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A B S T R A C T

The interactions between dislocations and displacement cascades are investigated using molecular dynamics
simulations. The primary knock-on atoms (PKAs) are placed at different distances to edge and screw dislocation
lines. Specifically, an fcc Fe-20Cr-25Ni system is studied; the alloy is the based alloy for Alloy 709. The number
of defects is calculated using Wigner-Seitz analysis in order to illustrate the effect of dislocations on cascades.
The displacement cascades in systems containing dislocations tend to generate more total defects compared with
bulk systems, but eventually lead to less surviving defects in the materials matrix due to interactions with
dislocations. The changes in atomic structures of the dislocations after interacting with cascades are analyzed to
understand how the primary damage affects dislocations. The displacement cascade potentially causes dis-
location climb in edge dislocations and cross-slip in screw dislocations, which could serve as additional me-
chanisms contributing to the radiation-induced hardening (RIH) compared with conventional RIH models. To
reveal this, Peierls stresses are calculated before and after cascades using molecular static simulations. This study
provides critical information of how defect production and dislocations are correlated, especially when total
dose is high, which needs to be taken into account in upper scale models, such as mean-field rate theory.

1. Introduction

In nuclear power plants, many structural components are under the
influence of intense radiation, which can result in permanent damage in
materials, such as radiation-induced hardening (RIH), embrittlement,
and creep. The initial stage of radiation damage, particularly the defect
production from displacement cascades, has been extensively studied
using molecular dynamics (MD) simulations in bulk bcc, fcc and hcp
metals [1–9]. The number of surviving defects after displacement cas-
cade depends on the energy of the PKA atom [10–12], and sometimes
sub-cascade events may occur [13]. In addition, the size distribution of
the surviving defects is also influenced by the PKA energies, such as in
bcc iron [10,14].

As the microstructure evolves as a function of irradiation dose, the
dislocations and dislocation loops could become the dominant defects
in materials [15,16]. Because of the presence of these defects in ma-
terials, the displacement cascade processes may interact with these
defects, leading to a different defect production rate, which is needed in
the mean field rate theory model to accurately describe the defect
evolution for predictions of long-term material performance. However,
to our best knowledge, the influence of dislocations or dislocation loops

on displacement cascades is not extensively studied, and the current
understanding of this is rather limited, especially compared with the
extensive displacement cascade simulations in bulk materials. Because
of the presence of the dislocation, the defects may go into the dis-
location and eventually may lead to different defect production effi-
ciency and distributions. An MD simulation of interactions between
cascades and an edge dislocation in Zr suggests that the presence of the
edge dislocation can promote the nucleation of vacancy clusters and
can even help to generate an experimental-scale vacancy loop [17].

In addition, the displacement cascade processes will influence the
dislocation structure [18,19], which may subsequently lead to pinning
of dislocations. Conventional RIH mainly focuses on the interactions
between a dislocation and obstacles created by the radiation [20,21].
For instance, immobile dislocation loops or voids could serve as ob-
stacles to dislocation motion, leading to RIH [22–24]. This is usually
accompanied by the loss of ductility and fracture toughness, which is
identified as one of the major challenges that limits the lifetime of
structural materials. Early theories of RIH are based on an elastic theory
description of the interaction between a single dislocation and an ob-
stacle and are empirical or semi-empirical. The dislocation barrier
model [25] was developed based on geometrical consideration and has
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been applied to the description of strong obstacles. Friedel–Kroupa–-
Hirsch (FKH) developed an alternative model for weak obstacles
[26,27]. However, these models do not address the potential hardening
effect caused by the structural change of dislocation cores directly
caused by irradiation.

In this study, we investigate the interactions between dislocations
and displacement cascades using MD simulations in Fe-20Cr-25Ni alloy.
The Fe-20Cr-25Ni is the base system of Alloy 709 [28,29], which is
currently considered as a candidate of structural materials for next-
generation nuclear reactors [30]. Particularly in this study, the effect of
dislocations on the surviving defect number is determined. The struc-
tural changes of dislocations caused by displacement cascades are
analyzed at the atomic scale. Finally, the Peierls stress simulations are
carried out to study the hardening effect of displacement cascades on
dislocations. The rest of the paper is organized as follows. Section 2
contains the edge and screw dislocation models, simulation setups, vi-
sualization, analysis tools, and the defect counting method. Section 3
contains the results of the cascade simulations and Peierls stress cal-
culations. A summary is given in Section 4.

2. Methodology and simulation setup

2.1. Generation of edge and screw dislocations

In order to allow accurate Peierls Stress simulations and to avoid
any potential surface effects, a dislocation model that has periodic
boundary conditions (PBC) in not only the dislocation line direction but
more importantly in the dislocation gliding direction is used.
Specifically, the periodic array of dislocations (PAD) model proposed
initially by Daw and Baskes [31] is followed. The PAD model has been
widely used in previous studies to create edge and screw dislocations
[32–37]. The following sections detail how to construct an edge and
screw dislocation using the PAD model.

2.1.1. Edge dislocation model
The schematic of creating an edge dislocation is shown in Fig. 1. We

first divide the perfect crystal into two half crystals, the upper (blue1)
and the lower (red) crystals. The spacing b shown in Fig. 1 represents
the length of the Burger’s vector. The number of atomic planes within
spacing b (a Burger’s vector) is determined by the crystalline structures
(bcc, fcc, hcp). Initially, we have an equal number of planes in the
upper and lower crystals. Then, the planes within one spacing b in the
lower part of the crystal are removed. The length of the lower crystal in
the y-direction becomes (N−1) * b. In order to reduce the strain effects
on the simulation box, a scheme developed by Osetsky et al. [38] is
employed. Following this approach, the length of the upper crystal in
the y-direction is changed by −b/2 and the length of the lower crystal
in the y-direction is changed by +b/2. By doing so, the PBCs in both
dislocation line direction (x-direction) and dislocation gliding direction
(y-direction) are achieved. Although the dislocation may interact with
its own periodic image, the interaction can be easily controlled by in-
creasing the simulation cell size in the x/y direction.

2.1.2. Screw dislocation model
Compared with achieving PBC in the gliding direction for an edge

dislocation, the implementation of PBC in the gliding direction for a
screw dislocation is more complicated. The schematic of constructing a
screw dislocation is shown in Fig. 2(a), also following the PAD model
[36]. The initial displacements of a screw dislocation determined by
isotropic elasticity theory [39] are given in Eq. (1),
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The dislocation line and Burger’s vector are along the x-direction,
and the dislocation gliding direction is along the y-direction as shown
in Fig. 2(a). PBC in the x-direction is achieved inherently because of the
independence of ux on x. However, PBC in the y-direction is broken
because of the± b/2 shift in the x-direction across the± y boundaries.
To achieve PBC in the y-direction, a± b/2 displacement can be added
to the x coordinates when atoms cross the± y boundaries as shown in
Fig. 2(b). In Fig. 2(b), the blue lines represent the upper half y-z planes,
and the red dotted lines represent the lower half y-z planes. Specifically,
we can see that the x coordinates in the upper half crystal at the y
boundary is shifted by 1/2 b, while the x coordinates in the lower half
crystal at the y-boundary is shifted by −1/2 b. In addition, this is es-
sentially equivalent to applying a shear strain to the simulation box,
especially when the strain is small, which is employed in this study. So,
a small shear strain is applied in the x-direction (y-axis is tilted) to
achieve this shifted boundary condition. When Lx/Lz ratio is smaller,
the effect of the tilted simulation cell on Peierls stress is minimized.
After testing, Lx/Lz should be less than 0.5 in order to obtain the correct
Peierls stress behavior.

2.2. Cascade simulations

The schematic of a cascade simulation cell is shown in Fig. 3. The
simulation cell contains one dislocation in the center. The energy of the
PKA is 10 KeV, and the simulation temperature is 300 K. When the PKA
is placed close to the dislocation within 30 Å, the cascade event will
directly interact with the dislocation. While when the PKA is placed far
away from the dislocation, the cascade will not interact with the dis-
location so that it is the same as the scenario of cascade events in the
perfect crystal. For each scenario, 12 independent cases are simulated.
Within the 12 simulated cases, the position of the PKA changes while
the direction of the PKA remains the same. The orientation of the si-
mulation cell is based on the dislocation type. The details of the si-
mulation cell orientations and the sizes of the simulation cells used in
our study are shown in Table. 1. Based on the above orientation setup,
the x-axis is along the dislocation line, and the y-axis is along the dis-
location gliding direction for all the simulated systems. As mentioned
previously, all the simulated systems have PBCs in the x and y direc-
tions and a non-periodic condition in the z-direction.

LAMMPS is used as the molecular dynamics engine [40]. The system
contains around 3.2 million atoms. The interatomic potential developed
by Bonny et al. [41] is employed for fcc Fe-Ni-Cr alloy systems. The
alloy elements are randomly distributed. The Ziegler-Biersack-Littmark
(ZBL) potential [42] is used for describing short-range interactions for a
high-energy collision between atoms. During cascade simulations, an
adaptive time step method [40], is used to ensure the maximum dis-
placement of atoms per time step less than 0.014 Å.

2.3. Peierls stress simulation

Peierls stress simulations are carried out to investigate any potential
hardening effect caused by the interaction between dislocations and
cascade events. The schematic of the Peierls stress simulation for edge
and screw dislocations are shown in Fig. 1(a) and Fig. 2(a) respectively.
The Peierls stress simulations are carried out using molecular static
calculations. Conjugate gradient is used to find the relaxed atomic
configurations. For both of edge and screw dislocations, the top and
bottom layers are fixed to be a rigid block. The thickness of the layer
needs to exceed the range of the interatomic potentials. We apply strain
to the top rigid block and keep the bottom rigid block immobile. The
applied shear strain at each step is 4 * 10−5. For edge dislocation as
shown in Fig. 1(a), the applied strain is along the y-direction (Burger’s
vector direction), and the gliding direction is also along the y-direction.

1 For interpretation of color in Figs. 2, 4, and 6, the reader is referred to the
web version of this article.
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While for screw dislocation shown in Fig. 2(a), the applied strain is
along the x-direction (Burger’s vector direction) and the gliding direc-
tion is along the y-direction.

2.4. Analysis and visualization tools

Common Neighbor Analysis (CNA) is used to distinguish the atoms
in fcc, bcc, hcp and other environments [43,44]. The Wigner-Seitz
analysis is used to count the number of interstitials and vacancies
caused by the cascade [45]. OVITO is used as the visualization software
[46], and the Dislocation Analysis Algorithm (DXA) implemented in
OVITO is used to extract dislocation lines and identify their corre-
sponding Burger’s vectors [47].

2.5. Defect counting method

The defect analysis in these systems which contain complicated
defects is delicate. We will demonstrate how the defects are analyzed
after the interaction between cascades and dislocations. Fig. 4 shows
the atomic structure of dislocations after cascade simulations. First, the
total number of defects of interstitial (It) and vacancy (Vt) are calcu-
lated using Wigner-Seitz analysis. As shown in Fig. 4 highlighted by the
red circle, some portion of the defects move into dislocations or form
dislocation loops well connected to the original dislocation. We define
this portion of the defects as Id and Vd. The other portion of the defects

Fig. 1. (a) Schematic of an edge dislocation in a simulation box. (b) The method used to create an edge dislocation.

Fig. 2. (a) Schematic of a screw dislocation in a simulation box. (b) Achieving periodic boundary condition by shifting x coordinates by +1/2 b or −1/2 b when
atoms cross the boundary in y-direction [36].

Fig. 3. Schematic of the cascade simulations.

Table 1
Type of dislocations, orientations and size of the simulation cells.

x y Z

Fcc edge 1/2 〈1 1 0〉
{1 1 1}

〈1 1−2〉,
27.2 nm

〈1−1 0〉,
26.2 nm

〈1 1 1〉,
53.1 nm

Fcc screw 1/2 〈1 1 0〉
{1 1 1}

〈−1 1 0〉,
26.4 nm

〈1−1 2〉,
27.2 nm

〈1 1 1〉, 53 nm
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created by cascades resides in the material’s matrix, which are defined
as Im and Vm. So, It equals (Im+ Id) and Vt equals (Vm+Vd).

3. Results

3.1. Cascade simulation of Fe-20Cr-25Ni alloy

In this section, the cascade simulation results of Fe-20Cr-25Ni alloy
system are analyzed from two perspectives. One aspect is the defect
production in terms of number of defects, interstitials, and vacancies.
The other aspect is the cascade induced atomic structural changes of the
dislocations.

3.1.1. The influence of dislocations on defect production
Fig. 5 shows the number of defects generated by the cascade for Fe-

20Cr-25Ni alloy. The data point is the average number of defects of
twelve independent simulations. And the error bars represent the
standard deviation. In Fig. 5(a), “Close” means that the cascade inter-
acts with the dislocation and “Far” means the cascade does not interact
with the dislocation. As described in Section 2.5, the defects that go into
dislocations or form dislocation loops well connected to the original
dislocations are counted separately from the defects that formed in the
materials. From Fig. 5(a), it can be seen that cascades tend to generate
more total defects (It + Vt) when they interact with both edge and
screw dislocations in Fe-20Cr-25Ni. Due to the statistical variation, the
difference is insignificant. The interaction between cascades and

dislocations results in the structural changes of the dislocations, and
defects can go into dislocations and form dislocation loops intertwined
with the original dislocations. Comparatively, Fig. 5 (b), there are less
surviving defects which are still left in the materials after the cascades,
excluding the defects that go into the dislocations or form dislocation
loops well connected to the original dislocations (“1/2Close” vs Im). If
we only focus on the surviving defects generated in the matrix, the
number of defects (Im plus Vm in Fig. 5(b)) is actually less than that in
the “Far” (non-interacting) cases for both edge and screw dislocations.
So the defect production efficiency in the materials with high disloca-
tion density is lower than the bulk case. For edge dislocations, an al-
most equal number of interstitials (Id) and vacancies (Vd) move into the
dislocation or form dislocation loops well connected to the original
dislocation as shown in Fig. 5(b). For screw dislocations, more inter-
stitials move into dislocation or form dislocation loops well connected
to the original dislocation. Further discussions of defect populations are
given in Section 3.1.2.

3.1.2. Atomic structural changes of dislocations
Fig. 6 shows the atomic structures of edge and screw dislocations

before and after a cascade simulation for Fe-20Cr-25Ni alloy, using the
CNA analysis to extract the dislocation, defect, and stacking fault
structures. DXA analysis is used to construct dislocations and extract the
information on dislocation type and Burger’s vector. The Fe-20Cr-25Ni
alloy has a fcc lattice. As a result, the full dislocation slips into two
Shockley partials connected by the stacking fault after relaxation. The

Fig. 4. Illustration of atomic structures of edge and screw dislocations after cascade simulations for Fe-20Cr-25Ni alloy. (a) The atomic structure of an edge
dislocation after a cascade simulation. (b) The atomic structure of a screw dislocation after a cascade simulation. The atoms in the fcc environment have been
removed. The black atoms are either interstitials or vacancies calculated by Wigner-Seitz analysis.
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dislocation dissociation can be described as → +[101̄] [21̄1̄] [112̄]1
2

1
6

1
6 .

As a result, the initial dislocation structures after relaxation before in-
teracting with cascade for both edge and screw dislocations are two
partial dislocations with stacking faults in between as shown in Fig. 6(a)
and (e).

For an edge dislocation, first, the cascade eliminates some of the
stacking faults as shown in Fig. 6(b). The PKA introduces extra high
energy into the system. As a result, part of the stacking fault structure
become amorphous as a result of the cascade processes and changes to
perfect fcc lattice when it cools down. So the cascade has the potential
ability to reduce the stacking fault structures. Second, the interaction
between a cascade and an edge dislocation causes stair-rod dislocations
(Lomer-Cottrell lock) to form, see the magenta dislocation line in
Fig. 6(b). The dislocation reaction to form Lomer-Cottrell lock can be
described as + →[1̄21] [21̄1̄] [110]1

6
1
6

1
6 . The stair-rod dislocation is

sessile. The formation of stair-rod dislocations can make the dislocation
structure more difficult to glide. In addition, a small amount of Hirth
dislocations also forms. Third, the cascade facilitates dislocation climb
as shown in Fig. 6(b) and (d). The dislocation climb shown in Fig. 6
induced by the cascade is a negative climb. For the negative climb, an

additional row of atoms is added to the extra half plane. While for the
positive climb, a row of atoms is removed from the extra half plane. So,
for a negative climb to happen, the edge dislocation needs to absorb
interstitials, while the edge dislocation needs to absorb vacancies to
have a positive climb. The preference of positive or negative climb is
related to the type of defects that go into dislocations.

For screw dislocations, the interaction shares many similarities with
edge dislocations. Part of the stacking fault structure is eliminated by
the cascade as shown in Fig. 6(f). The stair-rod dislocation also forms
due to the interaction between a screw dislocation and a cascade, as
shown in Fig. 6(f). Unlike the dislocation climb of edge dislocations, the
screw dislocation may cross slip when interacting with a cascade as
shown in Fig. 6(f) and (h). The screw dislocations cross slip from (1 1 1)
plane to (1−1−1) plane. Out of the total 12 cases, five cases of the
cross-slip behaviors have been observed. The formation of stair-rod
dislocations and the cross slip of screw dislocations may further hinder
the motion of the screw dislocations.

The structural changes of the dislocation cores are shown in Fig. 7.
Three out of twelve cases of edge and screw dislocations are exhibited.
For edge dislocations, from Fig. 7(a)–(c), both vacancy and interstitial

Fig. 5. The number of defects generated by the cascade for Fe-20Cr-25Ni, when the PKA is placed close to and far away from the dislocations. (a) For “Close” and
“Far” cases, the number of defects equals to the number of interstitials (I) plus vacancies (V). (b) “1/2Close” and “1/2Far” represent the number of interstitials (I) or
Vacancies (V). The “Im” and “Vm” represent the number of interstitials and vacancies that do not move into dislocations nor form dislocation loops that well
connected to the original dislocations, respectively.

Fig. 6. (a, b) The atomic structure of an edge dislocation. (c, d) The atomic structure of an edge dislocation from [1–10] perspective (parallel to the gliding plane). (e,
f) The atomic structure of a screw dislocation. (g, h) The atomic structure of a screw dislocation from [1 1−2] perspective (parallel to the gliding plane).
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loops well connected to dislocations form as a result of dislocation
climb. The availability of vacancies and interstitials determines whe-
ther positive climb (vacancy loop) or negative climb (interstitial loop)
can form. In our 12 simulated cases of edge dislocations, the possibility
of a positive climb and a negative climb is almost equal. It explains the
nearly equal number of interstitials (It− Im) and vacancies (Vt− Vm)
being absorbed by edge dislocations in our 12 simulated cases. For
screw dislocations, as shown from Fig. 7(d) to (f), more interstitial loops
well connected to the dislocations form in our 12 simulated cases,
which explains fewer surviving interstitials (Im) in materials matrix.
However, the surviving defect population and type of defects for in-
dividual interaction may vary depending on the distance/position and
direction of the PKA with respect to the dislocation line.

3.2. Peierls stress simulation

After interacting with a cascade, the Peierls stress simulations are
carried out to evaluate the effects of displacement cascades on dis-
location motion. For each scenario, three cases are tested. The tested
dislocation structures contain the structures shown in Fig. 6 and two
additional cases. Fig. 8 shows the comparison of Peierls stress before
and after cascade. The stress required to move edge and screw dis-
locations both increases. In Section 3.1, the assumption that the for-
mation of stair-rod dislocations (sessile), radiation-induced dislocation
climb and cross-slip can contribute to dislocation hardening is

confirmed by the Peierls stress simulations. The structural changes of
the dislocations caused by a cascade make it more difficult for dis-
locations to glide or cross-slip. From the Peierls stress point of view,
radiation-induced cross slip in screw dislocations causes more hard-
ening than the radiation-induced dislocation climb in edge dislocations.
From Fig. 9(a)–(b), the edge dislocation shows almost no bowing out
before it starts to glide. While for screw dislocations when cross slip
happens, due to the pinning defect, the dislocation bowing out can be
clearly observed as shown from Fig. 9(c)–(d). So the atomic structural
changes of dislocations caused by cascades lead to more hardening for
screw dislocations than edge dislocations.

The Peierls stress simulation confirms the hardening effects as a
result of the atomic structural changes of dislocations caused by dis-
placement cascades. And the number of surviving defects in materials
matrix when interacting with dislocations is slightly less than that of
perfect bulk materials. So, when dislocations are present, the hardening
effects estimated based on the traditional RIH models that consider the
interactions between dislocations and surviving defects in materials
may decrease slightly. While, additional hardening effects arising from
the atomic structural changes of dislocations cannot be ignored, espe-
cially for screw dislocation in this material. It should be noted that the
changes in Peierls caused by the interactions with displacement cas-
cades depend on many factors, such as the PKA energies, directions, and
distance between PKA and dislocations. To establish a quantitative re-
lationship between these factors and radiation induced changes in

Fig. 7. CNA and DXA analysis of the dislocations’ structure after interacting with cascades. (a–c) Edge dislocation. (e–f) Screw dislocation. Atoms in fcc environment
have been removed.
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Peierls stress requires further systematic studies.

4. Summary

Cascade simulations and Peierls stress simulations are carried out to
study the interaction between displacement cascades and edge and
screw dislocations in Fe-20Cr-25Ni alloy. Due to the presence of dis-
locations, the defect production efficiency changes. The cascade tends
to generate more total defects when interacting with dislocations.
However, a portion of these defects is in the form of defect clusters or
dislocation loops that are entangled with the original dislocations, re-
sulting in less surviving defects in the materials matrix compared with
that of the non-interacting (pristine case). Since the surviving defects in
the materials matrix may migrate and interact with other defects in the
system, leading to microstructural evolution and properties changes,
this change in defect production efficiency needs to be properly con-
sidered in upper scale models, such as mean-field rate theory. In ad-
dition, dislocation climb and cross-slip have been observed for edge
dislocations and screw dislocations, respectively, because of displace-
ment cascades. The sessile stair-rod dislocations also form because of
interactions between cascades and dislocations.

The dislocation core structures also undergo significant changes
because of the cascade, which serve as additional contributions to RIH

compared to the conventional dislocation-obstacle interaction models.
The Peierls stress simulations confirm this additional hardening effect.
The interaction between cascades and other defects in materials, such
as grain boundaries, voids, and precipitates, may also influence the
defect production efficiency and microstructural changes of irradiated
materials. Therefore, this study provides insight into how defect pro-
duction and extended defects are correlated, especially when total in-
fluence is high, which needs to be taken into account for modeling long-
term performance of irradiated structural alloys.
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