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a b s t r a c t 

Density functional theory (DFT) calculations are performed to explore the binding between He and alloy- 

ing solutes, impurities, and transmutation products expected in neutron irradiated nanostructured ferritic 

alloys (NFAs), here 14YWT is taken as an example. Elements that exhibit significant binding (attraction) 

with an interstitial He are: Y (binding energy = 0.46 eV), Mg (0.32), O (0.33), Ti (0.16), and C (0.15). Those 

that provide significant binding to a substitutional He are: O (1.44), Y (1.24), N (0.73), H (0.56), Mg (0.52), 

Ti (0.34), Si (0.34), C (0.33), Al (0.32), Ni (0.26), Ta (0.23), and Mn (0.16). The presence of these elements in 

Fe matrix could reduce the transport of He towards oxide particles, dislocations, and internal boundaries, 

and could promote He bubble nucleation in the matrix. For convenience, we compile existing binding en- 

ergy data of He with He n and He n V (He-vacancy) clusters. Dissociation pathway analysis reveals that, in 

general, the most likely dissociation of a He n V cluster is by a sequential emission of individual He atoms. 

Furthermore, larger bubbles are more prone to dissociation than smaller ones. In addition, we estimate 

the binding energy (segregation energy) of He in bulk Y 2 Ti 2 O 7 (YTO) single crystal, YTO/Fe interface, and 

YTO particle embedded in Fe, with respect to interstitial He in Fe, from existing formation energies of He 

in these structures. We also compile available data of He binding with Fe self-interstitial atom (SIA), SIA 

clusters, and edge and screw dislocations. Note that given the absence of DFT data, the binding with SIA 

clusters and dislocations are gathered from simulations with empirical potentials. The data presented in 

this paper is important to inform multiscale simulations of He bubble accumulation. 

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

Deuterium-tritium fusion reaction produces high energy ∼14 

eV neutrons that create significant atomic displacements (vacan- 

ies and interstitials) through elastic collisions, and He and H gases 

hrough inelastic collisions with the atoms in first wall and blanket 

tructures. The standardized metric for quantifying the displace- 

ent damage is displacements per atom (dpa) [1] . In a fusion re- 

ctor, e.g. based on ARIES-ACT2 design concept with F82H alloy as 

he structural material, the peak damage at the first wall is ex- 

ected to be ∼21 dpa/FPY while the peak He gas production from 

ransmutation is ∼225 appm/FPY (FPY stands for full peak year) 

2] . The ∼14 MeV neutron radiation generates approximately 50 to 

00 times higher He/dpa in materials such as martensitic/ferritic 

teels compared to neutron radiation of fission reactors [3] . Hence 

he ferritic/martensitic steels, that are being used in nuclear fission 

ower plants, are incapable of withstanding the large dpa and He 

roduction expected in fusion reactors. 
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Reduced activation ferritic/martensitic (RAFM) steels were de- 

eloped in early 1980s by replacing Mo with W and Nb with Ta 

4] . Currently, RAFM steels such as F82H, EUROFER97, INRAFM and 

LAM, are the most technologically matured options for fusion 

lanket structural materials with excellent properties, such as, high 

hermal conductivity, low thermal expansion coefficient, and rel- 

tively low void swelling during neutron irradiation compared to 

lternative structural materials [5] . However, the operating tem- 

eratures of the RAFM steels are < 500 − 600 °C . This tempera- 

ure limit was improved without degrading the advantages inher- 

nt of RAFM steels by strengthening the Fe matrix with disper- 

ion of fine oxide particles [3] . These steels are called oxide dis- 

ersion strengthened (ODS) steels. Nanostructured ferritic alloys 

NFAs) are a subset of ODS steels that contain a high number den- 

ity ( > 10 23 particles/ m 

3 ) of ultrafine ( < 3 nm diameter) parti-

les. Dislocation pinning by these nanoparticles improves the high- 

emperature thermal creep strength of NFAs. In addition, NFAs ex- 

ibit much improved void swelling than RAFM steels due to effi- 

ient trapping of He atoms by the nanoparticles. The science, de- 

elopment, and applications of these NFAs are reviewed in several 

rticles [3,6–8] . 
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Abstract: Mechanisms for materials degradation are usu-
ally inferred from electrochemical measurements and
characterization performed before, during, and after
exposure testing and/or failure analysis of service mate-
rials. Predicting corrosion and other materials degradation
modes, such as hydrogen-assisted cracking, from first-
principles has generally been limited to thermodynamic
predictions from Pourbaix or Ellingham diagrams and the
Galvanic series. Using electronic structure calculations,
modern first-principles methods can predict ab initio the
key rate-controlling processes for corrosion and hydrogen
susceptibility as a function of pH, potential, and solution
chemistry, and materials composition and microstructure.
Herein we review density functional theory (DFT) ap-
proaches for studying the electrochemical reactions
occurring on fresh metal and alloy surfaces related to
environmentally assisted cracking and localized corro-
sion/pitting. Predicted changes in surface chemistry as a
function of the environment were correlated against
experimental crack growth rate data obtained for alloys
718, 725, and pipeline steel under electrochemical control.
We also review the application of the method to study the
effects of alloying on the chloride susceptibility of stainless
steels and Ni–Cr-based corrosion-resistant alloys. Per-
spectives for improving themodel are given, and extending
it to future fields of application in corrosion science and
engineering.

Keywords: density functional theory; electrochemistry;
hydrogen adsorption; localized corrosion; surface
adsorption.

1 Introduction

Physics-based simulation of materials aging and degrada-
tion through the mechanisms of corrosion and hydrogen
embrittlement remains a challenging field of research
(Barrera et al. 2018; Taylor 2015). Such research ismotivated
by the necessity for decision-makers in materials engineer-
ing and design to develop new materials that are more
robust under a variety of environments, to establish fitness
for service criteria, and to extend the lifetime of aging
structures (Cordeiro et al. 2020; Taylor et al. 2018c). Credible
models can help augment and interpret the often-limited set
of relevant historical and experimental databases that
typically inform such decision-making processes (Melchers
2019). Such models can fall into two generic categories:
empirical models, with sometimes (but not always) physi-
cally motivated functional forms that are parameterized to
laboratory and/or field data (Feliu et al. 1993a, 1993b;
Melchers 2019; Mendoza and Corvo 2000; Oesch and Faller
1997); and first-principles models that are physically moti-
vated and parameterized only by fundamental physical
constants (Huang et al. 2019; Lin et al. 1981; Sharland 1987;
Taylor 2015; Taylor et al. 2018c).

The development of first-principles models for corro-
sion and hydrogen embrittlement will require a careful re-
construction of the key physicochemical processes that
contribute to those phenomena (Gunasegaram et al. 2014).
These processes include mass-transport from the environ-
ment to the near-surface region; chemical and electro-
chemical reactions at the electrified interface between the
material and solution; compositional and microstructural
changes in the material itself; interactions of solutes and
surfaces with static and dynamic strain fields in the ma-
terial; and formation and evolution of surface films and
scales (Anderko et al. 2008, 2014, 2015; Barrera et al. 2018;
Rice and Wang 1989; Shibata 2007; Tehranchi et al. 2020).
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A B S T R A C T   

Severe lattice distortion is one of important characteristics of high entropy alloys (HEAs) and exercises 
considerable influence over phase structures, and atomic volume V is thought to be the key factor for lattice 
distortion. In the present work, the calculation of V was modified by taking the stacking density effects into 
consideration, and the calculation of lattice distortion enthalpy (∆HLD) caused by elastic lattice distortion for 
HEAs was optimized accordingly. With this method, two phase structure formation rules were proposed: valence 
electron concentration(VEC) − ∆HLD rule for crystal structure of solid solution and chemical 
enthalpy(∆Hchem) − ∆HLD rule for phase composition. The prediction effect of these two rules were verified by 
analyzing 100 existing HEAs, and the intrinsic effect of lattice elastic distortion on the phase formation of HEAs 
were discussed. The results of the research would be helpful in the composition design of HEAs.   

1. Introduction 

The proposing of high entropy alloys (HEAs) has broken the tradi-
tional alloy design concept and attracted considerable attention [1–13]. 
As the element interaction in HEAs is more complex than traditional 
alloys, it became harder for researchers to make quantitative and 
well-targeted design. Therefore, prediction of phase structures is a key 
research for HEAs composition design, which could not only improve 
quality, but also reduce cycle time and lower costs. 

Two aspects are mainly included in the phase prediction research: 
phase composition prediction and crystal structure prediction of single- 
phase solid-solution (SS). The former means to predict what phases 
would be included in the alloy, such as SS, intermetallic compounds (IM) 
and amorphous phase. During the early stage of HEAs, the configura-
tional entropy ∆Scon was regarded as the dominating parameter 
responsible for the stability of SS structure in HEAs [14,15], but deeper 
research indicated that ∆Scon is not enough [16]. Two factors were later 
proposed to predict the phase composition: enthalpy of mixing (∆Hmix) 
[17] and the electronegativity mismatch (∆χ) [18]. The crystal structure 
prediction study aims to make a prediction about which lattice structure 
will be formed in SS, such as body-centered cubic (BCC), face-centered 

cubic (FCC) and hexagonal close-packed (HCP). the most commonly 
used parameter is valence electron concentration (VEC): FCC crystalline 
structures will be formed when VEC ≥ 8, and BCC structures for VEC 
< 6.7) [19]. These parameters, ∆Hmix, ∆χ and VEC were derived from 
traditional alloys and seem the precision is not sufficient for HEAs due to 
its severe lattice distortion [21–23]. There can be no doubt that the 
lattice distortion enthalpy resulting from lattice distortion plays a 
crucial role in phase formation of HEAs. At the beginning of the study, 
the size mismatch δ was used to characterize the size difference between 
principal elements, Researchers found that when alloys having similar ∆ 
Hmix or ∆χ, the combination with δ will be helpful to identify complex 
phase structures [17]. After that, elastic distortion energy was proposed, 
as the atomic volume can better reflect the distortion degree of crystal 
structure [2,24–27]. 

The method proposed by Melnick [16] provided concise approach to 
calculate lattice elastic-strain energy. One of the crucial parameters in 
Melnick’s approach is local atomic volumes V and it was calculated by 
divide the molar volume by Avogadro constant. However, it is note-
worthy that there is slight difference between atomic volumes of 
different crystal structures: the bulk volume is the same across the 
various crystal structures, but the packing efficiency (coordination 
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