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We introduce the concept of electrophobic interaction, analogous to hydrophobic interaction, for
describing the behavior of impurity atoms in a metal, a “solvent of electrons”. We demonstrate that there
exists a form of electrophobic interaction between impurities with closed electron shell structure, which
governs their dissolution behavior in a metal. Using He, Be and Ar as examples, we predict by first-
principles calculations that the electrophobic interaction drives He, Be or Ar to form a close-packed
cluster with a clustering energy that follows a universal power-law scaling with the number of atoms
(N) dissolved in a free electron gas, as well as W or Al lattice, as E; « (N?B—N). This new concept unifies
the explanation for a series of experimental observations of close-packed inert-gas bubble formation in
metals, and significantly advances our fundamental understanding and capacity to predict the solute
behavior of impurities in metals, a useful contribution to be considered in future material design of
metals for nuclear, metallurgical, and energy applications.
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1. Introduction

Hydrophobic interaction is one of the most important concepts
in understanding many natural phenomena. Water is arguably the
most common solvent in life and industry for a variety of techno-
logical processes. The dissolution behavior of solutes in water is
governed by their hydrophobicity. It is well known that the hy-
drophobic interaction between hydrophobic solutes, such as waxes
and fats, resulting from their repulsion of water molecules is
responsible for their segregation in water; while hydrophilic sol-
utes, such as sugar and salt, disperse uniformly in water as they
form ionic or hydrogen bonds with water molecules. Hydrophobic
interaction is attractive in nature so that hydrophobic particles will

* Corresponding author. Department of Physics, Beihang University, Beijing
100191, China.

** Corresponding author. National Renewable Energy Laboratory, Golden, CO
84101, USA.

*## Corresponding author. Department of Materials Science and Engineering,
University of Utah, UT 84112, USA.

E-mail addresses: Igh@buaa.edu.cn

(J.A. Aguiar), fliu@eng.utah.edu (F. Liu).

(G.-H. Lu), jeffery.aguiar@nrel.gov

http://dx.doi.org/10.1016/j.actamat.2016.08.005
1359-6454/© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

segregate and form clusters spontaneously in water [1,2]. The
super-hydrophobic engineering materials were designed based on
hydrophobic interaction [3,4]. Hydrophobic effects also play an
important role in protein macromolecular synthesis and biological
stability, and have been extensively investigated [5—7].

An analogy to hydrophobicity is the concept of electrophobicity
that has been used to describe whether molecules like or dislike
electrons [8,9], but only in a limited context of describing the af-
finity for electrons amongst individual molecular groups in a
chemical reaction. Hence, the possibility of an electrophobic
interaction has never been discussed in this context, since hardly
one would dissolve molecules in a “solvent” of electrons like dis-
solving molecules in water. However, it is important to realize that a
metal made of a large number of free electrons, where metallic-like
bonding is commonly treated by a jellium model [10,11], can be
approximated as a solvent of electrons. Then the dissolution of
impurity atoms in metal, which is a topic of great scientific and
technological significance, could possibly be related to the elec-
trophobicity of dissolved atoms (solutes). Most importantly, a form
of electrophobic interaction can exist between the “electronic sol-
utes” in metal, analogous to the hydrophobic interaction between
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solutes in water, which fundamentally governs the dissolution
behavior of impurity atoms in metals. Yet, to the best of our
knowledge, the concept of “electrophobic interaction” has never
been discussed before.

An atom may dislike/like electrons depending on its electron
shell structure. If an atom has a closed shell, i.e. He with a closed 1s
shell or Be with a closed 2s shell, it dislikes electrons; if an atom has
an open electron shell, it likes electrons. In fact, the degree of an
atom dislikes/likes electrons can be roughly quantified by its elec-
tron affinity (see Supplementary Fig. S1) [12]: those with a positive
affinity dislike electrons, while those with a negative affinity like
electrons. Therefore, one can naturally extend the concept of
electrophobicity to atoms dissolved in an electron gas. In fact, the
embedding energy of an atom in an electron gas is the basis for the
well-developed effective medium [13,14] and embedded atom
computational methods [15]. Here, we demonstrate that this
extension has a significant implication in achieving a new level of
fundamental understanding of impurity atoms in metals, by
revealing a form of electrophobic interaction between electro-
phobic solutes (impurity atoms) in a solvent of “electrons” (metal),
in a perfect analogy with the important hydrophobic interactions
associated with water.

2. Methods
2.1. DFT calculations

Our calculations were performed using the pseudopotential
plane-wave method as implemented in the VASP code [16,17] based
on the density functional theory (DFT). We used the generalized
gradient approximation of Perdew and Wang [18] and projected
augmented wave potentials [ 19], with a plane wave energy cutoff of
500 eV. The bcc supercell of 128 atoms was used and its Brillouin
zone was sampled with (3 x 3 x 3) k-points by the Monkhorst-Pack
scheme [20]. The energy minimization is continued until the forces
on all the atoms are converged to less than 10~3 eV/A. To possibly
better account for dispersive interaction between the closed-shell
atoms, test calculations are also done for He dimers in vacuum
and electron gas with Van der Waals exchange-correlation func-
tional, which made no significant difference.

2.2. Calculation of He and H solution energy in a homogeneous
electron gas as a function of the electron density

The dissolution of He and H in a homogeneous electron gas with
different electron density is simulated by adding electrons in an
empty box with a compensating uniform positive charge back-
ground. First, we constructed a vacuum cubic supercell with fixed
volume. Then, a given number of electrons is added for a given
electron density along with the same density of uniform positive
charge background. Next, He/H is added in the supercell at different
electron density, and the He and H solution energy is calculated, as
shown in Fig. 1.

2.3. Calculation of the He-induced deformation energy and electron
density at defect sites

In order to get the He-induced deformation energy, He is first
placed at a given defect site (TIS, OIS or SS), and both the atomic
positions and supercell size are relaxed by energy minimization.
Then, He is removed, and the atomic positions and the supercell
size are fixed to account for the deformation induced by He, namely
the difference between the total energy of the distorted lattice and
that of the equilibrium induced by He. The electron density at the
defect site is also calculated with both the supercell size and the
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Fig. 1. The plot shows the solution energy of a He atom and a H atom in a homoge-
neous electron gas as a function of the electron density.

atomic coordinates fixed.
2.4. Irradiation experiments and electron microscopy

Effects of inert-gas bubble formation in materials were per-
formed through a series of jointly coupled irradiation and subse-
quent high resolution (scanning) transmission electron microscopy
(S/TEM) studies. Resolving the effects of Xe clustering in metals, Al
metal targets were selected. Al metal was targeted with a single
250 keV Xe ion beam at room temperature.

3. Results and discussion

We first illustrate the concept of an electrophobic solute (a
closed-shell impurity) vs. an electrophilic solute (an open-shell
impurity) in a solvent of electrons by reviewing the solution en-
ergy (or embedding energy) of a He atom vs. a H atom in a free
electron gas as a function of electron density calculated from first-
principles (see Methods), as shown in Fig. 1. The results of Fig. 1 are
well known from previous studies [21], but here we re-consider
them in a new context of electrophobicity. Helium, an electro-
phobic solute, dislikes electrons having a positive solution energy
that increases with the increasing electron density. In contrast, H, is
an electrophilic solute, likes electrons having a negative solution
energy whose magnitude increases initially and then decreases
with increasing electron density. The turn-around behavior for H
solution energy that eventually becomes positive is because at too
high an electron density, the positive electron-electron Coulomb
repulsion dominates over the negative H-electron attraction. From
this point onward we will therefore limit our calculations for
relatively low electron density.

Next, we derive a simple analytical form to describe solute
behavior in light of electrophobic interactions. We start by
considering an impurity atom having a closed shell that acts as an
electrophobic solute in a free-electron gas, we may approximate
their repulsive interaction with the S oundmg electron media
using a hard-sphere potential, V(r i;o =To , as illustrated in
Fig. 2a. If there are N atoms dlspersed separatety ﬂ1 the free electron
gas, their total solution energy follows the classical solution
N(47rrg)ﬁ. Now if these N atoms segregate into a closely-packed
crystalline structure, as shown by previous experiments [22] (see
also Fig. 2b), assuming approximately a radius R (R3 erg) (Fig. 2a)
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Fig. 2. (a) Schematics of a hard-wall potential between an electrophobic solute and its surrounding electron medium and a close-packed spherical cluster of N atoms (inset). (b)
TEM image of a Xe cluster formed from Xe implantation in Al, showing a close-packed crystalline structure. The [111] direction refers to out-of-plane direction for the Xe bubble,
whose Fourier transform is shown in the inset. (c) and (d) The clustering energy of a He and Be cluster due to electrophobic interaction in a homogeneous electron gas of 0.08 e/A*
electron density, respectively, following a universal scaling relation with the cluster size, E. « (N**-N) according to the hard-sphere model. The solid lines are fits of the calculated

data using the theoretical model.

for simplicity, then the solution energy of this cluster is calculated
as (4mR?)B. Thus, the energy of the cluster (E.), i.e. effectively the
“electrophobic interaction” energy follows a simple power scaling
relation with the cluster size as Ec o« (N2/3 — N).

The repulsion between He and electrons (positive solution en-
ergy) gives rise to an electrophobic interaction, i.e., an effective
attractive interaction between He atoms. For example, between
two He atoms there is zero binding energy in vacuum, but they
attain a binding energy of —0.084 eV at an equilibrium distance of
~1.65 A in a free-electron gas with an electron density of 0.08 e/A3.
Such an electrophobic interaction leads to the clustering of He
atoms in a free-electron gas. The corresponding clustering energy is
calculated as Ey, , = E171.He,e - nE{He’e + (n — 1)E,, where E,TlHere and
nE{He’e is the total energy of the supercell of electron gas with n and
one He atoms, respectively, and E. is the total energy of the
supercell of electron gas without He. Our first-principles calcula-
tions (see Methods) of clustering energy of He up to 6 atoms in an
electron gas of 0.08 e/A> density directly confirms the analytical
form derived above, based on the simple hard-sphere or contact-
area model, as shown in Fig. 2c. Also, similarly results are ob-
tained for Be (Fig. 2d); where the model provides an excellent fit to
the calculated data for both elements.

In a metal consisting of a large number of free electrons acting
effectively as a solvent of electrons, embedded positive ions
[13—15] perturb locally the uniform distribution of electron density.
In this sense, the solubility of an impurity atom generally depends
on its electrophobicity, i.e., an electrophobic impurity dislikes (or
repels) electrons, such as He, will have a positive dissolution energy
in metals; while an electrophilic impurity likes (or attracts) elec-
trons, such as H, will have a negative dissolution energy. This is
indeed shown by all previous experimental and theoretical studies.
For example, it has been shown that He has a positive solution

energy in W [23—-26], Fe [25,27],V [24], Pd [25] and Mo [24,25], and
H has a negative solution energy in W [28—31], Fe [29], V [29], Pd
[32] and Mo [29].

In greater detail, consideration of impurity dissolution in metals
the interaction between the impurity and host ions must also be
taken into account. The electrophobicity however should always
play a key role in governing an impurity's dissolution behavior. To
illustrate this point, here we examine He dissolution in W, as shown
in Table 1. First, by a simple argument of being an electrophobic
solute, He prefers to occupy where the electron density is lowest. In
a bece lattice of W, we may consider three possible sites for He to sit,
the tetrahedral interstitial site (TIS), octahedral interstitial site (OIS)
and substitutional site (SS) (i.e. the vacancy site). Apparently, the SS
site with the lowest electron density is preferred, confirmed by our
DFT calculations shown in Table 1, which are 6.18 eV (TIS), 6.39 eV
(OIS) and 1.59 eV (SS), respectively. This is in direct contrast with
electrophilic impurities, such as H, which prefer a site of optimal
electron density on the inner surface of a vacancy or void to form a
complex in the material [13,21,26,28], but not necessarily the
maximum density because too high of a density induces large
Coulombic interaction, as shown in Fig. 1.

Table 1

Demonstration of dominant contribution of electronic solution energy to the total
solution energy of He in W at three different sites TIS, OIS and SS. All energies are in
units of eV and electron density is in units of e/A>.

TIS OIS SS
Total solution energy 6.18 6.39 1.59
Electron density 0.171 0.162 0.026
Electronic solution energy (LDA) 6.56 6.24 1.08
Electronic solution energy (Derived) 5.18 5.24 1.56
He-induced deformation energy 1.00 1.15 0.03
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Helium is a typical interstitial impurity in metals. Generally, He
will induce lattice distortion when it occupies at an interstitial site,
because its atomic size is larger than the available space provided
by the given interstitial site. For example, for the case of He in W,
the covalent radii of He and W atoms are ~0.49 A and ~1.30 A,
respectively; while the initial distances between He and its first
nearest neighboring W atoms are 1.77 A and 1.59 A in the bulk W,
respectively. This clearly indicates He induces a lattice expansion.
On the other hand, as an electrophobic solute, the dissolution of He
at an interstitial site is also directly related to the electron density.
To further shed light on the physical origin underlying the stability
of He in W, we may divide the solution energy of He in W into two
parts of electronic solution energy (induced by electrophobic ef-
fect) and the deformation energy induced by He. We have calcu-
lated electron densities at the He sites (see Methods) to be 0.171 e/
A3 (TIS), 0.162 e/A3 (OIS) and 0.026 e/A> (SS), respectively (see
Table 1). Then, using these electron densities and Fig. 1, we can
estimate the electronic solution energy by a “local density
approximation (LDA)” assuming: He is embedded in a homoge-
neous electron gas of the density corresponding to each site, where
the results are provided in Table 1. Of course, the electron density is
not uniform, so alternatively we also “derived” the electronic so-
lution energy by calculating the He-induced deformation energy.
He is energetically unfavorable forming chemical bonds with W
due to its closed-electronic shell configuration, and thus the He-
induced deformation energy is largely due to the size effect (or
strain energy). It is calculated from the W lattice energy difference
after and before He introduction (see Methods), which are shown
along with the so derived electronic solution energy in Table 1.
Evidently, one sees that by either “LDA” or “derived” methods the
electronic solution energy is mostly responsible for the total solu-
tion energy, while the He-induced deformation energy plays a
lesser role (see Table 1).

As a matter of fact, it is impossible to completely separate the
contribution of electrophobic interactions to the He solution energy
from the elastic contributions due to the lattice strain induced by
He, because the He-induced deformation (strain) energy is associ-
ated with the electron-electron interactions as well. This processing
model only provides a way to further understand the stability of He
in metals.

We further analyze the electronic structure of the W—He/H
system by calculating the projected electronic densities of states
(DOS) for He/H at the TIS and OIS in W. It is found that only the d-
projected DOS of W atom closest to the He/H defects, and the p-
projected DOS of He and the s-projected DOS of H exhibit notable
changes, as shown in Fig. 3. The shape of the d-projected DOS of W
is similar to that of the p-projected DOS of He shown in Fig. 3a,
indicating that there may be some hybridization between these
states. Moreover, the p-projected DOS of He at OIS near the Fermi
energy level is higher than that of He at TIS, in agreement with that
the electronic solution energy (Derived) of He at OIS is larger than
that of He at TIS (see Table 1). This is consistent with the interaction
between the d-projected DOS of Fe and the p-projected DOS of He
[33]. In contrast, H is energetically favorable to hybridize strongly
with metal atoms due to its electrophilic property. Fig. 3b shows
that there will be hybridization between the d-projected DOS of W
and the s-projected DOS of H. Further, the s-projected DOS of H at
TIS is higher than that of H at the OIS, leading to H energetically
prefers to occupy the TIS instead of the OIS. Note that the He—W
hybridization forms ‘passively’ due to the close-shell structure of
He, in contrast with the H—W hybridization.

In order to investigate the effects of inserting He/H on the
electronic structure of W, the changes in the electron density
induced by He/H at the TIS and OIS were examined, as shown in
Fig. 4. It clearly illustrates the difference between the interaction of

He-electron and that of H-electron in W. From Fig. 4a and b, it is
interesting to see that the He interstitial leads to significant
depletion of electron density at the local region of TIS and OIS,
which indicates the interaction between He and electron is repul-
sive due to the electrophobic nature of He. This property has also
been found for He in other metals, such as Fe [25,33], Mo [24], and V
[24]. In contrast, the electron density increases at the H interstitial
sites as shown in Fig. 4c and d, which indicates H will gain electron
from the surrounding W atoms, owing to the electrophilicity of H.
Therefore, the electrophobic/electrophilic property of He/H leads to
the different effects on the electronic structure of W, as well as the
different dissolution behavior of He and H in W.

Now, we demonstrate the electrophobic interaction between He
atoms dissolved in a W lattice. Since there are many more inter-
stitial sites than vacancy sites, we will use the TIS to calculate the
clustering energy of He in W. For example, when two He occupy
neighboring TIS', the two-atom cluster binding energy is calculated
as Ef,_pew = EgHe,w - 2E—1rHe(TIS)‘W +Ew, where E1THe(T15 w and
E%He.w is the total energy of the W supercell with one and two He
atoms, respectively, and Ew is the total energy of the W supercell
without He. The He—He binding energy is found to be —1.09 eV at a
distance of ~1.5 A, in good agreement with previous studies [23,34],
indicating a strong attractive “electrophobic” interaction between
He atoms in W, which is also observed between other inert-gas
atoms [35]. We have calculated the He clustering energy up to 6
atoms in W. The clustering energy of He in W is calculated as
Enpiew = Enpiew — MElpe(ris) w + (1 — 1)Ew, where Ej,  is the to-
tal energy of the supercell of W with n He atoms. As an example,
Fig. 5a shows five TIS He atoms, which are uniformly dispersed in a
W host lattice and Fig. 5b shows a segregated five-atom He cluster
in W. Most important, in Fig. 5c we find the clustering energy fol-
lows the exact same universal power-law scaling relation as in a
homogeneous electron gas. This is because as we show in Table 1
the electronic solution energy contributes most to the total solu-
tion energy for He in W. The same trending behavior is found for Be
in W. The binding energy of Be—Be at the most stable configuration
in W is —1.12 eV with a distance of ~1.9 A. More importantly, the
clustering energy of Be atoms shown in Fig. 5d follows the same
universal power-law scaling relation. Therefore, we conclude the
electrophobic interaction is a leading mechanism responsible for
He self-trapping in W, which is a prerequisite step for He bubble
formation.

We point out that the positive affinity is a necessary but may not
be a sufficient condition for an element to cluster in an electron gas
or metal, because besides positive affinity our model also requires a
hard-sphere interaction potential between the element and elec-
tron gas and between elements. Particularly, in case of large charge
transfer between element and metal or strong covalent bonding of
elements, the model will not be applicable. This means all the inert-
gas atoms will follow. Besides He, we also show the case of Xe in Al
which works as expected (Fig. 6), in agreement with the experi-
ment (Fig. 2b). The results of Be actually came as somewhat a
surprise to us, which suggests Mg will possibly work too. We expect
more and more cases will be worked out in the future.

Furthermore, based on the present electrophobic theory, He
cluster should be favored at vacancy or defect sites where electron
density is lower. As a test, we have calculated the He clustering
energy inside a W vacancy, in reference to the solution energy of a
single He atom at TIS. Indeed, the clustering energy of He in the
vacancy is found larger than that at the interstitial site. Most
interestingly, the clustering energy of He in the vacancy also follows
the scaling relation with the cluster size, E. « (N?3 - N), as our
theoretical model predicts (Fig. 7).

The electrophobic interaction we reveal here is an important
concept, not only of great scientific interest, but also has significant
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technological implications. The model unifies experimental obser-
vations of inert-gas bubble formation in metals, such as He in W
[36,37], Mo [38], and Fe [39,40], Ne in Mo [41], Ta [41], and Al [42],
Ar in Al [43] and Xe in Al [22,42,44] (present experiment, Fig. 2b),
with a common mechanism that they are all driven by the same
electrophobic model and adopt a close-packed structure. Also, Be is
seen to cluster near the surface of W [45], as we predict in this
study. Our explanation based on the concept of electrophobic
interaction is fundamental and the discovered universal scaling
relation between clustering energy and cluster size is expected to
be generally applicable. Furthermore, our theory offers a guiding
principle to the material design of metals for nuclear engineering,
metallurgical engineering and energy applications. For example,
the nature of electrophobic interaction indicates that inert gases,

such as He bubbles dislike metal. Thus, bubble migration will move
to where the electron density is low, which has been seen directly
in experiments of He implantation in oxide dispersion strength-
ened (ODS) metal alloys. Accordingly, we further propose a novel
design for radiation-damage tolerant protective shell, as shown in
Fig. 8. The design explores the use a multiple layered structure
consisting of a first layer of metal alloy, as used in current reactor
facing incident radiation, followed a second layer of ODS metal
alloy, and a third layer of a corrosion resistant oxide coating. The
thickness of each layer is yet to be optimized. In certain design the
second layer of ODS metal alloy may be removed. Due to the
electrophobicity of inert-gas impurity atoms and bubbles, as well as
the interaction between them, the chemical potential of impurities
and bubbles will continuously decrease from the first metal alloy
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layer to the third oxide containing layer (indicated by an arrow on
the left of Fig. 8). This creates a driving force to direct the diffusion
of impurities and bubbles from the first layer to the third layer,
effectively reducing the amount of bubbles as well as limiting the
size of the bubbles in the first radiation-facing layer to significantly
mitigate the damage accumulation. In addition, the embedded
oxide particles in the ODS layer will increase the nucleation density
of bubbles, so as to reduce the bubble size. Similarly, a high density
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cording to the hard-sphere model. The solid line is fit of the calculated data using the
theoretical model.

of bubbles are expected to nucleate and form at the interface of the
ODS and oxide coating, and as such, this interface should be made
very rough with a large interface contact area, as shown in Fig. 8.
When the bubble density at this interface reaches a critical limit,
the oxide coating layer might peel off; or one can deliberately
remove the coating layer when the interfacial bubble density rea-
ches a sufficiently high value. Then, a new oxide layer can be coated
again to collect the bubbles at the interface and protect the first
layer. For the above reasons, the lifetime of overall radiation
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Fig. 8. A new design of radiation tolerant material. Schematics of the proposed design
of a layered radiation protection shell based on electrophobic interaction.
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protection shell will be significantly increased. The practical reali-
zation of the proposed design principle remains to be decided.

Finally, we point out that the dissolution of impurities in metals
plays an important role in metallurgical processes, such dissolving
Cin Fe to make iron and steel. In this case, C is a strong electrophilic
impurity that likes electrons [46]. Impurity doping in metal hy-
drides has been used as a design strategy for improving H storage
materials [47].

4. Summary

We introduce the concept of electrophobic interaction, analo-
gous to hydrophobic interaction, for describing the behavior of
impurity atoms in a metal, a “solvent of electrons”. We show that
the electrophobic interaction between electrophobic impurities
with closed electron shell structure governs their dissolution
behavior in metal. Using He, Be and Ar as examples, we predict by
first-principles calculations that the electrophobic interaction
drives He, Be or Ar to form a close-packed cluster with a clustering
energy that follows a universal power-law scaling with the number
of atoms (N) dissolved in a free electron gas, as well as W or Al
lattice, as E. o (N? — N). Our findings provide a general approach
to better understand dissolution of impurities in metals, such as the
experimental observations of close-packed inert-gas bubble for-
mation in metals, with significant implications in future material
design for nuclear engineering, metallurgical engineering and en-
ergy applications.
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