist high tempera-

ture oxidation in the interests of safety. A suite of low-activation, multi-principal

component alloys have been oxidised at temperatures of 600, 650 and 700 ◦C for
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times of 10, 100 and 1000 hours. Weight and thickness gain measurements show

improved oxidation performance in this temperature range relative to V-4Cr-4Ti,

another candidate alloy. Oxidation behaviour is modelled and qualitatively as-

sessed. Increased Cr content was found to positively impact oxidation resistance,

as was the introduction of Ti.

6.1 Introduction

Nuclear fusion offers the prospect of generating large amounts of energy by using

abundant resources as fuel while producing no carbon emissions. It would also generate

a constant amount of power, unlike less predictable renewable sources. It also has

advantages over conventional nuclear fission plants in that it produces much shorter

lived and less radioactive waste.

However, for the advantages of less active waste to be realised, the materials used in

a fusion reactor must themselves consist of elements that produce short-lived isotopes

when exposed to a fusion neutron spectrum. It is for this reason that considerable

effort has been devoted to developing reduced activation materials, composing wholly

of elements with favourable activation properties. These materials include ferritic-

martensitic steels, oxide-dispersion strengthened steels, vanadium alloys, tungsten al-

loys; and more recently, multi-principal component alloys.

Aside from being low-activation, materials must also be microstructurally stable

in the extreme thermal and neutronic environments found within a fusion reactor.

Additional constraints on mechanical properties are imposed on structural materials,

and likewise with corrosion properties and coolant-facing materials in the blanket (the

exact nature of which will depend on blanket design).

So far, these are all requirements borne from the expected conditions inside a fusion

reactor throughout normal operation. However, the conditions experienced during

unexpected accidents must also be considered. A loss-of-coolant accident (LOCA)

could lead to high temperatures persisting in the reactor structure for weeks[1]. If a

LOCA occurred in conjunction with a vacuum leak, the ingress of air exposed to high

temperature alloys could result in severe oxidation.

Oxidation of materials could lead to several new hazards that would be severely

detrimental to the safety case of a fusion reactor. If an oxide with a melting point lower

than the temperature of components during an accident were to form, this could lead

to a runaway reaction where melted oxide melts away, exposing fresh material to react

with oxygen. Not only would this lead to damage of the structural components, but it

could also cause volatilisation of the oxide species. Given these species would contain

radioactive material due to neutron activation, their release into the atmosphere could

be potentially disastrous.
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There is a growing body of literature dedicated to investigating and mitigating

the effects of a LOCA and air ingress event in tungsten, the plasma-facing material

of choice for ITER (the largest fusion reactor to date). Early research found that

radiation release for oxidised tungsten from a LOCA would be unacceptably high and

suggested avoiding the use of tungsten[2]. More recently, effort has been devoted to

developing new alloys that can mitigate the undesirable oxidation behaviour[3, 4, 5].

So-called “self-passivating” or “smart” tungsten alloys allow the desirable func-

tional properties of tungsten, such as high melting point and low sputtering rate, to

be retained while inhibiting oxidation in the event of an accident. By alloying with

elements such as Cr, Ti and Y to W, the alloy will form a protective oxide film that

grows far more slowly and is more strongly adhering to the bulk under accident condi-

tions. During normal reactor operation, the lighter elements will sputter away, leaving

a thin layer that is mostly W and possesses the desirable functionality that pure W

gives. Under accident conditions, this thin layer will rapidly oxidise and spall away,

exposing the alloyed bulk which will then produce a much more adhesive oxide[4, 6].

Note that this responsive behaviour is only necessary in plasma-facing components.

For non-plasma-facing components within the reactor that have a surface that may be

exposed to oxygen in a leak, it would be sufficient to simply have a strong and stable

oxide that forms under accident conditions. For reduced activaton ferritic-martensitic

(RAFM) steels, which are considered the leading candidate structural materials for

fusion reactors, limited work has been done on their oxidation behaviour at accident

relevant temperatures, although there exists some research on their atmospheric oxi-

dation[7]. There is a larger body of work on the oxidation of fission relevant ferritic-

martensitic steels, although this is mostly focused on steam environments[7, 8, 9], with

limited research on oxidation in air[10, 11].

Vanadium alloys are arguably the second most advanced class of materials consid-

ered for fusion structural applications. In an early study, the oxidation of V-4Cr-4Ti

and V-5Cr-5Ti in air or pure O2 had to be investigated at temperatures of 620 ◦C or

less to avoid the melting of the oxide V2O5 (Tm = 670 ◦C)[12]. A later study using

a different methodology was able to quantify oxidation in air at higher temperatures,

and also found a much increased reaction rate between 600 and 700 ◦C for the same al-

loys[13]. For most alloys, weight gain did not alter significantly between 700 and 900 ◦C,

with the exception of V-4Cr-10Ti and V-4Cr-4Ti, which could not be measured due to

melting of the surface oxide.

Another consequence of the oxidation of vanadium alloys is the potential for embrit-

tlement. Specimens that were oxidised to form a scale, then annealed under vacuum

were found to undergo significant loss in ductility due to the oxide films acting as a

source for interstitial O, which causes embrittlement in vanadium alloys[14]. A more

chemically stable and adherent oxide film may be able to prevent this ingress of oxygen,
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thus preserving the mechanical properties of the alloy in the event of an accident.

However, it is not just the accident-tolerance that may benefit from improved ox-

idation behaviour. Vanadium alloys require intensive refinement processes to remove

impurities for optimum properties[15, 16, 17, 18, 19]. Once these alloys have been

refined, they are either canned inside or thermally sprayed with a protective barrier of

stainless steel[17, 19]. This layer is to prevent oxidation and impurity pickup during

forging. For final annealing, the protective layers are removed, but annealing is still

performed under high vacuum (∼ 5 × 10−4 Pa). Such processing is economically in-

tensive and may limit the size of the ingots that can be fabricated. A more protective

oxide scale, while perhaps not entirely eliminating the need for impurity control mea-

sures, may reduce the magnitude of mitigating processes require (e.g. annealing that

can be performed under low vacuum, or hot rolling in air at reduced temperatures).

A suite of V-Cr-Mn and V-Cr-Mn-Ti alloys possessing good thermal stability have

recently been investigated as candidate fusion materials[20]. They generally possess

good thermal stability across a wide range of fusion relevant temperatures (see Chapter

5), with a single BCC phase comprising of the bulk of the microstructure between 600

and 1200 ◦C. Their high Cr content compared to other, less alloyed vanadium alloys

may offer improved oxidation resistance during accident scenarios, as Cr is known

to dramatically lower high-temperature oxidation rates in the V-Cr binary[21]. The

approach of using concentrated alloys is similar to that adopted in high entropy alloys

(HEAs). HEAs have recently garnered attention as potentially attractive prospects for

fusion structural materials and many candidate alloy system have emerged[22, 23, 24,

25, 26]. However, to the authors’ knowledge, there exists very limited work on the

oxidation of fusion HEAs, only focused on the TixWTaVCr system[27].

The range of temperatures studied here is in the range of 600 to 700 ◦C. This

range was chosen in part due to the rapid acceleration of oxidation behaviour observed

within this temperature range by Fujiwara et al[13]. From this perspective, this work

will inform whether the alloys studied offer improved performance near this apparent

threshold region for rapid oxidation. Another motivation for selecting this temperature

range is its applicability to predicted fusion reactor accident scenarios. Fig. 6.1 shows

how the temperature will evolve for components of a potential blanket design for a

DEMO reactor after a LOCA. The cooling plates, one of the main structural com-

ponents, are predicted to remain at temperatures between 600 and 700 ◦C for several

hours[28]. Another analysis of a LOCA scenario in a power plant reactor concept found

that the first wall of the reactor would remain at a temperature of between 600 and

900 ◦C for several weeks, although an estimate was not given for the blanket structural

materials[1].
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Figure 6.1: Temperature evolution of a helium-cooled pebble breeder blanket in the
European DEMO design after a LOCA. Li4SiO4 is the tritium breeding material, Be
is the beryllium neutron multiplier, CP is the cooling plates supporting the breeding
material, FW is the first wall, and BSS is back-supporting structure. Taken from Ref.
[28].

6.2 Method

Eight alloys were fabricated as ingots weighing approximately 25 g using an arc melting

process in an argon atmosphere (see Table 6.1). The ingots were inverted and remelted

three times to ensure homogeneity. Sections of each ingot were cut off, wrapped in

tantalum foil, and then encapsulated in quartz ampoules backfilled with low pressure

argon. These samples then underwent a homogenisation heat treatment at 1200 ◦C for

100 hours, before quenching in water. As a comparison, the oxidation experiments will

also be performed using a sample of V-4Cr-4Ti provided by the Culham Centre for

Fusion Energy, which has undergone thermomechanical processing as described in Ref.

[17], followed by the same homogenisation treatment as the other alloys.

After homogenisation, the alloys were sectioned off into thin slices approximately

5×5 mm in size and 0.3 mm in thickness, although exact shape and size of the samples

differed due to the shape of the original ingots. In the interests of maximising surface

area and thereby improving the precision of weight gain measurements, as well as to

conserve material, slices with irregular shapes were not cut to a standard size. The thin

edges of the samples were roughly ground away to remove any surface oxidation present

from previous heat treatments. Both sides of the samples were ground and polished to a

0.25µm finish using standard metallographic preparation techniques. Before oxidation

all samples were weighed using 0.1 mg precision scales. A photograph of the samples

was taken and the polished surface areas were measured using ImageJ software.
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Composition / wt%
Alloy V Cr Mn Ti C N O S
V-21Cr-16Mn balance 20.7 17.4 0.0 0.003 0.002 0.305 0.008
V-22Cr-39Mn balance 21.3 40.6 0.0 0.002 0.003 0.228 0.002
V-43Cr-16Mn balance 43.2 16.6 0.0 not measured
V-36Cr-32Mn balance 35.1 33.1 0.0 0.004 0.003 0.203 0.009
V-41Cr-16Mn-1Ti balance 40.9 16.6 1.3 0.007 0.004 0.209 0.012
V-36Cr-25Mn-3Ti balance 35.9 26.4 2.7 0.012 0.004 0.117 0.015
V-32Cr-28Mn-5Ti balance 32.0 29.4 5.0 not measured
V-30Cr-26Mn-9Ti balance 29.9 27.0 8.0 not measured
V-4Cr-4Ti balance 4.1 0.0 4.2 0.009 0.005 0.324 0.001

Table 6.1: List of alloys studied in this work. Primary component compositions deter-
mined using wavelength dispersive spectroscopy (WDS)[20] (except V-4Cr-4Ti, which
was measured using EDX), impurity compositions measured using LECO analysis (see
Chapter 5. Note: alloys are labelled by at% in the results for consistency with previous
work.

Oxidation was performed using a standard tube furnace exposed to atmospheric

air inside a fume hood. The samples were placed into ceramic boats and then moved

inside the tube to within the region where temperatures did not deviate from the

target temperature by more than 10 ◦C. The hot zone of the tube was determined

using a thermocouple. A silica wool bung was placed inside each end of the tube for

insulation but air flow into the tube was otherwise unimpeded and samples were left

to oxidise. When the experiment was complete, the hot samples were removed from

the furnace and left to cool in air.

Oxidation behaviour with respect to time was assessed by oxidising three sets of

samples at 650 ◦C for 10, 100, and 1000 hours. To assess the effect of temperature, a

further two experiments were performed at 600 and 700 ◦C for 10 hours.

Samples were then re-weighed using the same scales and cross-sectioned for analysis.

The cut samples were mounted in resin and the cross-sections were ground and polished

to a 0.04µm finish. The other half of the samples were retained to examine the oxide

surface in its as-oxidised state. The cross-sections were examined using a Zeiss Ultra55

secondary electron microscopy (SEM) at 10 kV with an Oxford Instruments energy

dispersive X-ray (EDX) detector and a TESCAN Mira3 SEM at 10 kV with an Oxford

Instruments EDX detector. EDX quantification and analysis was performed using the

INCA and AZTEC software packages.

Fitting the weight gain and thickness data was done using the SciPy package from

the Python programming language. Thickness measurements were taken at three dif-

ferent regions in the each sample, where the oxide scale appeared to be representative

of the sample’s behaviour.
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Figure 6.2: Weight gain variation with temperature. Arrows on top of bars indicate
volatilisation. An S under the bar indicates that the sample visibly spalled during
handling

6.3 Results

6.3.1 Weight gain

The weight gain for the samples, varying with temperature at constant time (10 hours),

is shown in Fig. 6.2. The oxide films of certain samples did undergo minor spallation

during handling, which is noted in the figure. Looking at the data, a few general

trends can be observed. Raising temperature increased oxidation rate. The quaternary

alloys tended to gain less mass than the ternaries. All of the alloys studied survived

oxidation at 700 ◦C, unlike the V-4Cr-4Ti reference which underwent volatilisation and

oxide melting. However, some data points are irregular, including weight loss for V-

43Cr-16Mn and V-32Cr-28Mn-5Ti. This is most likely a consequence of the extremely

small absolute weight changes measured at short timescales (fractions of a mg in some

alloys). Although the alloys that suffered visible spallation are marked on the figure,

it is possible that some minor spallation in the samples went unnoticed.

The results of oxidation at 650 ◦C for varying times (10, 100, and 1000 hours) are

shown in Fig. 6.3. As is expected, longer oxidation times led to increased weight gain.

The quaternary alloys generally performed better at longer exposure times, with the

exception of V-30Cr-26Mn-9Ti. However, these alloys all exhibited visible spallation,

so the weight gains may be slightly below their true values. V-21Cr-16Mn underwent

volatilisation (partially melting into the weighing boat) and V-4Cr-4Ti oxidised very
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Figure 6.3: Weight gain variation with time. Arrows on top of bars indicate volatilisa-
tion. An S under the bar indicates that the sample visibly spalled during handling.

heavily after 1000 hours, producing a very thick and delicate oxide scale.

The weight gain measurements of samples oxidised at 650 ◦C were fitted to a simple

parabolic oxidation model (see Fig. 6.4) alongside a model of growth kinetics using

parameters for V-5Cr-5Ti obtained from Ref. [29]. Parabolic growth is described by

the equation (where W is weight gain per unit area, k is a constant, and t is time):

W =
√
k1t (6.1)

Both figures show that the parabolic fits for these data are poor, with residuals

that are often of a similar magnitude to the measured values, especially for the data

points at 10 and 100 hours.

6.3.2 Thickness measurements

Oxide thickness measurements are shown fitted to an equivalent parabolic growth

model in Fig. 6.5. Again, the parabolic model is a poor fit for almost all of the

data, with the exception of V-22Cr-39Mn, for which the model falls within the margin

of errors. The errors themselves are generally very large as a consequence of the oxide

thickness varying considerably along the length of the sample cross-section.
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6.3.3 Layer characterisation

Most samples studied showed multiple layers of oxide species, either distinguishable by

chemistry, morphology, or both. Four were observed in V-36Cr-32Mn oxidised at for

1000 hrs at 650 ◦C, shown in Fig. 6.6 for demonstration purposes. Going from left to

right: (i) Mn-rich oxide (ii) V,Mn-rich oxide (iii) Cr-rich oxide (iv) V,Cr-rich oxide (v)

substrate break-off layer (vi) V-36Cr-32Mn substrate. Equivalent oxides were identified

in the quaternary Ti-V-Cr-Mn alloys, with the Ti tending to remain within the Cr-rich

oxides. Fig. 6.7 shows the equivalent map for V-36Cr-25Mn-3Ti. The layers for this

figure are (going left to right): (i) V-36Cr-25Mn-3Ti substrate (ii) spalled region where

mounting resin has penetrated (iii) Cr-rich oxide (iv) V, Mn-rich oxide (v) Mn-rich

oxide.

All of the V-Cr-Mn and Ti-V-Cr-Mn alloys exhibited multiphasic oxides. Only V-

4Cr-4Ti produced a single oxide in all experiments. The oxide was most likely V2O5

due to the orange colour that appeared on these samples and also from previous work

confirming that this was the predominant oxide in the temperature regimes studied

here[29].

The thicknesses of each individual oxide layer are presented in Fig. 6.6. Note it

was often difficult to distinguish certain layers, such as the [V,Cr] and Cr rich regions,

as well as the [V,Mn] rich and V rich regions. It is possible these layers may simply

represent a concentration gradient within a single phase. Some other features were

observed in isolated areas, discussed in Section 6.6.

Some general trends are apparent from observing the graphs. The internal oxidation

layer is always a Cr-rich or V, Cr-rich oxide, with Ti also appearing in these region

for the quaternary alloys. This layer is underneath either one or two Mn containing

oxides (although as mentioned distinguishing these can be difficult). Some alloys, more

commonly the ones oxidised for 1000 hours, show a final, thin Mn oxide scale at the

very surface.
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Figure 6.4: Weight gain against time with parabolic models fitted for samples at 650 ◦C.
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6.3. RESULTS 173

Figure 6.6: SEM-EDX maps and secondary electron image of V-36Cr-32Mn oxidised
for 1000 hrs at 650 ◦C. (i) Mn-rich oxide (ii) V,Mn-rich oxide (iii) Cr-rich oxide (iv)
V,Cr-rich oxide (v) substrate break-off layer (vi) V-36Cr-32Mn substrate.
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Figure 6.7: SEM-EDX maps and secondary electron image of V-36Cr-25Mn-3Ti oxi-
dised for 1000 hrs at 650 ◦C. (i) V-36Cr-25Mn-3Ti substrate (ii) spalled region where
mounting resin has penetrated (iii) Cr-rich oxide (iv) V, Mn-rich oxide (v) Mn-rich
oxide.
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Figure 6.8: Growth of oxide species in the alloys studied. Error bars from standard
deviations in measurements.
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Figure 6.8: Growth of oxide species in the alloys studied (cont). Error bars from
standard deviations in measurements.
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6.4 Discussion

Parabolic growth is associated with oxidation that is governed by the diffusional be-

haviour of one species through the oxide[30]. The poor quality fitting observed in the

models is evidence that such a simple mechanism is likely not a sufficient explanation.

The actual mechanisms at play will probably be described by equations with a more

complex form. Section 6.3.3 shows that there are multiple oxide species present, which

will each have their own diffusion and growth behaviour, and the oxidation rate will be

governed by a combination of these parameters. Analysing weight gain continuously

for a single sample as it is oxidised, e.g. via thermogravimetric analysis1, would allow

for a more detailed model to be proposed and tested.

The alloy studied that exhibited the simplest oxidation behaviour was the V-4Cr-

4Ti reference sample. It is also the alloy that is most accurately described by the

parabolic model, with a k1 value of 3.7×10−4 mg2 mm−4 s−1. This is slightly higher

than the rate constants predicted by Uz et al.[29] which are 8.99×10−5 and 2.48×10−5

mg2 mm−4 s−1 for V-5Cr-5Ti at 650 ◦C and V-4Cr-4Ti at 620 ◦C respectively2. The

results here are consistent with that study as V-4Cr-4Ti oxidises more rapidly at a

given temperature than V-5Cr-5Ti, an effect that is attributed by the authors to the

fact that Ti is known to trap oxygen and impair its diffusion in the matrix (other studies

have found that increasing Cr also reduces oxidation [13]). Also of note is the vastly

increased interstitial oxygen content in of the V-4Cr-4Ti (0.324 wt% vs. 0.047 wt% in

Uz et al.) which may also play a role in accelerating the oxidation kinetics.

Without knowledge of the oxidations mechanisms at play, it is difficult to make

any firm assessments as to the reason why these alloys performed better than V-4Cr-

4Ti. Increased Cr is known to reduce oxidation rates in this temperatures range,

as per Fujiwara et al.[13], but a mechanistic explanation was not offered as there

was no evidence of Cr oxide layers forming. In steels, high Cr content leads to the

formation of a protective layer of Cr2O3 which inhibits further oxidation[30]. This

is caused by oxygen diffusing into the metal and reacting with Cr to form Cr2O3.

This protective layer inhibits the inwards diffusion of O and the outwards diffusion of

metal atoms, thereby hindering further oxidation. Similar behaviour is observed in the

alloys studied here, with Cr-rich phases appearing adjacent to the substrate. Some

similarities between steels (under certain conditions) and these alloys are seen in the

oxide scales that form on top of this Cr-rich region. Breakout layers of MCr2O4 spinel

structures can appear on the outside of Cr2O3 films in cast steels[30]. It is possible that

the V,Mn-rich oxides on the surface are spinels formed in a similar manner, via metal

species diffusing outwards through the Cr-rich layer, potentially even the same VMn2O4

1Use of thermogravimetry was planned, but COVID-19 restrictions on equipment training and lab
access made this impossible.

2V-4Cr-4Ti was never tested at 650 ◦C in this study.
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spinel observed as precipitates in the ternary alloy microstructure[20]. Examining the

effects of composition, alloys with higher Cr content tended to form an oxide that

was thinner, and more significantly comprised of a Cr-rich layer, than the lower Cr

counterparts (see Fig. 6.8 comparing V-43Cr-16Mn with V-21Cr-16Mn, and V-41Cr-

16Mn-1Ti with V-32Cr-28Mn-5Ti). No clear trend was observed with respect to Mn

content. Work done at similar temperatures on RAFM steels has shown that the

addition of Mn can produce a more compact and homogeneous oxide scale with higher

oxidisation resistance[31]. This is attributed to the larger free energy of formation of

Mn oxides, as well as its enhanced diffusivity in the surface layer.

The quaternary alloys generally performed better than their ternary counterparts.

As mentioned earlier, work by Uz et al.[29] cited Ti inhibiting the diffusion of O as an

explanation for the improved performance of higher-Ti alloys. Comparing the oxide film

thicknesses in Fig. 6.8 of V-43Cr-16Mn and V-41Cr-16Mn-1Ti (which are chemically

similar aside from the inclusion of Ti) it is observed that the Cr-rich regions of V-41Cr-

16Mn-1Ti are thinner at longer exposure times. This may be due to the presence of

Ti inhibiting the diffusion of O through the pre-existing Cr-rich film, and consequently

slowing growth. However, the external V, Mn-rich oxides appear to grow at similar

or even faster rates, suggesting that Ti does not inhibit the outwards diffusion of the

metal species. Mn is known to diffuse relatively rapidly through the Cr2O3 scale in

steel[32], so a similar process may be at play here. Work by Lu et al.[31] also found

that Mn tended to form Mn and Mn,Cr oxides towards the surface of oxidised RAFM

steels.

To probe if the growth of the Cr-rich layers were governed by a simple parabolic

law, the results of fitting a parabolic model to the combined thickness of the Cr-rich

and V, Cr-rich layers is shown in Fig. 6.9. Again, the model fits are quite poor, so

even the growth of this layer is likely to be affected by the growth of the other layers

on top.

Curiously, the quaternary alloys exhibited a greater propensity for spallation during

handling. Although the data is not nearly complete enough to establish any firm

conclusions, it is interesting to note that the S content of the quaternary alloys (where

measured) is higher than the ternaries. S is known to segregate to the scale-alloy

boundary, where it can nucleate voids and weaken the interfacial adherence[30].

6.5 Conclusions

1. V-Cr-Mn and Ti-V-Cr-Mn were found to oxidise at a lower rate in fusion accident-

relevant temperatures compared to V-4Cr-4Ti and V-5Cr-5Ti candidate fusion

materials.
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2. At 700 ◦C, oxidation was accelerated (relative to 650 and 600 ◦C) but the alloys

did not volatilise.

3. Evolution of both weight gain and oxide thickness did not fit well to a parabolic

model, indicating more complex oxidation behaviour.

4. Higher Cr content appeared to be beneficial to oxidation performance.

5. The oxides formed were generally complex, consisting of multiple scales with

distinct chemistries.

6. The addition of Ti appeared to slow the growth of the innermost Cr-rich layer,

possibly by inhibiting the diffusion of O. However, this layer did not appear to

affect the formation of other V,Mn-rich oxides nearer the sample surface.

7. Mechanical adherence of the oxides to the substrate was poor, with spallation

frequently occurring with thicker scales.
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is likely to complicate the modelling of oxide growth even further and suggests that

the presence of precipitates may lead to the formation of structures that would not be

expected in the bulk.

Even the shorter oxidations at 650 ◦C show the influence of precipitates. Fig. 6.12
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https://doi.org/10.1016/j.jallcom.2020.157399
https://doi.org/10.1016/j.matchemphys.2017.06.054
https://doi.org/10.1016/j.matchemphys.2017.06.054
https://doi.org/10.1016/j.fusengdes.2017.12.017
https://doi.org/10.1016/S0022-3115(97)00008-1
https://doi.org/10.1016/C2014-0-00259-6
https://doi.org/10.1016/j.corsci.2015.10.021
https://doi.org/10.1016/j.corsci.2015.10.021
https://doi.org/10.1007/BF00665632


184 CHAPTER 6. OXIDATION BEHAVIOUR

Figure 6.10: Cross-section of V-22Cr-39Mn oxidised at 650 ◦C for 1000 hrs.
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Figure 6.11: Cross-section of V-36Cr-32Mn oxidised at 650 ◦C for 1000 hrs.
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Figure 6.12: Cross-section of V-43Cr-16Mn oxidised at 650 ◦C for 10 hrs.

seen along the rest of the sample. A similar picture is observed in V-32Cr-28Mn-5Ti,

shown in Fig. 6.13. The region just above the Ti-[C,O,N] precipitate shows a slightly

thicker oxide. It is also the only time that Ti has been observed near the surface

of the alloy and not remaining primarily in the Cr-rich region. Precipitates seem to

influence the oxidation behaviour and in a way that seems to promote accelerated

oxidation. Improved interstitial impurity control may reduce precipitate content, in

turn improving oxidation performance.
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Figure 6.13: Cross-section of V-32Cr-28Mn-5Ti oxidised at 650 ◦C for 10 hrs.



Chapter 7

Conclusions

The aim of this work was to assess the suitability of adopting a HEA-like alloy design

rationale to fusion materials and determine whether the resultant alloys had the poten-

tial to either be used in a fusion environment or show a route through which a different

novel alloy system may be developed. This was to be achieved through characterising

the resultant microstructure of the alloys in their homogenised state, which formed the

basis of Chapter 4, characterising their thermal stability at fusion relevant tempera-

tures, shown in Chapter 5, and finally assessing one of their potential advantages over

other candidate alloys, namely oxidation resistance, which was presented in Chapter

6. The key conclusions of the work are brought together in following paragraphs.

� Two multi-principal component alloy systems (V-Cr-Mn and Ti-V-Cr-Mn) were

designed and fabricated using only low-activation elements. These elements,

when combined in their pure state, were shown to produce a material that has

activation properties that could be classed as reduced-activation. The intention

of mixing these elements was to produce BCC alloys that would be stable un-

der fusion relevant conditions. The alloys formed BCC microstructures in the

homogenised state.

� Subsequent study found that the BCC microstructure was generally retained

during ageing at fusion relevant temperatures. CALPHAD calculations were also

able to predict the phases present with a good degree of success, which may

aid in further alloy exploration. Any deviations from this microstructure that

were observed were due to specific compositional variations within the systems,

and methods for controlling these microstructural features were suggested. The

usually undesirable Laves phase was only found to form in Ti-V-Cr-Mn with Ti

content greater than 5 at%. The only other precipitates observed were found to

be a result of interstitial impurity atoms, most likely introduced from either the

source metal or the heat treating process.
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� Impurity elements had a considerable effect on the properties of these alloys and

varied a lot between samples. They formed precipitates in all of the alloys at every

homogenisation and heat treatment temperature studied, and it is likely that

they have an impact on mechanical properties too. Furthermore, their presence

would fundamentally alter the activation properties of these alloys for the worse,

potentially to an extent where they could no longer be considered low-activation.

� Studying the oxidation properties of these alloys revealed an area where they may

confer an advantage over other candidate fusion structural materials. Most com-

positions studied had improved high temperature oxidation properties compared

to a V-4Cr-4Ti reference sample, believed to be caused by increased Cr content

and improved by the presence of Ti (in the case of the quaternary alloys). The

oxidation behaviour was found to be complex, with multiple layers forming on

the surface after long exposures. However, this complexity is not necessarily a

problem as protective oxide layers can be utilised to improve both the accident

tolerance and processability of these alloys.

7.1 Suitability for fusion

Overall, none of the conclusions presented in this work preclude either of the alloy

systems from being used in a fusion environment. Specific alloy compositions may

be unsuitable (e.g. V-30Cr-26Mn-9Tifor its microstructural evolutions during ageing

or V-21Cr-16Mn for its propensity to volatilise at accident relevant temperatures),

but generally speaking the systems of alloys developed show promise for use in fusion

applications, or for development with further alloying additions and/or modifications.

There are other, secondary conclusions to be drawn from this work as well. The

first of which is the importance of interstitial and impurity elements in these alloys.

These elements played a part in the conclusions of every section in this work as they

were fundamental to the microstructures seen in all of the alloys. It is regrettable that

it was not possible to quantify their presence more accurately for most of the samples

studied, as this information would strengthen many of the arguments presented.

Some remarks can also be made about the compositions of the systems studied. In

the quaternary system, it seems that a Ti content of around 3 at% or less is desirable,

as any more than this leads to the evolution of a Laves phase which would most likely

be detrimental to materials performance. In the ternary system, V-22Cr-39Mn (i.e.

high V and Mn, low Cr) showed some microstructural evolution which may make it

unsuitable for fusion applications and is perhaps a composition to be avoided. However,

beyond these general guidelines it is difficult to make any firmer statements about an

ideal composition.



Chapter 8

Future work

As the alloy systems presented in this work are relatively uncharacterised (in com-

parison to other fusion candidate alloys such as RAFM steels and V-Cr-Ti alloys) the

scope for discovery and future work is enormous. Unfortunately, the time and resources

available for this project (and the impact of COVID-19 restrictions) meant that there

are still many unanswered questions which could easily form the basis for future work.

The most immediate issues are discussed here.

8.1 Irradiation resistance

As discussed in Section 2.9.3, one of the potential advantages of HEAs (for some

systems) was their resistance to radiation damage. An unavoidable fact of fusion

materials is that they will be exposed to significant doses of neutron irradiation. While

the predominantly BCC microstructure exhibited in the alloys studied here is generally

a favourable one for resistance to irradiation, the only way this could be definitively

assessed would be to conduct irradiation studies, either with ions or neutrons. Even

a relatively short radiation campaign would be very illuminating for these alloys. For

example, if they displayed a reduced density of radiation induced damage features (e.g.

voids and dislocation loops) then such findings would enormously strengthen the case

for using these alloys in a fusion environment. Likewise, evidence of increased radiation

damage or phase instability would likely render these alloys unsuitable. In the absence

of a physical radiation experiment, molecular dynamics studies may also be useful in

predicting some of the behaviour of these alloys under irradiation.

8.2 Mechanical properties

Any candidate fusion structural material must be sufficiently strong and tough to

withstand the large loads (both static and transient) present in the reactor structure.
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Further to this, they must also retain their properties to an adequate degree under ir-

radiation. Only a very preliminary assessment of the materials’ mechanical properties

was performed in this work, through the use of hardness testing. Direct measurements

of strength and toughness (e.g. uniaxial tensile and Charpy impact tests) in the unirra-

diated would highlight issues such as poor ductility or embrittlement. Such assessments

would combine well with irradiation resistance studies to give a more well-rounded view

of how these materials may perform in fusion conditions. Even further study might

involve examining the high temperature creep behaviour of these alloys, as thermal

creep is one of the limiting factors on the upper operating temperature limit of fusion

structural materials, alongside thermal stability, which has been demonstrated.

8.3 Interstitial measurements

As alluded to in the previous chapter, interstitial and impurity elements played a large

role in the behaviour of these alloys. A better understanding of how interstitials inter-

act with these alloys and potential mitigation strategies would only serve to improve

their performance. Ideally, any future assessment of this alloy system would include a

quantification of elements such as C, N, O, and possibly S. Techniques such as WDS,

LECO analysis, and secondary ion mass spectroscopy should be employed where pos-

sible. More generally speaking, such analyses would be useful for the assessment of

any refractory BCC alloy, as they are known to be embrittled by significant interstitial

content.

If a conclusive link can be made between interstitial content and some undesirable

property (e.g. loss of ductility), then efforts should also be made to reduce the amount

of interstitials present in alloys. The prior work done on vanadium alloys serves as a

good example of how this might be possible, by utilising techniques such as electron

beam welding and vacuum arc remelting. Furthermore, care must be taken not to

reintroduce these elements during experiments (as noted for the heat treatments in

Chapter 5), or failing that, quantifying any such impurification. Impurity elements

are also important (and detrimental) from the standpoint of activation properties, as

discussed in Section 4.3 .

8.4 Optimising alloys

Although a variety of alloy compositions were studied here, it was for the purpose of

more fully exploring the alloy phase space rather than trying to optimise any properties.

However, once a more complete picture of these alloy systems’ behaviour has been

built up, it will be possible to optimise the properties through changing the mixture

of metals. In the absence of any definitive data on the effects of varying individual
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elements, I would tentatively suggest any work on the V-Cr-Mn system focus on the

equiatomic composition, for no other reason than for drawing easier comparisons with

the growing body of work on other ternary alloy systems. An equiatomic Ti-V-Cr-Mn

would likely result in large amounts of the Laves phase, and as such I would follow this

work in keeping Ti content to less than 10 %.

Further changes to composition can be achieved by introducing another element (or

more). This would lead to an alloy system that will better fit the conventional definition

of a HEA, but as seen in Section 2.9 there is nothing inherently advantageous in adding

more elements to fit the HEA definition just its own sake. Instead, any new alloy

systems should follow the rationale outlined in this work. That is, use low-activation

elements and also use elements that likely produce a single solid phase. Alternatively,

minor mechanical alloying additions such as those seen in ODS steels could also deliver

improved behaviour, if an appropriate manufacturing route can be found.
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