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The corrosion of steels in liquid metal lead (Pb) and bismuth (Bi) is a critical challenge in the development of accel-
erator driven systems (ADS). Using a first-principles method with a slab model, we theoretically investigate the interaction
between the Pb (Bi) atom and the iron (Fe) (100) surface to assess the fundamental corrosion properties. Our investigation
demonstrates that both Pb and Bi atoms favorably adsorb on the (100) surface. Such an adsorption decreases the energy
required for the dissociation of an Fe atom from the surface, enhancing the dissolution tendency significantly. The seg-
regation of six common alloying elements (Cr, Al, Mn, Ni, Nb, and Si) to the surface and their impacts on the corrosion
properties are also considered. The present results reveal that Si seems to have a relatively good performance to stabilize
the surface and alleviate the dissolving trend caused by Pb and Bi.
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1. Introduction

The ferritic/martensitic steels will be widely used in the
next generation of nuclear reactors due to their high thermal
conductivities, high resistance to swelling, low expansion co-
efficients, and so on.['=3! In accelerator driven systems (ADS),
they are chosen as the structural materials and the containers
for liquid heavy metals and alloys, such as lead and lead bis-
muth eutectic (LBE) which are selected as the spallation target
and the coolant.[*-61 However, steels can be severely corroded
if they are exposed to liquid metals and alloys directly at high
temperatures. The so called liquid metal corrosion problem
has been recognized as one of the most critical issues in the
development of ADS.

So far, many experiments have been carried out to evalu-
ate the corrosion behavior of different kinds of steels in liquid
Pb, Bi, and LBE,"-'?! which provide valuable data for the de-
sign of ADS. However, compared to the amount of studies on
the corrosion in experiments, very few theoretical researches
have been carried out on this problem. Also, we still lack de-
tailed knowledge of the atomic processes during the corrosion
and a theoretical explanation of the corrosion behavior. As we
know, the corrosion of structural materials is essentially re-
lated to the chemical and physical processes that happen at the
interface of the corrosive environment and the vessel. To gain
a deep insight into the corrosion phenomena, it is necessary to
explore the interaction details of atoms at the interface. Specif-
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ically, how the liquid atoms deposit onto the surface, and how
the deposited liquid atoms affect the escape of Fe atoms from
the steel surface.

Normally, the steel surface is covered by native oxide
films which are mainly composed of Fe—Cr spinel and the

e.l12714] Such films just separate the steel from the

magnetit
corrosive environment and protect the steel to some extent. ']
However, this protective oxide layer is not steady or compact
enough to protect the inner matrix. With high temperature
and low oxygen concentration, the passive film could be dam-
aged or even removed, exposing the active substrate surface to
the liquid metal and alloy.!'3'4 Therefore, there might be two
kinds of interfaces between the corrosive environment and the
steel, depending on whether the oxide films are broken.

In this paper, we focus our attention on the interaction
between liquid Pb or Bi atoms and the ideal native surface.
The body-center cubic (bcc) Fe (100) surface is chosen since

(151 Using a first-principles

it is found to be the most stable.
method, the adsorption of liquid atoms onto the surface and the
dissociation of Fe atoms from the surface are studied, which
are both related directly to the corrosion properties. The im-
pact of six common alloying elements in steels on the in-
teraction are also considered. Such a computational method
has been applied successfully in the interpretation of experi-
mental results, property predictions, and even the designs of

16—

materials,'191 and it has also been used in the corrosion
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studies.[?*-2*1 By performing this atomic study, we try to ex-
tend the understanding of the liquid metal corrosion behavior
towards the atomic scale.

2. Model and method

Our calculations are performed within the density func-
tional theory (DFT) using the spin polarized version of the
Vienna ab initio simulation package (VASP) under the gen-
eralized gradient approximation (GGA).!>>=?’l The projector
augmented wave (PAW) potentials are employed to describe
the electron—ionic core interaction, 28 and the Perdew—Burke—
Ernzerhof (PBE) functional has been chosen as the exchange—
correlation potential.[*®! A cut-off energy of 400 eV is used to
expand the electronic wave functions, which yields well con-
verged results. The Brillouin-zone integrations are performed
using an 8x8x 1 k-point mesh generated by the Monkhorst—
Pack scheme. To accelerate the convergence, the first order
methfessel-paxton method with a Fermi surface smearing of
0.2 eV is adopted.

The (100) surface is modeled by a slab consisting of nine
Fe layers separated by a vacuum layer of 15 A, and a 2x2 sur-
face unit cell is employed as in Ref. [30]. The supercell thus
contains 36 Fe atoms. Based on the considerations above, our
optimal lattice constant of ferromagnetic Fe is predicted to be
2.831 A, which is in good agreement with the experimental
value 2.866 A.['3] In order to study the interaction of liquid
atoms with the metal surface, a Pb or Bi atom is put on one
side of the slab. Three possible adsorption sites on the surface
are tested, including the hollow, bridge, and top sites, as dis-
played in Fig. 1(a). Considering the asymmetry of the slab, an
a posteriori dipole correction to the total energy is included
(the magnitude of the correction is less than 0.01 eV/cell).
During the optimization, the Fe atoms in the top five layers
together with the adsorbed Pb or Bi atom are allowed to relax
until the forces converged to less than 0.01 eV/A, while the
bottom four Fe layers are fixed to represent the semi-infinite
bulk crystal beneath the surface.

(a) (b)

Fig. 1. (color online) Top view of the Fe(100) surface showing (a) the
on-surface adsorption sites: hollow (H), bridge (B), and top (T), and
(b) the surface configuration with an Fe atom removed. The colors are
darker for deeper lying layers. The dashed line on the surface in panel
(a) represents the [110] direction. The smaller open circle in panel (b)
represents the removed Fe atom, and the bigger one shows the adsorbed
liquid atom at the hollow site. Four neighbor atoms of the removed Fe
atom on the surface are marked.

The adsorption energy (E,qs) of the liquid atom is calcu-
lated using the formula>!

Eads = Esa]i% - Eslab — Hads, (1)

where Ef]‘;‘{, and Eg,p, are the total energies of the Fe slab with
and without the liquid atom adsorbed on, respectively, and Lqs
is the chemical potential of the adsorbed atom. Here 45 is ap-
proximatively taken as the energy per atom of the most stable
condensed phase of the adsorbed element. It is close to the
value of the chemical potential of the liquid metal if the tem-
perature dependence of the free energy and the latent heat of
fusion are, to a good approximation, neglected.?”) According
to this definition, a negative E,4s indicates that the adsorption
is favorable, while a positive value indicates that the adsorp-
tion is unfavorable.

To estimate the corrosion property, a dissociation energy
(Egjs) is defined as in Ref. [24], which equals to the energy re-
quired to remove an Fe atom from the surface of the material.
One Fe atom on the surface is selected and removed, produc-
ing a new slab with a surface vacancy. The resulting difference
in energy yields the dissociation energy

Eqis = Egayy + EFe — Eslab, ()

where Eg,p and Eg,y represent the total energies of the op-
timized original and new slabs, respectively, and Er. refers
to the energy of the isolated Fe atom. It should be pointed
out that, as a reference energy, different choices of Eg. do not
change the important conclusion that emerges from our calcu-
lations, since we are more interested in the relative value of the
dissociation energy. Thus, Eg;s is taken as a measurement of
the surface stability and the thermodynamic dissolution ten-
dency of the material.[>*! According to this definition, a de-
crease of Egjs indicates that the surface stability is decreased,
and consequently, leads to a higher thermodynamic predispo-
sition to dissolution.

3. Result and discussion
3.1. Interaction of liquid atom with pure Fe surface

As the first step of interaction, the adsorption of liquid
atoms on the surface is examined. The calculated adsorption
energies of liquid Pb and Bi at three different positions and
their distances to the surface are listed in Table 1. As one can
see, the adsorption energies are all negative, except for the Pb
atom at the top site. The result indicates that the adsorption
of a liquid atom is energetically favorable. For both atoms,
the adsorption energies at the hollow site are the smallest, then
followed by the bridge and top sites, which makes the hollow
site the most favorable position for liquid atoms. It can also
be proved from the distances of the adatoms to the surface
after relaxation, where both atoms are closest to the surface
(1.75 A and 1.68 A, respectively) at the hollow site. Perhaps,
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this is attributed to the larger atomic radii of Pb and Bi rela-
tive to Fe. Thus, in the following discussion, we will consider
only the situation that Pb and Bi atoms are adsorbed at the
hollow site. It is noted that our calculated adsorption ener-
gies are in good agreement with those obtained by Legris, 3!
which gives us confidence in the reliability of our computa-
tional method. Comparing the adsorption of Pb with Bi, one
can find that the adsorption energy of Bi is smaller than that of
Pb by 0.6 eV, and the distance of Bi to the surface is closer than
that of Pb. Such a result confirms that the pure Fe substrate
surface prefers the Bi adsorption in the liquid environment.3!!
In the alloy systems, the preferential adsorption can lead to an
enrichment of Bi close to the steel surface, which may change
the composition near the surface and affect the corrosion be-
havior. Unfortunately, this Bi-enriched area close to the steel
surface has not been reported by experiments until now. How-
ever, there are indeed some interesting results in the liquid lead
bismuth eutectic alloy. The surface segregation in LBE has
been investigated, and the enrichment of Bi near the surface of

this liquid alloy has been observed.*?!

Table 1. The adsorption energies (E,qs) of Pb and Bi atoms on the Fe
(100) surface at the hollow, bridge, and top sites, and the distances (d)
to the surface.

Pb Bi

Eqs/eV d/A Eqs/eV d/A

Hollow  -0.75(-0.72%) 175 -135(-131%)  1.68

Bridge -0.13 2.06 -0.51 1.98

Top 0.10 241 -0.12 2.29
3)Ref. [30]

When a liquid atom is adsorbed on the surface, it can
make the electrons around the surface atoms re-distribute.
This may change the surface stability and modify the possi-
bility of the Fe atom to escape from the surface. As described
in Section 2, we use the dissociation energy to evaluate the sur-
face stability and the dissolution tendency of the material. The
changes induced by the deposited liquid atom will be reflected
in the estimated Ey;s. Before the adsorption of the liquid atom,
Egis of an Fe atom on the clean surface is calculated by Eq. (2),
which yields an energy of 5.62 eV. Such a high energy may
block the Fe atom from escaping from the surface under the
normal condition. When the Pb or Bi atom is adsorbed on,
the dissociation energy is then denoted as Egﬁ. According to
Eq. (2), it can be calculated by

E3\ = E3oy + Ere — iy, 3)

where Eflgb and E:‘l‘;b/ represent the total energies of the opti-
mized original and new adsorbed slabs, respectively. The dis-
sociation energies of the Fe atom with Pb and Bi adsorbed are
then obtained to be 4.53 eV and 4.80 eV, respectively. Com-

pared to the case of a clean surface, we can easily find that

Egis is decreased by 1.09 eV in the case of Pb adsorption and
by 0.82 eV in the case of Bi adsorption. Apparently, the ad-
sorption of liquid atoms on the surface decreases the energy
barrier for the Fe atoms to escape, increasing their possibility
to move away. This, together with the thermal effect, causes an
increased tendency of surface dissolution. Furthermore, after
the structural relaxation, the adsorbed Pb or Bi atom is found
to move to the surface vacancy, taking the place of the removed
Fe atom. This adsorption-replacement process may be a pos-
sible atomic picture of the liquid metal attack. By repeating
this atomic process continually, the Fe atom will be depleted
and the surface will be damaged.
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Fig. 2. (color online) Side views of the charge density difference along
the [110] direction (see Fig. 1) of the slab. The red stars are the adsorbed
Pb (a) and Bi (b) atoms. The Fe atoms are represented by black circles,
only the Fe atoms on the topmost layer (Fel) and the second layer (Fe2)
are shown.

The electronic charge density differences caused by the
adsorption of Pb and Bi are calculated and plotted along the
[110] direction in Fig. 2. In this figure, a negative value in-
dicates the loss of charge density, while a positive one corre-
sponds to the accumulation of it. As one can see, a substantial
rearrangement of electrons is observed around the interface.
In both Pb and Bi cases, there is an accumulation of charge
density between the adsorbed atom and the Fel atom on the
surface. At the same time, a depletion of charge density be-
tween the Fel atom and the Fe2 atom on the subsurface is
also observed. Such a depletion of charge density indicates
a decrease in the bond strength between the Fe atom on the
surface and that on the subsurface. This observation clearly
demonstrates that the deposited Pb (Bi) atom on the surface
significantly weakens the local Fe—Fe bonds nearby. More-
over, one can see that the depletion of charge density is more
serious in the case of Pb adsorption. This is in accordance with
that obtained from the energetic landscape, where the dissocia-
tion energy of the Fe atom under Pb adsorption is smaller than
that under Bi adsorption by 0.27 eV. Such a result hints that Pb
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might be more aggressive than Bi in such a single adsorption
event. However this is not expected, since experiments have
confirmed that liquid Bi is more corrosive than liquid Pb.!!!]
To understand the discrepancy, we note that the corrosion phe-
nomena actually involve a large number of such single adsorp-
tion events. Since the Bi adsorption is significantly more fa-
vorable than the Pb adsorption, it may have a larger probabil-
ity of happening during the corrosion process, and the surface
would provide more corrosion sites for Bi, which could make
it more corrosive from the macroscopic view.

3.2. Effect of alloying elements on the corrosion property

Adding alloying elements is a typical approach to upgrade
the materials of construction. However, it is known that these
alloying elements may segregate to the surface, and the sur-
face property can be considerably modified, which may have
positive or negative effects on the corrosion behaviors. Thus,
in the following discussion, we consider the effect of alloying
elements.

The segregation properties of six common alloying ele-
ments (Cr, Al, Mn, Ni, Nb, and Si) to the Fe (100) surface are
examined first. The surface segregation energy is calculated
by the formulal®3!

Eseg = Eliayer(A) - Eblllk(A)a “4)

i
where Elayer

the slabs containing one alloying atom in the i-th layer and

(A) and Euy(A) represent the total energies of

at the bulk site (in our case in the fifth layer of the slab), re-
spectively. According to this definition, a negative Eg, means
that the alloying atom tends to segregate to the surface. The
calculated segregation energies are displayed in Fig. 3 as a
function of the layer depth. It can be seen that all alloying
elements considered have the tendency to segregate to the sur-
face except for Cr. The segregation energy to the topmost layer
for Cr is 0.10 eV, which means that Cr prefers to stay in the
bulk. However, it has been pointed out that the segregation of
Cr depends strongly on its concentration.** As the concen-
tration increases, the segregation will be possible. We have
confirmed this conclusion by performing another calculation
with a smaller supercell of 2x2x7, which yields a segrega-
tion energy of —0.04 eV. The segregation energies of Cr are
in good agreement with those obtained by Kiejna.33! Our cal-
culated results also reproduce the anomalous segregation be-
havior of Cr, that is, the 2nd layer offers a large barrier for
segregation. '3 However, for the other alloy elements, there
are no available experimental or theoretical results about the
surface segregation. Based on the segregation result, we will
only consider alloying atoms in the top most layer in the fol-

lowing.

-B-Cr-@- Al

Segregation energy/eV

—0.8 L L .

Layer

Fig. 3. (color online) Segregation energies calculated for six alloying
elements (Cr, Al, Mn, Ni, Nb, and Si) at different layers of the Fe (100)
surface.

Considering that these alloying atoms on the surface can
either enhance or reduce the adsorption of liquid atoms, we
calculate the shift of the adsorption energy. In the slab model,
an Fe atom on the surface is replaced by an alloying atom,
while the Pb or Bi atom will be adsorbed at the hollow site.
Taking into account that the Pb and Bi atoms are much bigger
than the Fe atom and all other alloying atoms, it is very likely
that the hollow site is still the preferential adsorption site. !
According to Eq. (1), the adsorption energy shift (AE,qs) is
then calculated as

AEygs = Ealloy — Eags, )

ads

where E:(lilf Y and E,q, represent the adsorption energies of the
liquid atom with and without an alloying atom on the surface,
respectively. A positive value means that the adsorption is re-
duced due to the segregation of alloying atoms, while a nega-
tive one indicates that the adsorption is enhanced. The AE, g
in Pb and Bi adsorption cases are plotted in Fig. 4. According
to this figure, the following orders of AE,q4s are obtained: (i) in
the case of Pb adsorption, Mn > Al > Si > Cr > Nb >Ni; (ii)
in the case of Bi adsorption, Si > Al > Mn > Cr > Ni > Nb.
In both cases, AE,4s for Mn, Al, Si, and Cr are positive, which
means that they tend to reduce the adsorption, while the values
for Nb and Ni are negative, indicating a tendency to enhance
the adsorption. As mentioned above, the adsorption of liquid
Pb or Bi breaks the surface stability and makes the surface Fe
atom more prone to leave. So the suppression of adsorption
may provide a positive effect to the corrosion resistance prop-
erty of Fe-based alloys.

On the other hand, the impact of alloying atoms on the
escaping capability of the Fe atom is also examined when the
Pb or Bi atom has deposited. Similarly, the dissociation energy
shift (AE gfg) of the Fe atom caused by a neighbor alloying atom
is calculated. As seen in Fig. 1(b), the liquid atom is adsorbed
at the hollow site, while an Fe atom is removed with one of
its neighbor atoms on the surface (denoted as 1, 2, 3, and 4)
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replaced by an alloying atom. The AE gg, according to Eq. (2),

is then calculated using the formula

ad __ g-alloy,ad ad
AEdis - Edis — disy (6)
alloy,ad . o .
where E;isoy * and Efi‘ids represent the dissociation energies of

the Fe atom with and without an alloying atom in the adsorbed
slab, respectively. We plot AEgi in Pb and Bi adsorbed cases
in Fig. 5. It can be found that the values of AEjidS are posi-
tive for all those alloying elements in both Pb and Bi adsorbed
cases. This means that the escape of the Fe atom is delayed
to higher energies relative to the clean surface. The local dis-
solution of the surface caused by the liquid atom adsorption
is to some extent alleviated by the alloying atom on the sur-
face. As shown in Fig. 5, AE;}f‘s under Pb adsorption follows
the order Al > Nb > Si > Mn > Cr > Ni, while under Bi ad-
sorption, it follows the order Si > Nb > Al > Mn > Cr > Ni.
Combined with the previous effect on the adsorption of liquid
atoms, it can be seen that both Al and Si are suitable alloying
elements to improve the corrosion resistance of steel for both
liquid Pb and Bi. Specifically, Al is the most efficient element
to alleviate the surface dissolution under the Pb adsorption,
while Si performs the best when Bi is deposited. However,
as we have pointed out previously, the pure Fe substrate sur-
face prefers the Bi adsorption in the liquid environment, which
makes the Bi adsorption the dominant event in the corrosion
process. Therefore, we suggest that Si might be the relatively
more suitable alloying element to improve the corrosion resis-
tance of steel.
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Fig. 4. The adsorption energy shift (AEg;s) in (a) Pb and (b) Bi cases
due to the presence of alloying atoms on the surface.
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Fig. 5. The dissociation energy shift (AEgids) of Fe atom due to the pres-
ence of alloying atoms on the surface when (a) Pb or (b) Bi atom has
been adsorbed.

4. Conclusion

In the present work, we theoretically investigate the inter-
action between Pb (Bi) atom and the Fe (100) surface using
a computational method. By examining the adsorption of the
liquid atoms onto the surface and the escape of the Fe atom
from the surface, we hope to shed some light on the corrosion
phenomena from the microscopic perspective. According to
our calculation, both Pb and Bi atoms favorably adsorb at the
hollow site on the (100) surface. Such an adsorption decreases
the energy barrier for the Fe atom to escape from the surface,
which becomes an important factor to induce the corrosion.
Basically, the corrosion related adsorption and escaping events
take place at each local site between the steel surface and the
liquid environment, however, the real systems may be further
complicated by the presence of edges and defect sites. Here
we only examine the single event and confine our study to the
thermodynamic assessments on the ideal native surface. De-
spite its preliminary character, our results reflect the important
role of the interaction between the liquid atom and the metal
surface in the liquid metal corrosion process, and provide a
possible atomic picture related to the initial stage of the lig-
uid metal attack. Based on this, the impacts of six common
alloying elements on the corrosion properties are examined by
calculating the shifts of E,qs and Eg;s relative to the case with-
out the alloying atoms. An overall consideration suggests that
Si might be a relatively suitable alloying element to improve
the corrosion resistance of steel for both liquid Pb and Bi. We
note that the good performance of Si on the corrosion resis-
tance property of steels has also been reported by experimental

35,36

studies.3>-36] It is expected that this atomic study can provide
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some useful information for those interested in having a better

understanding of corrosion behavior, and give some advice for

designing a suitable structural material.
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