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ABSTRACT

Recently, in-situ TEM straining experiments on pure copper have unraveled a high stress irradiation creep
mechanism. Irradiation induced unpinning of dislocations from defects has been observed and the mean
pinning lifetime has been determined. In the present study, molecular dynamics simulations are per-
formed on pure copper to investigate the impact of collision cascades on screw dislocations pinned on
Frank loops under high-applied stresses at 300 K in order to further quantitatively elucidate this mech-
anism. The simulations indicate two possible dislocation unpinning mechanisms. Unpinning can occur
through loop destruction when the cascade is generated on the pinning points of the dislocation (type 1
unpinning). Unpinning can also be triggered by the shear stresses building up around a cascade generated
in front of the dislocation in the glide plane (type 2 unpinning). Type 2 unpinning generally leads to dis-
location repinning on cascade residues, so that it should only marginally contribute to irradiation creep.
The mean pinning lifetime due to type 1 unpinning in the conditions of the in-situ TEM experiments is
derived from a simple model previously developed for zirconium, and is found in the same orders of

magnitude as in the experiments.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Irradiation creep deformation is a visco-plastic deformation
phenomenon occurring in components inside nuclear reactors at
temperatures below 0.3T, under applied load and irradiation. Irra-
diation creep has been mainly investigated through in-reactor ex-
periments, allowing for the measurement of creep parameters and
their dependence on neutron flux and fluence, temperature, stress,
and material characteristics [1-4]. However, such experiments are
not amenable to the in-situ characterization of the elementary
physical mechanisms at the origin of the macroscopic behavior.
Therefore, although the macroscopic phenomenology for irradia-
tion creep is relatively well rationalized, the underlying micro-
scopic mechanisms are still unclear [5,6]. Many theoretical mech-
anisms have been proposed in the literature, all involving atomic
displacements and generation of point defects under irradiation,
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but differing in the detailed processes of their redistribution un-
der applied stress [3,5,7,8].

Very recently, a high stress irradiation creep phenomenon, first
unraveled for a zirconium alloy was extended to pure copper
which is considered as a model material for face-centered cubic
(FCC) structures. Through in-situ transmission electron microscopy
straining experiments under heavy ion irradiation, the authors
[9,10] observed an irradiation induced unpinning of dislocations
from irradiation defects followed by dislocation glide. They pro-
posed that the dislocation unpinning from irradiation defects is
triggered by displacement cascades generated by irradiation. The
mean pinning lifetime, i.e., the time necessary for a dislocation to
unpin from an irradiation defect, was estimated around 25 and 40
seconds at room temperature for the zirconium alloy and pure cop-
per, respectively.

Molecular dynamics (MD) is instrumental to investigate ele-
mentary mechanisms at the atomic level. MD simulations in cop-
per related to the present context focused on dislocation inter-
action with defects [11-15] and cascade damage [16,17]. The ef-
fect of displacement cascades on straight dislocations was stud-
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ied for aluminum [18,19], tungsten [20], Fe-20Cr-25Ni alloy [21],
and Fe [22]. Some studies [18,20,21] evidenced that, when a cas-
cade is generated on an edge dislocation, the dislocation can cap-
ture the generated point defects, leading to dislocation climb. For
a screw dislocation, the dislocation can either capture point de-
fects and form a helical turn, or, if subjected to loading, cross-slip
[19,21]. An intriguing cascade effect on dislocations was first ob-
served by Fu et al. [20] in tungsten: when a cascade is generated
near an edge dislocation, kinks are formed near the center of the
cascade, and the dislocation glides toward the cascade. A similar
phenomenon was observed by Heredia-Avalos et al. [22] in iron.
The authors observed that a cascade generated near an edge dis-
location dipole leads to the glide of the dislocations toward the
cascade center. The authors reproduced the same phenomenon by
generating a thermal spike near the dislocation dipole. Heredia-
Avalos et al. [22] stated that the observed dislocation motion is
triggered by the shock wave generated by the cascade (or the ther-
mal spike). Starostenkov et al. [23] investigated the post cascade
shock wave effect on a single edge dislocation or on an ensemble
of edge dislocations in nickel, and the authors observed the glide
of the dislocations toward the wave source. Korchuganov et al.
[24,25] found that a shock wave generated near an edge disloca-
tion under applied stress in iron induces dislocation glide toward
the wave source. The authors concluded that this phenomenon can
contribute to irradiation creep.

In a previous study, we [26] investigated the effect of a cas-
cade on a screw dislocation pinned on a loop at high applied stress
in zirconium using MD simulations to reproduce similar configura-
tions as in the TEM in-situ straining experiments of Gaumé et al.
[9] on a zirconium alloy. A possible unpinning of dislocations by
cascades was predicted at high stress levels slightly inferior to the
critical stress for unpinning (without a cascade). In these simula-
tions, the generated cascades had to encompass the pinning points
of dislocations to induce unpinning, and we developed a simple
closed-form model to account for this phenomenon. Based on this
closed-form model, we [26] estimated the mean pinning lifetime
in the conditions of the experiments of Gaumé et al. [9] and ob-
tained pinning lifetimes at high stress levels in the same orders of
magnitude as the experimental pinning lifetime.

The objective of this work is to extend the numerical study us-
ing MD simulations made for zirconium to pure copper and to
compare the MD results to our recently published experimental re-
sults on pure copper [10].

2. MD simulation method
2.1. Interaction dislocation/loop

All the molecular dynamics simulations are performed on pure
copper (FCC structure) using the Large-scale Atomic and Molec-
ular Massively Parallel Simulator (LAMMPS) [27]. The embedded
atom method (EAM) used is a potential derived and updated by
Ackland et al. [28] to take into account close-range repulsion for
irradiation studies (Cul_v2). Interactions between screw disloca-
tions and irradiation defects were observed during our previous
in-situ straining experiments [10]. The objective is to reproduce a
similar configuration as in the experiments. The X, Y, and Z axis
of the simulation box correspond respectively to the directions
[110], [112] and [111]. The box dimensions are approximatively
400 A x 234 A x220 A, along the X, Y and Z directions respec-
tively, which corresponds to around 1.6 million atoms. The simu-
lation box dimension along the X axis is close to the mean obsta-
cle spacing in our in-situ straining experiments under irradiation
[10] (estimated between 45 and 70 nm). Periodic boundaries are
applied in the X and Y directions.
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The methodology is similar to the one used for zirconium in
our previous MD study [26]. First, a molecular dynamics simula-
tion box containing a screw dislocation and a Frank loop is gener-
ated using NUMODIS [29-31]. NUMODIS is a Dislocation Dynamics
simulation code, but has recently incorporated a tool to generate
simultaneously MD and DD identical simulation boxes to perform
similar MD and DD simulations.

The screw dislocation has a Burgers vector b = %[110], and a

glide plane (111). The Frank loop has a (111) habit plane and con-
tains 61 SIAS (self-interstitial atoms), which corresponds to an ap-
proximate loop diameter of 2.3 nm. The loop dimension properly
compares to the 2 nm loops observed in our experiments [10]. The
Frank loop center lies in the dislocation glide plane. As for the pre-
vious MD study on zirconium, this specific configuration is chosen
since the interaction of the chosen dislocation and Frank loop leads
to the formation of a helical turn (Fig. 1c), which is the configura-
tion for which the obstacle is the strongest [13].

The simulation box is first thermally equilibrated at 300 K for
50 ps with a time-step of 5 fs. The crystal is then divided into
three layers along the Z direction. The atoms of the top and bot-
tom layers are held in fixed positions with respect to one another,
while no constraint is imposed on the atoms of the middle layer.
As presented in Fig. 1a.1, a shear strain rate of 10~6 ps~1 is applied
on the atoms of the top layer (in green), while the atoms of the
bottom layer are held in fixed positions (in grey). The correspond-
ing shear stress is derived from the force applied by the free atoms
of the middle layer on the upper layer atoms. The shear stress evo-
lution with strain is presented in Fig. 1b. In order to smooth out
stress fluctuations (blue curve), an averaging over 1000 time-steps
is performed (red curve), corresponding to a duration of 250 ps
and a strain increment of 0.025%. The critical stress 7. for disloca-
tion unpinning is the shear stress necessary for the release of the
dislocation (without cascade) and is equal to 200 MPa.

The processing and visualization tool OVITO [32] is used to ana-
lyze and post-process the MD results. The common neighbor anal-
ysis tool (CNA) [33] is used to display atoms that are not in perfect
FCC positions, whereas the dislocation extraction algorithm (DXA)
[34] is used to display dislocations. The Voronoi analysis method
is used to calculate the atomic volume with OVITO [32,35]. This
allows calculating the atomic stresses in units of pressure from
LAMMPS atomic stress outputs.

2.2. Cascade effect on pinned dislocation

In order to investigate the effect of a cascade on a screw dis-
location pinned on a Frank loop for stresses slightly inferior to the
critical stress for unpinning, the same methodology as the one pro-
posed for zirconium is used [26]. Four high stress levels below the
critical stress are selected: 0.85t, 0.97¢, 0.957, and 0.9757; (white
points in Fig. 1b). The atomic configurations corresponding to the
selected shear stresses are extracted (Fig. 1a.2). After a thermal
equilibration at 300 K for 50 ps with a time-step of 5 fs, the atoms
of the top and bottom layers are held fixed (in grey in Fig. 1a.2),
so that the total strain is kept constant. To generate a displace-
ment cascade, an energy (between 10 and 30 keV) along the +Z
direction is transferred to an atom, called Primary Knock-on-Atom
(PKA). Since the PKA velocity direction is along the +Z direction,
the center of the cascade generated lies over the PKA initial posi-
tion along the +Z axis. A variable time step is defined in order to
limit the distance traveled by atoms to less than 1% of the lattice
constant. The simulations are run for 150 000 time-steps, corre-
sponding to approximately 100 ps, which is long enough to ensure
that ballistic and thermally enhanced recovery stages of the cas-
cade are over. The temperature is set at 300 K in order to allow
for comparisons with our in-situ experiments performed at room
temperature [10].
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Fig. 1. Boundary conditions (using the CNA method): (a.1) for the interaction of the dislocation with the loops - (a.2) for the cascade calculations - (b) Stress-strain curve
for the interaction between dislocation and loop (without cascade) before (blue) and after (red) curve smoothing The white points represent the shear stresses investigated:

0.857, 0.97, 0.957. and 0.9757, - (c) Helical turn displayed using the DXA algorithm.

In this study, the impact of the shear stress level, PKA position,
and energy are investigated. Since various configurations are stud-
ied, the PKA positions and energies selected for each configuration
will be detailed in the following sections.

3. Results
3.1. Impact of the PKA position

The unpinning of screw dislocations from Frank loops is pre-
dicted in the two different configurations presented in Fig. 2. The
first configuration, called type 1 unpinning, is similar to the one we
observed for zirconium [26]. In this case, the cascade encompasses
the helical turn. After the end of the cascade, the dislocation is free
and the loop is destroyed. Residual clusters are formed behind the
dislocation. Unlike in zirconium for which the loop is only partially
destroyed, the Frank loop in copper is completely destroyed [26].

The second configuration that induces dislocation unpinning
from the loop, called type 2 unpinning, occurs for cascades gener-
ated in front of the dislocation along the glide direction. As shown
in Fig. 2, when the cascade peak occurs, the cascade starts to at-
tract one or both segments of the dislocation. The dislocation seg-
ments enter in contact with the displaced atoms within the cas-
cade. The dislocation then unpins from the initial Frank loop, leav-
ing the Frank loop unfaulted, as in the case of a standard dislo-
cation unpinning from a Frank loop with increasing stress without
cascade [13]. The dislocation is often repinned on residual clusters
left after cascade relaxation and forms a helical turn (Fig. 2), as ob-
served by Voskoboinikov et al. [19] for displacement cascades gen-
erated near straight screw dislocations in aluminum. Type 2 unpin-
ning is thus divided into two subcategories: unpinning-repinning
mechanism (when dislocations unpin from loops but repin on cas-
cade residues), and permanent unpinning (when dislocations re-
main straight and free to glide under stress). Permanent unpinning
generally occurs when the cascade is generated slightly below the
dislocation glide plane (Fig. 2).

To ensure that the two unpinning types do not result from box
size effects, calculations were repeated for a larger simulation box
size along the Y axis (405 A rather than 234 A), and both unpin-
ning types, with similar trends, were captured for the larger box
in comparison with the smaller box. More details on this analysis
can be found in Supplementary Data. Likewise, we checked using
various PKA directions that both unpinning can occur when PKA
initial velocity is along axes other than the +Z axis.

3.2. Impact of stress

The impact of the stress level on the unpinning probability is
investigated at different PKA positions. As stated earlier, four stress
levels are studied: 0.857., 0.97., 0.957, and 0.9757.. A PKA po-
sition grid around the dislocation is addressed. For 0.85t, and
0.97, the grid is of 160 A x 160 A x 160 A, with a spacing be-
tween PKA positions of 20 A. For 0.95t. and 0.9757, a grid of
160 A x 220 A x 160 A is selected with a spacing between PKAs
of 20 A. The PKA energy is set at 20 keV and the PKA direction is
always along the +Z axis.

The grids and simulation results are presented in Fig. 3: the
small blue points represent the PKA positions that did not induce
unpinning, the green and red points represent PKA that triggered
type 1 and type 2 unpinning, respectively. Increasing unpinning
frequency with increasing stress is observed. Type 1 unpinning
prevails at lower stresses (0.85t. and 0.97;,) and type 2 unpin-
ning prevails at higher stresses (0.957. and 0.9757.). This depen-
dency on the sensitivity to stress is more important for type 2 un-
pinning. Moreover, the repinning probability is around 94%(+4%)
at 0.957. and around 80%(+4%) at 0.975t.. Therefore, it ap-
pears that type 2 permanent unpinning probability increases with
stress.

To better visualize the PKA position effect on unpinning, the un-
pinning probability at both 0.95t. and at 0.9757. projected along
the X, Y and Z directions are represented in Figs. 4 and 5, respec-
tively. For type 1 unpinning, over the X and Y directions, the max-
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Fig. 2. Snapshots showing the time evolution of core atoms (using the CNA method) in a case where type 1 and type 2 unpinning processes of the dislocation are triggered

for 20 keV cascades (the corresponding videos can be found in the Supplementary data).
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Fig. 3. MD simulation results for four stress levels for a PKA energy Epxsa = 20 keV showing the dislocation in grey, the “inefficient” PKAs in blue and the “efficient” type 1

PKAs in green and type 2 in red.

imum unpinning probability is centered on the helical turn. For
type 2 unpinning, over the Y direction, the unpinning probability
is at its maximum around 50 —60 A in front the mean disloca-
tion position along the Y axis. Over the X direction, the maximum
probability is around the helical turn, but with a wider spread in
comparison with type 1 unpinning. The wider spread for type 2
unpinning along the X axis can be explained by the fact that the

cascade can trigger dislocation unpinning by only attracting one
of the segments of the dislocation. Over the Z axis, the maximum
unpinning probability is observed approximatively at the same po-
sition for both unpinning types. The maximum is observed un-
der the dislocation along the Z axis, since the PKAs at these po-
sitions generate cascades approximately on the dislocation glide
plane.
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Fig. 4. Unpinning probability for a shear stress 7 = 0.957¢ as a function of the position of the PKA (a) along the X axis [110]; (b) along the Y axis [112]; (c) along the Z axis
[111]. Type 1, type 2, and total unpinning probabilities are represented in green, red, and grey, respectively.

To summarize, type 1 unpinning occurs when the cascade is
on the helical turn, whereas type 2 unpinning takes place when
the cascade is generated in front of the dislocation in the glide
plane.

3.3. Impact of PKA energy

The impact of the PKA energy is investigated at a selected stress
level of 0.957.. Four PKA energies are investigated: 10 keV, 15
keV, 20 keV, and 30 keV. The PKA position grid investigated is of
160 A x 160 A x 160 A with a spacing between PKA positions of
40 A. The PKA velocity direction is always along the +Z axis. The
PKA position grid and simulation results are presented in Fig. 6.
Increasing unpinning probability is observed with increasing PKA
energy. The sensitivity to the PKA energy seems higher for type 2
unpinning. The repinning probability is equal to 100% at 10 keV,
83% at 15 keV, 86% at 20 keV and 80% at 30 keV. There are, how-
ever, large uncertainties on these values since there is only 1 ef-
fective type 2 unpinning at 10 keV, 6 at 15 keV, 7 at 20 keV, and
10 at 30 keV. Therefore, more investigation is needed to draw any
conclusions on the effect of the PKA energy on the repining prob-
ability.

4. Discussion
4.1. Type 2 unpinning

Type 2 unpinning occurs for cascades generated in front of the
dislocation along the glide direction through a process similar to
an increase in stress, with an unfaulted loop left after the unpin-
ning process. When the cascade peak occurs, one or both segments
of the dislocation glide toward the cascade center and enter in
contact with the displaced atoms within the cascade. The dislo-
cation then unpins from the Frank loop.

Type 2 unpinning resembles behavior seen in previous work on
cascade, thermal spike, and shock wave effects on straight disloca-
tions. The dislocation motion triggered by a cascade (or a shock
wave) toward the cascade center (or the wave source) was re-
ported by several authors for different metals through MD simu-
lations [20,22-25]. Cascade induced glide of dislocations was also
theoretically investigated by Trinkaus [36] and Zhukov and Boldin
[37].

Heredia-Avalos [22] attributed the initial dislocation motion to-
ward the displacement cascade to the shock wave generated by
the cascade. The same observation is made in our MD simulations.
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Fig. 7 shows frames representing the initial dislocation motion dur-
ing type 2 unpinning, along with the atomic pressure and shear
stress fields. A correlation is observed between the dislocation mo-
tion and the time of arrival of the shear stress shock wave (and
the pressure shock wave) at the dislocation. As reported by Bé-
land et al. [35], the shock wave appears during the sonic step of
the cascade, and propagates during the sonic and thermal anneal-
ing steps. As shown in Fig. 7, the dislocation starts its first motion
when the shock wave arrives near the dislocation. There is also
a correlation between the first dislocation motion and the sign of
the shear stress wave. At a time of about 1.21 ps and 1.78 ps in
Fig. 7, the right segment moves significantly toward the cascade
center whereas the left segment moves slightly backward. This can
be simply linked to the signs of the shear stresses and to the re-
sultant Peach-Kohler force.

Far from the dislocation, the same shear stress distribution as in
perfect crystal is observed: negative shear stress in the upper right
and positive shear stress in the upper left (Fig. 7). Near the disloca-
tion, the negative shear stress wave is either attenuated or absent
(Fig. 7) in comparison with a perfect crystal (see supplementary
data for more examples). Therefore, in the area of negative shear
stress, the dislocation can either partially and slightly move back-

ward (Fig. 7) or is unaffected. On the contrary, in the positive shear
stress area, the dislocation is highly affected by the stress shock
wave and partially glides toward the center of the cascade.

The maximum unpinning probability is found for initial PKA
positions at about 50 — 60 A from the mean dislocation position
along the Y axis. This can easily be explained in terms of cascade
radius (Fig. 4 and Fig. 5). Indeed, the shear stresses are generated
around the cascade core, which, at its peak, has a radius of 40 — 50
A for 20 keV cascades.

Type 2 unpinning probability increases with increasing PKA en-
ergy and increasing stress. This is analogous to the observations of
Korchuganov et al. [24] for straight edge dislocations under applied
shear stress and exposed to a shock wave in iron. The authors ob-
served that the larger the shear stress and the amplitude of the
shock wave, the larger the displacement of the dislocation.

One of the main objectives of this work is to estimate, based
on the MD calculations, the mean pinning lifetime in the exper-
imental conditions of Ref. [10]. After dislocation unpinning from
the Frank loop, there are two possible outcomes: the dislocation is
either repinned (unpinning-repinning process) or completely free
(permanent unpinning process). Type 2 unpinning appears and be-
comes predominant at very high stress level. However, there is a
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very high repinning probability on cascade residues. For 20 keV
cascades, up to a stress level of 0.95t., permanent type 2 unpin-
ning represents less than 7% of type 1 unpinning and is therefore
negligible.

For 0.9757,, type 2 permanent unpinning induces an increase
in the unpinning probability of nearly 50%. Therefore, except for
very high stress levels, type 2 permanent unpinning is negligi-
ble in comparison with type 1 unpinning. Moreover, in Ref. [10],
the dislocation mean free path after unpinning is estimated at
around 45 nm, which is not compatible with type 2 unpinning-
repinning mechanism. Indeed, the mean dislocation glide dis-
tance before repinning is around 0.7 and 0.6 nm with a maxi-
mum traveled distance of 7 and 8 nm at respectively 0.95t. and
0.9757;, which is way below the experimental dislocation free
path.

Another possible effect of type 2 unpinning on irradiation creep
can arise from the potential lower obstacle strength of cascade
residues in comparison with the initial Frank loop. In order to in-
vestigate this effect, 25 post-cascade MD straining calculations are
performed on configurations for which type 2 unpinning-repinning
process was triggered by a 20 keV cascade. The post unpinning-
repinning critical stress is found at around 93% of the initial critical
stress. More details on this analysis can be found in supplementary
data. This shows that type 2 unpinning-repinning might be equiva-
lent to a very slight reduction in obstacle strength. However, there
is a wide spread of critical stress over and under the initial criti-
cal stress. Therefore, more investigations on this subject, especially
on the effect of loop size and PKA energy, are needed to draw any
definitive conclusion.

4.2. Type 1 unpinning

The type 1 unpinning process is driven by the destruction of the
loop. Following the conclusions of the previous analysis on type 2
unpinning, type 1 unpinning has a predominant effect on irradia-
tion creep, at least up to 0.957.

Based on the MD calculations, the unpinning probability (P) and
standard deviation (SE) are defined as follows:

P:Ntypel/Ntota (l)

SE = /P(1 —P)/Ntot (2)

where Niype 1 1s the number of effective type 1 PKAs and Ny is
the number of investigated points.

From the unpinning probability, an effective volume and the
corresponding standard deviation can be defined through:

Verr =P x Vi, (3)

SEv,;; = SE x Viar. (4)

where Vi is the total volume of the simulation box.

As stated earlier, type 1 unpinning is triggered when the cas-
cade encompasses the helical turn. In order to take this observa-
tion into account, we proposed a simple model to calculate the ef-
fective volume for zirconium: if a cascade with a radius R, that
depends on the PKA energy, encompasses the pinning points of
the dislocation, type 1 dislocation unpinning occurs. The distance
between pinning points AP depends on stress. The higher the
stress, the lower this distance.

Therefore, the effective volume can be simply calculated as
[26]:
if Re(Epga) < %

Vers (Epa, T) =0, ()

. loop
if Re(Epga) > Afm

Vers (Epa T) = 2 (4Re(Epga) + AP (1)) (2Re (Epis) — A (7))’
(6)

As in Ref. [26], to calculate the cascade radius for a given PKA
energy, 10000 cascade calculations are performed using Iradina
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Fig. 7. Atoms colored by pressure and shear stress on the left and in the middle, and display of irregular atoms using the CNA tool on the right at different times after PKA

creation. The corresponding videos can be found in the Supplementary data.

[38,39] for the investigated PKA energy (here 20 keV). Moreover,
the pinning point spacing positions is taken to be the distance be-
tween the upper and the bottom parts of the loop (as shown by
the insert in Fig. 8a).

Fig. 8a represents the evolution of the effective volume with
stress for 20 keV cascades based on the MD calculations (in green)
and on the simple model developed in Ref. [26] (in red). The er-
ror bars for the model come from the dispersion in cascade radii.

The model seems to be in good agreement with MD calculations,
although a slight underestimation is observed.

Based on the hypothesis that the effective volume around dis-
location pinning points for a given stress and PKA energy can be
derived from Eq. 5 and 6, we [26] developed a closed-form model
to estimate the mean pinning lifetime evolution with stress. This
model accounts for cascade fragmentation into subcascades. For
copper, the threshold energy for cascade fragmentation into sub-
cascades is found to be around 60 keV [40].
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Fig. 8. (a) Evolution of the effective volume with stress, the insert shows the dis-
location using the DXA algorithm with the pinning points considered in red - (b)
Pinning lifetime evolution with stress based on the distance between the pinning
points in red (solid line), the hatched areas between the dashed lines represent the

standard deviation, the blue line represents the experimental value obtained in Ref.
[10].

Following the model developed before, the evolution of the pin-
ning lifetime with stress in the experimental conditions of the in-
situ straining experiments under irradiation in Ref. [10] is repre-
sented in Fig. 8b. At high stress levels, the pinning lifetimes are
in the same ranges as the experimental value we obtained [10].
Therefore, the proposed cascade induced unpinning mechanism
can provide an explanation to the irradiation triggered unpinning
of dislocations at high stress levels (over 0.87.) observed experi-
mentally. Moreover, the minimum stress for cascade induced un-
pinning can also be derived from this model. This minimum stress
is found equal to 0.767. and corresponds to the stress level for
which the condition R.(Epgs) < % is valid for the largest pos-

sible cascades (60 keV cascades given the threshold energy for cas-
cade fragmentation).

5. Conclusion

MD simulations are performed on pure copper, considered as a
model material for FCC metals, in order to investigate the possible
unpinning by a displacement cascade of a screw dislocation pinned
on a Frank loop and provide new insights on high stress irradiation
creep mechanisms.

The main findings of this work are the following.
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« The possible unpinning of screw dislocations pinned on a Frank
loop occurs at high stress levels (at least starting from 0.857);

« Two unpinning processes are observed: type 1 and type 2 un-
pinning;

» Type 1 unpinning is similar to the one we have previously un-
raveled for zirconium [26]: the cascade occurs on the helical
turn and induces the destruction of the loop, leaving a free dis-
location.

» Type 2 unpinning is triggered by the shear stresses generated
around the cascade core. The dislocation unpins from the loop
as in the case of an increase in shear stress: the loop is left un-
faulted. In a large majority of cases, the dislocation is very of-
ten pinned on cascade residues (unpinning-repinning process).
In very few cases, the dislocation is free (permanent unpinning
process);

» Type 2 unpinning occurs and becomes dominant at very high
stress levels (> 0.957.);

» Both unpinning types are more likely to occur with increasing
stress and increasing PKA energy;

- Since type 2 unpinning is observed at very high stress levels
and leads in the majority of cases to dislocation repinning, its
impact on irradiation creep is most likely far smaller than type
1 unpinning;

» The model we developed previously for zirconium [26] is ap-
plied to reproduce type 1 unpinning: if the cascade encom-
passes the helical turn, the dislocation unpins. This model
slightly underestimates the unpinning probability but gives val-
ues in the same orders as the ones obtained from the MD cal-
culations. Using this simple model, the mean pinning lifetime
of dislocations is derived and values similar to the experimental
pinning lifetime estimated in Ref. [10] are obtained. Therefore,
this cascade induced unpinning of dislocation process may pro-
vide an explanation for the high stress irradiation creep phe-
nomenon observed during in-situ experiments.
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