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The cohesive properties of the C/FeS3(111) grain boundary are investigated by means of the direct deter-
mination of the difference in binding energies of C in grain-boundary and free-surface environments. The
atomic force approach based on the full-potential linearized augmented plane-wave method is used to optimize
the atomic structure for the clean and C-segregated grain-boundary and free-surface systems. Thev phase
structure obtained in a previous grain-boundary cluster calculation is found to be only a metastable state that
is 0.72 eV/cell~0.81 J/m2) higher in energy than the distorted bcc ground state. The calculated binding-energy
difference~i.e., DEb2DEs) is 20.61 eV/adatom, which is a theoretical demonstration that C is a cohesion
enhancer in the Fe grain boundary. Comparisons with earlier results obtained for B, S, and P show that the
number of hybridizedp electrons and the resulting spatial anisotropy of bonding with the surrounding Fe
atoms is the key factor determining the relative embrittling or cohesion enhancing behavior of a metalloid
impurity.

I. INTRODUCTION

Maintaining resistance to brittle intergranular fracture is a
crucial issue as structural steels move to progressively higher
strength levels.1 The effects of the intergranular segregation
of various metalloid impurities, such as P and S on the co-
hesive properties of an Fe grain boundary~GB!, are known
to play a key role. A thermodynamic theory developed by
Rice and Wang2,3 describes the mechanism of metalloid in-
duced intergranular embrittlement through the competition
between plastic crack blunting and brittle boundary separa-
tion. Their most striking result is the prediction that the po-
tency of a segregating solute in reducing the ‘‘Griffith work’’
of brittle boundary separation is a linear function of the dif-
ference in segregation energies for that solute at the GB,
DEb , and at the free surface~FS!, DEs . Simply put, a solute
with positive energy differenceDEb2DEs ~i.e.,DEb is less
negative! will be a more potent embrittler, while a solute
with a negative difference can enhance boundary cohesion.1,3

Thus, a predictive theory for the intergranular cohesive
properties can be established by directly determining both
DEb andDEs , using present state-of-the-art first-principles
local density electronic structure approaches. However, since
DEb2DEs is small ~e.g., 0.4 eV per P atom for the P/Fe
system!,1 ~i! the GB and FS systems must be treated on an
equal footing and~ii ! the atomic structures of both FS and
GB should be well optimized for the cases with and without
the impurity atoms. The second point is extremely important
for the FeS3(111) GB,4 a well-studied prototypical grain
boundary for investigation of the cohesive properties of
steels, because there is a large stress built up in the core
region of the GB. Following pioneering work using either
cluster or energy band methods,5–7 we have carried out8–10a

series of calculations to investigate the effects of P and B
impurities in the FeS3(111) GB and on the corresponding
Fe~111! FS, with the full-potential linearized augmented
plane-wave~FLAPW! approach.11 Large unit cells in a slab
model9 containing 24 atoms for the GB and 15 atoms for the
FS, were used for the sake of realistic simulation and inter-
nally consistent treatments. At that time, the task of structural
optimization overwhelmed the FLAPW total energy capabil-
ity, so that equilibrium geometries of the GB systems were
determined using the DMol cluster method with an atomic
force approach.12 Significant results found included~i! struc-
tural relaxation may reduce the total energy of the clean Fe
GB drastically by 1.61 eV/cell, which in turn affects the final
value ofDEb ; ~ii ! the spatial anisotropy of the impurity-Fe
bonds plays a significant role for the embrittlement behavior
and;~iii ! while the impurities do attract charge from the sur-
rounding Fe atoms and thus reduce the Fe-Fe bonding across
the GB, this appears not to be the major reason for the
impurity-induced embrittlement, as previously proposed.5

Unfortunately, the boundary effects in the DMol cluster
calculation are still very strong even when the cluster con-
sists of 93 atoms. Therefore, the calculated free energy dif-
ferenceDEb2DEs may contain some significant error. Very
recently, we made a breakthrough in developing a method
and a code to evaluate atomic forces based on the thin film
FLAPW algorithm.13 As a result, we can now optimize the
positions of all the atoms in a unit cell very efficiently and
precisely ~with a much weaker influence from artificial
boundaries!.

In this paper, we apply the FLAPW force approach to
investigate the influence of segregated C on the FeS3(111)
GB. As experimental evidence indicates that C is a GB co-
hesion enhancer in Fe~Refs. 1–3!, the results offer insights
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into the key electronic features underlying the influence of
segregants on the boundary cohesion. Following the presen-
tation of the model and computational details in Sec. II, we
discuss the results of structural optimizations in Sec. III. The
chemical and magnetic interactions, and finally the calcu-
lated free energy difference and the corresponding mecha-
nism for the cohesive behavior, are discussed in Secs. IV, V,
and VI, respectively.

II. MODEL AND COMPUTATION

As sketched in Fig.1, both the C/Fe~111! FS and C/Fe GB
are simulated by a slab model,10 which minimizes GB inter-
actions inherent in superlattice cells.7,8 For the C/Fe~111! FS
system, the Fe~111! substrate is simulated by a 13 layer slab,
and the C adatoms are placed pseudomorphically on the
threefold hollow sites on both sides of the Fe slab. For the
GB system, a 23 layer slab is adopted to simulate the clean
Fe GB. With 12 Fe layers in between, the possible interac-
tions between the free surface~introduced artificially in the
slab model! and the GB are expected to be sufficiently re-
duced. The two-dimensional~2D! lattice constant and the
unrelaxed Fe-Fe interatomic distance are chosen from ex-
perimental values for bulk bcc Fe, i.e.,dFe-Fe54.69 a.u. The
slab models are sufficiently thick to allow multilayer atomic
relaxation for Fe in both FS and GB environments.

In the FLAPW method,11 no shape approximations are
made for charge density, potential, and matrix elements. The
core states are treated fully relativistically and the valence
states are treated semirelativistically~i.e., without spin-orbit
coupling!.14 We employ the Hedin and Lundqvist and the
von Barth2Hedin formulas for the exchange-correlation po-
tentials for the nonmagnetic and the spin-polarized
calculations,15 respectively. This approach has been applied
very successfully in the past decade to determine the elec-
tronic and magnetic properties of many transition metal
systems.16

Energy cutoffs of 13 Ry and 100 Ry are employed for
plane-wave bases and star functions to describe the wave

functions and the charge density and potential in the intersti-
tial region, respectively. Within the muffin-tin~MT! spheres
(rMT,Fe52.1 a.u., rMT,C51.0 a.u.!, lattice harmonics with
angular-momentuml up to 8 are adopted. Convergence is
assumed when the average root-mean-square difference be-
tween the input and output charge and spin densities is less
than 131024 e/(a.u.)3. The step-forward approach17 is used
to speed up the calculations.

III. ATOMIC STRUCTURE

Since a well optimized atomic geometry is a prerequisite
to obtain reliable electronic properties, we carried out atomic
force13 calculations to determine atomic structures~i.e.,
multilayer relaxation! of the clean Fe~111! surface, the clean
Fe grain boundary, C/Fe~111! FS, and C/FeS3~111! GB.

A. The clean Fe GB

As a crucial reference system, it is very important to ob-
tain highly precise results for the total energy, atomic struc-
ture, and bonding properties of the clean Fe GB. As stated
above, we employed the DMol method~with atomic forces!
to optimize the atomic structure for the Fe the GB~Ref. 12!
in our previous publications.9,10 Unfortunately, the boundary
effects ~or in other words the artificial stress! remain very
strong in the core region of the GB even with a large cluster
containing 93 atoms; thus, the reliability of the structure op-
timized through DMol calculations needs to be verified.

In the 24 layer slab model, we fixed the three outermost
Fe layer spacings and adjusted vertical positions of all the
other layers according to the calculated atomic forces. For
the equlibrium structure, for which all the force on each atom
becomes almost zero (, 3 mRy/a.u.! and thus the total en-
ergy reaches its minimum, the calculated atomic positions
are listed in Table I~also shown graphically by the open
circles in Fig. 1!. Results obtained through DMol and semi-
empirical embedded-atom18 calculations for the Fe GB are
also listed for comparison. Most strikingly, thev phase
found in the previous DMol calculations12 is no longer the
ground state, but remains as a metastable state for the clean
Fe GB. It is about 0.72 eV/cell~0.81 J/m2) higher in energy
than the ground state which, as shown in Table I, is a
distorted-bcc structure. Surprisingly, the structure obtained

FIG. 1. Model and notation for the structure of Fe and C impu-
rity at ~left! FeS3@11̄0# ~111! grain boundary, and~right! Fe~111!
free surface. Open and shaded circles denote the positions of Fe
atoms before and after the presence of the C impurity.

TABLE I. Calculated interlayer distance starting from the grain-
boundary region~in a.u.!. The small negative value ofd23 (d56)
means that Fe~2! „Fe~5!… and Fe~3! „Fe~6!… are almost coplanar
(v phase! but Fe~3! „Fe~6!… is slightly lower.

Clean Fe GB C/Fe GB
Layer DMola EAMb FLAPW EAMb FLAPW

d12 2.36 2.17 2.10 2.37 2.15
d23 20.04 0.76 1.27 1.48 1.40
d34 2.37 1.89 1.50 1.34 1.40
d45 2.34 1.70 1.61 1.75 1.56
d56 20.02 1.36 1.52 1.53 1.55
d67 2.37 1.65 1.48 1.52 1.44

aReference 12.
bReference 18.
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from a semiempirical Finnis-Sinclair embedded atom
method18 ~EAM! is very close to that obtained with the
highly precise FLAPW method. For example, the free vol-
ume of the core region of the GB~first four layers! obtained
through the two method are almost the same~within 1%!.
This means that the effect of the imposed stress from the
cluster boundary contributes greater inaccuracy than that
from the approximate description of the charge density and
potential, etc. Therefore, one should be careful in determin-
ing the structure of a grain boundary with the cluster meth-
ods.

B. The clean Fe„111… surface

For the clean Fe~111! surface, our previous total energy
calculations found19 that the relaxation of the surface layer
amounts to 0.38 a.u. and, furthermore, the multilayer relax-
ation@with a structure measured through low-energy electron
diffraction ~Ref. 20!# was found to reduce the surface energy
by 0.075 eV/cell~0.084 J/m2). Here, we reoptimized the
atomic structure of the clean Fe~111! surface with the
FLAPW atomic force approach, and the calculated results
are listed in Table II~also shown graphically by the open
circles in Fig. 1!.

In general, the calculated interlayer distances appear to be
about 3% smaller than experiment~note that the lattice con-
stant in the lateral plane adopts the experimental value for
bcc Fe bulk, which is about 3% larger than that obtained
through the local-density approximation calculations21!. Very
interestingly, the Fe~2! plane appears to undergo the largest
downward relaxation, sinced23 ~1.22 a.u.! is even smaller
than d12 ~1.40 a.u.!. Subsequently,d56 is also smaller than
d45 ~1.40 a.u. versus 1.51 a.u.!. This unusual relaxation on
the rough surface deserves experimental scrutiny, and we are
investigating its driving force. We found that the theoreti-
cally optimized structure is about 0.08 eV~0.09 J/m2) lower
in total energy than that obtained using the measured geom-
etry.

C. C/Fe GB and C/Fe„111…

Since the size of the C atom is small, it can be easily
acommodated in the hollow site between Fe~3! atoms across
the Fe GB without interference with the surroundings. As
listed in Table I and also as shown in Fig. 1 by the shaded
circles, while the Fe~3! atoms are pushed by 0.18 a.u. apart

from the central plane, other atoms adjust their positions
only slightly ~around 0.05 a.u.! relative to the clean Fe GB.
By contrast, results obtained from the EAM calculations18

indicated a long-ranged effect of the C impurity on the
atomic structure in the Fe GB; even their positions of the
Fe~6! and Fe~7! atoms were affected by as much as about 0.5
a.u. Thus, it appears to be important to describe the electron
density self-consistently when impurity atoms are present,
since significant charge redistribution is usually involved.

As found previously,9 the bond length is shorter in the FS
environment than in the GB; the calculateddC-Fe(3) in
C/Fe~111! is 3.41 a.u.—about 4% shorter than that in the GB
environment. As also found for P/Fe~111! and B/Fe~111!,22

the adsorption of C on Fe~111! induces a strong multilayer
relaxation in the substrate. Comparing the positions of Fe
atoms on the clean Fe~111! surface~cf. shifts between the
open and shaded circles in Fig. 1!, significant C-induced
changes can be found for the surface@Fe~1!, Dz50.50 a.u.#
and the subsurface@Fe~2!, Dz50.62 a.u.# layers. Strong ef-
fects~about 0.10 a.u.! can be found even for Fe~5! and Fe~6!
layers—indicating a long-ranged effect of C on the Fe~111!
FS.

IV. CHEMICAL INTERACTION

In modern first principles calculations, the charge density
is a key quantity for discussion of interatomic interactions. In
Fig. 2, the charge density differences, obtained by subtract-
ing the superimposed charge density from a free C mono-
layer and a clean Fe GB or Fe~111! surface from the self-
consistent charge density for the corresponding C/Fe system,
are presented for the C/Fe GB~in panela) and C/Fe~111!
surface~in panelb), respectively. Pronounced charge redis-
tributions can be seen clearly for both environments—
indicating strong chemical interactions between C and the
surrounding Fe atoms. In the GB case, very similar to the
B/Fe system, the charge accumulates between C and Fe at-
oms and the shape of the contours suggests that the C-Fe~3!
bonding is mainly via hybridization between the C-pz and
Fe~3!-dz2 states. Since C has two 2p electrons, they should

TABLE II. Calculated interlayer distance starting from the sur-
face ~in a.u.!, compared with experiment.

Fe~111! C/Fe~111!
Layer Expt.a Theo. Theo.

dC23 3.42
d12 1.30 1.40 1.58
d23 1.41 1.22 2.00
d34 1.62 1.60 1.30
d45 1.52 1.51 1.45
d56 1.56 1.40 1.69
d67 1.56 1.52 1.43

aReference 20.

FIG. 2. The calculated valence charge density difference for~a!
C/Fe GB and~b! C/Fe~111!. Contours start from 531024 e/a.u.3

and increase successively by a factor ofA2. Solid contours denote
charge accumulation and dashed lines denote charge depletion.
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occupy the bondingp x,y states and leave the nonbonding
pz state empty in the isolated C monolayer. In the C/Fe GB,
however, the C-pz state becomes lower in energy by hybrid-
izing with the Fe~3!-dz2 state and thus, as shown in Fig. 2~a!,
there is charge transfer from the in-planepx,y states to the
vertical pz state around the C site. Therefore, C-Fe bonding
shows spatial anisotropy, i.e., stronger vertical C-Fe~3! bond-
ing and weaker lateral C-Fe~1! bonding. A very similar be-
havior was also found for B/Fe; however, the in-plane
C-Fe~1! bonding is stronger than that between B-Fe~1!, be-
cause C has one more 2p electron to fill more states origi-
nating from C-px,y .

On the C/Fe~111! surface, as shown in Fig. 2~b!, a very
similar C-Fe~3! bonding is found under the bottom half of
the C. Since one of the Fe~3! atoms is missing in the FS
system, most of the electrons on top of the C layer now
occupy the in-plane states and thus the C/Fe bonding is more
isotropic compared to the strong dangling bond on
B/Fe~111!.10 As a result, the charge accumulation between
C/Fe~1! becomes obviously stronger in the FS than in the
GB. Therefore, we expect that the loss of free energy due to
one broken C-Fe~3! bond can be compensated for partially
through the enhanced C/Fe~1! and C-Fe~3! interaction~due
to the shortened bond length!. Charge depletion from the
interstitial region between Fe atoms@especially between
Fe~2!# can be found in both panels. Since this was also found
in B/Fe and P/Fe,10 it appears not to be an essential feature of
embrittlement behavior, as believed previously.5

The calculated densities of states~DOS! for the C/Fe GB
and C/Fe~111! FS are presented in Fig. 3. In the GB environ-
ment, the hybridization between C-2p and Fe~3!-3d is obvi-
ous, because resonant features can be found below24 eV
on their projected DOS curves. By contrast, the interaction
between C and Fe~1! and Fe~2! appears to be weaker. How-
ever, one should keep in mind that the DOS curves are cal-
culated only for the muffin-tin region and, as seen in Fig. 2,
the main feature of the C-Fe interaction occurs in the inter-
stitial region. On the Fe~111! surface, the C-Fe~3! hybridiza-
tion is obviously much stronger than that in the GB environ-
ment, since the C-2p smears over a wide energy range above
26.5 eV. Interestingly, an exchange splitting of 0.5 eV can
be found for the C-2s state in the C/Fe GB, while in the FS
environment, this exchange splitting is almost zero. This in-
teresting phenomenon provides one way for experimentalists
to verify our theoretical results.

V. MAGNETIC INTERACTION

The spin density difference contours for the C/Fe GB and
C/Fe~111! FS are shown in Fig. 4. As revealed in the previ-
ous calculations,8,10 the detrimental effects of the C atom on
the magnetization around the Fe~1! and Fe~3! atoms are very
clear and meanwhile, the magnetization around the second-
rank Fe atoms is somewhat enhanced. A major difference
between C and P~Ref. 10! is that the magnetization around
Fe~2! undergoes enhancement in the C/Fe system. This is
most probably due to the small size of the C atom, which
does not directly hybridize with the Fe~2! atom. Obviously,
the magnetic interaction between metalloid and the surround-
ing Fe atoms is long ranged and is also very sensitive to the
environment. On the FS system, when the C/Fe~2! bond

length is shortened by only 7%, the C-induced enhancement
of magnetization around Fe~2! seen in Fig. 4~a! is completely
removed.

Quantitatively, the calculated magnetic moment in each
Fe muffin-tin sphere is presented in Table III. Referring to
the unrelaxed GB configuration~GB1! corresponding to Fig.
4, the effects of C are obvious since they reduce the magnetic
moment of Fe~3! and Fe~1! by 0.62mB and 0.29mB , respec-
tively. By contrast, C-induced enhancement is remarkable for
the magnetic moments of Fe~2! ~by 0.28mB), Fe~4! ~by
0.25mB) and even for the Fe~6! ~by 0.19mB). At the FS, the

FIG. 3. The calculated density of states~DOS! for ~a! C/Fe GB
and~b! C/Fe~111! FS. Solid lines stand for majority spin and dashed
lines represent minority spin.
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reduction of the Fe~3! magnetic moment is as large as
0.63mB . In both environments, an induced magnetic moment
of 20.04mB is found in the muffin-tin sphere of C.

VI. SEGREGATION ENERGY AND DISCUSSION

The embrittlement behavior of C in the FeS3~111! GB
can be determined according to the Rice-Wang model3

through the value and sign ofDEb2DEs . The calculated
bonding energies between the C impurity and the surround-
ing Fe atoms in the GB is 8.84 eV/adatom, including the
effects of the C-induced structural relaxation~which contrib-
utes only 0.16 eV toDEb). On the other hand, the calculated
DEs is 8.23 eV/adatom, to which the C-induced structural
relaxation contributes 0.36 eV/adatom. As a result, we obtain
a negative free energy difference, i.e.,DEb2DEs520.61
eV/adatom or 62 kJ/mole. Thus, the C impurity is a cohesive
enhancer for the FeS3(111) grain boundary. Although there
have been strong experimental indications that C is a cohe-
sive enhancer, this is the first quantitative theoretical deter-
mination so far.

Finally, we can answer the question: what is the key factor
determining the behavior of an impurity to the cohesive
properties of the Fe GB—atomic size, number of electrons,
or strength of hybridization? Since the value ofDEb2DEs is
the key quantity, a comparison should be made to see the

difference of these factors in the GB and FS environments.
Combining the results here with those obtained previously
for B/Fe and P/Fe,10 it is obvious that the number ofp elec-
trons and the resulting spatial anisotropy~not the strength! of
the bonding are the most significant factors. Of course, if the
hybridization is weak~for larger atoms, e.g., Si and P, an
embedded-atom like interaction is usually adopted9!, the an-
isotropy of the bonding is also weak and thus the impurity
tends to be an embritller.

In the GB there are three Fe~1! and two Fe~3! atoms,
while in the FS the three Fe~1! atoms are still present, but
one of the Fe~3! atoms is missing. If the strength of the
impurity-Fe~1! bonding is comparable to that of the
impurity-Fe~3! bonding, only one out of five impurity-Fe
bonds is cut from GB to FS. Therefore, the energy loss due
to the fracture should be small and can be easily compen-
sated through release of the lattice stress in the GB. In this
case, a positiveDEb2DEs is expected and an impurity~such
as P and S! is likely to be an embrittler. By contrast, if the
impurity-Fe~1! bond is much weaker than that between
impurity-Fe~3!, one out of two bonds is cut in the fracture
and it will be very hard to compensate the loss of energy. Of
course, the GB environment is preferred for such an impurity
@e.g., B ~Ref. 23! and C#, which then acts as a cohesive
enhancer.
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