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a b s t r a c t

The iron–carbon EAM potential that we have developed [Comput. Mater. Sci. 40 (2007) 119] was found to
predict a saddle point slightly off the tetrahedral position. This problem was fixed by adding a Gaussian
function to the Fe–C pairwise function, which does not change neither the position corresponding to the
local energy minimum, i.e. the octahedral site, nor the energy of the saddle point. The potential energy
landscape around the saddle point is now more realistic, without changing the dynamics properties of
the former potential.

! 2013 Elsevier B.V. All rights reserved.

An iron–carbon EAM potential has been developed by Becquart,
Raulot and co-workers [1]. It was fitted to ab initio calculations for
a carbon atom in dilute solid solution occupying either an octahe-
dral or a tetrahedral site in a cubic simulation box with 128 iron
atoms arranged on a bcc lattice. The Fe–Fe interactions are de-
scribed by the interatomic potential developed by Ackland and
Mendelev [2], which provides a good description (compared to
both ab initio calculations and experiments) of many bulk proper-
ties and is currently considered to be the state-of-the-art potential
for a-iron [3]. Despite the fact that this Fe–C potential was fitted to
the data corresponding to only two simple configurations (i.e., an
isolated carbon atom sitting on an octahedral or a tetrahedral site),
its application to other configurations (e.g., two carbon atoms in
neighboring positions) have been seen to compare well with ab ini-
tio calculations or experiments, as one can see in Table 5 in Ref. [1].
This potential has been successfully used in a number of works re-
cently published [4–8].

In order to accurately model carbon diffusion in the bcc iron
matrix, a good description of the migration path is required. C
atoms in bcc Fe are situated on octahedral positions (noted O).
An octahedral position, in turn, is located in the center between
a pair of Fe atoms that are second nearest neighbors. According
to the orientation of the Fe pairs, one can distinguish three octahe-
dral variants ([100], [010], or [001]). A carbon atom occupying an
O-site migrates to an adjacent O-site through a tetrahedral site

(noted T) in the middle of the path. Tetrahedral variants can also
be discerned considering the orientation of the pair of O-sites.
For instance, a carbon atom occupying an [100] O-site can jump
either to a [010] or to a [001] O-site (there are two of each). In
the first case, the initial and the final O-sites are aligned in the
[001] direction; therefore the T-site between them is labelled a
[001] T-variant. The same reasoning can be applied to find the
[100] and [010] tetrahedral variants.

A number of interatomic potentials were derived to model Fe–C
systems. An older Fe–C potential by Ruda et al. [9], for instance, re-
turns accurate mechanical properties but yields the tetrahedral
site more favorable energetically compared to the octahedral site,
in contraction with what is currently accepted. Considering the
more recent Fe–C potential developed by Hepburn and Ackland
[10], in turn, the octahedral site is the energy minimum for an
interstitial carbon in bcc iron, but the tetrahedral position is not
the energy maximum along the carbon migration path [11]. For
the time being, our Fe–C potential is, to our knowledge, one of
the potentials that better describes the minimum energy path for
carbon migration in bcc iron. However, it was found recently
[12] that our Fe–C potential provides a poor description of the po-
tential energy landscape in the vicinity of the tetrahedral site. The
aim of this communication is to underline the needs for patching
the original Becquart–Raulot potential [1] and to provide the read-
er with all necessary information to reconstruct the patched
potential.

In Ref. [1], the tetrahedral site is said to correspond to the
saddle point for carbon migration in bulk a-Fe according to the
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EAM potential. The migration energy, which is the difference of the
total energies of the carbon atom sitting on the tetrahedral and the
octahedral sites, is 0.85 eV. However, some simulations performed
in the frame of Veiga PhD work [12] for testing purposes reached a
different conclusion. These simulations were as follows. First, a cu-
bic simulation box with 16,000 iron atoms (20 ! 20 ! 20 unit cells)
was built. Then, a number of planes perpendicular to the migration
path followed by a carbon atom from a [100] O-site to a [001] O-
site, passing through a [010] T-site, was defined. This corresponds
to an octahedral-to-octahedral path along the [010] direction. For
every plane, a rectangle of area 0.1 ! 0.1 nm2 with the octahedral-
to-octahedral line passing through its center was divided into a
uniform grid (grid spacing of 0.005 nm).

Molecular statics simulations were performed using LAMMPS
[13]. A carbon atom was inserted in a position corresponding to
a grid point. The carbon atom was kept fixed at its position while
the iron atoms were allowed to fully relax, except Fe atoms situ-
ated at a distance less than 0.15 nm from the 6 box faces. The latest
condition ensured that the whole box did not move in order to get
the C atom back at the octahedral site. To prevent spurious interac-
tions between the carbon atom and the fixed Fe atoms, the dis-
tance between the interstitial atom and the rigid walls was
larger than 2 nm.

Fig. 1 shows the energy contour maps for each plane. Each point
in the maps represents the total energy of the system with a carbon

Fig. 1. Energy mapping on several planes perpendicular to a [010] carbon migration path: (A) origin (plane containing the O-site), (B) origin + 0.02 nm, (C) origin + 0.05 nm,
(D) origin + 0.06 nm, (E) origin + 0.07 nm, (F) origin + 0.07138 nm (plane containing the T-site).

Table 1
Parameters of the cross Fe–C potential.

i ai (eV/Å3) bi (Å)

1 25.8403449446387 1.57392207030071
2 5.29633693622809 2.50697533078414
3 4.03000262768764 2.55706258348374
4 "7.23257363478654 2.74993431502404
5 "7.91809159848018 3.11129997684853
6 0.283612435794859 3.50162017458081
7 12.1869023019844 1.64805018491946
8 9.19127905165634 3.08003832563079

Table 2
Parameters of the C electron density potential a.u. means density arbitrary units.

i ci (a.u./Å3) di (Å)

1 "16.205911 0.5
2 "0.245035 4.54378

Table 3
Parameters used in the C embedding function potential a.u. means density arbitrary
units.

F1 (eV a.u."0.5) "2.78333808071882
F2 (eV a.u."2) 1.45647907575885 ! 10"3
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atom at that position minus the total energy of the carbon atom in
the octahedral site. We can see in this sequence of maps that the
minimum energy path is unique – the minimum of each plane is
found right in its center – up to very close to the tetrahedral site,
where the minimum energy path is split into four degenerate
saddle points, yielding an energy barrier of 0.81 eV. Therefore,
the actual energy barrier for carbon migration predicted by the
original EAM potential is 0.04 eV lower than the energy barrier
reported in [1]. The positions of the saddle points were Tx ± 0.015 -
nm, Tz ± 0.015 nm where Tx is the x coordinate of the T-site (along
the [100] direction) and Tz is its z coordinate (along the [001]
direction). From theses simulations, the conclusion that one can
reach is that the T-site, according to the Fe–C potential, is a local

maximum on the plane, not a minimum, as it must be if it were
the saddle point.

The solution for this problem was not trivial. We first identified
that when the system is at one of the four energy minima on the plane
that contains the tetrahedral site, represented in Fig. 1(E), the carbon
atom does not have four iron atoms at a distance of 0.257 nm as sec-
ond nearest neighbors. It has two second nearest neighbors at a dis-
tance of 0.236 nm and two, now third, nearest neighbours at a
distance of 0.271 nm. Our attempts consisted of adding Gaussian
functions to the Fe–C pairwise interaction function u(r) near
r = 0.257 nm in order to lower the second derivative at this point. A
set of three Gaussian functions gðrÞ ¼

P
aiexp½"ðr " riÞ2=60r' were

added and brought the saddle point back to the tetrahedral site. The
parameters of the Gaussian functions are a1 ="0.01, a2 = a3 = 0.01,
r1 = 0.2539 nm, r2 = 0.2365 nm, r3 = 0.2713 nm, and r = 0.0002. In
Figs. 2 and 3, one can see the energy mapping on the plane perpendic-
ular to the [010] direction that contains the tetrahedral site (in the
center), obtained by molecular statics simulations in the same way
as the results shown in Fig. 1 with the original and the modified Fe–
C EAM potential, respectively. It can be clearly seen that the modifica-
tion introduced in the Fe–C potential brings the saddle point back to
the tetrahedral site. This modification is obviously very localized as
can be seen in Fig. 4 compares the two functions. Consequently, it does
change neither the geometry nor the total energy of the local energy
minimum, which remains corresponding to the carbon atom in the
octahedral site. The activation barrier, obtained by doing MD simula-
tions at different temperatures with one C atom migrating in Fe, has
changed by 0.04 eV: it is 0.81 eV with the modified potential as com-
pared to 0.85 eV [1]. In addition, the configurations in Table 5 in Ref.
[1] were simulated with the modified Fe–C potential, and all numbers
remained unchanged.

This potential1 was used with success to model the effect of the
stress field of an edge dislocation on carbon diffusion [14], the for-
mation of carbon Cottrell atmospheres in bcc iron [15] as well as
the elastic constants of the martensite [16].

Acknowledgments

This work has been performed within the European PERFECT
project (FI6O-CT-2003-508840) and has been partially financed
by the European Commission FP7 project PERFORM-60, under

Fig. 2. Energy mapping on the plane perpendicular to the [010] direction that
contains the tetrahedral site (in the center) obtained by the original Fe–C EAM
potential. The energy reference is the total energy of the simulation box with the
carbon atom occupying the octahedral site.

Fig. 3. Energy mapping on the plane perpendicular to the [010] direction that
contains the tetrahedral site (in the center) obtained by the modified Fe–C EAM
potential. The energy reference is the total energy of the simulation box with the
carbon atom occupying the octahedral site.

Fig. 4. FeC pair component of the original potential compared to the modified
potential.

1 The LAMMPS files for the modified potential can be found at http://michel.per-
ez.net.free.fr and http://www.ctcms.nist.gov/(cbecker/
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Appendix A

The potentials were built according to the Embedded-Atom
Method. In this scheme, the total energy Etot of a collection of
atoms is given by

Etot ¼
1
2

X

i;j

UijðrijÞ þ
X

i
Fi

X

j–i

qjðrijÞ

 !

where UijðrijÞ is the pair-interaction energy between atoms i and j sep-
arated by the distance rij, Fi is the embedding energy of the atom i and
!qi ¼

P
j–iqjðrijÞ is the host electron density induced by the

surrounding atoms j at the location of the atom i. The electron-
density function assigned to atom j is qjðrijÞ. The pair interaction,
electron-density and embedding functions depend on the atoms type.
The functions characterizing the pure-Fe potential UFeFeðrÞ, qFeðrÞ,
FFeð!qÞ are the ones from the original paper ([2]), and Ref. [1] provided
the description of the other potential functions ðqCðrÞ; FCð!qÞ;UFeCðrÞÞ.
As some errors were uncovered in the parameters published in [1], we
provide in this appendix the correct parameterisation (see Tables 1,2
and 3).

A.1. Cross Fe–C potential

UFeCðrÞ ¼
Xn

i¼1

aiHðbi " rÞðbi " rÞ3 1 6 r 6 3:502Å

A.2. C electron density

qðrÞ ¼ c1Hðd1 " rÞ þ c2Hðd2 " rÞHðr " d1Þðd2 " rÞ3

0Å 6 r 6 4:808Å

A.3. Embedding function

FðqÞ ¼ F1
ffiffiffiffi
q
p
þ F2q2

0 6 q 6 120
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