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An energetic evaluation of dissolution corrosion
capabilities of liquid metals on iron surface

Yichun Xu,a Chi Song,a Yange Zhang,a C. S. Liu,*a B. C. Panb and Zhiguang Wangc

Using first principles calculations, dissolution corrosion of liquid metals on iron surfaces has been investigated

by calculating adsorption energies of metal atoms in the liquid phase on the surface and escape energies of

surface Fe atoms. The adsorption energies, characterizing the stability of the adsorbed atoms on the

investigated surfaces, show that Bi is more stable than Pb and Au. The escape energies, representing the

energy required for an Fe atom to escape from the surface, show that adsorbed Pb makes surface Fe atoms

escape more easily than Bi and Au. The combination of adsorption energy and escape energy indicates that

the corrosion capabilities of liquid metals decrease in the order Bi > Pb > Au. This is further proved by the

investigation of surface properties, such as inter-layer distance, magnetic momentum and charge density

difference. The results are consistent with experimental results that Fe can be corroded more severely in Bi

than in Pb. In the case of liquid alloys, chemical proportions of compositions are incorporated to evaluate the

corrosion capabilities of Pb–Bi eutectic (LBE) and Pb–Au eutectic (LGE). It is found that LBE has more

severe corrosion capability than LGE. The energetic calculation is further developed in evaluating the effect of

alloying elements in popular steels on the dissolution corrosion. The results indicate that Si, V, Nb and Mo

may mitigate the dissolution corrosion of martensite steels in liquid Pb, Bi and Au.

1 Introduction

Heavy liquid metals are promising candidates for core coolants
and high-power spallation targets in accelerator driven systems
(ADSs), because of their low melting point, low vapor pressure,
high neutron yield and good heat removal.1–3 For example,
liquid Pb–Bi eutectic (LBE) has been generally accepted as a
good candidate and studied by a number of laboratories world-
wide for several years. Liquid Pb–Au eutectic (LGE) was recently
validated as an alternative candidate due to its lower chemical
toxicity and similar neutron production, with less polonium as
compared to mercury and LBE.4 However, the compatibility of
structural materials, many stainless steels, with the liquid metals is
a critical problem in the development of ADS.5–7 A series of
experiments has shown that most steels are attacked by dissolution
corrosion at low oxygen content (especially less than 1� 10�8 wt%),
and oxidation corrosion at high oxygen concentration (larger
than 1 � 10�6 wt%).8–12 Prior studies show that metallic inhibi-
tors, Zr and Ti, can inhibit the corrosion of steels by reacting with
minor constituents of steels, nitrogen and carbon to form inert

and adherent surface layers of ZrN, TiN or TiC.13–15 Recently, non-
metallic oxygen has been found to be an effective inhibitor by
reacting with the major components of steels to form a protective
oxide layer.16,17 However, the nitrides and carbides are controlled
by the diffusion of nitrogen and carbon and some of them are
brittle and tend to spall.17 On the other hand, the oxide layer
thickness depends strongly on the oxygen concentration by the
active oxygen control technique,12 compositions and micro-
structures of steels,11,18 and temperature and velocity of liquid
metals.9,11 Meanwhile, the ideal protective oxide layer should
be pore-free, crack-free, stress-free at operating temperatures,
and resistant to spalling or damage during cooling or heating.
For practical heavy liquid metal systems, it is nearly impossible
to attain such an ideal protective layer throughout the varying
environments. These drive people to explore a different way to
mitigate dissolution corrosion.

As we know, dissolution corrosion depends not only on the
compositions of liquid metals, but also on the components of
the materials. Weeks in the 1960s found that the Fe solubility
decreases with increasing Pb fraction in liquid Pb–Bi.19 This
indicates that Bi has more severe corrosion capability than Pb,
which was further proved by comparing the Ni and Cr solubility
in liquid Pb and Pb–Bi alloy19 and various steels in liquid Pb
and Bi.11,20 It is also found that Cr is corroded more easily than
Fe in liquid Pb–Bi. According to the observations of CICLAD
and CORRONa, the dissolution rates of T91 and Eurofer97 in
Pb alloys are higher than those in Na at the same temperature.21
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Recently, both martensite T91 (body-centered cubic, bcc) and
austenite SS316 (face-centered cubic, fcc) steels are corroded
more severely in LGE than in LBE from PSI (the Paul Scherrer
Institute, Switzerland) under identical conditions, including
temperature, velocity and corrosion duration. Some compo-
nents in the SS316 are dissolved significantly in LGE, such as
Cr, Ni and Mn,22 which is also observed in ref. 23–25. These
experimental results indicate that both liquid metals and
material components play important roles in dissolution corro-
sion. However, it is a costly and time-consuming job to select
the best candidate from the massive materials for the ADS
project by experiments.

With the development of computers, computational methods
have been generally accepted as a good approach to obtain
atomic information.26–35 On the microscopic scale, the dissolu-
tion corrosion is a physico-chemical interaction between liquid
metals and substrate surfaces. Similar to the corrosion at Fe3O4

surfaces,26 we consider the adsorbing (or deposition) process of
metal atoms in the liquid phase, and the escape process of
surface Fe atoms. During the adsorption process, metal atoms in
the liquid phase should be chemically stably adsorbed on the
surface through temporary physical adsorption. Stable adsorp-
tion represents high adsorbing strength for the adsorbed atom
(adatom) on the surface, which is related to its probability of
adsorption. Meanwhile, the adatom causes the electrons to be
re-distributed around the surface atoms. This will modify the
surface stability and the escape possibilities of surface atoms.
Consequently, it is speculated that the dissolution corrosion
capabilities of liquid metals can be evaluated in terms of (1)
adsorption energy related to the possibility of adsorbing
atoms,27,28 and (2) escape energy of the substrate atoms on
the surface related to the surface stability.29–31 In the case of
liquid alloys, the dissolution corrosion has to be considered for
each composition, such as Pb and Au in LGE, and Pb and Bi in
LBE. On the alloy doped surfaces, interactions between liquid
metals and alloy atoms are incorporated to examine the effects
of alloying elements on the corrosion.

In this paper, we perform first principles calculations to
evaluate the dissolution corrosion capabilities of liquid metals
on the Fe surface by adsorption energy and escape energy. They
are also double-checked by the surface properties, including
inter-layer distance, magnetic momentum and charge density
difference. In addition, alloys (Al, Si, V, Cr, Mn, Ni, Cu, Nb and
Mo) in current popular steels are doped on the surface to explore
their effects on the corrosion resistance of steels in liquid metals.
This preliminary study is the first step towards understanding
dissolution corrosion in liquid metals, although the extrapola-
tion to real systems is complicated due to the presence of oxygen,
impurities, defect sites and grain boundaries.

2 Computational details

The present calculations are based on the density functional
theory (DFT), as implemented in the Vienna Ab initio Simula-
tion Package (VASP).36,37 The exchange–correlation energy is

described by Perdew–Burke–Ernzerhof (PBE) form38 within the
spin polarized version of generalized gradient approximation
(GGA). The electron–ionic core interactions are described by
the projector augmented wave (PAW) potentials.39,40 A plane-
wave basis with energy cutoff of 500 eV is used to expand the
electronic wave functions. The Brillouin zone integrations are
performed on a special k-points mesh, 8 � 8 � 8 for the bcc
structure bulk, generated by the Monkhorst–Pack scheme.41

Spin polarized calculations were conducted, due to the mag-
netic nature of Fe. To accelerate the convergence, the first order
Methfessel–Paxton method with a Fermi surface smearing of
0.2 eV is adopted. With the above parameters, the lattice
constant of bulk Fe with a bcc structure is optimized to be
2.831 Å. This value is consistent with the experimental data and
other DFT calculations.42,43

Clean surfaces are modeled by cleaving the relaxed bcc-Fe
bulk along the (001), (110) and (111) Miller planes. The three low
index surfaces are usually taken into account to evaluate the
dissolution corrosion capabilities of liquid metals.44,45 For the
(001) surface, different surface unit cells are considered to preset
various coverages of adsorbed atoms and escaped Fe atoms (or
vacancies). A slab consists of a 2� 2 unit cell with 9 atomic layers,
or a 3 � 3 unit cell with 5 atomic layers. For (110) and (111)
surfaces, slabs are initiated by a 3 � 3 unit cell with 5 atomic
layers and 4 atomic layers46 in Fig. 1, respectively. Periodic slabs
are separated by a 14 Å vacuum in the direction perpendicular to
the surface. The upper surface is used to mimic the surface of
interest, and the bottom surface is fixed, according to previous
simulations.26 All the surfaces are fully optimized until the forces
on each atom in the corresponding slabs are less than
0.01 eV Å�1. The sampling of the Brillouin zone for the 2 � 2
surface cells is conducted with a k-point mesh of 8 � 8 � 1, while
for 3 � 3 surface cells with a k-point mesh of 5 � 5 � 1 generated
automatically using the Monkhorst–Pack method. A series of test
calculations show that our calculations with the aforementioned
parameters are precise enough to obtain energetic information of
the slab to within 0.03 eV.

Liquid metal adsorbed surfaces are considered by adsorbing Pb,
Bi or Au atoms on the optimized clean surfaces at the different high-
symmetry sites to determine the lowest energy configuration. As
labeled in Fig. 1, Hollow (H), Bridge (B) and the Top (T) positions are
considered on the (001) surface. Meanwhile, Long-Bridge (LB),
Short-Bridge (SB) and Top sites on (110), and Bridge and Top sites
on the (111) surface are examined. The configurations with the
lowest energy are then utilized to analyze the energies in this paper.
For the (001) surface, different coverages of adsorbed atoms are
initiated to investigate the coverage dependence of the dissolution
corrosion. One adatom at the 2� 2 and 3� 3 unit cell corresponds
to coverage (y) of 1/4 and 1/9 ML, respectively. Two adatoms on the
2 � 2 unit cell corresponds to y = 1/2 ML, and five adatoms on
the 3� 3 unit cell represents y = 5/9 ML, as shown in Fig. 2. For the
slabs with 2� 2 unit cell surfaces, the bottom three layers are fixed,
while the adsorbed atoms and Fe-atoms in the top six layers are
relaxed, as shown in Fig. 3(a). For the slabs with 3 � 3 unit cell
surfaces, Fe-atoms on the bottom two layers are fixed and the other
atoms are relaxed, as shown in Fig. 1.
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3 Results and discussion

To evaluate the dissolution corrosion capabilities of liquid
metals on Fe surfaces, we calculate adsorption energy of atoms
from the liquid phase and escape energy for surface Fe atoms.
The energetic evaluation is further checked by another distinct
method, measuring the inter-layer distances, magnetic moments
of surface Fe atoms and charge density differences at the inter-
face of liquid metals/Fe(001). Finally, nine alloying elements are
considered to explore their effects on the dissolution corrosion
of liquid metals on alloy doped surfaces.

3.1 Dissolution corrosion capabilities of liquid metals

As mentioned above, we simultaneously consider the adsorbing
process of metal atoms from the liquid phase and the escape
process of surface Fe atoms in energetic space. According to
previous calculations,27–31 these two processes are described by

the adsorption energy of adatoms, Eads, and the escape energy
of surface Fe atoms, Eesp. Eads is defined as:

Eads = Eada
slab � Eslab � mada, (1)

where Eada
slab and Eslab are the total energies of the slab with and

without an adsorbed atom, respectively, and mada is the chemical
potential of the adsorbed atom. mada is very close to the energy
per atom of the most stable condensed phase of the adsorbed
atom at 0 K, if the temperature dependence of the free energy
and the latent heat of fusion is neglected.27 Eesp is defined as:

Eesp = Eada
slab�1 + EFe � Eada

slab, (2)

Fig. 2 Different coverage of adatoms on the Fe(001) surface with 2 � 2
and 3 � 3 unit cell. (a) 1/4 ML coverage of adatom and alloyed atom
(labeled as Sub); (b) 1/2 ML coverage of adatoms, i.e. H1 and H4, or H2 and
H3 is more stable than other assemblies; (c) 5/9 ML coverage of adatoms.

Fig. 1 The Fe-slab with (001) surface on (a), (110) surface on (b) and (111) surface on (c), and their corresponding overview on (d), (e) and (f), respectively.
Dashed squares show relaxed atomic layers in different slabs. The dark blue balls are surface Fe atoms, and the light blue balls are Fe atoms in the second
layer. Dashed circles represent the high-symmetry positions for adatoms on different surfaces, such as Hollow (H), Bridge (B), Top (T), Long-Bridge (LB)
and Short-Bridge (SB).

Fig. 3 (a) Structure of the Fe-slab with adsorbed atom on the hollow
position; (b) side view of the structure on the (�110) plane; (c) top view of
the structure on the (001) surface. The adsorbed atom at the hollow
position is labeled as H.
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where Eada
slab is the total energy of the slab with adatoms from the

liquid phase, Eada
slab�1 is the total energy of the slab with adatoms

and one surface Fe atom escaped from the surface, and EFe is
the energy of an isolated Fe atom. According to the above
definitions, the negative Eads represents an exothermic process,
and the adsorbing process occurs easily. On the contrary, a
positive value indicates an endothermic process. The Eesp repre-
sents the energy required for an Fe atom to escape from the
surface. The lower the Eesp, the more easily the Fe atom escapes.

According to eqn (1), the Eads for adatoms at different
positions on the three surfaces are calculated and listed in
Table 1. The Eads values in Table 1 indicate that Pb, Bi and
Au prefer the hollow position on the (001) surface, Long-Bridge
on the (110) surface and Bridge on the (111) surface.
In addition, two adatoms prefer diagonal hollow positions
(such as 1-site and 4-site or 2-site and 3-site) on the (001)
surface with a 2 � 2 unit cell in Fig. 2(b). Five adatoms are most
stable at high-symmetry hollow positions on the (001) surface
with a 3 � 3 unit cell, as shown in Fig. 2(c). These lowest energy
configurations with adsorbed atoms are utilized in the follow-
ing analysis.

The Eads for adatoms (Pb, Bi and Au) and Eesp for Fe atoms
on the (001), (110) and (111) surfaces are listed in Table 2. For
the (001) surface, the Eads for Pb and Bi with 1/4 ML coverage
are consistent with previous calculations.27 The calculations are
also identical with E11l

ads for 2 � 2 � 11 and E9l
ads for 3 � 3 � 9

systems. As listed in Table 2, the Eads values of adatoms on the
three surfaces are ordered by Eads(Bi) o Eads(Pb) o Eads(Au) o 0.
This indicates that Pb, Bi and Au atoms can be stably
adsorbed on Fe surfaces from the liquid phase, and Bi is more
stable than Pb and Au. In the case of the (001) surface, the Eesp of
surface Fe atoms with different coverages of adatoms increases
in the order Eesp(Pb) o Eesp(Bi) o Eesp(clean) o Eesp(Au). This
indicates that Pb and Bi significantly accelerate the dissolution
corrosion, while Au slightly mitigates the Fe atom escaping from
the (001) surface. On (110) and (111) surfaces, the order of Eesp(Pb)
o Eesp(Bi) o Eesp(Au) o Eesp(clean) indicates that Pb, Bi and Au
accelerate the dissolution corrosion, and show the same trend of
corrosion capability as on the (001) surface.

As mentioned previously, the dissolution corrosion of liquid
metals is affected by both the adsorption process and the
escape process, and we have to consider the energetics in the
two processes. Eads represents the possibility of adsorbing

atoms from the liquid phase. The Eesp related to surface
stability determines the probability of formation of surface
vacancies due to surface Fe atoms escape. Therefore, the
possibility of adsorbed atoms nada, and vacancy (or escaped Fe)
nvac can be simply expressed by Eads and Eesp, respectively,9,16,17

nada / A� exp
�Eads

kT

� �
; (3)

nvac / B� exp
�Eesp

kT

� �
; (4)

where A and B are constants depending on materials and
environments. Herein, the higher the values of Eads and Eesp,
the lower the possibility of adsorbed atoms and vacancies
formed on the Fe surface. On the contrary, the lower Eads and
Eesp values represent a higher probability of adatoms and
corrosion capability of liquid metal.

Since the adsorption possibility expressed by eqn (3) is not
normalized, one can roughly evaluate the effect of adatoms by
the ratio of vacancy probability (nvac) in eqn (4) on the surfaces
with adatoms to that on the clean Fe surface. For example, the
ratio is 2.92 for Pb and 2.25 for Bi and 0.83 for Au adsorbed on
the (001) surface with 1/4 ML coverage. This indicates that both
adsorbed Pb and Bi accelerate dissolution corrosion on the
clean (001) Fe surface, and the adsorbed Au slightly mitigates
the corrosion. In the case of (110) and (111) surfaces, all the Pb,
Bi and Au are found to accelerate the dissolution corrosion.
However, the dissolution corrosion of liquid metals is affected
by both adsorption and escape processes. The corrosion ability
of liquid metals can be estimated by taking the probability of
adsorption into account as nada–vac,

nada�vac ¼ nads � nvac / A� B� exp
�Eads � Eesp

kT

� �
: (5)

According to eqn (5), the ratios of nada–vac for Pb to that for Bi
and Au on the surfaces with different coverage are calculated by
data in Table 2. Table 3 shows that the vacancy concentration
on the three surfaces in liquid Pb is smaller than in liquid Bi,

Table 1 Adsorption energies (Eads) of Pb, Bi and Au at different high-
symmetry sites on the (001), (110) and (111) surfaces

y Pb Bi Au

H(001) 1/4 �0.75 (�0.72, ref. 27) �1.36 (�1.31, ref. 27) �0.52
B(001) 1/4 �0.13 �0.51 0.03
T(001) 1/4 0.10 �0.12 0.54

LB(110) 1/4 �0.91 �1.16 �0.47
SB(110) 1/4 �0.75 �1.10 �0.15
Top(110) 1/4 �0.71 �0.91 0.20

B(111) 1/9 �1.04 �1.25 �0.42
T(111) 1/9 0.57 0.65 0.84

Table 2 Adsorption energy (Eads) of Pb, Bi and Au and escape energy
(Eesp) of surface Fe atom on (001), (110) and (111) surfaces

y Clean Pb Bi Au

Eads(001) 1/4 �0.75 �1.36 �0.52
Eesp(001) 1/4 5.81 4.74 5.00 6.00
E11l

ads(001) 1/4 �0.74 �1.34 �0.51
Eads(001) 1/2 �1.39 �2.13 �1.04
Eesp(001) 1/4 5.81 5.30 5.74 6.03
Eads(001) 5/9 �3.55 �4.87 �2.62
Eesp(001) 1/9 5.76 5.30 5.65 5.74
Eads(001) 1/9 �0.76 �1.41 �0.50
Eesp(001) 1/9 5.76 4.80 5.04 5.97
E9l

ads(001) 1/9 �0.78 �1.38 �0.56

Eads(110) 1/9 �0.91 �1.16 �0.47
Eesp(110) 1/9 6.19 5.29 5.33 5.33

Eads(111) 1/9 �1.04 �1.25 �0.42
Eesp(111) 1/9 5.64 5.17 5.27 5.38

Paper PCCP

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 H
ef

ei
 I

ns
tit

ut
es

 o
f 

Ph
ys

ic
al

 S
ci

en
ce

, C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
on

 1
6/

07
/2

01
5 

09
:1

0:
34

. 
View Article Online

http://dx.doi.org/10.1039/c4cp01224k


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 16837--16845 | 16841

but larger than in liquid Au. The dissolution corrosion cap-
ability of liquid metals decreases in the order Bi > Pb > Au. This
is consistent with experimental results, that Bi is more corro-
sive than Pb.11,16,17,19

The sequence of dissolution corrosion for liquid metals is
further checked by surface properties, such as inter-layer dis-
tance, magnetic moments and charge density difference. The
inter-layer distance, dij, is defined as the distance between the
ith and jth atomic layers after structure relaxation. Correspond-
ingly, the layer relaxation, Dij is described by Dij = (dij � d0)/d0,
where d0 is the interplanar spacing in the bulk. In the case of
the clean (001) surface with a 2 � 2 unit cell, the inter-layer
distances in the top six layers are calculated to be d12 = 1.39 Å,
d23 = 1.46 Å, d34 E d45 E d56 E d0 E 1.42 Å. These lead to layer
relaxations of D12 = �1.9%, D23 = 3.5%. These calculations are
in good agreement with previous theoretical calculations44,47–49

and experimental observations.50 The local magnetic moments
are calculated by projecting the wave functions onto the sphe-
rical harmonics within the spheres around each atom, with
radii equal to the Wigner–Seitz radii. The magnetic moment is

averaged to be 2.96 mB for surface Fe atoms and 2.26 mB for bulk
Fe atoms. They are also consistent with previous calcula-
tions.48,51 In the case of the liquid metal adsorbed surface,
the inter-layer distance between first and second layer d12 after
relaxation increases by 8.2%, 8.8% and 1.2% for Pb, Bi and Au,
respectively, compared to the value of 1.39 Å for the clean
surface. The magnetic moment of the surface Fe atom is
reduced from 2.96 mB to 2.76 mB, 2.72 mB and 2.93 mB with Pb,
Bi and Au adsorption, respectively. These hint that adsorbed Pb
and Bi affect the Fe surface much more severely than Au, and
the effect of Bi is slightly larger than that of Pb.

The charge density difference, Dr, is defined by the
following formula,52

Dr = rada
slab � rada � rslab, (6)

where rada
slab is the total charge density of the slab with an

adatom, and rada and rslab are the charge densities of the
adatom and clean slab, respectively. Negative values indicate
a depletion of local electrons and positive values indicate an
accumulation of local electrons. Fig. 4 shows the Dr distribu-
tion of atoms around the interface from both side view and top
view, corresponding to Fig. 3(b) and (c). It is noticed that there
is an substantial rearrangement of electrons around the inter-
face from various Dr values. The upper panels of Fig. 4 show
that Dr around the adsorbed atoms is negative, and Dr around
Au is lower than that around Pb and Bi. This means the
electrons around Au are depleted more severely than around
Pb and Bi, and the bond strength of Au with the surface atoms
is weaker than that of Pb and Bi. The negative Dr area between
Fe atoms at the top layer (Fe1) and the second layer (Fe2)
indicates that electrons are depleted. This indicates that the
bond strength between Fe1 and Fe2 is decreased. Clearly, the

Table 3 The ratio of nada–vac for Pb to Bi (RPb/Bi) and Au (RPb/Au), and for
LBE to LGE (RLBE/LGE), on the three surfaces with different coverage of
adatoms (y(ada)) and vacancies (y(vac))

y(ada) y(vac) RPb/Bi RPb/Au RLBE/LGE

(001) 1/4 1/4 0.70 4.44 1.38
(001) 1/2 1/4 0.74 2.94 1.32
(001) 5/9 1/9 0.38 3.97 1.40
(001) 1/9 1/9 0.66 4.18 1.38

(110) 1/9 1/9 0.81 1.62 1.20

(111) 1/9 1/9 0.90 2.29 1.16

Fig. 4 Charge density difference around the interface from the side view (a–c) and top view (d–f). The black stars represent Pb on (a) and (d), Bi on (b)
and (e), and Au on (c) and (f), respectively. The black dots are Fe atoms. The units are electrons per Å3.
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bond strength between Fe1 and Fe2 is significantly affected by
adsorbed Pb or Bi, while not obviously affected by Au adsorp-
tion. The Dr distributions on the lower panels show Pb and Bi
make bond strength between Fe atoms on the surface weaken
severely, while Au affects it slightly. These observations indicate
that Pb or Bi not only degrade the interaction between Fe atoms
at neighboring layers, but also decrease the bond strength
between Fe atoms on the surface. The above results intuitively
prove that the adatoms affect surface stability in the order Bi >
Pb > Au.

Based on the above research for liquid metals, we explore
complicated dissolution corrosion in liquid alloys, such as
LBE and LGE. Considering experimental conditions, various
chemical compositions and their proportions are implemented.
According to recent experimental conditions at PSI, LBE consists
of 45% Pb and 55% Bi, while LGE consists of 85% Pb and
15% Au. The vacancy concentration on the surface representing
the corrosion capabilities of LBE and LGE can be simply
accessed according to linear corrosion rate of the Pb and
Bi(Au) activities,11,18

nLBE
ada–vac = cLBE

Pb � nPb
ada–vac + cLBE

Bi � nBi
ada–vac, (7)

nLGE
ada–vac = cLGE

Pb � nPb
ada–vac + cLGE

Au � nAu
ada–vac, (8)

where cLBE
Pb or cLGE

Pb is the proportion of Pb in LBE or LGE, while
cLBE

Bi and cLGE
Au represent the proportion of Bi and Au in LBE and

LGE, respectively. According to the definitions eqn (7) and (8),
the ratio of nLBE

ada–vac to nLGE
ada–vac is larger than that on the three

surfaces as shown in Table 3. This indicates that the dissolu-
tion corrosion in LBE is slightly more severe than in LGE, which
conflicts with experimental observations from PSI.22 The con-
flict may be attributed to the fact that the observed corrosion is
a mixture of oxidation and dissolution. The oxidation, such as
magnetite and Fe–Cr spinel, may prevent Bi penetration, while
allows Pb penetration from experimental observation.8 How-
ever, the effects of oxidation have not yet been well understood
without precise oxygen control, although oxygen content in LBE
and LGE was estimated in the range 1 � 10�8–1 � 10�6 wt%.22

Therefore, oxygen effects are expected to be implemented in
future theoretical studies.

3.2 Effect of alloying elements on the dissolution corrosion

Due to the degradation of steels inevitably caused by dissolu-
tion corrosion, researches are exploring efficient ways to pre-
vent corrosion and ensure a long life time for steels in the ADS
project. For this purpose, we first keep our eyes on the effect of
alloying elements in popular steels on the dissolution corro-
sion. Nine alloying elements (Al, Si, V, Cr, Mn, Ni, Cu, Nb and
Mo) are investigated through their effects on Eads of adsorbed
atoms and Eesp of surface Fe atoms.

The alloy-doped surface was constructed by substituting one
surface Fe atom with an alloy atom on the optimized (001)
surface with a 2 � 2 unit cell, as shown in Fig. 2(a). After
relaxing the alloy-doped surface, we calculate the Eads of
adatoms and Eesp of surface Fe atoms on the relaxed alloy-
doped surface, as listed in Table 4. On the clean alloy-doped

surface, the Eesp of surface Fe atoms are increased by all of the
alloys except Si and Ni, relative to 5.81 eV of Eesp on the clean
pure surface. This indicates that dopants Si and Ni accelerate
the escape of surface Fe atoms, and make the surface unstable
in a vacuum. When a metal atom in the liquid phase is
adsorbed on the alloy-doped surface, the most stable position
for an adatom is firstly checked by comparing the total energies
of the slab with the adatom at hollow, bridge and top positions.
It is found that the hollow position is still the most stable
position for the adatoms on all the alloy-doped surfaces, except
for Pb on the Cr-doped surface, in which the bridge position is
the most stable.

As shown in Table 4 and Fig. 5, some alloys enlarge Eads,
representing a reduction in the adsorption probabilities of
adatoms from the liquid phase. For example, Al, Si, V, Mn
and Cu increase Eads of Pb, while Al, Si, Mn and Cu enlarge Eads

of Bi, and Al, Si, Ni and Cu raise Eads of Au. Correspondingly,
they reduce the adsorption probabilities of Pb, Bi and Au on the

Table 4 Eads, Eesp and their sum (Etot) on the pure and alloy-doped
surfaces

Clean Pb Bi Au

Energy (eV) Eesp Eads Eesp Etot Eads Eesp Etot Eads Eesp Etot

Pure 5.81 �0.75 4.74 3.99 �1.36 5.00 3.64 �0.52 6.00 5.48
Al 6.03 �0.51 5.12 4.61 �1.07 5.39 4.32 �0.43 6.15 5.72
Si 5.76 �0.55 4.99 4.44 �0.99 6.08 5.09 �0.29 5.89 5.60
V 5.80 �0.70 4.88 4.17 �1.35 5.14 3.79 �0.53 5.98 5.45
Cr 6.09 �0.95 4.29 3.34 �1.42 5.17 3.75 �0.58 5.57 4.98
Mn 6.05 �0.62 5.00 4.38 �1.25 5.29 4.04 �0.50 6.17 5.67
Ni 5.78 �0.81 4.82 4.01 �1.39 5.08 3.69 �0.44 5.90 5.46
Cu 5.96 �0.60 4.87 4.27 �1.19 5.12 3.93 �0.34 5.08 4.73
Nb 5.88 �0.78 5.10 4.32 �1.46 5.60 4.14 �0.56 6.05 5.49
Mo 5.88 �0.80 5.00 4.20 �1.47 6.23 4.76 �0.56 6.04 5.48

Fig. 5 Adsorption energies of Pb, Bi and Au on the alloy-doped surfaces
are shown as red squares, blue crosses and black solid circles, respectively.
The dashed lines show the adsorption energies of adsorbed atoms on the
pure-Fe surface.
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surface. However, some of the above alloys accelerate the
escape of surface Fe atoms by reducing the Eesp of surface Fe
atoms, as shown in Fig. 6. For instance, Si and Cu promote the
escape of surface Fe atoms from the surface with Au adsorp-
tion, and accelerate the dissolution corrosion of the Fe sub-
strate in Au. To combine the two effects of the dissolution
corrosion, we sum Eads and Eesp on each alloy-doped surface as
Etot and show them in Table 4 and Fig. 7. Relative to Etot for the
pure Fe in Pb (3.99 eV), Bi (3.64 eV) and Au (5.48 eV), all
the nine alloys can mitigate the dissolution corrosion of the
Fe-substrate in liquid metals, except Cr in Pb, and Cr and Cu in
Au. The alloys improving the Fe-substrate dissolution resistance

are ordered in Pb by Al > Si > Mn > Nb > Cu > Mo > V > Ni, in Bi
by Si > Mo > Al > Nb > Mn > Cu > V > Cr > Ni, and in Au by Al >
Mn > Si > Nb B Mo Z Ni B V. So far, Al shows the best
protection for the Fe-substrate in Pb and Au, while Si is the best
one to prevent the Fe-substrate dissolution corrosion in Bi.

Besides the above effects, the dissolution of alloys them-
selves also have to be considered, since they may be dissolved
by liquid metals more easily than by surface Fe atoms. The
escape energies for the surface doped alloys in liquid metals are
calculated by the definition Eesp(A) = Eada

slab�1 + EA � Eada
slab�1+A,

where EA is the energy of an isolated alloy atom, and Eada
slab�1+A is

the energy of the alloy-doped slab. Similarly, the dissolution of
surface alloys depends on the combination of the Eesp(A) for the
doped alloys and Eads for adsorbed atoms, i.e. Etot(A). As shown
in Fig. 7, Etot(A) values of Cr, Mn and Cu are significantly lower
than those of surface Fe atoms in liquid Pb, Bi and Au. This
indicates that the three alloys have a lower dissolution resis-
tance than Fe in the liquid metals without other complicate
effects. This is consistent with experimental observations
by mass transfer of twenty four various metals and alloys in
liquid Pb.11,53,54 Meanwhile, Al shows slightly worse dissolution
resistance than Fe, and Si shows a similar dissolution resis-
tance to Fe in liquid metals. The similarity between Si and Fe is
consistent with Kurata’s observations that the Si addition has
no significant effect on the dissolution corrosion under low
oxygen conditions.55 However, Al and Si facing liquid metals
containing oxygen exist as oxidations on the surface due to low
chemical potential. These oxidations mitigate the dissolution
corrosion, which has been experimentally proved by the low
corrosion of Al-coating and Si-enriched steels (F82H, SX and
SS316-Si) in liquid metals.6,11,56–60 Therefore, other effects,
such as oxidation and chemical reactions with impurities in
steels, are required in our further studies to match the compli-
cated experimental conditions.

4 Conclusion

In summary, energetic evaluation is used to investigate the
dissolution corrosion capabilities of liquid metals on Fe(001),
(110) and (111) surfaces using first principle calculations.
Adsorption energies and escape energies are calculated to
estimate the possibilities of adatoms (Pb, Bi and Au) and
surface vacancies for escaping Fe atoms, respectively. The
calculations indicate that the dissolution corrosion capabilities
of liquid metals decrease in the order Bi > Pb > Au. The trend is
independent of the preset surfaces with different coverages of
adatoms and vacancies. This sequence is further proved by
calculating the inter-layer distance, magnetic moments of surface
Fe atoms and charge density difference around the interface. For
liquid alloys such as LBE and LGE, the dissolution corrosion
calculation takes all of the components into account, see eqn (7)
and (8). The weighted vacancy concentrations of liquid alloys
indicate that the dissolution corrosion of the bcc-Fe in LBE should
be slightly more severe than in LGE.

Fig. 6 Escape energies of Fe atoms (solid markers) on the alloy-doped
surfaces and pure-Fe surfaces (dashed lines).

Fig. 7 Combination of adsorption and escape energies of Fe and alloy
atoms on the alloy-doped (markers) and pure-Fe surfaces (dashed lines).
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Finally, the energetic method is developed to evaluate the
effects of nine alloys in popular steels on the dissolution
corrosion of alloy-doped surfaces. Cr accelerates the dissolution
of surface Fe atoms in liquid Pb and Au, and Cu makes the
dissolution corrosion severe in liquid Au. Meanwhile, Al, Cr,
Mn and Cu doped on the surface show worse dissolution
resistance than Fe in liquid metals. Therefore, the dissolution
corrosion of martensite steels in liquid Pb, Bi and Au without
oxygen (or with low oxygen concentration) may be mitigated by
alloys, Si, V, Nb and Mo. This work develops an energetic
method to evaluate the dissolution corrosion capabilities of
liquid metals and select alloys with good corrosion resistance.
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