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Relaxed energy and structure of edge dislocation in iron*
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With modified analytical embedded-atom method and molecular dynamics simulation, this paper simulates the

strain energy and the equilibrium core structure of a(100) edge dislocation in BCC metal iron on atomistic scale. In

addition, the trapping effect of dislocation on vacancy is investigated as well. The results show that the equilibrium

dislocation core is quite narrow and has a Ca, symmetry structure. Calculated strain energy Es of the dislocation
is a linear function of In(R/2b) while R > 5.16 A (1 A = 0.1 nm), in excellent agreement with the elasticity theory
prediction. Determined core radius and energy are 5.16 A and 0.62 eV/A7 respectively. The closer the vacancy to

the dislocation line is, the lower the vacancy formation energy is, this fact implies that the dislocation has a trend to

trap the vacancy, especially for a separation distance of the vacancy from dislocation line being less than two lattice

constants.
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1. Introduction

Iron or steel is one of the important industrial
materials. To set up a link between the microstruc-
tures and the mechanical properties, it is very im-
portant to understand deformation and defect prop-
erties of the metals at the atomistic level. For in-
stance, accurate determinations of the structure en-
ergy and movement of the dislocations are considered
crucial for the understanding of plasticity and crack
behaviour of the metals.!") Although many modern ex-
perimental techniques, such as the scanning tunneling
microscope (STM), the field ion microscope (FIM),
the high-resolution transmission electron microscope
(HRTEM), etc., have been used to observe the struc-
tures of crystal defects at the atomistic level, many
details of these structures remain beyond the scope of
these tools.

With the fast development of high-performance
computers, atomistic scale simulations based on vari-
ous physical models?~¢! are becoming a powerful sup-
Cottrell
suggested that a(100) edge dislocation form a micro-

plement to current experimental methods.

crack just below its slip plane, and it is therefore
likely that this kind of dislocation may play an im-
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portant role in the process of crack nucleation in BCC
materials.[”) The core structure of a(100) dislocation
was studied by using the pair-potential theory.[®l In
contrast to the pair-potential theory where only the
potential energy of a system of particles is consid-
ered, one of the many-body models, embedded atom
method (EAM) developed by Daw and Baskes, 1%
presents the energy of an atom in a system as a sum
of electrostatic interactions with each of its near neigh-
bours and an energy to embed the atom in the local
electron density created by its near neighbours. It
is believed that a many-body effect sensitive to the
local environment of atoms makes the accurate treat-
ment of defective structures.'!] As an extension to
initial EAM and analytical EAM (AEAM) developed
by Johnson et al.,'%13] the modified analytical EAM
(MAEAM) has been used successfully in calculations
for many properties of metals and alloys.!"*~17 In our
previous papers, the surface energy,'8=29 interface
energy21=24 and grain boundary energy?®=28! have
been calculated by MAEAM and many properties re-
lated to these face defects have been explained satis-
factory.

In this paper, an atomistic investigation of the en-
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ergy and structure of a(100) edge dislocation in iron
has been made by combining the MAEAM potential
with molecular dynamics (MD) method. Further, the
trapping effect of dislocation on vacancy was also in-
vestigated. The results show that the equilibrium
structure of the dislocation core is quite narrow and
has Cs,, symmetry structure. Calculated strain energy
of the dislocation is a linear function of In(R/2b) while
R > 5.16 A, this is in excellent agreement with the
prediction of elasticity theory. The core radius and
energy are determined to be 5.16 A and 0.62 eV/A
respectively. The formation energy calculations for a
vacancy sited in various separation distances from the
dislocation line show that the dislocation has a trend
to trap the vacancy, especially for the separation dis-
tance being less than two lattice constants.

2. The MAEAM

In the MAEAM, the total energy of a system FEj
is expressed as!17]

o= S F() +5 30 wlrg) + S M(P)

e i (1)

= Z f(Tij)7 (2)
J(#1)

Pi=Y" f(riy), (3)
J(#1)

where F(p;) is the energy to embed atom ¢ in its site
with electron density p; given by a linear superpo-
sition of spherical averaged atomic electron density
of the other atoms f(r;;), r;; is the separation dis-
tance of atom j from atom 4, (r;;) is the interaction
potential between atoms ¢ and j, and M (F;) is the
modified term, which describes the energy change due
to non-spherical distribution of electrons (P;) and de-
viation from the linear superposition of atomic elec-
tronic density. Embedding function F'(p;), pair poten-
tial ¢(r;;), modified term M (P;), and atomic electron

density f(r;;) take the following forms:!*")
F(pi) = —Fo[1 —nln(pi/pe)] (pi/pe)", (4)
¢ (rij) = ko + k1 (7'2]/7"1‘5) + ko (Tij/ﬁe)4
+ ks (r1e/ri) " (5)

Afuz):a(a/R,-UQGW[—(a/R,-UQ,
(6)

f(rig) = feo(rie/ri;)®, (7)

where subscript e indicates equilibrium and rq. is the
first nearest neighbouring distance at equilibrium. In

this paper, the electron density at equilibrium f, is
chosen as

fo=(Be — Bu) /2P 8)

where 2 = a3/2 is the atomic volume in BCC metals,
a is the lattice constant.

Seven parameters Fy, n, ko, k1, ko, k3 and « in
Egs. (4)—(6) can be determined by fitting lattice con-
stant a, cohesion energy FE., monovacancy formation
energy Fif, and elastic constants Cy1, C12 and Cyy
of specific metals. According to the principle that

the energy vs. separation distance curve fits the Rose

equation,?? we have
Fy = E. — Fiy, 9)
n = /0Q(Ci1 +2C12)(C11 — C12)/(216E1Cus),
(10)
= 2(Cy — Cu4)/32 — n’Fy/8. (11)

The potential parameters can be calculated with the
following formulae!*”!

Eis  $2(51519Cyy + 57111C 2 — 57111C;)

ko= — 4 _
0 7 471800 ’
(12)
2(33327C 44 + 52563C12 — 52563C11)
k= , (13)
269600
. _ 2014745601, — 147456012 — 59049C44)
2 1887200 ’
(14)
153602(4Cyy —
ks — 536 ( Cuyy —Ci1 + 012). (15)

412825

Substituting lattice constant a, cohesion energy FE.,
monovacancy formation energy Fif, and elastic con-
stants Oy, Cho and Cyy of ironl*7 listed in Table 1
into Egs. (9)—(15), we obtain seven parameters needed
for energy calculation listed in Table 2. Substituting
the values of k; (¢ = 0-3) into Eq. (5), we plot the
interatomic potential for iron in Fig. 1. To test the
model, the formation energy of an octahedron inter-
stitial atom is calculated to be 4.79 eV which nearly
equals the value of 4.77 eV calculated by Harder and
Bacon. 3]

Table 1. Physical parameters of iron.!17]

a/A  E./eV Eit/eV C11/GPa C12/GPa C44/GPa
2.8665  4.29 1.79 230 135 117

Table 2. Calculated parameters of iron for MAEAM.

Fo/eV n a ko/eV ki/eV  ka/eV  ks/eV

2.50000 0.27801 0.01725 —0.34966 —0.29874 0.27690 0.10215
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Fig. 1. The curve of interatomic potential of iron.

3. Computational procedures

A BCC super-cell is used in computation of the
long-range strain field induced by a dislocation. The
size of the model crystal is a 66a x 30a x 7.5a lat-
tice block with 29700 atoms, where a is the lattice
constant. The number of atomic planes in the (100),
(010) and (001) directions are 133, 61 and 16, respec-
tively. An a(100) edge dislocation is initialized by dis-
placing the atoms according to the elasticity theory.
The model crystal is divided into two regions: an in-
ner region and an outer region. The dislocation core is
contained in the inner region, where atomic positions
are fully relaxed according to atomic stress. The outer
region surrounds the inner region where atomic posi-
tions are fixed according to the initial displacements.
The mantle ensures that each atom in the inner com-
putational region has a complete set of neighbours
within the range of the used interatomic potential.
The lattice relaxations resulted from the existences of
the dislocation and vacancy are simulated with the
MD method®! at constant-temperature of 0 K. In
which the coordinate of the i-th atom 7; is assumed
as a function of time. While the increment of time
At is infinitesimal, the 7; can be expanded by a Tay-
lor series. The coordinate r;(t + At) of atom ¢ at time
t+ At can be obtained from the coordinate 7;(t) of the
atom at time t by a predictor—corrector method, 32!

L fi(rs)

rE(t+ At) = 7i(t) + 1 () At + 5—&2, (16)
m

repeating [ times

| fi(r
ri(t+ At) = ri(t) + 7i(t + At)At + §Mm2,
m

rE(t+ At) = ri(t + At),
(17)
where 7 (t + At) is the coordinate predicted at time
t 4+ At, 7;(t) = dr;(t)/dt is the velocity of atom i at

time ¢, f;(r;) = dFE;/dr; is the resultant force applied
to atom ¢ from the other atoms at time ¢, and m is
the mass of the atom. F; is the energy of atom . In
this paper, we take [ = 3 and At =1 fs.

The strain energy of an edge dislocation is the
superabundance relative to bulk material due to the
existence of the dislocation. Thus a contribution to
the strain energy of the dislocation by atom ¢ can be
shown as F; — Ey,, here

E;,=F(p;)+ % Z o(ri;) + M(F;)
3(#1)

is the energy of the atom ¢ after relaxation, Ej, is the
energy of an atom in perfect bulk crystal and equals
the negative value of cohesive energy. Summing all
contributions of atoms within inner computational re-
gion and then dividing it by the length L of dislocation
line, we can obtain the strain energy of the dislocation
per unit length F

n

1
E, = Z;(Ei ~ Ey), (18)
where n is the number of atoms inside the inner com-
putational region.
The formation energy of a vacancy near the dis-
location core Ef can be calculated by

Ef = B, — B — E., (19)

where EY%, and Ef°* are the total energies of the re-
laxed edge dislocation with and without the vacancy,
respectively, E. is cohesion energy.

4. Results and discussion

4.1. Structure of a(100) edge dislocation

For a(100) edge dislocation in BCC metals, where
a is the lattice constant and also the magnitude of
the Burgers vector, the repeated distance along the
dislocation line is two crystal planes thus a periodic
boundary condition can be used to simulate the si-
multaneous relaxation of the equivalent atoms along
infinite long dislocation line. In order to calculate the
structure and energy of the dislocation, we construct
a cylinder with the edge dislocation line as its axis,
which is along (001) direction and is taken here as the
z axis. The z and y directions are chosen along (100)
and (010) directions respectively (see Fig. 2). In the z
direction, a periodic boundary condition is applied as
mentioned above. While in the z and y directions, we
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use fixed boundary conditions. The stable configura-
tion, as shown in Fig. 2 (a), is obtained after 1 x 10°
time steps of runs. The dislocation line is normal to
the plane of the figure. Its periodic structure unit
along the dislocation line is plotted in Fig. 2 (b).

In Fig. 2, the A plane, on which the atoms are
shown with open circles, is created by simultaneous
dissociation of one (100) plane into two half-planes
above slip plane, while the B plane, on which the
atoms are shown with solid rhombus, is then cre-
ated by introducing an extra (100) half-plane between
dissociated two half-planes. Although the A and B
planes have different atom arrangements, either of

them can be recognized as being composed of corner
or body-centre atoms in the BCC lattice, hence they
are equal in status. The atoms in core structure unit
along the dislocation line are labeled as well. It can
be seen that the completely relaxed a(100) dislocation
structure has the following three principal characteris-
tics: the first one is the dislocation having a very nar-
row core region which is consistent with the general
character of the BCC metals, the second is the rela-
tively large displacements occurring on the two sides
below the slip plane, and the third is the dislocation

structure having a Cs, symmetry structure.
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Fig. 2. (a) Completely relaxed configuration of a(100) edge dislocation core in iron; (b) the periodic structure unit

along the dislocation line. The open circles and solid rhombus represent the atoms on two adjacent A and B planes

perpendicular to (001) direction. The cross symbol represents the vacancies in the centre of dislocation. Atoms

around the dislocation line are numbered.

4.2. Energy of (100) edge dislocation

In order to investigate the effect region of the
a({100) edge dislocation from the viewpoint of energy,
the energy per atom has been calculated firstly by us-
ing the MAEAM potential and MD simulation. The
partial results are shown in Figs. 3(a) and 3(b) re-
spectively for the first four rows of the atoms above
and below slip plane. The numbers in the two figures
correspond to the atoms labeled in Fig. 2. We can
see that the distribution of energy has very good sym-
metry in the (100) direction, which is consistent with

Cs, symmetry of the above structure. It is noted that

from Fig. 3(a), above slip plane the energy of the sec-
ond and fourth atoms on the first row are —4.0104 eV,
which is 0.28 eV higher than the energy of an atom in
perfect bulk crystal Ey, (—4.29 eV). The energy of the
first atom on the second row decreases to —4.1796 eV,
which is only 0.11 eV higher than E},. Moreover, the
difference between the energy of the fourth row atoms
and FEJ, is less than 0.02 eV, although there exists an
energy fluctuation among the atoms within two lat-
tice constants away from the extra half atom plane
in the (100) direction. The similar conclusions can
also be obtained for the region below the slip plane in
Figs. 3(b) excepting that the effect region is one lat-
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tice constant broader than that above the slip plane,
although the energy of the third and fifth atoms on
the first row below the slip plane is lower than that
of the second and fourth atoms on the first row above
the slip plane. Therefore figure 3 gives a vivid picture
of the effect region of the a(100) edge dislocation from
the viewpoint of energy. If the energy of an atom is
within 0.02 eV (0.5%) tolerance of the energy of an
atom in perfect bulk crystal Ei,, it may be regarded
as an atom situated in perfect crystal, so the deter-
mined effect region is about two to three lattice con-
stants around dislocation line. In fact, the energy of
all atoms in a relatively large region is higher than the
energy of an atom in perfect bulk crystal F},, and the
farther the atom from the dislocation line is, the lower

the atom energy is.
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Fig. 3. The energy per atom calculated by MAEAM po-
tential for edge dislocation.

In the general elasticity theory, the total strain
energy Fs of a dislocation includes two parts: elastic
energy (E,) and core energy (FEcore). The former can
The

core energy is the energy contained close to the dislo-

be calculated by using linear elasticity theory.

cation line, where due to the large strain, the linear
elasticity theory is not valid and the details of the in-
teratomic interactions are important.3] For an edge
dislocation, the total strain energy per repeated dis-
tance can be expressed as

Es=Ee+ Ecore = Kln(R/TC) + Ecores (20)

where R is the outer cutoff radius of a cylinder which
contains the dislocation core at its centre, the inner
cutoff radius r. is defined as the core radius, K de-
pends on the elastic constants,®*

K =(b*/47)(Cy;1 + C12)
X [C44(C11 — C12)/C11(C11 + Ci2 + 26’44)}1/2 ;
(21)

where b is Burgers vector. Inserting the values of
three elastic constants listed in Table 1, we can
obtain K=1.2187 eV. To make a quantitative cor-
respondence between Eq. (20) and our calculated
results, we have first tentatively set r. = 2b, with
b =a = 2.8665 A, the approximate expected value
of the core radius. The strain energies Fy of the
a(100) edge dislocation then have been calculated
by using Eq. (18) as a function of the radius R of
a cylinder which contains the dislocation core. We
define this cylinder to coincide with the inner region
of our simulation cell, so that the axis of the cylin-
der passes through the dislocation core centre. By
increasing the radius R, we have thereby generated
a plot of linear density of the dislocation strain en-

ergy Fy versus In(R/2b), as displayed in Fig. 4. In

Es = 1.107In(R/2b) + 0.7356

Es/eV .- A-1

In(R/2b)

Fig. 4. Plot of Es vs. In(R/2b). The fitted points above
In(R/2b) = —0.1054 are shown as a solid straight line.

this plot it is clear that there is a large amount of scat-
ters for small values of R. When In(R/2b) > —0.1054,
however, the strain energies follow a straight line as
predicted by elasticity theory (Eq. (19)). At that ini-
tial point, R = 1.8b, which is smaller than the as-
sumed value of 2b for the core radius, showing that
the value chosen for the core radius r. = 2b is large
enough to take account for the non-elastic region near
the dislocation line. From a linear fit to our data we
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determine the core radius 7. = 1.8b = 5.16 A, the cor-
responding linear density of the core energy Fcore iS
about 0.62 eV/A. The slope of fitted straight line is
1.107 eV, which is in good agreement with the calcu-
lated value of 1.2187 eV.

4.3. Trapping effect of edge dislocation
on vacancy

Based on the initial model crystal with an as-
sociated vacancy on the dislocation line as described
in subsection 4.1, an atom is removed then leaves
a vacancy in periodic structure unit. The vacancy
is located immediately above the slip plane (on the
compression side), and the separation between the va-
cancy and the dislocation line is varied for the purpose
of studying the trapping effect of the edge dislocation
on the vacancy. In fact, the periodic boundary con-
dition along the dislocation line requires that a line
of the vacancies is actually being simulated. The size
of the relaxed region is 60a in (100) direction, 14a in
the (010) direction, and 3.5a in the (001) direction,
The disloca-
tion line penetrates the centre of this region. The

this fact corresponds to 6720 atoms.

simulations are performed with MD method. The
formation energies of a vacancy near dislocation core

1.7
1.6 1
1.5
1.4 1
1.3
1.24
1.14
1.0 A
0.94
0.8
0.74

0.6 T T T
—45 —25

Vacancy formation energy/eV

— ‘% T ]‘I'5 T 3!5
(100) /A

Fig. 5. The vacancy formation energy Ef, near the edge

dislocation line in iron.

Ef are calculated by Eq. (19). Figure 5 shows the re-
lation of Ef and the x-coordinates of the vacancy. The
fact, that the closer the vacancy to the dislocation line
is, the lower the formation energy is, implies the dis-
location has a trend to trap the vacancy, especially for
the separation distance of the vacancy from disloca-
tion line is less than two lattice constants. From the
formation energies of a vacancy sited far away from
the dislocation line 1.66 eV and immediately near the
dislocation line (position 2 or 4 in Fig. 2(a)) 0.71 eV,
respectively, we know a(100) edge dislocation has a
relatively strong ability to trap a vacancy.

5. Conclusions

Using combined MAEAM potential with MD
method, we have calculated systematically the relaxed
strain energy and the structure of a(100) edge dislo-
cation in BCC metal iron. In addition, the trapping
effect of dislocation on vacancy was investigated as
well. The completely relaxed a(100) dislocation has
First,

the dislocation has a very narrow core region, which is

the following three structural characteristics.

consistent with the general character of the BCC met-
als. Secondly, the relatively large displacements occur
for the atoms near dislocation line especially for the
atoms on the two sides below the slip plane. Thirdly,
the dislocation structure has a Cs, symmetry. These
structural characteristics are also reflected in energy.
A linear fitting of the calculated strain energy Eg with
In(R/2b) gives the dislocation core radius r. = 5.16 A
and the core energy F.o..=0.62 ¢V/ A. The formation
energy calculations for a vacancy sited in various sep-
aration distances from the dislocation line show that
the dislocation has a trend to trap the vacancy, espe-
cially for the separation distance of the vacancy from
dislocation line is less than two lattice constants.
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