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The mechanical behavior of Pressurized Water Reactor fuel cladding tubes made of zirconium alloys is
strongly affected by neutron irradiation due to the high density of radiation induced dislocation loops.
In order to investigate the interaction mechanisms between gliding dislocations and loops in zirconium,
a new nodal dislocation dynamics code, adapted to Hexagonal Close Packed metals, has been used. Var-
ious configurations have been systematically computed considering different glide planes, basal or pris-
matic, and different characters, edge or screw, for gliding dislocations with hai-type Burgers vectors.
Simulations show various interaction mechanisms such as (i) absorption of a loop on an edge dislocation
leading to the formation of a double super-jog, (ii) creation of a helical turn, on a screw dislocation, that
acts as a strong pinning point or (iii) sweeping of a loop by a gliding dislocation. It is shown that the clear-
ing of loops is more favorable when the dislocation glides in the basal plane than in the prismatic plane
explaining the easy dislocation channeling in the basal plane observed after neutron irradiation by trans-
mission electron microscopy.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium alloys are widely used in nuclear industry as consti-
tutive material of the fuel cladding tubes of Pressurized Water
Reactors [1]. Submitted to radiation during in-reactor use, the
mechanical behavior of the material undergoes significant changes,
such as strengthening and early plastic instability due to low strain
hardening capability [2].

At the microscopic scale fast neutron irradiation creates a high
density of small point defect clusters in the form of dislocation
loops. These small loops have a hai Burgers vector and are located
in the prismatic planes of the Hexagonal Close Packed (HCP) struc-
ture of zirconium [2–6]. There are several evidences that the loops
are mainly non-edge, the habit plane being tilted towards the
f1 �100g planes. Both vacancy and interstitial hai loops can be
found at the same time in the material depending on irradiation
conditions. The three loop populations (three hai Burgers vectors
are possible in the HCP structure) are also found in the same pro-
portion [7]. Furthermore, these hai loops are perfect and can there-
fore glide on their cylinder.
These loops act as obstacles to dislocation glide explaining the
radiation induced hardening at the macroscopic scale [8,9]. Indeed,
when a gliding dislocation encounters a loop, a junction can be cre-
ated which constitutes a pinning point for the gliding dislocation
[8,10–12]. However, it is also seen that for a sufficient applied
stress the loops can be cleared by gliding dislocations, following
various interaction mechanisms [8,11–14], creating a defect free
channel, or clear band, where further dislocations can glide easily
[14–18]. This microscopic strain softening explains the low strain
hardening capability and therefore the early strain localization ob-
served at the macroscopic scale.

In the case of zirconium alloys, defect free channels have been
observed by many authors [19–25]. More recently a thorough
study of the dislocation channeling mechanism and of the acti-
vated slip systems after neutron irradiation at 20 �C and 350 �C
has been performed in zirconium alloys [26–29]. It has been clearly
demonstrated that, although glide occurs primarily in prismatic
systems in the unirradiated material, basal systems become the
preferable slip systems after irradiation. This change of the easy
glide slip system has been attributed, based on theoretical consid-
erations [26,30], to differences in interactions between irradiation
loops and dislocations gliding either in the basal plane or in the
prismatic plane. This simple theoretical analysis, based on line ten-
sion approximation, compares well with experimental results, but
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still remains insufficiently accurate. Indeed, this approach does not
take into account the long range elastic interactions between dislo-
cations and loops that can significantly modify the resulting mech-
anism. Furthermore, with this approach it is not possible to study
systematically the effect of the relative position of the loop with re-
spect to the dislocation or interactions involving several loops.
Moreover, quantitative estimation of the interaction strength is
not achievable with this method.

In order to gain a better understanding and prediction of ele-
mentary interactions between gliding dislocations and radiation
induced loops, and also of the dislocation channeling process,
numerical simulations at various length scales, such as Molecular
Dynamics (MD) or discrete Dislocation Dynamics (DD), are needed
for zirconium.

MD simulations have now been used for more than ten years,
by many authors [31–45], to study interactions between disloca-
tion and point defect clusters such as Stacking Fault Tetrahedron,
voids or dislocation loops. In their two recent reviews, Osetsky,
Bacon and Rodney [46,47] have described in details the various
interactions observed in Face Centered Cubic (FCC) and Body
Centered Cubic (BCC) metals. Concerning HCP metals,
Voskoboynikov et al. [48,49] have performed MD simulations
of interactions between gliding dislocations and small point
defect clusters in zirconium, using the interatomic potential
developed by Ackland et al. [50]. During the reviewing process
of the present article, Serra and Bacon [51] have investigated
at atomic level the interaction between small interstitial hai
loops and dislocations gliding in prismatic planes. The reaction
mechanisms observed at MD scale are in global agreement with
our findings.

At a larger length scale, some authors [52–55] have used dis-
crete DD simulations to study junctions between two dislocations
in HCP materials. DD simulations of irradiated FCC metals have
also been performed [56–58] to study plastic flow localization at
the grain scale using simplified treatments for the elementary dis-
location-loops interactions. More recently Arsenlis et al. [59] have
performed advanced DD computations of heterogeneous deforma-
tion in irradiated BCC iron taking into account the full details of
dislocation loops interactions. In the case of HCP metals, no such
computation is available yet.

Here we report the use of the DD code NUMODIS, based on the
nodal topology and adapted to HCP metals, to compute disloca-
tion-loop interaction in irradiated zirconium and investigate its
behavior.

After this introduction, the new nodal DD code NUMODIS is
described. In a third part the method, geometry and parameters
are detailed. In a fourth part, the results of the simulations are
presented. Following an approach similar to MD simulations,
elementary interactions between prismatic hai dislocation loops
and edge or screw hai dislocations, gliding in the prismatic or
basal planes of the HCP lattice have been systematically com-
puted. In the fifth part of the paper, the results obtained are dis-
cussed in light of other simulation results and experimental
works.
2. Dislocation dynamics code: NUMODIS

Numerical dislocation dynamics simulations were performed
using a new discrete Dislocation Dynamics code, NUMODIS
(Numerical Modelling of Dislocations), developed in France at
CEA (Saclay) in collaboration with CNRS (Grenoble and Thiais)
and INRIA (Bordeaux).1 This code bears similarities with the code
ParaDiS (Parallel Dislocation Simulator) developed in the USA at
1 See http://www.numodis.com.
Lawrence Livermore National Laboratory and Standford University. It
is based on a nodal representation [60–62] where the dislocation
lines are discretized into a serie of inter-connected linear segments.
In the present study, a Burgers vector and a glide plane are attributed
to each segment. This representation requires a limited number of
degrees of freedom while adequately capturing the general disloca-
tion line topology including all possible junctions. The NUMODIS
code has been developed to treat BCC, FCC as well as HCP crystal
structures. The HCP structure is taken into account explicitly and
the four Miller-Bravais indices are used in the computation. This
code is therefore well suited to address the plasticity of irradiated
zirconium.

The forces acting at each end nodes of the discrete dislocation
segments (nodal forces) are computed, using formulae described
by Arsenlis et al. [62], as the negative derivative of the stored en-
ergy in the system with respect to the positions of each node.
The total stored energy is partitioned into two parts: the core en-
ergy, associated with the local atomic configuration of the disloca-
tion cores, and the elastic energy associated with the long range
elastic distortion. The approach chosen here for the computation
of the elastic energy is the non-singular continuum elastic theory
of dislocations proposed by Cai et al. [63]. This theory is capable
of describing the forces acting on all points in the discrete network.
The cut-off radius is chosen equal to one Burgers vector of hai-type
dislocations (rc = a). As pointed out in [62] the core energy contri-
butions to self-energy play an important role in the formation and
breaking of dislocation junctions and is therefore essential in the
case of this study.

With the nodal forces determined, the nodal equations of
motion are completed by specifying the nodal velocity as a
function of the nodal forces. Here a simple linear mobility law
is chosen for dislocation glide (Eq. (1)). No dislocation climb or
cross-slip is taken into account in the present study.
Obviously, motion of a discretization node along the line
direction has no physical significance. In order to prevent
this motion a tangential viscosity is introduced (with Btangent =
Bglide/10).

With these mobility laws, the nodal velocities are then com-
puted by solving the full linear system, as described in [62]. Then
an explicit time integrator is used to update the position of each
node. Topological changes such as remeshing, merging and split-
ting of multi-arm nodes have been introduced using algorithms
similar to the ParaDiS code. Particular attention has been given
to the node splitting algorithm, which allows multi-arms nodes
to split into several nodes by selecting the junction reaction that
maximizes the energy reduction rate as described in [3]. All dislo-
cation segments being constrained by their glide plane, it should
be mentioned that nodes with three arms are possible candidates
for the splitting operation. These nodes can indeed split into two
nodes connected by a junction whose Burgers vector is identical
to the isolated original arm but whose glide plane is different. As
shown in the following, this mechanism, which presents strong
similarities with cross-slip, plays an important role in some reac-
tions between dislocation and radiation induced loops. Details
about this splitting algorithm will be published in a separate
article.
3. Method, geometry, loading conditions and parameters

3.1. Loop geometry

In the present investigation, radiation induced hai loops are
considered, as represented in Fig. 1, as a simplified closed squared
dislocation lying in one of the three second order prismatic plane
noted PL1 ¼ ð11 �20Þ for the loop of type 1 (respectively,

http://www.numodis.com


author's personal copy

Fig. 1. Schematic representation of a vacancy loop with the Burgers vector bL = a1, in the PL1 plane. Blue arrows correspond to the Burgers vectors of the loop, green arrows are
the normal to the glide planes of each segment and their line orientation. PLn planes are the second order prismatic planes, and Pn planes are the first order prismatic planes.
Dislocation segments can thus glide either in the Pn planes or in the basal plane B = (0001). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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PL2 ¼ ð�2110Þ PL3 ¼ ð1 �210Þ for loops of type 2 and 3). Although hai
loops are experimentally also found in first order prismatic planes
[3,4], such loops would, in our model, not correspond to an ener-
getically favorable configuration and they would therefore tilt in
second order prismatic planes.

The four segments have the same Burgers vector (referred as bL

following Carpenter’s conventions [64]), perpendicular to the loop
plane, i.e. a1 ¼ 1

3 ½11 �20� (resp. a2 ¼ 1
3 ½�2110�, a3 ¼ 1

3 ½1 �210�). In
Fig. 1, two segments of the loop are assigned to the first order pris-
matic plane P1 ¼ ð1 �100Þ (resp. P2 ¼ ð01 �10Þ, P3 ¼ ð10 �10Þ), while
the two other segments are assigned to the basal plane
B = (0001). The loop size is chosen as a square of d =10 nm side
length. This value is in agreement with the TEM observations on
neutron irradiated zirconium (d = 8 nm from [27], d = 14 nm from
[65]).

Since in zirconium both vacancy and interstitial loops can be
present, simulations with both types of loops have been per-
formed. In the following, only interactions with vacancy loops
are presented. According to the FS/RH convention, which applies
in the NUMODIS code, the Burgers vector of a vacancy loop is in
the same direction as the normal to the loop plane as defined by
the Right Hand circuit convention (see Fig. 1). In the following, blue
arrows represent the Burgers vector of the dislocation, and green
arrows are the normal to the glide planes as well as dislocation ori-
entations. Note that hci-component loops were not considered in
this study.
3.2. Initial configuration

An initial Frank-Read source of 350 nm length is introduced in
the simulation box. Both extremities of this dislocation are pinned.
Five dislocation loops are then introduced 10 nm ahead and paral-
lel to the Frank-Read source (i) as a surrogate to periodic boundary
conditions and (ii) to break the symmetry (and possible artifacts)
of a periodic system containing a single loop. The glide plane of
the Frank-Read source crosses the center of each loop. In order to
be representative of the microstructure observed after neutron
irradiation (loop density being N = 2–5 � 1022 m�3), the distance
between the center of each loop is chosen to be L = 50 nm. This cor-
responds to a loop number density of N = 1/L3 = 0.8 � 1022 m�3. For
the sake of clarity, visualization snapshots are focused on a single
loop.

In all computations, the dislocation has always bG = a1 Burgers
vector. The dislocation is either screw or edge and can either glide
in the prismatic plane P1 ¼ ð1 �100Þ or in the basal plane
B = (0001). In this study, we did not consider pyramidal planes
as possible glide planes, nor dislocation with hc + ai Burgers vector.
3.3. Mechanical loading

Dislocation and loops are submitted to a constant shear stress
during the entire simulation, equivalent to a creep-like mechanical
loading. Pure shear is applied in the glide plane of the dislocation,
P1 or B, in the direction of its Burgers vector bG = a1, resulting in a
resolved shear stress s of 100 MPa, corresponding to typical stress
levels investigated using molecular dynamics [46]. Depending on
the reaction outcome, lower and higher stress levels are considered
although no attempt is made in this study to measure quantita-
tively the critical resolved shear stress to overcome a radiation in-
duced loop.

3.4. Physical parameters

In the simulation, typical values of the lattice parameters of zir-
conium (a = 3.233 Å and c = 5.147 Å) are taken. The elasticity coef-
ficients are taken to be E = 80 GPa at 350 �C, according to
Northwood and Rosinger [66] and the Poisson’s ratio is taken as
m = 0.4 according to [67].

The mobility law chosen for dislocation velocity is the usual
phonon drag law given in Eq. (1) (v is the steady state velocity,
s⁄ is the resolved effective stress, and b is the Burgers vector).
The viscous drag coefficient is taken as Bglide = 100 lPa s, which is
close to typical values used in MD simulations (1–100 lPa s). This
high value of the viscous drag coefficient can account for the effect
of alloying elements that imped the dislocation glide.

v ¼ s�b
Bglide

ð1Þ

In the following, different cases of interactions between disloca-
tions and loops are considered.

4. Results

4.1. Dislocations gliding in a prismatic plane

(i) Edge dislocation gliding in a prismatic plane interacting with
a loop with the same Burgers vector

An edge dislocation gliding in the P1 prismatic plane with a
bG = a1 Burgers vector interacts with a vacancy loop located in
the PL1 prismatic plane with a bL = �a1 Burgers vector (Fig. 2(a)).

Under a constant resolved shear stress (s = 100 MPa) in the P1

prismatic plane along the a1 direction, the dislocation starts to
glide. The two opposite segments of the loop lying in P1 prismatic
planes also undergo a Peach-Koehler force due to the applied shear
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Fig. 2. Interaction between an edge dislocation bG = a1 gliding in a prismatic plane and a loop bL = a1 with opposite Burgers vectors. The applied stress in the gliding plane of
the dislocation is s = 100 MPa, allowing a double super-jog (pointed out by the red arrow on (d)) to be formed on the dislocation line. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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stress and therefore tend to glide. However due to the opposite line
orientations, the Peach–Koehler force acts in opposite directions
inducing a tilt of the loop (Fig. 2(b)). This tilt is nevertheless bal-
anced by the increase of dislocation length, the loop reaching
therefore an equilibrium position.

An elastic repulsive interaction is also observed when the dislo-
cation approaches the loop. This is due to the elastic repulsion be-
tween the dislocation and the segment of the loop gliding in the P1

prismatic plane that has the same line orientation and Burgers vec-
tor as the dislocation.

From the simulation, it can be seen that the interaction depends
on the magnitude of the applied resolved shear stress. Indeed for
low stress values (50 MPa typically here), the elastic repulsive
interaction predominates, pushing the loop along its glide cylinder
and slowing down the dislocation glide. This phenomenon depends
on the magnitude of the viscous drag coefficient (Bglide) and on the
magnitude of the applied stress. Indeed, for high Bglide values or if
the applied stress is sufficient to overcome the elastic repulsive
interaction (s = 100 MPa with Bglide = 100 lPa s), a double super-
jog is formed on the edge dislocation and a part of the loop is then
left out after the interaction (Fig. 2(c and d)). The dragging of these
jogs on the dislocation leads to a reduction of its mobility of about
10% in the present case. This type of reaction has been described by
Saada and Washburn [12] and analyzed for zirconium in [30]. In
the notation proposed by Bacon et al. [46], this interaction is re-
ferred to as the R3 reaction, which consists of a partial or full
absorption of the loop by an edge dislocation that acquires a dou-
ble super-jog. This reaction can be interpreted as a collinear anni-
hilation between two dislocations with the same Burgers vector, as
described in [68].

It has also to be pointed out that when the loop is of interstitial
type, the direction of the loop line is reversed, resulting in a double
super-jog below the gliding plane of the dislocation shown in
Fig. 2.

(ii) Edge dislocation gliding in a prismatic plane interacting with
a loop with a different Burgers vector

An edge dislocation gliding in the P1 prismatic plane with a
bG = a1 Burgers vector interacts with a vacancy loop located in
the PL3 plane with a bL = a3 Burgers vector (Fig. 3(a)).

Under the applied stress (s = 100 MPa), the dislocation glides
towards the loop. Due to attractive long range elastic interaction,
the dislocation and the loop glide towards each other and form a
junction with a Burgers vector bJ = a2 gliding in the P2 prismatic
plane (Fig. 3(b)). On the figures given in the following, an hexagon
shows the Burgers vectors of the dislocations involved in the junc-
tion formation. The represented Burgers vectors are taken with re-
spect to the line directions, their sum being zero at triple nodes
[64]. The Burgers vector of the junction is thus given by Eq. (2).

bJ ¼ �ðbG þ bLÞ ¼ �ða1 þ a3Þ ¼ a2 ð2Þ

The entire loop progressively tilts in the junction plane as it glides
further away. Simultaneously, the junction glides and changes the
Burgers vectors of the two arms of the loop located in the basal
plane, which become a1 (Fig. 3(c)). When the junction in the P2 pris-
matic plane reaches the top side of the loop, it reacts forming an-
other junction with Burgers vector a1, Burgers vector which can
glide in the P1 prismatic plane. Indeed the Burgers vector of the
resulting ‘‘junction’’ (b0J) is:

b0J ¼ �ðbJ þ bLÞ ¼ �ða2 þ a3Þ ¼ a1 ð3Þ

The whole interaction mechanism leads therefore to the forma-
tion of a double super-jog on the edge gliding dislocation
(Fig. 3(d)). Contrary to the case described in Fig. 2, the loop is com-
pletely erased by this mechanism, also referred as R3 reaction in
[46]. It has also been observed in MD simulations in iron by [43],
and in zirconium by Voskoboynikov et al. [48] although intermedi-
ate configurations are not given in this latter case.

This reaction can also be analyzed by considering the interac-
tions between two non-coplanar dislocations as studied by several
authors [52–54,69,70] for HCP materials and represented as inter-
action maps. In these interaction maps, the line orientations of the
two dislocations are defined by their angles U1 and U2 with re-
spect to the intersection direction between the two slip systems.
For each U1 and U2, the nature of the interaction is considered
either as a repulsive, attractive (causing the formation of a junc-
tion) or a crossed state which is the pinning of the dislocations
when the formation of a junction is not energetically favorable
[71]. Monnet et al. [52] have established an interaction map be-
tween two non-coplanar dislocations in zirconium involving two
dislocations in two different prismatic planes. Wu et al. [53] have
performed the same computation in beryllium for a dislocation
gliding in the basal plane and another in a prismatic plane.
Recently, Devincre [54], in the case of ice, has added to these
results interaction maps for basal–pyramidal slip systems,
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Fig. 3. Interaction between an edge dislocation gliding in a prismatic plane and a loop with a different Burgers vector. The applied resolved shear on the dislocation is
s = 100 MPa. A glissile junction is formed in P2 with the a2 Burgers vector, changing the Burgers vector of the loop and forming a double super-jog on the dislocation line.

Fig. 4. Schematic of interaction map between two dislocations lying in prismatic
planes, dark grey zone is the attractive interaction zone where junctions can form,
shaded grey zone corresponds to crossed states formations, and white zone
corresponds to repulsive interactions (Adapted from [52–54]). (For interpretation
to colours in this figure, the reader is referred to the web version of this paper.)
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prismatic–pyramidal slip systems and collinear annihilation maps
for basal–prismatic slip systems, basal–pyramidal slip systems,
and prismatic–pyramidal slip systems.

The interaction between a dislocation gliding in the prismatic
plane and a loop with different Burgers vector can be interpreted
using the prismatic–prismatic interaction map [52] with angles
of U1 = U2 = 0� for the first stage of the reaction (Fig. 3(b)). In that
case, an attractive junction is formed according to the interaction
map (see the yellow square in Fig. 4).

When the dislocation interacts with an interstitial loop the
same double super-jog is formed. The loop first glides on its cylin-
der, repelled by the dislocation. Then the dislocation interacts with
the opposite side of the loop. Finally, the junction glides in the
plane of the loop.

(iii) Screw dislocation gliding in the prismatic plane interacting
with a loop with the same Burgers vector

A screw dislocation gliding in the P1 prismatic plane with a
bG = a1 Burgers vector interacts with a vacancy loop located in
the PL1 prismatic plane with a bL = �a1 Burgers vector.

Under the applied shear stress (s = 100 MPa), the dislocation
starts to glide. When the dislocation interacts with the loop, it cre-
ates a right handed helical turn on the screw dislocation (see
Fig. 5). This reaction has been described by Hirsch in the case of
FCC metals and in [30] in the case of zirconium. It is referred to
as reaction R4 in [46], which is defined as the temporary absorp-
tion of part or the entire loop into a helical turn on a screw dislo-
cation, and it has been reported previously by several authors
[46,72]. The helical turn tends to expand along the dislocation line
to lower its energy. The arms of the loop gliding in the basal plane
act as strong pinning points for the dislocation glide. The screw dis-
location can overcome this type of defect through an Orowan pro-
cess. As the dislocation segments bow out under the applied stress,
it pushes the super-jogs towards each other until both arms of the
dislocation join. The dislocation then unpins and leaves behind a
perfect prismatic loop. The stress required for this process is very
high. However Nogaret et al. [44] have shown that if a second dis-
location interacts with the helical turn, a reaction can occur, lead-
ing to the emission of a new dislocation in a plane parallel to the
initial glide plane of the dislocation. According to these authors,
this process probably assists the clear band broadening during ten-
sile loading.
The similar interaction involving interstitial dislocation loops
leads to the formation of a left handed helical turn.

(iv) Screw dislocation gliding in the prismatic plane interacting
with a loop with a different Burgers vector

A screw dislocation gliding in the P1 prismatic plane with a
bG = a1 Burgers vector interacts with a vacancy loop located in
the PL3 prismatic plane with a bL = �a3.

Under applied shear stress (s = 100 MPa), the dislocation glides
towards the loop, creating a junction at the intersection of the P1

prismatic plane and the (0001) basal plane, with Burgers vector
bJ = a2 (Fig. 6(b)). Indeed, with the line sense chosen according to
Fig. 6, the Burgers vector of the junction is:

bJ ¼ bL � bG ¼ �a3 � a1 ¼ a2 ð4Þ

Based on the prismatic-basal interaction map (Fig. 7), it can be
checked that junction formation is favored in this configuration. In-
deed, for the dislocation gliding in the P1 prismatic plane, the angle
is U1 = 0�. The arm of the loop, which glides in the basal plane,
makes an angle U2 = 30� with the intersection of the two glide



author's personal copy

Fig. 5. Interaction between a screw dislocation gliding in a prismatic plane and a loop with the same Burgers vector under constant resolved shear stress (s = 100 MPa). A
helical turn is formed in the a1 direction.

J. Drouet et al. / Journal of Nuclear Materials 449 (2014) 252–262 257
planes. For these angles the prismatic–basal interaction map indi-
cates the formation of a junction (blue point in Fig. 7).

This junction pins the dislocation as it cannot glide in the P1

prismatic plane (Fig. 6(b)). However, two dislocation segments
gliding in basal planes appear and propagate on both sides of the
loop as shown by the slip plane normal (Fig. 6(b)).

The further glide of the initial Frank-Read source in the P1 pris-
matic plane annihilates the created segments in the basal plane at
the right of the loop. Indeed, the loop glides along its glide cylinder
(going downward in Fig. 6(b)) until its right corner reaches the
glide plane of the Frank-Read source. The triple node formed this
way is at the intersection of P1, gliding plane of the dislocation,
P3, gliding plane of the segment of the loop involved in the reac-
tion, and P2, the habit plane of the new formed junction (U2 = 0�
for the dislocation in P3 and U1 < 90� for the dislocation in P1, see
the blue point in Fig. 4). This junction lying in the P2 prismatic
Fig. 6. Interaction between a screw dislocation gliding in a prismatic plane and a loop with
s = 100 MPa. A glissile junction is formed in the P2 plane with a a2 Burgers vector, which re
plane has an a2 Burgers vector and is therefore able to glide, pro-
gressively absorbing the loop on the screw dislocation as a helical
turn.

The helical turn then expands along the a1 direction. The global
result is the formation of an extended helical turn on the gliding
dislocation line (R4 reaction).

As for the interaction involving a screw dislocation and a loop
with same Burgers vectors, the helical turn is a strong pinning
point for dislocation glide. This mechanism has been described in
details by Hirsch [8] for FCC metals and has been observed in
MD simulations performed in nickel [34,36,44]. It is referred as
R4 reaction in [46].

When the magnitude of applied shear stress is higher than in
the previous case (400 MPa), the reaction observed is quite differ-
ent (Fig. 8). As in the previous case, an attractive junction is formed
in the basal plane with bJ = a2 Burgers vector. Under the applied
a different Burgers vector. The applied stress in the gliding plane of the dislocation is
acts with the loop, changing its Burgers vector into the dislocation Burgers vector.
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Fig. 7. Schematic of interaction map between a dislocation lying in a prismatic
glide system (1) and a dislocation lying in a basal gliding system (2), same color
convention as in Fig. 4 (adapted from [53–54]). (For interpretation to colours in this
figure, the reader is referred to the web version of this paper.)
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shear stress, the gliding dislocation bends, and because of the line
tension, the junction shrinks and progressively unzips. The loop is
then simply sheared, remaining the same after the glide of the dis-
location (Fig. 8(c)). This mechanism is referred as R1 reaction in
[46] since the loop is crossed by the dislocation but both remain
unchanged.

Simulations performed with an interstitial loop, the other
parameters remaining equal, show that only for s = 100 MPa, the
dislocation in the P1 prismatic plane reacts with the second side
of the loop located in the basal plane, so that no junction in the
P2 prismatic plane can be formed to further annihilate the loop.
The dislocation is nevertheless pinned by the junctions formed in
the basal plane.

For higher applied stress (s > 300 MPa), the junction formed in
the basal plane is annihilated and the loop remains unchanged
after the interaction.

4.2. Dislocations gliding in a basal plane

The interactions between a loop and a dislocation gliding in the
basal plane have also been systematically investigated. Again, edge
and screw dislocations with bG = a1 Burgers vector gliding in the
basal plane (0001) are successively considered.
Fig. 8. Interaction between a screw dislocation gliding in a prismatic plane and a loop w
s = 400 MPa. The bending of the segments of dislocation around the loop annihilates th
i. Edge dislocation gliding in the basal plane and interacting
with a loop of same Burgers vector

The interaction between an edge dislocation gliding in the basal
plane and a loop with the same Burgers vector results in the same
reaction as the interaction between an edge dislocation gliding in
the prismatic plane and a loop with the same Burgers vector de-
scribed earlier. This interaction leads to a progressive clearing of
loops by dislocations gliding in the basal plane.

ii. Edge dislocation gliding in the basal plane interacting with a
loop of different Burgers vector

An edge dislocation gliding in the (0001) basal plane with a
bG = a1 Burgers vector interacts with a vacancy loop located in
the PL3 prismatic plane with a bL = �a3 Burgers vector (Fig. 9(a)).

Under the applied resolved shear stress (s = 100 MPa), the dislo-
cation begins to glide toward the loop. The interaction between the
dislocation gliding in the basal plane and the vacancy loop leads to
the creation of a junction with bJ Burgers vector given by Eq. (5),
with line directions given in Fig. 9(c).

bJ ¼ bG � bL ¼ a1 þ a3 ¼ �a2 ð5Þ

This junction is glissile in the basal plane as its Burgers vector
bJ = �a2 belongs to the basal plane. When pushed by the gliding
dislocation, the loop glides along its cylinder Fig. 9(d)). This leads
to the clearing of the defect by the glide of the dislocation in the
basal plane. This mechanism has been described in details in
[26,30]. It is an example of the R3drag mechanism described by Ba-
con et al. [46] where the obstacle is dragged by the dislocation but
both remain unchanged.

The creation of the junction can also be analyzed in terms of
prismatic-basal interaction map. Indeed, the dislocation gliding
in the basal plane makes an angle of U2 = 30� with the intersection
of the two gliding planes and the arm of the loop in the P3 pris-
matic plane makes an angle U1 = 90�. According to the prismatic-
basal interaction map, a crossed-state occurs (orange triangle on
Fig. 7). However, thanks to the elastic interaction between the dis-
location and the loop arm, the dislocation in the prismatic slip sys-
tem bends towards the dislocation in the basal plane decreasing
the angle U1, and allowing the formation of a junction at the inter-
section of the two planes (Fig. 9 (c)).
ith a different Burgers vector. The applied resolved shear stress on the dislocation is
e new formed junction. This leads to the simple shearing of the loop.
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The similar situation involving interstitial loops leads to the
same clearing of the defects by formation of a glissile junction in
the basal plane.

iii. Screw dislocation gliding in the basal plane interacting with
a loop of same Burgers vector

The interaction between a screw dislocation gliding in the basal
plane and a loop with the same Burgers vector results in the same
reaction as the interaction between a screw dislocation gliding in
the prismatic plane and a loop with the same Burgers vector de-
scribed earlier. This interaction leads to a strong pinning of pure
screw dislocations.

iv. Screw dislocation gliding in the basal plane interacting with
a loop of different Burgers vector

A screw dislocation gliding in the (0001) basal plane with
a bG = a1 Burgers vector interacts with a vacancy loop
located in the PL3 prismatic plane with a bL = �a3 Burgers vector
(Fig. 10(a)).

Under the applied resolved shear stress (s = 100 MPa), the
screw dislocation glides towards the loop. The dislocation gliding
in the basal plane makes an angle U2 = 60� with the intersection
of the two gliding planes, the intersection between B and P3 planes
being along the a3 direction. The arm of the loop gliding in the P3

plane makes an angle U1 = 90� with the a3 direction. According
to the prismatic-basal interaction map, a crossed state also occurs
(see green rhombus in Fig. 7) in that case (Fig. 10(b)). Nevertheless
due to long range elastic interaction, dislocation segments bend,
decreasing again the angle U1. A small junction is then formed
with a Burgers vector bJ, given by Eq. (6), with the line directions
shown in Fig. 10(b)).

bJ ¼ �ðbG � bLÞ ¼ �ða1 þ a3Þ ¼ a2 ð6Þ

However, this junction remains unstable because the decrease
of the angle U1 is too small to enter into the junction formation do-
main shown on the prismatic-basal interaction map (Fig. 7). Under
the applied shear stress, the loop is progressively pushed along its
glide cylinder, leading to the clearing of defects by the dislocation
gliding in the basal plane.

The similar situation involving interstitial loops leads to the
same clearing of the defects by formation of crossed states and
gliding of the loops on their glide cylinders.
Fig. 9. Interaction between an edge dislocation gliding in the basal plane and a vacancy l
vector allows the glide of the loop along the a2 direction.
5. Discussion

The DD computations performed in this study have confirmed
the main results of the theoretical analysis described in [30]. How-
ever, in the case of an edge dislocation gliding in the prismatic
plane interacting with a loop with a different Burgers vector an-
other mechanism than the one proposed in [30] was observed
(Fig. 3). Indeed, by taking into account the long range elastic inter-
action, dislocation segments glide or bend towards each other
allowing new mechanisms to occur. The reaction simulated in
the case of a screw dislocation gliding in the prismatic plane and
interacting with a loop with a different Burgers vector where the
loop was unzipped by the junction, changing the Burgers vector
of the loop was also hardly foreseen (Fig. 6). Furthermore, the the-
oretical analysis does not allow predictions of the effect of the ap-
plied stress. This shows that DD simulations are of great help to
understand the details of elementary interactions between disloca-
tions and irradiation defects.

The present results are also of great help to understand the TEM
observations of dislocation channels in neutron irradiated samples
made of zirconium alloys and tested at 20 �C or 350 �C [26–29].

The various interactions computed are summarized in Table 1.
Table 1 highlights several differences in terms of interactions
depending on whether the dislocation glides in the prismatic or
in the basal plane, when the Burgers vector of the loop differs from
the Burgers vector of the dislocation. The outcome of these reac-
tions for screw dislocations involve the formation of a helical turn
in the case of prismatic slip, while the case of basal slip leads to the
progressive sweeping of the loop along its glide cylinder thanks to
the formation of a glissile junction. These different reactions have
various consequences on the following behavior of the gliding dis-
location. Considering equal probability (p) of having a loop with
one of the three hai Burgers vectors, the reaction between disloca-
tion and loop with same Burgers vectors occurs with a probability
of p = 1/3. Since for each configuration, the character of the disloca-
tion, edge or screw, is distinguished, the interaction of a screw dis-
location interacting with a loop with the same Burgers vector
occurs with a probability of p = 1/6. For all the other cases, occur-
ring with a probability of p = 5/6, the interaction leads to the clear-
ing or sweeping of the loop.

On the other hand, when the dislocation glides in the prismatic
plane, strong pinning occurs for screw dislocations interacting
oop with a different Burgers vector. The formation of a junction with bj = a2 Burgers
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Fig. 10. Interaction between a screw dislocation gliding in the basal plane and a loop with different Burgers vectors. This leads to the progressive clearing of the loop.

Table 1
Summary of the various interactions computed by DD simulations.

Edge dislocation gliding in
the prismatic plane

Screw dislocation gliding in
the prismatic plane

Edge dislocation gliding in the
basal plane

Screw dislocation gliding in the
basal plane

Dislocation and loop with same
Burgers vectors (p = 1/3)

Double super-jog formation.
Clearing of the loop (R3)

Helical turn formation.
Pinning of the dislocation
(R4)

Double super-jog formation.
Clearing of the loop (R3)

Helical turn formation. Pinning of
the dislocation (R4)

Dislocation and loop with
different Burgers vectors
(p = 2/3)

Double super-jog formation.
Clearing of the loop (R3)

Helical turn formation.
Pinning of the dislocation
(R4)

Glissile junction formation.
Sweeping of the loop (R3drag)

Unstable glissile junction
formation. Sweeping of the loop
(R1)
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either with loop with same or different Burgers vectors. This corre-
sponds to a probability of p = 3/6, the clearing of the loop occurring
also with a probability of p = 3/6. This shows that strong pinning of
dislocation occurs three times more in the case of prismatic glide
than in the case of basal glide. This can explain the difficult glide
of dislocation in the prismatic plane observed after neutron irradi-
ation whereas before irradiation, the easy slip system is the pris-
matic slip system. Indeed it has been estimated that the increase
of the Critical Resolved Shear Stress (CRSS) due to irradiation is
higher for prismatic systems than for basal slip systems [26–29].

Furthermore, this study shows that in five cases over six sweep-
ing or clearing of loops occurs by glide of dislocations in the basal
plane whereas this only occurs in three cases over six in the case of
dislocations gliding in the prismatic slip. Gliding of loops along
their glide cylinder, after interaction with dislocations, therefore
occurs mainly in the case of basal slip. This can explain that the dis-
location channeling mechanism creating a clear band free of defect
occurs more easily in the case of basal slip than in the case of pris-
matic slip. Moreover, it has been shown by TEM that the clearing
seems only partial in the case of prismatic slip whereas a full clear-
ing seems to occur in the case of basal slip [26–30].

These results also show that, in the case of zirconium, the mech-
anism proposed by Nogaret et al. [58] to explain the clear band for-
mation can also apply. According to these authors, helical turns on
screw dislocations is at the heart of the process of clear band for-
mation because jogs created on dislocation by loop incorporation
are transported along the dislocation line and also because disloca-
tions can be re-emitted in a parallel glide plane leading to a pro-
gressive broadening of the clear band.

At a lower length scale, a good agreement can also be found
between the present DD simulations and previous MD simulations
obtained on various metals. In many cases, the simulated
interactions have already been observed on zirconium [48], and
also on nickel [34,36,44] or iron [42]. Contrary to MD simulations,
the use of the DD meso-scale method does not allow an accurate
description of atomic movements. DD simulations are probably
not well suited to compute interactions between dislocations and
very small point defect clusters since small atomic displacements
can be important in that case but DD simulations become accurate
for the computation of interaction with large loops.

DD simulations allow performing large scale simulations
involving many loops and many dislocations, typically at the single
grain scale [58,59] contrary to MD simulations which are limited to
the nanoscale. The space scale reachable with DD simulations is
therefore also more representative of the actual microstructure
of the material after irradiation.

The reactions observed by DD simulations are also in rather
good agreement with in situ observations of interactions between
dislocation and irradiation defects in various metals and alloys. In-
deed, several authors have observed in a TEM, during in situ tensile
testing experiments, the reaction between a gliding dislocation and
Stacking Fault Tetrahedron (SFT) in rapidly quenched copper or
gold [73–79] or proton irradiated copper [80]. These authors show
that SFT act as strong pining point for gliding dislocations but can
also collapse by interaction with the gliding dislocation inducing
the formation of a double super-jog. Other authors have studied
in situ the interaction between dislocation and prismatic loops in
rapidly quenched pure aluminum [81], proton irradiated pure
molybdenum [82] and austenitic stainless steels [83]. In the case
of stainless steels and pure aluminum, the authors have clearly ob-
served unfaulting and incorporation into the dislocation of an
intrinsic Frank loop in the form of an helical turn [81,82]. In the
case of molybdenum, the authors also observed in situ the clearing
of perfect prismatic loops during straining [83].
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In a recent study, in situ tensile tests have been performed in a
TEM on Zr ion irradiated zirconium alloys [30]. The incorporation
of a loop into an edge dislocation gliding in the prismatic plane
has been observed during in situ straining, in good agreement with
the DD simulations of an edge dislocation gliding in the prismatic
plane and interacting with a hai loop with the same Burgers vector
(Fig. 2). Furthermore, a more complex interaction showing the
strong pinning of an edge dislocation gliding in a prismatic plane
by a loop has also been observed. This reaction cannot be under-
stood with the sole results obtained by these DD simulations since
edge dislocation gliding in prismatic plane can always overcome
the loop by creating a double super-jog on the dislocation. New
in situ experiments on irradiation Zr alloys are also needed in order
to gain a better understanding of the elementary interactions in
the case of prismatic slip. Moreover, in situ tensile tests where
the basal slip is activated would be also very interesting to observe.

From a geometrical point of view, the initial length of the dislo-
cation and the distance between loops play an important role on
the value of the typical applied stress needed to activate shearing
of the loops. Some simulations performed on non-pure screw or
edge but mixed type dislocations have also shown that the result-
ing mechanism can be significantly modified. More generally, it has
been seen that if the initial configuration exhibits some symme-
tries, specific mechanisms occur but others are inhibited.

As a perspective, to avoid potential artifacts due to the initial
geometry of the system, DD simulations could be performed on a
large loop population with a variety of positions with respect to
the glide plane of the dislocation. Furthermore, in these large scale
simulations, dislocations will be mainly of mixed type, with a
broad variety of angles between the dislocation line and the Bur-
gers vector. Since on mixed dislocation, the helical turn can be
pushed aside, a lower hardening is expected [58]. Also loops of dif-
ferent nature, interstitial or vacancy, or with different Burgers vec-
tor could be introduced. This is believed to induce new reactions
where right handed helical turn can annihilate left handed helical
turn also decreasing the hardening due to helical turns. This type of
large scale simulations could then be analyzed using statistical
methods, in order to average the influence of the geometry of the
elementary interaction.

This discussion shows the importance of performing in the fu-
ture both advanced DD simulations at individual loop scale to as-
sess more complicated interactions and also at a larger length
scale for a better understanding of the channeling process. The
constitutive behavior of zirconium single crystal after irradiation
is also expected from such massive DD simulations. These consti-
tutive laws could then be eventually introduced into polycrystal-
line models [29,84] to compute the macroscopic mechanical
behavior of neutron irradiated zirconium alloys.
6. Conclusion

A new nodal dislocation dynamics code, NUMODIS, has been
used to investigate interactions between gliding dislocations in
prismatic or basal planes and dislocation loops in zirconium. The
configurations computed here show various mechanisms such as
absorption of a loop on an edge dislocation as a double super-
jog, creation of a helical turn on a screw dislocation, acting as a
strong pinning point, and sweeping of a loop by a gliding disloca-
tion. The dislocations gliding in prismatic planes can equally be
pinned or lead to the clearing of the loops, whereas for dislocations
gliding in the basal plane, most mechanisms lead to the clearing of
the loops. This is consistent with the experimental observations of
clear bands formation in the basal plane for zirconium alloys ob-
served after neutron irradiation.
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