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The behavior of the dislocation loop of a self-interstitial atom (SIA) near an edge dislocation and its
conservative climb process were modeled in body-centered cubic Fe by incorporating loop rotation. The
stable position of the loop and its rotational angle due to the interaction with an edge dislocation were
evaluated through molecular dynamics simulations and calculations of the isotropic elasticity. The results
were used as input variables in kinetic Monte Carlo simulations to model the absorption of the loop by
the dislocation via a conservative climb. Loop rotation was found to affect the velocity of the conservative
climb only at short-distances because the gradient in the interaction energy between the dislocation and
an atom at the edge of the loop, which is a driving force of the conservative climb, could not be pre-
cisely evaluated without loop rotation. Depending on the distance between the dislocation and the loop,
allowing the loop rotation resulted in either an increase or decrease in the velocity of the conservative
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1. Introduction

Ferritic/martensitic stainless steels are potential structural ma-
terials for fusion reactors. Although such materials are known to
be more resistant to swelling than austenitic stainless steels [1],
swelling still occurs. At sufficiently high neutron doses, the steady-
state swelling rate is constant at approximately 0.2% per displace-
ment per atom (or 0.2%/dpa) [2]. On the microscale, the swelling
mechanism is known to be the preferential absorption of self-
interstitial atoms (SIAs) by dislocations rather than vacancies. In
the operating environment of a fusion reactor with highly en-
ergetic neutron irradiation and the corresponding high energies
of primary knock-on atoms (Epga), atomistic simulations have re-
vealed that collision cascades directly create SIA dislocation loops
(hereinafter shortened as SIA loops), as well as mono-defects and

Abbreviations: KMC, kinetic Monte Carlo; MD, molecular dynamics; SIA, self-
interstitial atom.
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vacancy loops [3-5]. These SIA loops can glide one-dimensionally
because of their low migration energy [6], and they tend to move
to stable positions in response to elastic interactions with a stress
field, which mainly originates from a dislocation. However, in the
case of parallel Burgers vectors, more than just the glide motion
is needed for absorption of the loop attracted by the dislocation
[7]. For the loop to be absorbed, either a change in the Burgers
vector of the loop or a conservative climb is necessary. Previous
studies have indicated that large loops containing more than five
to seven SIAs hardly change the Burgers vector [8,9]. Based on the
results of molecular dynamics (MD) simulations, which showed
that the maximum loop size can be as large as 81-100 SIAs for
Epga =50keV [3], ~25 SIAs for Epgp =100 keV [4], and 89 SIAs for
Epka =200 KkeV [5], SIA loops formed directly during a collision cas-
cade under fusion reactor conditions have a higher probability of
being absorbed via a conservative climb than those under fission
reactor conditions. Therefore, a model for the conservative climb
needs to be developed to precisely predict the material perfor-
mance under fusion neutron irradiation.

In this study, we evaluated the absorption process of an SIA
loop by an edge dislocation via the conservative climb, where
pure body-centered cubic (BCC)-Fe was used as a model metal for
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Fig. 1. (a) A hexagonal [111] SIA loop with several extra atoms. (b) Five possible
configurations along a line or at a jog that involve AE.y: (1) 1.74eV; (2) 1.03eV;
(3) 0.91eV; (4) 0.30eV; (5) 0.72eV (c) AE at a corner: (1) 0.30eV; (2) 0.91 eV

ferritic/martensitic stainless steels. We focused on the case with
parallel Burgers vectors because the interaction is the strongest
and the probability of the loops being trapped is the highest. We
incorporated the detailed loop behavior near the edge dislocation,
especially the trajectories and loop shape evaluated by MD and
isotropic elasticity calculations. These were used as input variables
of the kinetic Monte Carlo (kMC) simulations to quantify the con-
servative climb motion.

2. Simulation method
2.1. Model of the conservative climb

Since details of the calculation method of the conservative
climb process are described in our earlier work [10], they are pre-
sented in brief here. We begin with an irregularly shaped [111] SIA
loop with some extra atoms on its edges (Fig. 1(a)), which signifi-
cantly increase the velocity of the conservative climb.

The atoms on the outermost layer migrate along the edges of
the loop with an activation energy of En. In the meantime, their
migration is affected by two terms: (i) the change in the interac-
tion energy of an atom on the outermost layer, with the stress field
of the dislocation caused by a change in the distance from the dis-
location due to one migrational displacement of the atom (AE;y);
(ii) the change in total energy of the loop after one migrational dis-
placement of an atom caused by a change in the shape of the loop
(AEot). Here, we assume that these two contributions were de-
coupled. These values were evaluated by using the interatomic po-
tential of BCC-Fe in MD or molecular statics simulations [11]. The
simulation cell was set to [-2 1 1] 41nm x [0 1 -1] 44nm x [1
1 1] 3.6 nm for the x, y, and z directions, respectively, and periodic
boundary conditions were employed in all directions. An extra x—
y plane with a rectangular strip with approximate dimensions of
4.1 nm x 2.0 nm was inserted in the center of the cell to simulate
the loop edge. The value of Ey, was evaluated by placing a defect
along the line of the extra plane and measuring the temperature
dependence of the jump frequencies of the defect at 1100, 1200,
1350, and 1500K; E;, was calculated to be 1.02 eV. For the evalu-
ation of Ej,;, we also placed an atom along the line of the extra
plane, and the change in the formation energy of the atom with
respect to the local stress was measured:

Eine = 2.15 x 107%y + 1.51 x 102074y, (1)

(a)

Not permitted

(b)

Not permitted
Not permitted

Permitted

N

Fig. 2. Examples of the (a) first assumption and (b) second assumption of the mi-
gration of an atom.

where oy and o [q) denote the hydrostatic and [111] uniaxial
components of the stress, respectively. The value of AE;,, was es-
timated by inserting the stress value at each position calculated
by classical dislocation theory. There are five possible configura-
tions that involve AEy, as shown in Fig. 1(b). The value of AE
at a corner was also evaluated by utilizing the results at a jog (Fig.
1(c)). Defining AE as the sum of AEi and AE;,, the activation
energy for migration can be described as Er, + AE/2.

Two assumptions are made for the simulation of the migration
process. First, for the sake of simplicity, defects on the edges can-
not be in a double-layered structure (Fig. 2(a)). Second, all atoms
(except those at the corners) must have contact with two adjacent
inner atoms. The atom at a corner, which, by nature, is surrounded
by only one adjacent inner atom and two neighboring atoms on
the edges must have contact with the adjacent inner atom and at
least one of the two neighboring atoms (Fig. 2(b)). This assump-
tion is necessary because an atom that does not meet the condi-
tion (e.g., blue atoms in Fig. 2(b)) would be unstable. Migrations
that do not follow these two assumptions are not permitted.

KMC simulations were then conducted to simulate migration
process of atoms on the outermost layer over time. The rate of mi-
gration of atoms is given as

Em + AE)2
vzvoexp<ka/>,

where T and k represent the temperature and Boltzmann’s con-
stant, respectively. In our study, vy was set to 10'3 Hz. Initially, a
climb distance (hgiy,p in Fig. 3) was set at approximately 10 nm,
and several extra atoms were randomly placed on the edges.
After each migrational event of an atom on the outermost layer,
we tentatively set the new center at one of the neighboring atoms
of the original center that are nearer the dislocation; we then draw
the edges with the new center. If this process reduces the number
of defects on the edges, a conservative climb is considered to have
occurred. Then, we restart the calculations by setting the new cen-
ter and modifying the number and positions of defects; The value
of hqimp Was decreased by the projection of the distance between
the original and new centers toward the h,;, direction (approx-

(2)
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Fig. 4. MD simulation cell.

imately 0.2nm for each step) in association with the change in
hgjige- This process was continued until the loop was absorbed and
hetimp ~ loop radius.

Fig. 3 shows a schematic illustration of the trajectory of the
loop near the dislocation [12]. Through a combination of glide and
conservative climb, the loop moves in a zigzag motion along its
stable positions. At a certain hgjyp,, @ stable position of the loop
along the glide cylinder (hgjige) can be derived by calculating the
interaction energy between the dislocation and loop with a pure
edge (without loop rotation). This calculation is conducted using
classical elasticity theory. Since the glide of the loop to the sta-
ble position occurs immediately, we assume that the time required
for the loop to be absorbed is equal to the total time required for
the conservative climb motion only. When loop rotation is incorpo-
rated, the value of hgjq. changes and it is located nearer the dislo-
cation [12,13]. Consequently, the velocity of the conservative climb
may change. In this study, hgjq. and the associated rotational angle
therein were derived through both MD simulations and elasticity
calculations. Details of the method are described in the following
subsections. The obtained results with loop rotation were used as
input for the kMC simulations of the conservative climb.

The loop was set to have 4, 5, or 6 atoms on each edge (I=4,
5,or 6), and the temperature was varied from 673 to 973 K. For
each set of conditions, 40 repeated kMC simulations were per-
formed either with or without loop rotation.

2.2. MD simulations

MD simulations were performed by using the LAMMPS code
[14] and the interatomic potential of BCC-Fe [11]. Fig. 4 shows a
schematic diagram of the simulation cell. The axes of the cell were
set to [-2 1 1], [0 -1 1], and [1 1 1], and the dimensions of the
cell were approximately 15.4, 35.1, and 20.3 nm in the X, ¥, and z

dir ections, respectively. Periodic boundary conditions were applied
in the x and z directions, whereas a free boundary was applied in
the y direction. We placed an edge dislocation with the Burgers
vector of b = ag/2[111] and a hexagonal SIA loop with the parallel
Burgers vector. The diameter of the SIA loop was set at 1.64, 2.10,
and 2.57 nm for [ =4, 5, and 6, respectively. Initially, the loop was
positioned exactly beneath the extra half-plane at a temperature of
500K, and hg,, was set to be very small (at approximately loop
radius) such that the loop and the extra half-plane would not be in
physical contact. The cell was relaxed through conjugate-gradient
energy minimization, after which the simulation continued with a
constant time step of 1.0 x 10715 s,

The rotational angle was determined by fitting a plane to the
atoms along the loop edges using the least-squares method. The
stable position and rotational angle were calculated and evaluated
by averaging the recorded values at 0.2-ps intervals from 12 to
52 ps. The longer simulation time did not strongly change either
of the results, but values that significantly differed from the others
were excluded.

These calculations were repeated by increasing hgy,, by one
atomic diameter at a time until hg;,,, became larger than the loop
diameter; beyond this distance, the approximation of an infinitesi-
mally small loop was applicable.

2.3. Elasticity calculations

In the elasticity calculations, the circular loop was assumed to
change its habit plane under the stress field originating from the
dislocation. The stable position and rotational angle of the loop
were evaluated by minimizing the sum of the interaction energy
and self-energy, both of which are affected by loop rotation. The
methods of calculation are described in detail in the literature
[12, 13].

3. Results and discussion
3.1. Stable position and rotational angle of the loop

Fig. 5 compares the results of the elasticity calculations and
MD simulations. At large distances (i.e., hgimp > d, where d is the
loop diameter), incorporating loop rotation (data shown in purple)
causes a significant difference in the stable position when com-
pared to that without loop rotation (data shown in black). The dif-
ference is as large as 1.0 nm at the farthest position from the dis-
location. When hgmp, &~ d, which is the limit for the applicability of
the infinitesimally small loop approximation, the results of elastic-
ity calculations incorporating loop rotation agree quite well with
the MD results (data shown in red), with a variation of approx-
imately one atomic diameter. When the loop further approaches
the dislocation (i.e., hqjjmp < d), the MD simulations revealed that
the rotational angle of the loop becomes small, with its stable po-
sition nearly beneath the extra half-plane. All of these results were
used as input for the kMC simulation.

3.2. kMC simulations

Fig. 6 shows an example of the loop behavior during the con-
servative climb process. It begins with six extra atoms placed on
the edges of the loop with [=5 (Fig. 6(a)). The atoms start prefer-
entially migrating along the edges to positions that are nearer the
dislocation (Fig. 6(b-1)). Because the change in the center from C to
C' reduces the number of defects, we define a conservative climb
has occurred, with a new configuration as shown in Fig. 6(b-2). It
should be noted that for a regular hexagonal loop, the velocity of
the conservative climb is very low at 973 K; consequently, it re-
quires several hundred seconds for the SIA loop to be absorbed
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Fig. 5. Stable position and rotational angle of the loop calculated by MD simulations (red), elasticity with loop rotation (purple), and elasticity without loop rotation (black):
(a) loop diameter = 1.64 nm (I =4); (b) loop diameter =2.10 nm (/= 5); (c) loop diameter = 2.57 nm (I = 6). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

h g, =9.71 NM

Near dislocation

Fig. 6. Changes in the shape of the loop shape during a conservative climb at 773 K for a loop of [ =5 with six extra atoms: (a) initial shape; (b-1) after migrations of several
atoms; (b-2) loop with the same shape as that in (b-1), with a new center and modified number and positions of defects.

from its initial position at ~10 nm. At lower temperatures, the ve-
locity becomes much lower, which is beyond the limit of our cal-
culation. Because the velocities of regular hexagonal loops or ir-
regular loops with few extra atoms are very low, extra SIAs will
have time to reach the loop from the bulk under irradiation, mak-
ing the loop grow and also increasing its conservative climb veloc-
ity. In this study, the initial number of extra atoms was set to four,
six, and eight for loops of =4, 5, and 6, respectively. For these
numbers, the conservative climb is observed either with or with-
out loop rotation.

Fig. 7 shows the velocity of the conservative climb. When
heimp > 3 nm, the velocity at 973K is so high that one motion by
the conservative climb takes microseconds. In contrast, the velocity
at 673K is so low that one motion takes several hundred seconds
to several tens of kiloseconds. At this temperature, while some of
the loops may be absorbed through this slow process, some of
them that have been temporarily trapped at relatively high values
of hgimp May be detrapped owing to thermal fluctuations or inter-
action with the stress field from other sources. Other loops may

acquire more SIAs or SIA loops from the bulk to grow into larger
loops that would take much longer to be absorbed.

The velocity of the conservative climb in the region of
heimp =3 nm is found to be inversely proportional to the square
of the distance between the dislocation and the loop, which agrees
with a prediction according to the Einstein equation [10]. This de-
pendency is found for all loop sizes and temperatures employed
in this study. In this region, the loop rotation does not signifi-
cantly change the results because the difference between E;, at
the position closest to and that farthest from the dislocation does
not change significantly with loop rotation, even though the loop
rotation changes E;,, to a certain extent. Allowing loop rotation
changes hgjige by up to 1nm at the farthest position. However,
it does not alter the velocity of the conservative climb motion,
even though the motion is induced by a change in the interac-
tion energy due to only one migrational displacement of an atom
(~0.23 nm) on the outermost layer.

On the contrary, when the loop approaches the dislocation
(hejimp <3 nm), the velocity of the conservative climb with loop
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rotation does not follow the Einstein equation. The velocity with
loop rotation is lower in most of the loop positions, but it becomes
much higher when the loop moves further toward the dislocation
at the first and second closest positions. The velocity decreases
with loop rotation because the interaction at the closest position
to the dislocation is not the strongest with loop rotation. The re-
duction in the velocity is apparent for the smaller loop of [ =4; it
becomes less significant with increasing loop size. Meanwhile, at
the first and second closest positions, where the increase in the
velocity of the conservative climb is observed with loop rotation,
the loop is nearly beneath the extra half-plane, i.e., hgjg ~0. At
these positions, the velocity is underestimated without loop rota-
tion. The difference becomes more significant with increasing loop
size: several times at =4, and a factor of several hundred at [=6.
Hence, the loop rotation must be incorporated for a more precise
quantitative investigation of the absorption process via the conser-
vative climb, especially at short-distance to evaluate the stable po-
sition of a loop at any size.

4. Conclusions

MD simulations and isotropic elasticity calculations were con-
ducted to evaluate the interaction without physical intersections
between an edge dislocation and an SIA loop with [=4-6 in BCC-
Fe. The stable position of the loop and rotational angle were ob-
tained by using both methods. The results of the two methods
showed good agreement at the limit of applicability of the approx-
imation of an infinitesimally small loop. These results were used
as input in kKMC simulations of the conservative climb process to
evaluate the effect of loop rotation.

Loop rotation did not affect the calculated velocity of the con-
servative climb for loops at any size when hg;y,, > 3 nm. However,
when hgiyp, <3 nm, allowing the loop rotation decreased the ve-
locity of the conservative climb because the gradient of the in-
teraction energy was modified. The reduction of the velocity with
loop rotation was more apparent for a smaller loop. In contrast,
the velocity with loop rotation increased significantly in the re-
gion very close to the glide plane of the dislocation, where the
loop tended to move beneath the extra half-plane. Therefore, loop
rotation must be incorporated for a model that describes the ab-
sorption process by a dislocation through the conservative climb of
loops at any size.
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