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The demanding operating environments of advanced nuclear reactors require the development of new 

nuclear materials that can withstand their increased physical, chemical, thermal, and radiation-related 

challenges. High-entropy alloys (HEAs) have shown often-impressive mechanical, thermomechanical, and 

corrosion-resistant properties, and offer a massive, unexplored compositional space which allows for the 

targeted development of application-specific materials. Furthermore, although still in a nascent stage, 

research has shown that HEAs may exhibit unique irradiation tolerance, including reduced defect pro- 

duction and resistance to irradiation-induced swelling and hardening. The mechanisms behind this in- 

creased tolerance are not yet well-understood, although the HEA-specific attributes of a complex energy 

landscape, reduced thermal conductivity, and shift in defect migration energies and pathways provide 

promising explanations. This work assesses the current and future challenges faced by structural nuclear 

materials, identifying the specific applications in which HEAs may provide a competitive advantage com- 

pared to industry-standard materials with the aid of Ashby material selection maps. Considerations are 

provided for the design of future nuclear HEAs, including calculations of nuclear-relevant properties to 

assist in the initial down-selection of elements depending on application requirements (e.g., low neutron 

capture for in-core applications), narrowing the existing compositional space of HEAs to a manageable 

scope. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Advanced structural materials are key to the continued devel- 

pment of reliable, sustainable, and efficient advanced nuclear re- 

ctors – both fission and fusion. Generation IV (Gen-IV) fission and 

roposed fusion reactor designs will operate under unprecedented 

onditions. In both cases, components are expected to experience 

emperatures up to and exceeding 10 0 0 °C, new corrosive environ- 

ents (e.g., liquid metals, molten salts, gases, super-critical fluids), 

nd/or larger and harder neutron fluences than seen in current 

eneration reactors. Fusion has the additional challenge of expos- 

ng the materials to extreme magnetic fields while exposing the 

rst wall to a plasma and helium ion bombardment leading to 

emperature excursions and surface erosion phenomena. Economy 

nd safety dictate that some of these components must operate 
∗ Corresponding author at: UNSW Sydney, Sydney, NSW 2052, Australia. 
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or a lifetime of 60 years without failure. Particle accelerators could 

lso benefit greatly from improved materials that can better handle 

xposure to radiation, temperature, and stress simultaneously to 

nable higher power on targets. Material properties considerations 

nclude radiation damage resistance, corrosion resistance, and suf- 

cient mechanical properties (e.g., strength, creep, creep-fatigue, 

uctility retention) over the operating temperature range. Addi- 

ionally, minimization of radiological activation reduces the com- 

lexity and cost of decommissioning by reducing the amount of 

azardous materials that require disposal and increases the poten- 

ial for recycling. 

Material damage occurs in nuclear reactors and particle accel- 

rators due to a combination of physical, thermal, radiative, and 

hemical factors. Although in many cases there are existing mate- 

ials which can withstand each individual effect, it is a technolog- 

cal challenge to contend with multiple effects simultaneously, es- 

ecially when such detrimental conditions combine synergistically 

o greatly enhance the rate of degradation. These factors impose 

erformance limitations, such as reduced component lifetime or a 

https://doi.org/10.1016/j.jnucmat.2022.153814
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2022.153814&domain=pdf
mailto:b.gludovatz@unsw.edu.au
https://doi.org/10.1016/j.jnucmat.2022.153814
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ower operating temperature and efficiency. Neutron irradiation, in 

articular, proves challenging as the chargeless particles penetrate 

hroughout material volumes and cause activation, transmutation, 

nd displacement damage. 

Current light-water reactors (LWR) often employ Zr alloys for 

uel cladding due to their reduced neutron capture properties, Ni- 

r alloys for high-temperature and heat-transfer applications due 

o their excellent thermomechanical properties and corrosion re- 

istance, and various low-alloy and stainless steels for compo- 

ents with less demanding property requirements. However, cur- 

ent fission reactors typically operate at no more than 320 °C with 

 significantly lower lifetime displacement damage when com- 

ared to developing technologies [1] . Traditional reactor materi- 

ls often prove insufficient when considering the demands of fu- 

ure reactor designs. In the search for advanced materials with 

nhanced performance across the various reactor environments, 

erritic-martensitic (F-M) [2] and oxide-dispersion strengthened 

ODS) [3] steels, SiC/SiC composites [4] , and advanced refractory 

lloys [5] are among the materials that show promise for various 

pplications. These materials each introduce their own advantages 

nd disadvantages, and many Gen-IV reactors and proposed fusion 

eactor designs are still hindered by the challenge to develop ma- 

erials to meet their requirements. 

High-entropy alloys (HEAs) have proven to offer some unique 

nd excellent material properties in the ∼18 years since their in- 

eption. Various compositions have shown impressive mechanical 

roperties [ 6,7 ], thermomechanical performance [11–16] , and en- 

anced corrosion resistance [ 8 , 17–19 ]. HEAs exhibit a unique dis- 

ortion of their atomic lattice which affects heat dissipation, defect 

roduction, and defect mobility processes [20–22] to promote de- 

ect recombination and annihilation – the so called ‘self-healing’ 

ffect. HEAs com posed of refractory elements may be of partic- 

lar interest to the nuclear community due to their retention of 

echanical properties at high temperatures [ 23 , 24 ] which is a key 

hallenge in many advanced nuclear applications. 

Here, we review HEAs for use in nuclear applications and dis- 

uss what HEA-specific phenomena may be exploited to develop 

aterials with, for example, improved radiation-tolerance, low ac- 

ivation, or enhanced high-temperature performance. Additionally, 

e highlight where HEAs could fill technological gaps that exist 

ue to the shortcomings of existing materials such as corrosion 

esistant fuel claddings which improve accident tolerance, or re- 

uced activation in-core components which decrease the burden 

n reprocessing, decommissioning and disposal. Finally, we provide 

lement-specific data on critical nuclear properties which aids in 

he down-selection of compositional components and thereby the 

evelopment of new HEAs for use across the various challenging 

pplications in future nuclear reactors. 

.1. The current and near-future nuclear materials landscape 

Current generation fission reactors are almost all thermal re- 

ctors, typically operating at temperatures around 300 °C and 

xperiencing up to ∼70 displacements per atom (dpa) in loca- 

ions with relatively high amounts of radiation exposure over 

heir lifetime [25] . These reactors (Generation II-III + ) use low-alloy 

teels (e.g., SA508, SA533) and austenitic stainless steels (e.g., 304, 

09, 316/316LN) in applications with low to medium neutron flux 

uch as pressure vessels and piping, providing strength, tough- 

ess, corrosion-resistance, and good manufacturability at a rela- 

ively low cost. For higher temperatures, Ni- and Fe-based superal- 

oys (e.g., A286, X750) are used for their creep resistance. Zr alloys 

e.g., Zircaloy-4, Zircaloy-2, Zr1%Nb, Zr2.5%Nb) are used for fuel 

ladding and core structural components due to their low neutron 

apture cross sections combined with suitable mechanical strength 

nd corrosion resistance. 
2 
Materials in Gen-IV reactor designs will experience more se- 

ere conditions, for instance core-outlet temperatures seen in the 

odium-cooled fast reactor (SFR) are expected to reach 550 °C 

hile the very high temperature reactor (VHTR) is expected to 

perate at or above 10 0 0 °C. Corrosion-resistance in Gen-IV re- 

ctor technologies is further complicated due to the array of 

iffering corrosion and passivation mechanisms seen for the dif- 

erent coolants (i.e., liquid metals, molten salts, gases, and super- 

ritical water). The lifetime irradiation-induced damage seen in 

ome components of these reactors is expected to exceed 200 dpa 

1] . 

Components in fusion reactors may face operating temperatures 

p to 10 0 0 °C and 20 0 dpa in one service lifetime [25] . While neu-

ron irradiation-induced damage and extreme operating temper- 

tures are issues shared between fission and fusion applications, 

hese are also somewhat dissimilar due to the 14.1 MeV neutrons 

roduced in a deuterium-tritium fusion reaction and the cryogenic 

nvironments required for the superconducting magnets. Critical 

hallenges in the plasma-facing components concern plasma in- 

tabilities which can deliver rapid, intense pulses of energy (up to 

10 MW m 

-2 ) that ablate exposed components [26] . Bombardment 

y neutrons, ions and particles from the plasma sputters material 

ack into the plasma, contaminating and potentially quenching it. 

igh-Z elements are known to sputter less but have a higher ca- 

acity for quenching, conversely, low Z elements sputter more but 

re less likely to quench the plasma. Due to their thermomechan- 

cal properties, high Z materials for these plasma-facing compo- 

ents include refractory alloys containing W and V while low Z 

aterials include Be and C/C composites [27] . 

In many cases ideal materials for components in advanced nu- 

lear reactors have not yet been identified or the already identified 

aterials require improvements to achieve design targets. 

. Radiation damage and mitigation mechanisms in HEAs 

HEAs are defined primarily by their multiple principal ele- 

ent constitution, typically consisting of 5 or more elements in 

quiatomic or near-equiatomic ratio [28] . Random distribution of 

hese constituent element atoms with their varying atomic radii 

ives rise to distortion of the crystal lattice as illustrated in Fig. 1 .

his results in the introduction of significant interatomic forces and 

n irregular distribution of energy potentials, creating a complex 

nergy landscape ( Fig. 1 ). The distorted lattice structure of HEAs 

ay assist in the recombination of defects and improve the me- 

hanical properties of the material [29–31] . 

.1. Displacement damage and defect migration 

While initial recovery following a collision cascade occurs 

apidly (within tens of picoseconds), some residual defects remain 

s a function of temperature, and these are commonly used as a 

easure of radiation damage [33–35] . HEAs may provide increased 

rradiation-tolerance by enhancing the initial damage recovery pro- 

ess. Zhang et al. [ 22 , 29 ] found that increasing chemical complex- 

ty in the Ni-based system (Ni to NiCrFeCo(Mn or Pd)) resulted in a 

educed capability to dissipate incident energy due to the differing 

 d electron counts of the constituent elements and a subsequent 

eduction of the electron mean free path, which resulted in greater 

ocalized heating and subsequent greater defect recombination ca- 

acity. Local variations in atomic radii of the randomly distributed 

onstituents gives rise to distortion of the lattice ( Fig. 1 ; left) which

esults in significant atomic level stresses and the formation of a 

ore complex energy landscape ( Fig. 1 ; right) [ 21 , 22 , 32 , 36 ]. Sig-

ificant atomic level stresses may result in a greater defect re- 

ombination capacity due to increased localized melting and amor- 

hization caused by local heat spikes [22] . Parkin et al. [37] at- 
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Fig. 1. Crystal lattice distortion and the complex energy landscape developed by increasing compositional complexity from unary alloys to high-entropy alloys (HEAs). The 

energy landscape highlights the diverse interatomic potentials that result from the compositional complexity; adapted from [32] . 
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ributed reduced defect production in a NbTaTiV alloy compared to 

ure V to changes in heat transport during the thermal spike due 

o greatly increased scattering of phonons and electrons in HEAs 

ompared to less compositionally complex materials and a subse- 

uent decrease of the mean-free path during the transport of heat 

rom the displacement cascade. 

Migration of radiation-induced point defects into larger defect 

tructures such as voids or dislocation loops causes macroscopic 

roperty and physical changes (i.e., swelling, creep, embrittlement, 

tc.) [38] . Vacancy-interstitial recombination reduces the buildup 

f all types of non-equilibrium defects. Alloys that exhibit a more 

omplex energy landscape, such as HEAs and other disordered al- 

oys with large atomic size differences, may exhibit enhanced de- 

ect recombination due to a shift in atomic migration from one- 

imensional to three-dimensional motion. Lu et al . [21] observed 

his shift both by molecular dynamic (MD) simulations and exper- 

mentally in pure-Ni and Ni-containing alloys with 2-5 constituent 

lements, finding that increased alloy complexity reduced defect 

obility and altered migration pathways, confining defects to lo- 

alized zones and increasing the chances of defect recombination. 

The existence and significance of sluggish diffusion in HEAs 

re debated [39] , in part due to the experimental difficulty of di- 

ectly measuring diffusion. While several experimental and com- 

utational approaches have measured a reduced diffusion coeffi- 

ient with increasing number of constituents [40–43] , such slug- 

ish diffusion likely depends to a greater degree on the specific 

lloy constituents than on the compositional complexity of HEAs 

44–48] . One contribution to sluggish diffusion is thought to arise 

rom the complexity of the HEA lattice energy landscape that more 

ffectively traps and blocks atomic migration, and therefore as a 

onsequence of lattice distortion and local chemical environment. 

hese mechanisms of sluggish diffusion would have the potential 

o slow point defect agglomeration and retard creep, enhancing the 

n-reactor performance of HEAs. In this regard, the molecular dy- 

amics of Jin et al . [32] suggest that a minimum in the mixing en-

rgy and a complex energy landscape can slow down the clustering 

f interstitial defects, leading to higher defect recombination. Fur- 

hermore, a greater mobility reduction of interstitials and intersti- 

ial loops compared to vacancies in a vacancy-supersaturated solu- 

ion may enhance defect recombination in HEAs, reducing swelling 

22] . 

On the other hand, Chen et al . [49] found that, at low irradia-

ion temperatures ( < 300 °C), CrMnFeCoNi, Al 0.3 CrFeCoNi and 316H 

teel all experience similar radiation-induced hardening when ex- 

osed to the same irradiation treatment, concluding that slug- 

ish diffusion and high configurational entropy had minimal influ- 
3

nce on the HEAs. However, the Al 0.3 CrFeCoNi HEA ordered into 

n L1 2 phase during irradiation, which is known to significantly 

ncrease hardness. Such results highlight that although the com- 

lex energy landscape of HEAs might provide improvements to de- 

ect production and migration, this is but one factor in alloy de- 

ign. A similar argument can be made from the results of Kumar 

t al . [50] who reported that medium-entropy alloy (MEA) CrMn- 

eNi, irradiated between room temperature and 700 °C, had simi- 

ar irradiation-induced hardening to 316 steel. While the MEA ex- 

ibited a much higher density of smaller dislocation loops than 

16 steel, there was essentially no void formation and limited so- 

ute depletion/enrichment at grain boundaries when compared to 

16 steel. This suggests a more sluggish solute diffusion in the 

EA. 

HEAs have demonstrated resistance to swelling during ion 

eam irradiation. The CrFeCoNiPd (FCC) HEA showed only 0.31% 

olumetric swelling at 38 ±5 dpa and 580 °C ( ∼0.56 of the melt- 

ng temperature, T m 

) [51] and CrMnFeCoNi (FCC) as little as 0.1% 

welling at 60 dpa and 500 °C ( ∼0.45 T m 

) [21] , which represent

 two order of magnitude reduction compared to pure nickel ir- 

adiated under comparable conditions ( ∼0.34 T m 

). 316 stainless 

teels irradiated under such conditions may expect 5-10% swelling 

hile ferritic-martensitic steels, known for their swelling resis- 

ance, expect around 1-2%. Yang et al. [52] studied pure Ni and 

i-containing alloys composed of 2-5 elements, determining that 

oth greater compositional complexity and specific elemental con- 

titution play significant roles in reducing void swelling, reduc- 

ng from ∼6.7% swelling in pure Ni, to < 0.2% swelling in NiCoFe 

nd NiCoFeCrMn. Typically, reduced swelling is seen in BCC al- 

oys compared to FCC alloys, although some HEA studies found 

hat FCC-structured variations of Al x CrFeCoNi had reduced swelling 

ompared to BCC counterparts [ 53 , 54 ]. Yang et al. [53] identi-

ed that compositions with a BCC phase had ordered or multi- 

le phases which reduce configurational entropy and structural 

tability, potentially explaining the variation. Among BCC HEAs, 

iZrNbHfTa displayed swelling of 1.23% at > 30 dpa and 100 °C 

55] , typical for refractory elements which often exhibit < 2% 

welling [56] . 

The impact of point defect production and migration on the 

echanical properties of a material are dependent on the inci- 

ent neutron flux, fluence and energy spectrum, and the mate- 

ial temperature [57] . Irradiation-induced hardening and embrit- 

lement is typically seen at low temperatures and saturates at as 

igh as 10 dpa in 316LN [58] . Void swelling, phase instabilities and 

rradiation creep become a limiting factor at intermediate temper- 

tures ( ∼0.2-0.55 T M 

) as migration barriers are reduced and both 
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toms and defects migrate more easily [27] . Components such as 

he fuel assembly, reactor pressure vessel (RPV) and piping of next- 

eneration fission reactors, and the first wall of fusion reactors 

an be expected to perform at temperatures where void swelling 

nd irradiation creep are dominant phenomena. Enhanced creep 

esistance has been reported for Al x CrFeCoNi [59] and CrMnFe- 

oNi [60] HEAs compared to CoNi and Ni, respectively, and was 

ttributed to sluggish diffusion and atomic size differences. Ma 

t al. [61] examined the role of crystal structure using HEA films 

nd found that the BCC alloy Al 2.5 CrFeCoNiCu had significantly 

reater creep resistance and a six-fold greater activation volume 

han the FCC CrFeCoNiCu, indicating that BCC-structured alloys 

ay be preferred where creep-resistance is desired. Further reduc- 

ion to HEA creep rates can be achieved with microstructural ap- 

roaches such as oxide dispersion strengthening (ODS) or precip- 

tation strengthening. Hadraba et al. [62] produced an ODS CoCr- 

eNiMn HEA that achieved up to a 3 order of magnitude reduction 

n creep strain rates when tested at 800 °C compared with its non- 

DS counterpart. Moreover, Tsao et al. [16] reported on a so-called 

high-entropy superalloy’ consisting of an FCC matrix and L1 2 
rdered precipitates exhibiting thermomechanical properties and 

reep resistance comparable to some of the most creep-resistant 

uperalloys. 

.2. Transmutation 

Incident subatomic particles (e.g., neutrons) may be captured 

y lattice atoms, altering the isotope. The most common neutron 

eaction in a thermal flux is capture ( n, γ ) followed by beta decay 

 , β−) , as follows: 

 

 

X + 

1 
0 n → 

A +1 
Z X → 

A 
Z+1 Y + β−

Many others are possible. Both the initial neutron capture, and 

ubsequent decay leave the nucleus in excited states, which revert 

o ground state by the emission of gamma radiation. Neutron cap- 

ure cross sections tend to be larger at lower neutron energies, re- 

ulting in a more transmutation per incident neutron in a thermal 

ux. All decaying nuclides can exhibit high activity (short half-life) 

r extremely long half-lives (low activity); radiation safety consid- 

rations seek to reduce the impact of the decay radiation thereby 

reated. The changes to a material’s elemental composition alter 

ts functional and mechanical properties, limiting the use of some 

lements in nuclear applications. While HEAs are susceptible to 

ransmutation, they provide some mitigation to the effects of He 

commonly produced by (n, α) reactions – and H – from (n, p) 

eactions. Due to its insolubility, He collects in vacancy clusters 

nd voids, forming bubbles which reduce ductility while increas- 

ng hardness and swelling [63] . HEAs may retard the development 

nd migration of He-bubbles via increased energy barriers reduc- 

ng the mobility of He interstitials, and increased defect recombi- 

ation capacity which reduces the number of available vacancies 

equired for vacancy-mediated He migration. Chen et al. [64] irra- 

iated pure Ni and FeCoNiCr at 50 0-70 0 °C ( ∼0.45-0.57 T m 

) with

 MeV He + ions. The HEA exhibited a higher density of small 

e bubbles and a lower bubble volume fraction, attributed to en- 

anced defect recombination in HEAs and consequently, reduced 

acancy concentration which suppresses vacancy-assisted bubble 

rowth. However, further studies including binary and ternary so- 

utions are needed to confirm that this outcome is caused by com- 

ositional complexity and not simply a function of the specific 

lemental constitution. Zhang et al . [22] demonstrated that care- 

ul tailoring of the HEA composition can narrow the gap between 

acancy and interstitial migration energies, further increasing the 

ikelihood of defect recombination. This work suggests HEAs may 

itigate the effects of He-bubble formation. 
4 
. Material selection for nuclear components 

The pressure vessel of a pressurized water reactor (PWR) 

equires sufficient mechanical strength to contain the pressure 

nd must be weldable. Fuel cladding requires high neutron- 

ransparency, acceptable mechanical strength, and suitable corro- 

ion resistance. Piping must resist corrosion at high temperatures 

ith acceptably low material costs. Each component should have 

n optimum material. Yet, components face several demanding fac- 

ors at once, therefore requiring trade-offs in material selection. 

or example, adding coating to Zr-based fuel cladding to improve 

ts corrosion resistance reduces reactivity margins. 

Of all elements on the periodic table, Miracle and Senkov 

39] reported in a 2017 review that four elements (Co, Cr, Fe 

r Ni) were each in over 70% of the studied HEAs, and only 7% 

f HEAs were of refractory constitution, which they defined as 

ontaining at least 4 of the 9 refractory metal elements: Cr, Hf, 

o, Nb, Ta, Ti, V, W and Zr, plus Al. While recent years have 

een an explosion of HEA research, the development of HEAs is 

till in its infancy. Not all elements can be reasonably used in 

EAs without forming simpler binary or ternary crystalline phases 

e.g., most non-metallic elements). An initial down-selection of el- 

ments of interest can be made by analyzing both element-specific 

nd alloy-specific properties for specific applications. This is espe- 

ially true for properties that are element-specific, such as neu- 

ron transparency or activation, and can therefore be determined 

or alloys by a rule of mixtures (i.e., as the weighted average of 

he constituents). Accordingly, such properties will be the focus of 

he subsequent sections. Mechanical properties, such as strength 

r toughness, are more challenging to predict due to their alloy- 

pecific nature which depends on complex interactions among the 

lemental constituents, defects, microstructural features, and de- 

ormation mechanisms at various length scales. Our knowledge 

f the micromechanical mechanisms of deformation and fracture 

oupled with metallurgical principles can help guide the develop- 

ent of HEAs for nuclear applications. In this context, alloy specific 

roperties will be discussed alongside the element specific proper- 

ies. 

The material selection maps first introduced by M. Ashby 

65] compare multiple material properties and a relevant optimiza- 

ion metric of these properties to select materials for individual 

omponents. Previously, the general challenges of nuclear environ- 

ents with materials selections was discussed [ 66 , 67 ] considering 

onventional available materials. In the following sections we ap- 

ly this concept and develop several such plots with particular fo- 

us given to revealing relationships between failure conditions and 

he nuclear properties of interest. 

.1. Minimizing neutron capture 

Zr alloys such as Zircaloy-4 or Zr-1%Nb have long been the pre- 

erred choice for fuel cladding due to their extremely low neutron 

apture cross section. Significant research has been put into find- 

ng replacement materials or a corrosion resistant cladding that 

an help avoid catastrophic failure of the cladding in the event 

f an extended station blackout or severe loss-of-coolant acci- 

ent. Ceramic composites such as SiC/SiC have low neutron cap- 

ure cross section, high-temperature strength, and irradiation tol- 

rance; however, challenges with fabrication, permeability, corro- 

ion, and toughness have impeded the successful application of 

iC/SiC composites in industry. HEAs possess the corrosion resis- 

ance, strength, and thermal properties required of an accident- 

olerant fuel cladding. Stronger fuel cladding materials can be pro- 

uced with a reduced thickness, partially offsetting some of their 

igher cross-section. 
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Fig. 2. Tensile strength vs. macroscopic neutron capture cross section for various materials at room temperature. Existing high-entropy alloys are plotted as blue dots (hollow 

dots are used where only compressive data is available) while potential HEAs are represented as a range, optimized for minimum neutron capture. Dashed and dotted lines 

represent constant neutron absorption rates for fuel pins ( �a / σT ) and channel boxes ( �a / 
√ 

σT ) , respectively, constrained by burst pressure. Each new line proceeding lower 

and to the right indicates a decade decrease in neutron absorption rate. 
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Fig. 2 plots key material groups and several HEAs by their 

acroscopic cross section for neutron absorption, �a 
∗, and tensile 

trength, σT . Due to limited reporting on HEA tensile properties, 

everal alloys in Fig. 2 are plotted by their compressive strength 

marked by hollow dots). Appendix A3 . provides data for the plot- 

ed alloys. The ‘HEA potential’ circle defines an area bounded hor- 

zontally by the range of strength suggested by existing HEAs, and 

ertically by a range of macroscopic neutron capture cross section 

or elemental mixtures of low cross-section elements considered 

ppropriate for in-core applications (namely, Be, Zr, Cr, V, Ti, Nb, 

o, Fe and Al). The definition preserves HEA mixing rules of 5 + 

lements mixed with atomic ratio of 5-35 at.% each. 

The dashed and dotted lines represent materials of equivalent 

erformance for cladding and channel boxes, defined as the neu- 

ron absorption rate, R a , when constrained by burst pressure. The 

ines establish a connection between the property that is to be 

aximized/minimized (neutron absorption rate) and the constrain- 

ng parameter (burst pressure) through a shared variable (thick- 

ess). Eqs. (1 - 4 ) apply to hollow tubes (i.e., fuel cladding): 

 a = V ��a = 2 π rtl��a (1) 

here R a is the neutron absorption rate of the material, and �, the 

eutron flux. The volume, V , of the fuel cladding assumes the walls 

re suitably thin compared to the overall dimensions (generally, 

 > 10 t ); r, t , and l represent tube radius, thickness, and length, re-

pectively. The burst pressure of the thin-walled tube is given by: 

 = 

σT t 

r 
(2) 

here σT is the tensile strength of the material. Rearranging 

qn. (2) with respect to t , and substituting this into Eqn. (1) , the

ollowing relationship is developed, describing neutron absorption 
1 Determined for each isotope by �a = σN and combined at natural abundance 

o determine elemental values, where N is the atomic number density of the ele- 

ent and σ the thermal-neutron (0.0253 eV) microscopic absorption cross section 

f each isotope (from [67] ). 

c

i

u

m

p

p

5 
ate as a function of burst pressure: 

 a = 

{
2 π r 2 l�P 

}{�a 

σT 

}
∴ R a ∝ 

�a 

σT 

(3) 

Separating engineering constraints (left) and material proper- 

ies (right), in Eqn. (3) shows the neutron absorption rate is di- 

ectly proportional to the macroscopic cross section and inversely 

roportional to the tensile strength. Lines of constant R a (i.e., con- 

tant �a 
σT 

) are included in Fig. 2 as dashed lines, allowing compari- 

on of material choices for a pressure-resisting tube that minimizes 

eutron absorption [65] . Here, the lines are spaced in logarithmic 

ecades, although any line with the same slope can be drawn to 

ompare materials. The R a ∝ �a / σT relationship furthermore ex- 

ends to pressure tubes and to RPVs where burst pressure remains 

he constraining parameter. 

This methodology can be expanded to numerous key com- 

onents in nuclear reactors, such as channel boxes, components 

hich surround the fuel rod assemblies in boiling water reactors 

BWRs) to provide structural support and direct water over the fuel 

ods for cooling. The failure mechanisms for channel boxes include 

ulging due to the internal/external pressure differential and bow- 

ng due to differential irradiation-induced growth of the box sides. 

or bulging, a relationship similar to fuel pins can be developed 

etween pressure differential and neutron absorption, resulting in 

he following relationship (derived in Appendix A2 ) which provides 

he dotted lines of constant R a in Fig. 2: 

 a ∝ 

�a √ 

σT 

(4) 

From Fig. 2 , an initial comparison can be made for applica- 

ions where minimum neutron absorption is critical such as in- 

ore components in nuclear reactors. Carbon/carbon (C/C) compos- 

tes exhibit the lowest neutron absorption for both calculated fail- 

re conditions. However, their low cross section makes them the 

ost susceptible to increases caused by impurities, and C/C com- 

osites have shown significant issues with dimensional stability, 

orosity, and radiation-induced hardening [ 68 , 69 ]. 
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Fig. 2 reveals that SiC/SiC composites are equal in perfor- 

ance to Zr alloys for cladding and could outperform Zr alloys 

or channel boxes. From a practical perspective, it is easier to 

eploy SiC/SiC channel boxes than cladding, as the manufactur- 

ng challenges of SiC/SiC are less critical here. HEAs are spread 

ide along both axes, owing to the number of element combi- 

ations for HEAs. Some HEAs are competitive with existing Zr 

lloys for cladding and pressure tube applications where higher 

bsorption cross-section is compensated by the higher strength, 

nabling thinner tube construction. Existing HEAs with low neu- 

ron absorption rates, TiZrNbMo and TiZrNbMoV 0.25 (labelled in 

ig. 2 ; [70] ), exhibit a single phase BCC structure, exceptional 

trength, and moderate compressive ductility (30-34% compres- 

ive strain at failure) making them competitive among HEAs for 

ladding. Notably, while some HEAs included in Fig. 2 come close 

o the ‘HEA potential’ region, no current alloy that has been tested 

alls within this region. This is due to both limited investigations 

nto low neutron capture HEAs and, where initial investigations 

ave occurred, a lack of mechanical testing and strength data. 

urthermore, most existing HEA data are characterized with ho- 

ogenized microstructures that are not reflective of their equi- 

ibrium microstructures at reactor operational temperatures where 

hey might decompose into multiple phases, emphasizing the need 

or aging experiments at temperatures relevant to reactor op- 

ration. HEAs that seek to minimize neutron absorption should 

ake maximum use of Be, Mg, Si, Zr and Al, moderate their 

se of Zn, Nb, Mo, Fe, Cr, Cu, Ni, V and Ti, and avoid Mn, W,

a, Co and Hf. Investigations into the AlBeFeSiTi system, such as 

he lightweight Al 20 Be 20 Fe 10 Si 15 Ti 35 HEA [71] which exhibits 3 in- 

ermetallic phases, a high hardness of 8.9 GPa and a low den- 

ity of 3.91 g c m 

−3 , may show promise in this regard, however, 

he mechanical properties of this alloy have not been thoroughly 

haracterized. 

Current fuel utilization – both in terms of burn-up and res- 

dence time – is limited chiefly by cladding corrosion from hy- 

rogen pickup. Current Zr-based cladding alloys could be sub- 

tituted for other materials from the same line of constant R a 
or improved fuel utilization, accident tolerance, and/or to al- 

ow for increased operating temperatures – all without impact- 

ng neutron capture. Current candidate materials for the replace- 

ent of Zr-based claddings, such as FeCrAl (labelled in Fig. 2 ), 

xhibit notably higher neutron capture, however, this is compen- 

ated for by increased strength, heightened accident tolerance, and 

mproved corrosion performance. These plots do not consider all 

he application-relevant properties and a more in-depth compari- 

on would be needed to account for other properties such as cor- 

osion resistance, creep resistance, thermal stability, and chemical 

ompatibility. Considering the impetus for safety improvements, 

he excellent corrosion-resistant and radiation-tolerant properties 

f HEAs, more research on compositions for nuclear applications is 

ustified. 

A second Ashby map for the minimization of neutron absorp- 

ion is shown in Fig. 3 for constraining parameters dependent on 

oung’s modulus, E, relevant for bowing of channels boxes. Here, 

he dashed lines of constant R a are drawn from the following rela- 

ionship (derived in Appendix A2 ) allowing for the selection of ma- 

erials with the lowest possible R a for square channel boxes con- 

trained by bowing failure: 

 a ∝ 

�a 

E 
(5) 

As the Young’s moduli of different materials have less variabil- 

ty than their tensile strength, the relatively higher variability of 

eutron-capture cross sections is more influential than in Fig. 2 . 

iC/SiC and C/C composites show a clear advantage. Potential HEAs 

xhibit very similar neutron capture properties ( � /E ) to those of 
A 

6 
he Al alloys, both of which are only slightly inferior to Zr alloys 

n this regard, while other desirable attributes such as radiation- 

olerance, corrosion resistance, and thermomechanical properties 

ighlight HEAs as prime candidates for BWR channel boxes. 

.2. Minimizing short- and long-term radioactivity 

Radioactive elements release significant energy during and im- 

ediately after reactor operation, such as Co which releases sev- 

ral orders of magnitude more gamma energy than most transition 

etals one day after reactor shutdown. Such elements hinder reac- 

or maintenance by increasing the ‘cool down’ period before main- 

enance can be safely performed. Other elements retain high activ- 

ty for long periods of time, such as Nb which remains radioactive 

fter 10 0,0 0 0 years, requiring long term storage. Such elements in- 

rease the burden on reprocessing, decommissioning and disposal. 

ood material selection improves the economy, sustainability, and 

verall public acceptance of nuclear technology. 

.2.1. Element selection for low activation 

The following method aids in the selection of low-activation el- 

ments. Fig. 4 gives an overview of the radioactivity profile of ele- 

ents post-irradiation in the form of a periodic table, determined 

ia nuclear activation and decay calculations [72] . Three irradia- 

ion conditions are used. Two fission conditions are characteris- 

ic of in-core irradiation in a thermal and fast reactor at fluxes 

f 10 14 and 10 15 n c m 

−2 s −1 , respectively. The fusion condition is 

haracteristic of irradiation at the first wall of a D-T fusion reactor, 

t a flux of 10 15 n c m 

−2 s −1 . Each irradiation condition is applied 

or a period of 5 years. Neutron activation calculations are de- 

cribed in Appendix A1 . The radioactivity over decay time is given 

n Fig. 4 for each naturally occurring element, where the details 

or each element can be understood by referring to the larger inset 

gure which uses the same axes and limits. The measure of haz- 

rd here is contact gamma dose rate ( ̇ D γ , in Sv h −1 ), determined 

rom [73] : 

˙ 
 γ = C 

B 

2 

N γ∑ 

i =1 

μa ( E i ) 

μm 

( E i ) 
S γ ( E i ) (6) 

here C is a conversion factor (from MeV k g −1 s −1 to Sv h −1 , C = 

600 × 1 . 602 × 10 −13 ) and B is the buildup factor (here given as 

 = 2 ). The gamma emission spectrum is split into N γ energy 

roups with E i mean energies. For each group, μa and μm 

are 

he coefficients for mass energy absorption of air and mass en- 

rgy attenuation of the material, respectively, ( m 

2 k g −1 ; obtained 

rom [74] ), and S γ is the gamma emission of the active mate- 

ial ( MeV k g −1 s −1 ). Within each mini-plot, two sets of limits for 

he safe recycling of active material have been defined according 

o [75] : 

• Remote limit (blue lines) – 10 mSv h −1 after 10 years, indicat- 

ing the possibility for materials to be processed in dedicated 

nuclear facilities with appropriate protection measures. 

• “Hands-on” limit (red lines) – 10 μSv h −1 after 100 years, in- 

dicating the possibility for materials to be processed with min- 

imal radiological protection. 

The hands-on limit has significant relevance, as a dose rate of 

0 μSv h −1 over a 20 0 0 hour work year results in a 20 mSv dose,

hich is the annual limit of radiation workers [76] . Alternative lim- 

ts for recycling, maintenance, and disposal are given by Ref. [77] . 

Fig. 4 reveals that several elements do not decay to the hands- 

n limit even after a period of 10,0 0 0 years (the upper boundary 

rovided here) regardless of the irradiation condition, with notable 

xception of low-Z elements which exhibit a combination of very 
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Fig. 3. Young’s modulus vs. macroscopic neutron capture cross section for various materials at room temperature. Existing high-entropy alloys are plotted as blue dots while 

potential HEAs are represented as a range, optimized for minimum neutron capture. Dashed lines represent constant neutron absorption rates ( �a /E ) for both channel boxes 

constrained by buckling failure. Each new line proceeding lower and to the right indicates a decade decrease in neutron absorption. 

Fig. 4. Radiological activation characteristics by element (up to Bi), irradiated for 5 years under different irradiation conditions. The ‘thermal’ and ‘fast’ fission conditions 

emulate in-core irradiation in a PWR and SFR, respectively, while the fusion condition emulates first-wall irradiation in a DEMO-like reactor. The inset expansion of Cr defines 

the axes limits for all elements. The red and blue dashed lines indicate the remote recycling and “hands-on” limits, defined at 10 mSv h −1 after 10 years and 10 μSv h −1 after 

100 years, respectively. The complete dataset for this figure is linked in the ‘Data availability’ section. 
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hort half-lives and very small capture cross sections. Low-Z ele- 

ents do exhibit significant beta activity, however, as beta irradia- 

ion is significantly self-shielded (i.e., only β-particles emitted near 

he surface of a component will leave the material), beta radiation 

ose is not included in Fig. 4 . The reported gamma dose rate repre-

ents the dose received when touching an infinitely wide and deep 

all of material only attenuated by self-shielding. Maintaining dis- 

ance from the active material and using shielding can drastically 

educe the dose rate. 

Elements irradiated under fusion conditions exhibit more acti- 

ation than either fission condition and elements irradiated under 

ast fission conditions often exhibit slightly more activation than 

hermal fission – primarily due to the larger total flux of the fast 

ssion condition – although many elements including Co, Cr, and 

c exhibit greater activation under the thermal condition due to in- 

reased neutron capture of low-energy neutrons and different ac- 

ivation pathways. C/C and SiC/SiC composites demonstrate a clear 

dvantage with regards to low activation, as do several refractory 

lements, with V and Cr performing particularly well after all ir- 

adiation conditions, and Ti, Sc and Y reducing to hands-on ac- 

ivity remarkably quickly when irradiated under fission conditions. 

g and Al can exhibit a relatively low initial activity or long-term 

ctivity, respectively, under fission irradiation conditions; however, 

hey experience greatly reduced performance under fusion irradi- 

tion. Although the high and long-lived gamma dose rate of irra- 

iated Co is well known, Fig. 4 shows that Ag, Sn, and Sb exhibit

imilarly high profiles. Zn, Sc, and the several refractory elements –

amely Hf, Ta, and W – also exhibit extremely high initial gamma 

ose rates, albeit ‘cooling’ at a faster rate. Nb, Ni and Mo remain 

ear or above the remote recycling limit even after 10,0 0 0 years 

f decay. Some elements, such as Mn, Y, and Rh vary significantly 

ased on the irradiation profile they were exposed to and may not 

e considered low-activation depending on the application. 

The results represent pure elements at natural isotopic abun- 

ance. They do not account for elemental impurities which can 

rastically alter the activity profile. EUROFER reduced-activation 

erritic-martensitic (RAFM) steel for fusion reactors [78] , sets strict 

mpurity limits; however, tens to hundreds of ppm of undesirable 

lements such as Nb, Ni, and Co are still contained in the final ma- 

erial which largely influence its activity. Enhanced material syn- 

hesis processes, especially in terms of elemental and isotopic sep- 

ration, would greatly decrease the amount of intermediate level 

aste generated. 

HEAs such as CrMnFeCoNi (FCC) and TiZrNbHfTa (BCC) will per- 

orm poorly in terms of gamma dose rate due to inclusion of Co 

r Nb. Kareer et al. [79] developed two low activation MEAs by 

eplacing Nb in TiVNbTa with Cr or Zr. The resultant TiVCrTa and 

iVZrTa exhibited a majority BCC structure with minor secondary 

hases, high hardness values of ∼7 GPa and reduced irradiation- 

ardening compared to TiVNbTa and pure V, indicating good 

rradiation-damage tolerance. TiVZrTaW and TiVZrHfTa HEAs were 

tudied by Ayyagari et al. [ 80 , 81 ]. After arc-melting, the TiVZrTaW

lloy exhibited a single BCC phase structure with uniform grains 

nd a hardness of ∼6.3 GPa, while the TiVZrHfTa alloy exhibited 

wo BCC phases in dendritic formation with a hardness of ∼8 

Pa. Ion-irradiation and mechanical testing of TiVZrHfTa showed 

etter irradiation-hardening resistance compared to 304 stainless 

teel ( ∼20% increase vs. ∼50% increase in hardness, respectively). 

iVZrHfTa may be unsuitable for nuclear reactor applications due 

o the large neutron capture cross section of Hf. Waseem et al. 

82] investigated spark-plasma-sintered W x (TiVCrTa) 1-x (x = 0.2 to 

) alloys as reduced activation HEAs for plasma-facing fusion ap- 

lications, finding multiple phases formed in the equimolar HEA 

long with a large increase of hardness (from ∼3-5 GPa to ∼6-8 

Pa) compared to pure W. Five VCrFeTa x W x HEAs (x = 0.1, 0.2, 

.3, 0.4, 1) were investigated by Zhang et al. [83] exhibiting mul- 
8 
iple BCC phases and, at higher Ta/W content, precipitation of a 

aves phase. The alloys of x = 0.1 and 0.2, which exhibit the 

east amount of Laves phase, demonstrated impressive ultimate 

ompressive strengths over ∼30 0 0 MPa at compressive strains of 

5-40% before their plastic limit was reached, and they retained 

ood strength and ductility up to 800 °C. Higher Ta and W con- 

ent greatly increases the hardness (from ∼5.5 to 11 GPa) and the 

 = 0.3, 0.4 and 1 alloys exhibited reduced ultimate compressive 

trengths between ∼70 0-180 0 MPa. 

Considering their capacity to retain mechanical properties at 

igh temperature alongside their low activation properties, HEAs 

onsisting of the refractory elements Ti, V and Cr may be consid- 

red high-value investigations for advanced nuclear applications. 

he V-4Cr-4Ti alloy was applied in fusion reactor first walls due 

o these properties [84] , however, V-4Cr-4Ti exhibits significant 

ardening and embrittlement during low-temperature irradiation 

85] and further embrittlement during oxygen ingress [86] , limit- 

ng the reactor coolant used to liquid Li. Zr, which exhibits higher 

ut still acceptable levels of activation, provides significant benefit 

ue to its high neutron transparency. Elements which emit signifi- 

ant gamma dose need not be excluded from low activity material 

ut may be added in smaller quantities where they contribute to 

he improvement of the material’s properties, such as small addi- 

ions of Al for corrosion-resistance. V 35 Ti 35 Fe 15 Cr 10 Zr 5 studied by 

ian et al. [11] exhibited two BCC phases in both as-cast and an- 

ealed conditions, and high strength which increased until 500 °C. 

ompared to several other low activation steels, this alloy exhib- 

ted a yield strength more than 500 MPa higher in the tempera- 

ure range between 500-700 °C, though its ductility was relatively 

ow below 700 °C with only ∼4% compressive strain to failure at 

oom temperature. RAFM steels are currently considered primary 

andidates for first wall and blanket structural material in fusion 

eactors; however, they are limited by their elevated temperature 

trength and have a maximum operating temperature around 550 

C. In comparison, TiVCrFeZr HEAs can potentially provide high 

emperature strength and possibly enhanced creep resistance due 

o the alloy’s higher melting temperature, enabling increased oper- 

ting temperature. The inclusion of Fe in such a HEA does notably 

levate both the short and long-term gamma dose rate; however, 

e still exhibits a reduced gamma dose rate compared to many 

ther elements suitable for HEAs. 

.2.2. Ashby maps to minimize activation 

Ashby maps can assist the design of materials to optimize (min- 

mize) both short- and long-term activation. Fig. 5 and Fig. 6 

lot key material groups and several HEAs by their volumetric 

ose rate, ˙ 	 , and tensile strength, σT , after irradiation under ther- 

al fission conditions and a subsequent decay period of 10 days 

nd 100 years, respectively, representing a relatively short reactor 

hut down for maintenance purposes and an intermediate storage 

eriod for decommissioned reactor component cool-down before 

rocessing. The dashed lines in both figures represent the point 

ource gamma dose rate, ˙ H , according to the following relation- 

hip (derived in Appendix A2 ): 

˙ 
 ∝ 

˙ 	

σT 

(7) 

After 10 days of cooling, the highest gamma dose rates seen in 

EAs are due to Co and Ta content, exhibiting a remarkable ∼3 or- 

ers of magnitude higher gamma dose rate than the other HEAs. 

fter 100 years of cooling, Nb and Ni are the most common con- 

ributors to high dose rates. Two existing HEAs display remarkably 

ow dose rates after 100 years of decay: Al 20 Be 20 Fe 10 Si 15 Ti 35 and

 35 Ti 35 Fe 15 Cr 10 Zr 5 . The ‘HEA potential’ circle is adapted from sec- 

ion 3.1 to represent a range of volumetric gamma dose rates for 

lemental mixtures of low dose rate elements considered appro- 
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Fig. 5. Tensile strength vs. volumetric dose rate for irradiated materials decayed for 10 days. Existing high-entropy alloys are plotted as blue dots (hollow dots are used 

where only compressive data is available) while potential HEAs are represented as a range, optimized for minimum volumetric dose rate. Dashed lines represent constant 

gamma dose rate for RPVs constrained by burst pressure. Each new line proceeding lower and to the right indicates a decade decrease in gamma dose rate. 

Fig. 6. Tensile strength vs. volumetric dose rate for irradiated materials decayed for 100 years. Existing high-entropy alloys are plotted as blue dots (hollow dots are used 

where only compressive data is available) while potential HEAs are represented as a range, optimized for minimum volumetric dose rate. Dashed lines represent constant 

gamma dose rate for RPVs constrained by burst pressure. Each new line proceeding lower and to the right indicates a decade decrease in gamma dose rate. 
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riate for use in nuclear applications (namely, Be, Mg, Ti, V, Cr, 

r, Ta, Al, and Fe). Similar to the minimization of neutron cap- 

ure, no current HEA exists within the ‘HEA potential’ region due 

oth to both limited development of HEAs containing only the 

pecies mentioned above and a lack of mechanical testing for exist- 

ng HEAs. Two MEAs, TiVZrTa and TiVCrTa [80] , exist with the ‘HEA 

otential’ region, exhibiting volumetric dose rates of 9 . 4 × 10 −15 
9 
nd 2 . 5 × 10 −16 Sv c m 

−3 h −1 , respectively, under the given irradia- 

ion conditions and a 100 year decay period. Such dose rates are 

xtremely low, rivalling SiC/SiC composites, however, the tensile 

roperties of these alloys have yet to be characterized. 

C/C and SiC/SiC composites are superior in minimizing short- 

nd long-term gamma dose rate for an RPV constrained by burst 

ressure, exhibiting several orders of magnitude less gamma dose 
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Fig. 7. Transmuted content of naturally occuring elements (up to Bi), irradiated for 5 years under different irradiation conditions. The thermal and fast fission conditions 

emulate in-core irradiation in a PWR and SFR, respectively, while the fusion condition emulates first-wall irradiation in a DEMO-like reactor. Bars reaching the top or bottom 

of the element box represent complete loss or > 99.9% retention, respectively, of the original element composition after irradiation. The inset expansion of Ag defines the 

axis limits for each for all elements. The complete dataset for this figure is linked in the ‘Data availability’ section. 
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ate than several other alloy families. Al alloys show low short- 

erm dose rates, however, they exhibit little decay over time which, 

ombined with the relatively low yield strength, puts Al alloys 

mong the highest dose options after 100 years. Ti alloys exhibit 

uitably low dose rates after a 10 day decay and can be some of 

he best options after 100 years, however, while pure titanium ex- 

ibits extremely low dose rate after 100 years, common alloying 

dditions such as Al are responsible for its wide spread of dose 

ates. While Ti is extremely desirable under the given low-dose 

ssion conditions, Fig. 4 shows that under high-dose fusion con- 

itions Ti exceeds the hands-on dose limit at 100 years. 

.3. Alloy composition stability 

Transmutation occurs in reactor materials and alters alloy com- 

ositions. This impacts the material’s mechanical and functional 

roperties. Transmutation can improve properties, such as W 

ransmutation to Re improving ductility [82] . Transmutation is gen- 

rally undesired and negatively impacts material properties. To re- 

ain a stable composition over the irradiation period, elements 

ith a low rate of transmutation to other elements should be se- 

ected. An alternative strategy is to pair species that transmute into 

ne another. For instance, in a neutron irradiated Cr-Mn-Fe alloy, 

r and Fe nuclides exhibit high compositional stability, and 

55 Mn 

ransmutes into 56 Fe. Fig. 7 . shows the transmuted content of el- 

ments irradiated under fusion and fission conditions for 5 years. 

o take Ag as an example; if 1kg of the metal was irradiated under 

hermal fission conditions for 5 years, 26% of the original material 

ould transmute to other elements – in this example, the stable 

sotopes 107 Ag and 

109 Ag would activate by neutron capture ( n, γ ) 

ollowed by beta decay (, β−) to produce 108 Cd and 

110 Cd, respec- 

ively. 
10 
Common structural metals Fe, Cr, Al, and Ti have high compo- 

itional stability over the irradiation period. Others such as Co and 

n exhibit a greater depending on the irradiation conditions. Of 

he refractory elements, desirable due to their high melting tem- 

eratures, Ti, Cr, Zr and Nb have high compositional stability un- 

er neutron irradiation, while V, Mo, Hf, Os and especially W see 

lightly greater losses under fission irradiation. Ta, Re, and Ir expe- 

ience enormous transmutative losses. 

Equally important to the fraction of transmutation products, is 

he chemical species of these products. For instance, a small frac- 

ion of gaseous transmutation products may have a greater im- 

act on the alloy performance then a large fraction of a highly 

oluble metal species with similar alloy properties. For this rea- 

on, the transmutation of W in a fusion neutron flux may still 

e considered acceptable as it transmutes into refractories Re 

nd Os which have little impact on its mechanical properties 

n low quantities (i.e., before the formation of a brittle σ -phase 

orms at 6% Os or 28% Re concentration [87] ). Ta has been sug- 

ested as an alternative to W to retard the generation of Re 

nd Os [87] . Transmutation products are as critical as remaining 

mounts of the initial element and the impact of some impuri- 

ies on properties may be orders of magnitude greater than oth- 

rs. Further details on these transmutation products can be found 

n [88] . 

.4. Formation of a nuclear HEA 

The provided Ashby scatter plots allow comparison of material 

erformance with respect to critical nuclear properties, showing 

here HEAs may prove competitive with industry-standard mate- 

ials in specific nuclear applications, such as low cross section fuel 

ladding with enhanced burn-up, residence time, and accident tol- 
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rance compared to Zr alloys. To aid in design of a HEA for these 

pplications, the provided nuclear property charts allow for an ini- 

ial down-selection of potentially suitable elements. Further trade- 

ff analysis, however, will be required where physical, chemical, 

nd nuclear properties are in compromise. Other considerations 

ay be the inclusion of self-passivating elements such as Cr, Al, 

nd/or Ti to resist the often-corrosive reactor environments, or of 

efractory elements to improve mechanical performance at height- 

ned operating temperatures. 

While our theoretical design of a nuclear HEA has focused on 

lement-specific properties, the synthesis of elements into an al- 

oy shifts the focus to alloy-specific properties [ 39 , 89 ]. The produc-

ion of a desirable phase or phases is dependent on several factors 

ith complex interactions, such as enthalpic and entropic contri- 

utions of competing phases, electron configuration, and atomic 

ize and electronegativity mismatch of the constituents, amongst 

thers. After initial down-selection of elements, a large array of 

esign methodologies can be applied to predict the synthesized 

lloy’s final microstructure and mechanical properties, such as 

ume-Rothery type rules [90–93] , calculation of phase diagrams 

CALPHAD) methodologies [ 39 , 94 ], the natural mixing approach 

 95 , 96 ], and computational methods such as density functional 

heory (DFT) [91] , molecular dynamics (MD) [91] , and machine 

earning (ML) [97] . 

. Summary 

Development of advanced structural materials in nuclear reac- 

ors can improve their safety, sustainability, economy, and public 

cceptance, and can in some cases be requisite for the successful 

mplementation of future nuclear technologies with increasingly 

hallenging operating environments. High-entropy alloys (HEAs) 

an exhibit impressive mechanical and thermomechanical perfor- 

ance suitable for such high-temperature environments, alongside 

everal intrinsic phenomena, such as their complex energy land- 

cape, which show promise in resisting irradiation-induced dam- 

ge and promoting defect recombination. 

In this work, a method of comparing key nuclear data (i.e., 

amma dose rate over decay period and elemental transmuta- 

ion) is provided in the form of periodic tables to aid in initial 

own-selection of elements for the creation of new nuclear HEAs, 

ith elements Ti, V, Cr, and Zr showing promise across various 

uclear applications due to their refractory nature, reduced acti- 

ation characteristics, transmutation resistance and relatively low 

eutron capture cross sections. Furthermore, a method of com- 

aring the competitiveness of existing and potential HEAs with 

urrent nuclear alloys is implemented in the form of Ashby ma- 

erial selection maps which establish relationships between me- 

hanical and nuclear properties, allowing a more deliberate com- 

arison between different alloys. Using this method, existing HEAs 

uch as V 35 Ti 35 Fe 15 Cr 10 Zr 5 and Al 20 Be 20 Fe 10 Si 15 Ti 35 show compet-

tiveness with current ‘gold-standard’ nuclear alloys such as Zr- 

 and FeCrAl in terms of gamma dose rate after 10-100 years 

f decay, while potential future HEAs (i.e., those consisting of 

arious combinations of Be, Mg, Si, Zr, Al and to a lesser ex- 

ent Zn, Nb, Mo, Fe, Cr, Cu, Ni, V and Ti) are likely to com-

ete in terms of neutron absorption rate. Investigations into the 

lBeFeSiTi system (i.e., the lightweight HEA Al 20 Be 20 Fe 10 Si 15 Ti 35 ) 

ay show promise in performing as well or better than Zr al- 

oys and other alloys used for their low neutron absorption, how- 

ver, neither Al 20 Be 20 Fe 10 Si 15 Ti 35 nor any other alloy of the Al-

eFeSiTi system have been appropriately characterized, providing 

n opportunity for further studies. With the use of these tools, 

uture HEA designs can be optimized for specific applications, 

acilitating further insight into their promising radiation-tolerant 

henomena. 
11 
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ppendix A 

1 Transmutation and decay calculations 

Calculations of transmutation, activation and decay were per- 

ormed with the ORIGEN (Oak Ridge Isotope GENeration) module 

f the SCALE 6.2.3 nuclear safety analysis and design suite. ORI- 

EN uses the JEFF-3.0/A neutron activation file for reaction cross 

ections, and the ENDF/B-VII.1 file for decay and gamma emis- 

ion calculations. Two fission conditions and one fusion irradia- 

ion conditions were applied to each element with natural abun- 

ance up to Bi (Z = 83). The neutron flux, φ, of the thermal

nd fast fission conditions emulate irradiation of in-core compo- 

ents in a typical PWR ( φ = 10 14 n 
c m 

2 s 
; [98] ) and SFR ( φ = 10 15 n 

c m 

2 s 
;

 99 , 100 ]), respectively, while the fusion condition emulates irradi- 

tion of the plasma-facing material in a DEMO-like, D-T fusion re- 

ctor ( φ = 10 15 n 
c m 

2 s 
; [101] ). Fig. A1 , Fig. A2 illustrates the neutron 

nergy spectra, taken from [73] , which are converted to 238-group 

pectra for use with ORIGEN. Each element is irradiated for a pe- 

iod of 5 years, then set to decay up to ten thousand years. Calcu- 

ations account for ( α, n ) reactions and spontaneous fission. 

2 Ashby map relationships 

hannel boxes 

ailure by bulging 

For simplification, the maximum pressure of a square tube is 

sed (ASME VIII appendix 13; [102] ); the stress maxima occurring 

https://doi.org/10.1016/j.jnucmat.2022.153814
https://doi.org/10.1016/j.jnucmat.2022.153814
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Fig. A1. Neutron spectra of fission and fusion irradiation conditions 

Fig. A2. A top-down schematic view of a BWR core, containing several fuel rods 

(yellow) inside of 4 channel boxes (black) separated by a control blade (blue). The 

dashed lines demonstrate two channel box failure mechanisms; bulging (top right) 

and bowing (bottom left) which can be seen to intersect the control blade. 
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t the corners, defined by: 

t = σm 

+ σb = 

P b 

2 t 
+ 

P b 2 

2 t 2 
(8) 

here σt , σm 

and σb are the total, membrane and bending stresses, 

espectively, P is the pressure, and b and t are the box width and 

hickness, respectively. The membrane stress can be neglected as 

t is significantly smaller than the bending stress for thin-walled 

hannels. Taking the thin-walled cross-sectional area as A = 4 bt , 
12 
he same method as that described in Section 3.1 can be applied 

o extract the relationship: 

 a = 

{
2 

√ 

2 b 2 l�
√ 

P 

}{ �a √ 

σT 

}
(9) 

ailure by bowing 

Following the standard buckling equation: 

 = 

n π2 EI 

l 2 
(10) 

here n is a buckling constant depending on the boundary condi- 

ions, E is the material’s Young’s modulus, and I is the second mo- 

ent of area which can be simplified for a thin-walled box to be 

 = 5 t b 3 / 12 , the same method as that described in Section 3.1 can

e applied to extract the relationship: 

 a = 

{
48 F l 3 �

5 π2 n b 2 

}{
�a 

E 

}
(11) 

inimization of gamma dose rate 

The point source gamma dose rate, ˙ H ( Sv h −1 ), for each material 

s determined from the sum of its constituent elements: 

˙ 
 = V × ˙ 	 = 2 π rtl × ρ

∑ 

(
˙ h mo l el 

M el 

)
(12) 

here ρ is the density ( g c m 

−3 ) and 

˙ 	 is the volumetric gamma 

ose rate of the material ( Sv c m 

−3 h −1 ). ˙ h mo l el 
, c el , and M el are the

olar point source gamma dose rate ( Sv mo l −1 h −1 ) ), concentra- 

ion (atomic ratio) and molar mass ( g mo l −1 ) of each constituent 

lement, respectively. The remaining variables are consistent with 

qn. (1). Molar point source gamma dose rate, ˙ h mo l el 
, is given by: 

˙ 
 mo l el 

= C 

N γ∑ 

i =1 

μa ( E i ) 

4 π r 2 
e −μ( E i ) r S γmol 

( E i ) (13) 

here r is the distance to the point source (here r = 1 m ). For

ach energy group, E i , μ is its energy attenuation coefficient for 

ir ( m 

−1 ; obtained from [74] ) and S γ mol is the gamma energy emis- 

ion rate per mole of the active material ( MeV mo l −1 s −1 ) which is

btained from neutron activation calculations. The remaining vari- 

bles are consistent with Eqn. (6) . As the RPV is constrained by 

urst pressure in the same way that fuel pins area, substituting 

hickness for that of the rearranged Eqn. (2) gives the following 

elationship: 

˙ 
 = 

{
2 π r 2 tlP 

} {
˙ 	

σT 

}
(14) 

3 Tabulated HEA properties 

The below table lists the input and output properties used in 

he Ashby maps of this paper. The failure strength, σF , is given in 

ension (T) or compression (C). 
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Alloy σF MPa T/C ρg cm 

−3 EGPa �a c m 

−1 ˙ 	Sv c m 

−3 h −1 

10 days 100 years References 

C rMnF eC oNi 851 T 7.9 203 1.03 1.32E-2 2.57E-08 [ 103 , 104 ] 

C rMnF eC oNi (SPD) 1950 T 7.9 20 1.03 1.32E-2 2.57E-08 [ 104 , 105 ] 

C rC oF eNi 413 T 8.3 1 - 1.04 1.72E-2 3.36E-08 [106] 

AlC oC rF eNi 2830 C 7.7 1 127 0.87 1.28E-2 2.49E-08 [107] 

AlC oC rF eNiT i 0 . 5 3140 C 7.4 1 178 0.82 1.12E-2 2.19E-08 [107] 

T iZrNbH f Ta 830 T 9.9 - 1.33 5.16E-3 3.29E-08 [ 108 , 109 ] 

T iZrNbH f Ta (SPD) 2106 T 9.9 79 1.34 5.18E-3 3.30E-08 [ 109 , 110 ] 

ZrNbH f Ta 2550 2 T 12.5 1 - 1.74 8.12E-3 5.18E-08 [111] 

T iZrNbMo 3500 2 C 7.9 1 - 0.15 4.90E-6 3.29E-08 [70] 

T iZrNbMo V 0 . 25 3800 2 C 7.9 1 - 0.15 4.63E-6 3.11E-08 [70] 

T iZrNbMo V 3 2500 2 C 7.3 1 - 0.23 2.60E-6 1.74E-08 [70] 

MoNbCrV T i 1677 C 7.3 - 0.23 3.40E-6 2.43E-08 [112] 

MoNbCr Zr T i 1655 C 7.3 - 0.15 3.91E-6 2.44E-08 [112] 

NbMoTaW 1211 C 13.8 220 0.64 8.81E-3 5.72E-08 [ 12 , 113 ] 

V NbMoTaW 1270 C 12.4 180 0.59 6.33E-3 4.11E-08 [ 12 , 113 ] 

T iNbMoTaW 2005 C 14.2 1 139 0.69 7.29E-3 4.73E-08 [114] 

T iV NbMoTaW 2135 C 13.6 1 150 0.67 5.80E-3 3.76E-08 [114] 

AlT iCrNbMo 1010 C 7.7 1 - 0.19 3.61E-6 2.58E-08 [14] 

NbT iV Zr 2350 2,3 C 6.3 86 0.17 3.69E-6 2.63E-08 [ 115 , 116 ] 

NbT iV Z r 2 2350 2,3 C 6.4 81 0.13 3.42E-6 2.12E-08 [ 115 , 116 ] 

Cr NbT iZr 1575 C 6.7 120 0.15 4.21E-6 2.77E-08 [116] 

Cr NbT iV Zr 1725 C 6.6 100 0.18 3.32E-6 2.18E-08 [116] 

M o 0 . 5 V NbT i 1631 C 7.6 - 0.26 4.48E-6 3.60E-08 [117] 

M o 0 . 5 V NbT iC r 2 2363 C 7.5 - 0.26 3.32E-6 2.25E-08 [117] 

A l 20 B e 20 F e 10 S i 15 T i 35 2976 4 - 3.9 - 0.17 1.51E-6 1.67E-13 [ 71 ] 

V 35 T i 35 F e 15 C r 10 Z r 5 1013 C 6.0 - 0.32 2.87E-6 4.51E-14 [118] 

W 10 M o 27 C r 21 T i 22 A l 20 1310 C 7.6 - 0.29 2.35E-6 1.60E-11 [119] 

F eCrAl 650 T 7.6 1 199 0.22 6.34E-6 3.57E-13 [ 120 , 121 ] 

HT 9 615 T 7.9 1 - 0.23 7.71E-6 7.65E-13 [122] 

Zircaloy 4 541 T 6.55 99 8.7E-3 2.27E-6 1.02E-13 [123] 

Zr4 ( C r coat ed ) 5 541 T 6.55 99 1.3E-2 2.24E-6 9.89E-14 [ 123 , 124 ] 

1 Calculated by rule of mixtures of elemental composition. 
2 Values interpreted from figure. 
3 Values taken at 50% compressive strain, where test was stopped without sample failure. 
4 Yield strength – estimated by HV = 3 σy . 
5 Assuming thin Cr-coating has no effect on strength or density. (SPD) 

Processed by severe plastic deformation. 
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