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Recently, metal-graphene nanocomposite system has aroused much interest due to its radiation tolerance behavior.
However, the related atomic mechanism for the metal-graphene interface is still unknown. Further, stainless steels with
Fe as main matrix are widely used in nuclear systems. Therefore, in this study, the atomic behaviors of point defects
and helium (He) atoms at the Fe(110)—graphene interface are investigated systematically by first principles calculations.
The results indicate that graphene interacts strongly with the Fe(110) substrate. In comparison with those of the original
graphene and bulk Fe, the formation energy values of C vacancies and Fe point defects decrease significantly for Fe(110)—
graphene. However, as He atoms have a high migration barrier and large binding energy at the interface, they are trapped at
the interface once they enter into it. These theoretical results suggest that the Fe(110)—graphene interface acts as a strong
sink that traps defects, suggesting the potential usage of steel-graphene with multiply interface structures for tolerating the

radiation damage.

Keywords: Fe(110)—graphene, helium, interface, first principles calculations

PACS: 68.55.Ln, 68.65.Pq

1. Introduction

With the rapid development of advanced nuclear en-
ergy systems, the need for the development and application
of structural materials with higher radiation tolerance has
increased.!!! Point defects (vacancies and interstitials) gen-
erated by high-energy neutrons can evolve into extended de-
fects such as voids and interstitial clusters within the struc-
tural materials at elevated temperatures. In addition, a certain
number of helium (He) are produced by the (n, @) transmu-
tation reaction.”’l Owing to the low solubility of He atoms,
their diffusion and aggregation results in the precipitation and
nucleation of He bubbles.’! The synergistic interaction of
these defects leads the mechanical properties of the struc-
tural material to degrade.l*"'% Increasing the fraction of in-
terface/boundaries in materials is an important strategy to en-
hance the irradiation effect tolerance by providing more defect
recommendation sites.!'=1%! In particular, multilayer metallic
systems such as W/Cu, 3] Cu/Nb, 10 and Cu/vI7 systems
have been studied extensively as structural materials for miti-
gating radiation damage.

Further, graphene has attracted much attention due to its

18-20

highly dense interface,!'®2% with a two-dimensional struc-

ture packed by a single layer of C atoms. Several stud-
ies reported their results on the radiation damage resis-
tance of copper—graphene, nickel-graphene, and vanadium-—

graphene nanocomposites through molecular dynamics and

DOI: 10.1088/1674-1056/abd46d

experiments, [21-23]

it was found that the metal-graphene
nanocomposite had less defects remaining in the bulk region
after collision cascades, illustrating the self-healing perfor-
mance. However, the atomic mechanism was still unknown,
especially for the interaction between the graphene and metal
substrates. Furthermore, as is well known, stainless steels, in
which Fe is the basic element in the matrix (with more than
80 wt%), are the most commonly constructive and prospective
materials in nuclear systems. As stated, He is an important
product of neutron transmutation, affecting many of the prop-
erties of structural materials with point defects.?*291 Thus,
previous studies promoted us to figure out whether the Fe—
graphene interface can affect the behaviors of intrinsic defects
and act as a good He permeation barrier. In this study, we
aim to investigate the potential usage of steel-graphene with
multiply interface structures for tolerating the radiation dam-
age. Therefore, using ab initio calculations, we investigate
the energetical stability of the Fe—graphene system, the for-
mation of the intrinsic defects, and the behaviors of an inter-
stitial He atom. The rest of this paper is organized as follows.
The method of first-principles calculations, and calculational
equations are presented in Section 2. In Section 3, the results
of the behaviors of the intrinsic defects, and He atoms in the
Fe(110)—graphene system are discussed. The major findings

are summarized in Section 4.
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2. Computational method

For all computations, we adopt density functional the-
ories (DFT)[30311 g implemented in the Vienna Ab initio
Simulation Package (VASP).323] The spin effects are con-
sidered in all calculations. The full-potential frozen-core
all-electrons projector-augmented wave (PAW) potentials was
adopted for the ion—electron interaction. The generalized gra-
dient approximation parameterized by Perdew, Burke, and
Ernzerhof (GGA-PBE) was used to describe the exchange-
correction interaction.**371 The van der Waals (vdW) in-
teractions in layered materials were corrected by using the
Grimme’s semiempirical DFT-D3 scheme. 8! The cutoff en-
ergy was set to be 400 eV. The Brillouin zones of the super-
cells were sampled with 3 x 3 x 1 uniform k points mesh.
The supercell was fully optimized by fixing the cell parame-
ters through using the convergence criterion of 10™* eV for
the electronic energy and 1072 eV/A for forces acting on
each atom. The Fe(110) surface was regarded as a good can-
didate structure for a new type of graphene nanopatterning
due to its distorted hexagonal symmetry.!*! Hence, the su-
percell consisted of 4 x 4 graphene and a six-layer slab for
the Fe(110) substrate with in-plane lattice vectors of by = 4a,
and by = —3a| +4a,, where a; and a; are the primitive vec-
tors of the Fe(110) surface. The mismatches of the lattice and
angles were ~ 3.68% and 5.13%, respectively. The structure
was found to be in good consistence with that studied by Pei
et al.*%1 A 15-A-thick vacuum space was implemented in the
vertical direction to minimize the interaction between adjacent
image cells. In the first step of relaxation, the C atoms were
allowed to relax only along the Z axis. After convergence,
the positions of C and Fe atoms in the three topmost substrate
layers were allowed to relax over all the coordinates, while
the bottom three Fe layers were fixed to model the structure
of bulk Fe. The lattice parameter of graphene was set to be
2.468 A in conformity with previous studies.[*!:*?! The lattice
parameter of the Fe unit cell was set to be 2.87 A in agreement

[40] The climbing image nudged elas-

with a prior DFT study.
tic band (CI-NEB)[*>**] method was adopted to investigate the
diffusion of He atoms at the Fe(110)—graphene interface.

The interaction between graphene and the metal substrate
can be characterized by the interfacial binding energy (E},) de-
fined as

(Etotal —Egub — Eg)

E, = 1
b N. ; (D

where Eiotal, Eub, and Eg are the energy of the composite sys-
tem, standalone substrate, and graphene, respectively, and N
is the number of C atoms in the graphene sheet.

The binding energy of two defects, A and B, in the

Fe(110)—graphene system is given by*]

Ey(AB)=E (A)+E(B)—E(AB) — E (perfect).  (2)

Here, E(A) or E(B) is the total energy of a single defect in
the structure, E(AB) is the total energy of a supercell with
two defects, and E (perfect) is the total energy of the prefect
structure without any defects. Following this convention, the
positive binding energy corresponds to exothermic defect for-
mation reaction, implying an attractive interaction between A
and B.

The formation energy of a single vacancy or an interstitial
atom (E') in the Fe(110)—graphene structure is defined as

E" = E (defect) + E (perfect)
+mE (Fe) +nE (C) + pE (He), 3)

where E(defect) and E(perfect) are the total energy of the
Fe(110)—graphene system with and without a point defect, re-
spectively; E(Fe) represents the cohesive energy per Fe atom
in bee Fe, E(C) denotes the energy per C atom in graphene;
E(He) is the energy of an isolated He atom; m =1, n =0,

and p = 0 for an Fe vacancy in the Fe layer; m =0, n =1, and

p =0 for a C vacancy in the graphene layer; m = —1,n=0,
and p = 0 for an Fe interstitial atom; m =0,n=—1,and p=0
for a C interstitial atom; m =0, n =0, and p = —1 for an He

interstitial atom.

3. Results and discussion
3.1. Structure and bonding properties

Figure 1 shows the structure of the Fe(110)—graphene in-
terface; a Moiré pattern forms in the Fe(110)—graphene, with
a large corrugation of the graphene layer. Owing to the lat-
tice mismatch between the Fe substrate and graphene, C atoms
occupy various adsorption sites on the Fe substrate.[*6] The
results indicate that the interaction between the Fe substrate
and graphene is strong. In this case, it is vital to investigate
the equilibrium binding distance and binding energy of the
Fe(110)—graphene system. According to the equilibrium bind-
ing distance, the interaction between graphene and the sub-
strate can be divided into two classes:[*!! one is represented by
an equilibrium binding distance, d of < 2.3 A which indicates
strong interaction or chemisorption, and the other belongs in
weak interaction or physisorption. According to Eq. (1), the
binding energy of the Fe(110)—graphene structure is 0.05 eV/C
and the binding distance is ~ 2.13 A while the previously re-
ported experimental and theoretical value are ~ 2.09 A and

[3947] From the energy and distance view-

2.10 A respectively.
point, the binding between the Fe substrate and graphene is
strong. The graphene layer on the Fe(110) substrate exhibits a
similar binding behavior to that observed on other metal sub-

strates such as Ni, Co, and Pd.[48-50]
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The total density of states (TDOS) of the Fe(110)-
graphene system and local density of states (LDOS) between
graphene and the topmost Fe layer are shown in Fig. 2. The Fe-
d orbital significantly affects the TDOS near the Fermi level.
Thus, the metal substrate determines the Fermi level of the
composite material. The strong hybridization of the Fe-d state
and C-p state in the LDOS indicates that a strong covalent
bond forms between the Fe atom and C atom, similar to the
previously reported cases of graphene on Rh (111)P! and Ni
(111).52] The small interfacial distance can result in the over-
lap of the wave functions of the d electrons of the metal and p

electrons of graphene, leading to orbital hybridization.

Fig. 1. Structure of Fe(110)—graphene system, showing (a) top view and (b)
side view of structure, with purple and gray balls representing Fe atom and
C atom, respectively.
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Fig. 2. (a) Total density of states (TDOS) of Fe(110)—graphene system and
(b) local density of states (LDOS) between graphene and the topmost Fe

layer, with colored solid lines showing projected DOS from s, p, d orbitals,
respectively.

For the visualization of the binding between the Fe sub-
strate and graphene, figures 3 and 4 depict the difference be-
tween charge densities in the interfacial region. The charges
are mainly redistributed at the interface (Ap zone at 10.43 A <

Z < 12.45 A. Graphene has two types of C atoms as shown in
Fig. 1. Further, figure 3 evidently shows the charges accumu-
lating between the C; atom and Fe atom, indicating that the
interaction between these atoms is stronger than that between
C, atom and Fe atom. The interaction between Fe atom and
C; atom, and the interaction between Fe atom and C, atom of
graphene are significantly different, and depend on their posi-
tions. Thus, the Fe atoms reduce the strength of the C—C bond
via charge transfer and orbital hybridization. The redistribu-
tion of charges contributes to the formation of covalent Fe—C
bonds, which increases the compositing of the Fe substrate and
graphene layer.

Weser et al.’3! and Dedkov et al.>* reported a magnetic
moment of approximately 0.05 up—0.1 ug per carbon atom for
the C atoms of a graphene layer contacting a ferromagnetic
Ni(111) substrate. In this work, the magnetic moment of C;
was found to be —0.036 up, which forms an antiferromagnetic
couple with the nearest Fe atom. On the other hand, the mag-
netic moment of the C, atom was approximately +-0.022 ug.
This result is consistent with that reported by Liu er al.[*’]
The magnetic moments of C atoms in Fe(110)—graphene are
attributed to the Fe3d—C2p orbital hybridization.

Fig. 3. Differential charge density of Fe(110)—graphene interface region
(isovalue: 0.005 e/A3), showing (a) side view and (b) top view of interface,
where big and small balls represent Fe and C atoms, respectively, blue con-
tour denotes electron depletion region, and yellow contour refers to electron
accumulation region.
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Fig. 4. Interlayer charge difference in Fe(110)—graphene interface region
(AP = Pinterface — Pre — Pc)- Area between red line and O line displays
the value of electron depletion or accumulation. Value at interface around
1043 A<Z<1245A s positive, indicating electron accumulation.

3.2. Formation and stability of intrinsic defects

The formation energy values of single vacancies of the C
and Fe atoms in different layers in Fe(110)—graphene are cal-
culated, and the results are listed in Table 1. The formation
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energy of the C vacancy in a single graphene layer is also cal-
culated. The single graphene layer is obtained by removing
all the Fe atoms in the Fe(110)—graphene system. That is, the
single graphene layer is the same as the graphene layer in the
Fe(110)—graphene in terms of the initial size and shape. The
C vacancy formation energy in the single graphene layer is
8.09 eV, in agreement with previously calculated results. 333!
However, it is slightly larger than the experiment value of
7.040.5 eV.!">! The C vacancy formation energy values of the
two types of C atoms (i.e., C; atom and C; atom) in Fe(110)-
graphene are 1.94 eV and 1.97 eV, respectively, which are
lower than those for the single graphene layer. This indicates
that the C vacancy prefers to form in Fe(110)-graphene. The
result is consistent with that reported for Cu/graphene/Cu. %]
The hybridization of C atoms in graphene changes from sp?
to sp> due to its interaction with the metal. Consequently, the
strength of the in-plane C—C bond is weakened.!*’! The for-
mation energy of the Fe vacancy increases with the number of
Fe layers increasing. The formation energy of the Fe vacancy
in the third layer is close to that in bulk Fe (~2.17 eV). Hence,
it is reasonable for us to fix the three bottom Fe layers. The Fe
vacancy formation energy for the topmost layer is lower than
those for the other layers and bulk Fe, indicating that Fe va-
cancies prefer to form at the interface rather than stay in bulk
Fe. This phenomenon can be attributed to the fact that the in-
teraction between Fe and graphene is weaker than the binding
of Fe—Fe in bulk Fe.

Table 1. Formation energy values of C vacancies and Fe vacancies in
Fe(110)—graphene system. The abbreviations: 1L, 2L, and 3L express
1 layer, 2 layers, and 3 layers, respectively.

Vacancy Ef (eV)
Cy 1.94
Cy 1.97
Fe-v-1L 0.93
Fe-v-2L 1.87
Fe-v-3L 2.13
Fe-v-bulk 2.17

Apart from vacancies, interstitial atoms are also formed
under the neutron irradiation condition. Figure 5 illustrates
three different interstitial sites at the interface. The symbols,
H, T, and B represent the hollow, top, and bridge position, re-
spectively. The relative stabilities of the single interstitial C
atom and Fe atom at the three sites are investigated. The in-
terstitial Fe atom prefers to stay at the hollow site, and its for-
mation energy is ~ 1.83 eV, which is lower than the formation
energy for the tetrahedral site in bulk Fe. In addition, the inter-
stitial atoms have a notable effect on the atomic configurations
of the neighboring atoms. The interstitial Fe atom pushes the
graphene layer up and affects the configuration of the Fe lay-
ers (see Fig. 6(a)). The interstitial C atom prefers to stay in the
Fe layer (Fig. 6(b)), and its formation energy is 1.41 eV. These

results suggest that the interstitial atoms can be easily trapped
at the interface. Therefore, the interface is regarded as a sink
that can trap intrinsic defects.

Fig. 5. Three candidate sites at Fe(110)-graphene interface (only part of
atoms in an interface are displayed here for clarity), showing (a) side view
and (b) top view of structure, where red, green, and blue balls represent
hollow, bridge, and top sites, respectively.

el (S IY Sy SITA W)
QaClaCocey CICCICOCroreD

Fig. 6. (a) Structure of interstitial Fe atom and (b) structure of the interstitial
C atom at Fe(110)—graphene interface, with purple and gray balls represent-
ing Fe and C atoms, respectively.

3.3. Stability and diffusion of He atoms at interface

Under long-term neutron irradiation, a certain number
of He atoms can be produced by the (n, o) transmutation

115860

reactio I Then, He bubbles can form at the interface and

grain boundaries, thereby resulting in the He embrittlement of

56.61.62] Therefore, it is critical to inves-

the structural material. !
tigate the effects of He atoms at the interface. After optimiza-
tion, it is found that the interstitial He atoms at the T and B
sites are unstable and spontaneously move to the H site. Thus,
an interstitial He atom prefers to stay stably at the H site and
the bottom of the C; site, the formation energy values for an
interstitial He atom at these sites are 2.09 eV and 3.07 eV, re-
spectively. Considering the energetics, the H site is the most
stable, whereas the bottom of C, site is a metastable for He
atoms. According to Fig. 3, the H site and bottom of C, site
have low electron density, and previous studies have shown
that He atoms tend to be stable in areas with a low electron

density. [62-64]
0.20

?v 0.16F
~ Cs botto
> o i
£ 0.12}
=1 L
)
¢ 0.08f 5 .
% L [0) )
< < o)
o 0.04} — —
~ a =) =)

Op = . n

1 2 3 4 5

Migration path

Fig. 7. Diffusion barrier profile of intersitital He atom at Fe(110)—graphene
interface, indicating that He atom migrates from stable hollow site to the
nearest neighboring hollow site, and diffusion path passes through another
stable site of C, bottom.
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Further, the diffusion of He atoms at the interface is vi-
tal for the formation of He bubbles. Therefore, He migration
in Fe(110)—graphene is studied by the CI-NEB method. The
energy for He migration between the two nearest neighbor H
sites is calculated, and the result is presented in Fig. 7. The
value for this process is ~ 0.18 eV. In addition, the binding
energy of two He atoms at the interface is ~ 1.36 eV. The in-
teraction between He atoms is attractive, which is the driving
force for its aggregation. As the migration barrier is small
and the binding energy of He atoms is relatively large, the He
atoms tend to aggregate at the interface.

Graphene is impermeable to standard gases, including
the He gas.[%! The He atom has a 1s closed shell electronic
structure, and it does not interact chemically with graphene.
Leenaerts et al.[®] preformed first principles calculations to
investigate the penetration of He atoms through a graphene
monolayer with a C vacancy. The diffusion barrier of graphene
with a C vacancy is found to be ~ 18.8 eV with local density
approximation (LDA) and 11.7 eV with GGA. Owing to the
large migration energy, graphene can act as a barrier to im-
pede the penetration of thermal equilibrium He at a temper-
ature when the graphene layer remains stable. In this work,
the penetration of He atoms is studied with a C vacancy in the
Fe(110)—graphene system. First, a He atom is placed in vac-
uum far from the graphene surface to determine its stable site.
After this optimization, the vertical distance between the He
atom and interface is found to be ~ 2.896 A. Then, the mi-
gration of He atoms between the comfortable site and H site
is investigated, and the result is presented in Fig. 8. The mi-
gration energy is ~ 11.79 eV in this case. The high energy
barrier restricts the diffusion of He across the graphene layer
to reach the interface. The result illustrates that the imperme-
ability of graphene is not reduced by the presence of Fe layers.
Once some He atoms penetrate the graphene structure to reach
the interface, they are trapped there and aggregated into larger

species.
12F T~
S 10r
L
> 8
o0
-
Q 6
g 11.79 eV
g o4r
% ]
S 2
~
o . S
1 2 3 4 5

Migration path

Fig. 8. Migration energy of He atom in Fe(110)—graphene system with a C
vacancy: He atom migrates from vacuum to hollow site at interface though
a C vacancy in graphene layer.

At the same time, the He formation energy at the tetrahe-
dral interstitial site in the Fe substrate is 5.00 eV, larger than

that at the interface. This phenomenon strongly indicates that
the Fe(110)—graphene interface acts as a sink that traps He
atoms. In order to study the role of graphene, we calculate
the diffusion barrier of a single He atom in a structure with
seven Fe layers. The migration path is shown in Fig. 9. The
diffusion barrier is 7.24 eV, which is obviously lower than that
for the Fe(110)—graphene system. Hence, it is concluded that
the graphene acts as a buffer layer. Thus, the low formation
energy and high diffusion barrier of He atoms at the interface
delay the detrimental effects of He and allow the structural
material to remain in service for longer.

-— ./-'lﬂ [ N——

r 7.24 eV

Relative energy (eV)
O R N WA GO N ®
T

4 6 8 10 12
Migration path

o
[\

Fig. 9. Diffusion barrier of a single He atom in structure with seven Fe lay-
ers, showing that barrier between vacuum and the first Fe layer is ~ 7.24 eV.

4. Conclusions

The behaviors of point defects and He atoms are inves-
tigated via ab initio calculations based on DFT, and the re-
sults are compared with those of bce Fe (bulk) and a single
graphene layer. The conclusions drawn from the present study
are as follows.

(i) A strong interaction and an intense Fe-3d—C-2p orbital
hybridization are responsible for the stable graphene structure
on the Fe(110) substrate.

(i1) Vacancies and interstitial atoms are easily formed at
the interface, and the interface can act as a sink for point de-
fects.

(iii) The He atoms require a large energy barrier to pene-
trate the graphene layer with a C vacancy and the binding en-
ergy of the He atoms is larger at the interface. This means that
the interface impedes the diffusion of He atoms, and serves as
a sink that traps the He atoms.
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