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With exposure to high-energy particle irradiation, structural metals develop a number of nanoscale de-
fects, one of which is the nano-sized He bubble. Formed throughout the material, these bubbles can di-
rectly impair the movement of dislocations and dramatically alter mechanical performance. Propagating
edge dislocations in face-centered cubic metals, driven under sufficient mechanical forces, are expected
to cut through He bubbles, due to the higher energetic expense. Here, using atomistic simulations for
a model Cu material, we find that when the He-vacancy ratio and bubble diameter become sufficiently
large and the ratio of the bubble spacing to the diameter is reduced below a threshold, an extended edge
dislocation engages in a multi-step-bypass (MSB) maneuver to change its glide plane and overcome the
bubble at room temperature. This unanticipated MSB mechanism provides a more energetically favorable
pathway compared to conventional bypass mechanisms under these severe conditions.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Deployed in nuclear fusion and fission reactors, the metallic
materials suffer from a harsh irradiation environment that involves
high-energy neutron bombardment and nuclear reactions [1]. Such
reactions generate large amounts of helium (He), which usually
develop into He bubbles due to low solubility in metals at room
temperature [2]. The appearance of He bubbles results in swelling
[3], surface blistering [4], strain hardening [5-7], and macroscopic
embrittlement [8]. Among them, strain hardening stems from the
impediment posed by He bubbles to dislocation motion [2,5,9],
and substantially alters the mechanical properties of metals over
time. Understanding these microscopic interactions is imperative
towards designing the next generation of irradiation-resistant ma-
terials to sustain long service lives of nuclear energy systems.

In the laboratory, direct He implantation has been applied
widely to investigate the strengthening or hardening effect of He
bubbles in face-centered cubic (FCC) [6,7,9-11] and body-centered
cubic (BCC) [12] metals. From analyses of transmission electron mi-
croscopy images of dislocation-bubble interactions, it is possible to
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observe where the dislocations are located before they contact the
He bubbles, when they are stopped by the He bubbles, or after
they bypass He bubbles [13,14]. However, it is still challenging to
identify the mechanism the dislocation uses to bypass and the en-
ergies required to do so.

In light of this, molecular dynamics (MD) simulations have been
utilized widely to study the interactions between a single edge
dislocation and a void [15-25] or He bubble [9,26-32]. In simu-
lation for dislocation-void interaction, two types of bypass mech-
anisms have been observed, either void cutting by the dislocation
[15,16,20,22] or climb of the dislocation to another parallel plane
lying either above or below the equatorial plane of the void [17-
19,23,33]. Dislocation climb requires vacancy diffusion to or from
the dislocation core, and therefore, is promoted at elevated tem-
peratures [34]. In BCC metals, in which the dislocation core tends
to be compact, climb is the main bypass mechanism [17,18,23,33],
which is a single-step process, and can occur even at room temper-
ature [17,18,33]. Void cutting only exists in a few cases with small
voids whose diameters are not larger than 1.2 nm [19]. In FCC met-
als, however, in which the dislocation cores in equilibrium tend to
be extended, climb requires the dislocation core to first constrict to
a metastable state before climbing to another parallel glide plane
[35]. As the first constriction step and the subsequent formation of
jogs in the dislocation can be energetically unfavorable, particularly
when the intrinsic stacking fault energy (ISFE) for the FCC metal is
low (~ 40 mJ/m? or less), void cutting is often favored over climb
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at room temperature [15,20]. Even when, in the MD model, the
ISFE in FCC Cu is artificially increased by five times to 186.5 mJ/m?
[36], dislocation climb still only becomes favorable over dislocation
cutting of the void at a high temperature of 700 K.

Most studies of dislocation-He bubble interactions focus on BCC
Fe [26-32], in which dislocation climb is the only bypass maneu-
ver that requires a lower or higher critical bypass stress than that
of dislocation-void interaction [26,29,31], depending on the tem-
perature and the ratio of He atoms to vacancies (He/V ratio) in
the bubble. Especially when the He/V ratio in the bubble is high
(2 or greater) at 300 K [31], the critical bypass stress reduces to
1/2-2/3 of that for voids or low He/V ratio bubbles (smaller than
1). An edge dislocation interacting with a He bubble in BCC met-
als gives rise to dislocation climb, creating a pair of unit jogs or
superjogs. Generally, large bubble size or high He/V ratio leads to
a superjog pair. The superjogged dislocation line involves greater
distances climbed than a unit jog, enabling it to cut through the
periphery of the bubble rather than its equatorial plane.

The interaction mechanism between edge dislocations and He
bubbles in FCC metals has received far less attention. Unlike dis-
locations in BCC metals, edge dislocations in FCC metals dissoci-
ate into two partial dislocations separated by a stacking fault (SF)
[34]. To date, only Ding et al. [9] performed MD simulations on
dislocation-bubble interaction in FCC Cu at 300 K and concluded
that edge dislocation cuts through He bubble and does not climb,
which is similar to its response with a void [15,20]. Questions re-
garding the effect of bubble pressure on the interaction between a
dislocation and a He bubble still remain for FCC metals. The He/V
ratio in the bubble determines the compressibility and pressure of
the bubble [37,38], which may alter the mechanism and stress re-
quired for a dislocation to bypass it.

In this work, we employ MD simulations to investigate the in-
teractions between an edge dislocation and He bubbles. Cu is used
here as a model FCC material. With the increase in the He/V ra-
tio, we show that the dislocation-bubble interaction mode changes
from dislocation bubble cutting to dislocation climb at room tem-
perature for a large enough bubble. More remarkably, we find that
when the ratio of bubble spacing to bubble diameter decreases be-
low a critical value, an alternative, energetically favorable mech-
anism emerges, in which the entire extended edge dislocation
moves to another plane without climbing and without jog forma-
tion. The mechanism involves a long series of steps, which we refer
to as multi-step bypass (MSB). Both dislocation climb and MSB at
room temperature involve vacancy migration from the Cu crystal
to the He bubble, resulting in bubble expansion. We show that the
conditions for climb and MSB are related to deformation tempera-
ture and bubble pressure, and MSB is more energetically favorable
compared to the dislocation climb and bubble cutting.

2. Methodology
2.1. Interatomic potential

The interactions among Cu atoms are described by the
embedded-atom method (EAM) potential proposed by Mishin et al.
[39]. Due to its accurate value for ISFE (44.1 mJ/m?2), this Cu-Cu in-
teraction is widely utilized in the atomistic simulations of disloca-
tion mobility [40,41] and dislocation-obstacle interaction [9,36,42].
For the He-He and He-Cu interactions, we adopted the two-body
potential by Kashinath et al. [43]. For this potential, its He-He in-
teraction energy is achieved by integrating the force-distance curve
obtained by density functional theory (DFT) calculations. In ad-
dition, the defect energies for He defects in Cu by this potential
are in excellent agreement with DFT calculations. These potentials
have been employed in prior work, involving dislocation-He bubble
interactions in Cu [9].
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Fig. 1. Schematic of the model set up for the molecular dynamics (MD) simulations.
The middle region with no color fill denotes the non-thermostat region, while the
red and blue regions are the boundary and thermostat regions, respectively. The
symbol ‘L’ represents the edge dislocation and on its right side on the glide plane
lies the center of the He bubble (or void) with the diameter d. A constant velocity
v is imposed in the positive x direction on the top boundary region, while the bot-
tom boundary region is fixed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

2.2. Molecular dynamics simulation

Our MD simulations were carried out via the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [44]. The
model configuration for dislocation-bubble/void interaction is dis-
played in Fig. 1. The single crystal (SC) Cu is oriented with its
[110], [112] and [111] crystallographic orientations aligned with x-
, y- and z-axes, respectively. The x and z dimensions are respec-
tively ~ 50 and ~ 62.5 nm. Their ratio, 0.8, is selected to minimize
spurious image stresses that can arise during dislocation-obstacle
interaction [42,45]. To investigate its effect, bubble spacing, the y
dimension (L), is varied from 10 nm to 20 nm with an increment
of 1 nm. We find that L = 10 nm represents dense implantation or
a high density of He bubbles in the Cu matrix. For a low density
of He bubbles, L = 20 nm is chosen, since larger L produces similar
results to that for L = 20 nm.

Periodic boundary conditions (PBCs) are imposed in the x and
y directions, while the top and the bottom surfaces with normal
in the z direction are maintained as free surfaces. An edge dislo-
cation gliding on the central (111) plane of the simulation cell is
inserted into the SC Cu with dislocation line along the y direction
and Burgers vector b = (ap/2)(110) (ap is the lattice parameter).
This full edge dislocation dissociates into two (ag/6)(112) partial
dislocations after energy minimization via the conjugate gradient
algorithm. Next, a He bubble is introduced with its center located
on the dislocation glide plane and about 20 nm from the right side
of the edge dislocation. The diameter of the He bubble is varied
over d = 1, 2, 4, 6 nm. The most commonly occurring bubble size
is d < 6 nm in the implantation experiments of Cu [5,9].

To construct the He bubble, we first built a void of the same
size and then randomly substituted vacancies in the void with He
atoms, according to the corresponding He/V ratio R. In this study,
the He/V ratio R ranges from R = 0, corresponding to a void, to
1.6 using increments of 0.1. The range of He/V ratios R < 2 is se-
lected based on theoretical calculations [46] and the experiments
[47]. Based on our calculations, R larger than 1.6 produces an un-
stable He bubble in the Cu matrix at 300 K, from which SFs or
dislocations punch out from the bubble surface [27]. The bisection
method is used to determine the critical temperature T at a given
R for either dislocation climb or MSB within an error of +0.5 K.
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Before shear loading, the thermostat relaxation was conducted
at the target temperatures (mainly at 300 K), with the NPT ensem-
ble applied. For the NPT ensemble, the boundary condition (BC)
along the z direction is changed to PBC by adding vacuum regions
above the top surface and below the bottom surface. This setting
is removed when thermostat is completed. More details can be
found in Ref. [42]. During shear loading, the system is divided into
three regions: the boundary regions, the thermostat regions and
the non-thermostat regions, the first two of which are colored in
red and blue in Fig. 1, respectively. For the boundary regions with
thickness ~ 1 nm, flexible BCs [48] are utilized, where the average
atomic velocities in these regions are first calculated and additional
velocities are added to ensure that the final velocities of the top
and bottom boundary regions reach a constant velocity v and zero,
respectively. The value of v is carefully calculated so that a strain
rate of 107 s~! is achieved. The thermostat regions with NVT en-
semble and the thickness of ~ 10.5 nm are implemented above and
below the dislocation core to control the simulation temperature
and avoid the influence of artificial friction on dislocation dynam-
ics resulting from direct thermostat on dislocation. Finally, the NVE
ensemble is utilized in the non-thermostat region to update the
atomic positions and velocities. Such a region division have been
found in several previous studies [42,49,50].

All visualizations are performed by OVITO [51]. To visualize the
dislocation, we use the polyhedral template matching method [52].
In addition, the dislocation lines are recognized by the dislocation
analysis (DXA) method [53] and various colors indicate different
dislocation types. The Burgers vectors of dislocations are denoted
using Thompson’s notation shown in Fig. A.1 of the Appendix.

2.3. Volume measurement and visualization of He bubble

The volume of He bubble is measured by the algorithm called
construct surface mesh [54] implemented in OVITO. The probe
sphere radius and the smoothing level are set to 2 and 1, respec-
tively. The variation of the He bubble in volume is recorded by cal-
culating the ratio of the variation in the current volume to the ini-
tial volume. The He bubbles are visualized using the defect mesh
in this algorithm.

3. Results
3.1. Shear stress-strain curves

The two important characteristics of a He bubble are its size
and He atomic density. The former is measured by the bubble di-
ameter d, while the latter is quantified by He/V ratio R, the num-
ber ratio of the He atoms in the bubble to the vacancies in the
same bubble. In addition, the bubble spacing L between neigh-
boring bubbles along the dislocation line also affects the critical
stress for the dislocation to bypass the bubbles [31]. The L is mea-
sured by the distance between the bubble centers. Due to PBCs,
L is equal to the y dimension of the atomic model, as shown in
Fig. 1. To investigate the effects of He/V ratio R and the ratio of
the bubble spacing L to the bubble diameter d, we consider, in our
calculations, combinations of R =0,0.5,1.0,1.5, L = 10, 20 nm and
d=1,2,4,6 nm. For reference, the typical range of bubble diame-
ters in experiments is d < 6 nm [5,9] and in prior MD simulations,
the bubble diameter was fixed to 5 nm [9].

We find in simulation that for the cases involving d = 1, 2, 4 nm
at 300 K, the edge dislocation cuts through the bubble directly.
This outcome follows conventional expectations and is similar to
the result in Ding et al’s work [9]. However, when d further in-
creases to 6 nm, the bypass mechanism depends on the He/V ra-
tio R and any changes in the mechanism can affect the deforma-
tion response. Fig. 2(a-b) show the shear stress-strain curves asso-
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ciated with the dislocation-bubble interactions for d = 6 nm and
R=0, 0.5, 1.0 and 1.5 at 300 K. Here, the bubble with R =0 cor-
responds to the void. In all curves, the stress is initially low and
non-negative, being close zero, suggesting the stress to move the
dislocation initially is minimal. The position of the dislocation is
still far from the bubble. As the dislocation moves close enough
to the bubble, the dislocation becomes attracted to the bubble and
the dislocation accelerates. This is indicated by a slight stress drop
to a negative value. A similar drop in shear stress due to dislo-
cation/bubble attraction is commonly seen in the interactions be-
tween dislocation and bubble [31] or void [27] in Fe. When the dis-
location finally meets the bubble, the dislocation becomes pinned
by it and the stress rises. To force the dislocation to bypass the
bubble, the stress needs to increase to a critical value, which cor-
responds to the peak stress in the stress-strain curve in Fig. 2(a-b).

3.2. Dislocation climb at room temperature

For a large void/bubble spacing (L= 20 nm in Fig. 2(c)),
the peak stress during the interaction rises slightly from 233 to
238 MPa as R increases from 0 to 1.5. Larger R renders a mi-
nor enhancement on the critical bypass stress. When R =0, 0.5
and 1.0, the edge dislocation cuts the bubble, staying on the same
glide plane during the process. In contrast, when R = 1.5, a portion
of dislocation line intersecting the bubble climbs downward and
forms a superjog pair in the process, before breaking away from
the bubble. The details of the climb process and the related dislo-
cation reactions in the case of d = 6 nm, R = 1.5 and L = 20 nm are
provided in Fig. 3. To distinguish the Burgers vector of each partial
dislocation, we adopt the conventional classification indicated by
Thompson’s notations [55] (See Fig. A.1 in the Appendix).

Initially, the perfect dislocation (BA) has dissociated into two
partials (A and B§) in Fig. 3(a). As the crystal is sheared, the dis-
location glides on the (111) plane toward the bubble and becomes
pinned. The two partials reorient their line directions, changing
their character, and then constrict to a full screw dislocation. Re-
orientation of the dislocation line near a free surface can also
be found in the experiments and explained by elasticity theory
[56,57]. This full screw dislocation then cross slips onto the (111)
plane and dissociates into two new Shockley partials (¥ A and By)
(See Fig. 3(b)).

Next, a new Hirth dislocation y§/BA forms, connecting §A,
BS, YA and By by the reactions of Bé = yA+y3s/BA and
8A+y38/BA = By (Fig. 3(c)). To depin from the bubble, yA and
By constrict and further cross slip into A and BS on a lower
(111) plane with 6A and BS connected by another Hirth disloca-
tion 6y /BA. The corresponding dislocation reactions are yA = B§ +
8y /BA and By + 8y /BA = A (Fig. 3(d)).

In contrast, the former Hirth dislocation ¥8/BA (7 A in length)
constricts into a point, possibly due to thermal vibration and a su-
perjog is formed between the original (111) plane and a lower (111)
plane. Similar to what happens in Fig. 3(b), A and B§ on the orig-
inal (111) plane are recombined into a full screw dislocation BA
on the other side of the bubble. Subsequent shear loading causes
the full dislocation BA to dissociate into By and yA (Fig. 3(e)).
Then, y A further dissociates into Lomer-Cottrell dislocation y§ and
Shockley partial A on the lower (111) glide plane. Due to PBCs,
the two JA on both sides of the bubble and the same lower (111)
glide plane connect each other. Finally, another Lomer-Cottrell dis-
location 8y appears and connects BS, §A, By and yA (Fig. 3(f)).
The related dislocation reactions for the Lomer-Cottrell dislocation
pair y8 and 8y are B6 = By + y3, y§+5A = yA, By = B6 + 8y
and 8y + YA = 8A. This 8y on the upper (111) plane and its coun-
terpart 8 on the lower (111) plane constitute a new superjog on
the other side of the bubble. With the effect of thermal vibration,
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Fig. 2. Shear stress-strain curves of the interactions between an edge dislocation and a He bubble with diameter d = 6 nm and different He/V ratios (R = 0.0, 0.5, 1.0 and
1.5) at 300 K for bubble spacing (a) L = 20 nm and (b) L = 10 nm. The peak stress during the interaction as a function of R at 300 K for (c) L = 20 nm and (d) L = 10 nm.
The insets in (c) and (d) denote the corresponding interaction morphology. Note that a He bubble with R = 0.0 represents a void.

B8 +8A=BA

BS = YA + y5/BA
8A +y5/BA =By

B
. 1
>

B8 =By +y8

YA = B8 + 5y/BA
By + 8y/BA=8A

BA=vyA+ By
YA = 8A +y§

YA = B8 + 5y/BA
By + 8y/BA=6A

v8 +8A=yA

By =B5 + 8y
8y +YA=6A

BS =y5/BA + YA
8A +y5/BA = By
YA =B§ + 6y/BA
By + 8y/BA=6A

Fig. 3. Snapshots of the climb process for the case with d = 6 nm, R= 1.5 and L = 20 nm at 300 K. The silver sphere represents the He bubble. Face-centered cubic
(FCC) atoms belonging to Cu have been removed to better visualize the dislocations. Hexagonal close-packed (HCP) atoms and those with unknown coordination structure
are colored red and gray, respectively. Dislocation lines are colored according to dislocation type: Full dislocation, blue; Shockley partial dislocation, green; Lomer-Cottrell
dislocation, magenta; and Hirth dislocation, yellow. The names of the Burgers vectors of the dislocations in the FCC system are indicated by the standard Thompson’s notation
[55]. The related dislocation reactions are shown. The Thompson tetrahedron is also shown in Fig. A.1 in the appendix. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the constricted point on the other side of the bubble in Fig. 3(e)
expands into the Hirth dislocation y§/BA again in Fig. 3(f).

The climb process is accomplished by first dislocation constric-
tion and second by jog formation, which is the conventional mech-
anism for climb invoked by a void in BCC Fe [58] or by vacancies in
FCC Cu [35]. However, our observation of the climb of an edge dis-
location in Cu to overcome a He bubble at room temperature has
not been reported before. One previous MD study involved climb
of an edge dislocation over a void under high temperatures and
using an artificial potential with ultra-high ISFE [36].

3.3. Multi-step bypass at room temperature

Next, we consider dislocation-bubble interactions when the
bubble spacing is cut in half, L = 10 nm. Fig. 2(d) shows the peak
stresses of the stress-strain curves in these cases for R = 0, 0.5, 1.0
and 1.5. As expected for R = 0, 0.5 and 1.0, the bypass stresses for
L =10 nm are much higher than those for L = 20 nm. Although for
fixed L = 10 nm, the enhancement with increasing R is slight, from
533 MPa to 546 MPa. This is characteristic of the cutting mecha-
nism where, just as for L =20 nm, the edge dislocation cuts the
bubble on its equatorial plane and then glides away, while remain-
ing on the same glide plane.

When the He/V ratio rises to R = 1.5, the expected trend re-
verses, marked by a steep decline in the peak stress to 209 MPa.
Unlike when L = 20 nm, raising the He/V ratio in the bubble (R =
1.5), did not cause the dislocation to bypass the bubble via climb
with jog pair formation. Instead, the entire dislocation line be-
tween neighboring bubbles moves from the original plane to a
lower parallel plane through a series of steps, each involving ei-
ther a dissociation or constriction, reactions, and cross slip. Only
when it fully transfers to the lower parallel plane does it release
itself from the bubble (Fig. 2(d)). During this process, the disloca-
tion does not maintain its edge character but changes its character
constantly. Because it includes a series of steps, while at the same
time involves the complete transfer of a full edge dislocation from
its habit plane to another parallel plane, we refer to the entire pro-
cess as multi-step bypass (MSB).

To understand how MSB proceeds during the dislocation-bubble
interaction, we analyze the partial dislocation reactions in each
step for the case of He/V ratio R = 1.5, bubble spacing L = 10 nm
and bubble diameter d = 6 nm in Fig. 4. Before shear loading, the
full edge dislocation (BA) has dissociated into its leading and trail-
ing partial dislocations (6A and B§) on the (111) plane. The initial
character angles of both §A and B§ are 60°. Upon shear loading,
these two partials contact the He bubble and then are successively
pinned (Fig. 4(a)). The leading partial dislocation §A further de-
composes into another Shockley partial SA on the (111) plane and
a sessile Lomer-Cottrell dislocation 68 lying at the line of inter-
section between the two planes (Fig. 4(b)). In this way, non-planar
dissociation takes place with the appearance of a Shockley partial
dislocation BA on the (111) plane.

Following the dissociation of §A, 68 further dissociates into §C
on the (111) plane and CB on the (111) plane (Fig. 4(c)). The §C
and Cf are screw dislocations, while B§ and BA are mixed dislo-
cations with the same character angle of 60°. When the dissocia-
tion of 88 has completed, two intrinsic SFs respectively lie on the
(111) and (111) planes, containing four partials (i.e., B8, §C, C8 and
BA in Fig. 4(d)). Hence, the original full dislocation BA decomposes
into two extended full dislocations, i.e., BC on the (111) plane and
CA on the (111) plane, and both of their character angles are 30°.
Under shear loading, the partials C8 and BA in the extended dis-
location CA reorient their dislocation lines on the bubble surface
and their character angles transform to 30°. After these two par-
tials both reorient, they constrict to a screw full dislocation CA on
the bubble surface (Fig. 4(e)).
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Next, the full screw-character dislocation CA cross slips from
the (111) plane to a new (111) plane, which is parallel to the orig-
inal plane and tangent to the periphery of the bubble, and then
dissociates into two new partials (C§ and SA in Fig. 4(f)). Here,
the character angles of both C§ and A are 30°. When cross slip
ends, CA becomes an extended full dislocation on the lower (111)
plane and its total character angle remains 0°. The arrangement of
the two SFs appear to be stuck on two parallel (111) glide planes.
With further shear loading, the line directions of C§ and §A align
to the y axis ([112] direction). As a result, C§ transforms into a
screw dislocation and another partial dislocation §A breaks away
from the bubble with its character angle increasing from 30° to
60° (Fig. 4(g)).

As the shear loading continues, the partials B6 and §C on the
upper (111) plane also reorient their line directions on the sur-
face of the bubble, such that when they constrict, they form a full
screw dislocation BC (Fig. 4(h)). The reorientation involves a reduc-
tion in the character angle from 30° to 0°, similar to the reorienta-
tion of the full dislocation CA in Fig. 4(e). Subsequently, dislocation
BC cross slips and dissociates into two partials («¢C and Ba) on the
(111) plane (Fig. 4(i)). As shown in Fig. 4(j), this extended disloca-
tion BC glides down on the (111) plane, as an extended dislocation
with two bounding Shockley partials Ba and «C of mixed charac-
ter 30°.

In the next Fig. 4(k), the leading partial Ba on the (111) plane
meets the trailing partial C§ on the lower (111) plane, reacting to
produce a Hirth dislocation «é/CB. Finally, the trailing partial oC
on the (111) plane continues to move and it reacts with «8/CB,
producing a new Shockley partial B6 with the character angle of
60°. Taken together, we observe that the dissociated edge dislo-
cation BA transitions from one (111) glide plane to another (111)
plane 13 atomic planes below it by a series of dislocation disso-
ciations, constrictions, cross slips and reactions. None of the steps
involve conventional climb.

3.4. Volume variation of He bubble

To gain insight into the role of He/V ratio in FCC Cu, we first in-
vestigate what happens to the bubble in MSB versus the other by-
pass mechanisms, climb and dislocation cutting. Fig. 5(a) and (c),
plots the bubble volume and pressure during its interaction with
the dislocation, from first impingement to complete bypass for L =
20 nm. When R = 1.0, the edge dislocation cuts through the bub-
ble, and when R = 1.5, it climbs down. In cutting, the bubble vol-
ume and pressure are preserved; however when the dislocation
climbs downward, the bubble volume increases and pressure de-
creases. Two volume changes occur when superjogs have formed
during climb, as marked in Fig. 3(b-c) and (d-f), both of which are
small, 0.4% and 0.4%. The number of vacancies ny = 29, for each
volume change of bubble.

Next, we track the volume and pressure of the bubble in
Fig. 5(b) and (d) when the bubble spacing is fine enough, L =10
nm, to potentially cause MSB. When R = 1.5 and MSB occurs, first
bubble expansion starts at the moment the dislocations C8 and
BA (in Fig. 4(d)), and thus the full dislocation CA reorient to the
screw orientation. The bubble enlarges abruptly as the dislocation
cross slips downward to another (111) plane, several atomic planes
below than the original (111) plane. Similarly, the second volume
expansion occurs when B§ and §C in Fig. 4(h) constrict, and the
full dislocation BC reorient to screw and then cross slips. The total
change in bubble volume is ~ 4%. The accompanying pressure drop
about 14%, suggesting that one reason MSB would be favored over
cutting is bubble pressure reduction.

For either dislocation climb or MSB in FCC Cu, the dislocations
move downward during their interactions with the bubbles with
high He/V ratio and thus high pressure. This is consistent with Os-
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Fig. 4. Snapshots of the multi-step bypass (MSB) process for the case with d = 6 nm, R = 1.5 and L = 10 nm at 300 K. The visualization scheme is the same as that of Fig. 3.
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Fig. 6. The pressure of the He bubble (d = 6 nm) as the function of temperature T and He/V ratio R for bubble spacing (a) L = 20 nm and (b) L = 10 nm. The pressure
contour is divided into three parts: I, II and III, which are bounded by solid and dashed lines. Regions I, Il and IIl represent the combinations of R and T for bubble-cutting
bypass, dislocation climb or MSB, and unstable He bubble, respectively. The red points are the critical combinations of R and T for dislocation climb or MSB, and the numbers
around them denote the related gas pressures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

etsky and Stoller’s work [31], where the dislocation climb direc-
tion depends on the bubble pressure during dislocation-bubble in-
teraction in BCC Fe. In their work, low bubble pressure promotes
an upward dislocation climb, while high bubble pressure aids in a
downward climb.

3.5. Conditions for climb and multi-step bypass

As shown in Fig. 5, the bubble tends to increase its volume and
thus decrease its pressure by dislocation climb or MSB. In this way,
the equilibrium pressure after dislocation-bubble interaction can
be reached again. To further reveal the relation between the ini-
tial bubble pressure before dislocation-bubble interaction and their
interaction mechanism, we carried out calculations for a range of
T and R but the same d = 6 nm to identify the critical tempera-
ture and thus the critical pressure above which climb, in the case
of L = 20 nm, or MSB, in the case of L = 10 nm, occurs. Here, R
ranges from 1.0 to 1.6 in increments of 0.1 and the critical tem-
perature T was determined by the bisection method within +0.5
K.

Fig. 6 maps the bubble pressure on R and T axes and for L =
20 nm, the regime in which cutting (region I), climb (region II),
and bubble breakdown (region III) occur. In region III, when the
R and T become too great, SFs and dislocations punch out from
the He bubble surface, as seen previously [27]. For a void, R = 0,
no temperature was found to cause climb. The pressure line mark-
ing the boundary between regions I and II is the critical pressure
for climb. As R increases, the critical temperature T for climb de-
creases and the critical pressure associated with the onset of climb
becomes higher. Similarly, for L = 10 nm, we identify a region in
the R and T map, at which the pressures are sufficient for MSB. As
R increases, the critical temperature to traverse from region I to re-
gion II for MSB decreases, while the corresponding pressure rises.
These critical pressures for MSB, however, are lower than those for
climb. Provided that the bubble density is high enough to enable
MSB, the combination of R and T is less severe than those needed
for climb. The extreme R and T conditions for the bubble to serve
as a source for dislocations, region III, is independent of the bubble
density and is the same for both L = 10 nm and 20 nm.

The critical pressure exhibits a small dependence on the par-
ticular combination of R and T. This dependency arises from the
influences of R and T on promoting vacancy motion that supports
the climb and MSB processes. A rise in temperature promotes the
motion of vacancies and a larger number of He atoms in the bub-

ble attracts vacancies due to higher He-vacancy binding energy
(0.34209 eV) than Cu-vacancy binding energy (0.14566 eV), see
Fig. B.2 for binding energy calculation.

The bypass mechanisms, climb and MSB, both relieve the pres-
sure of the bubble at fixed R and T because they result in an
expansion of the bubble. As the dislocation reorients, reacts, and
glides to bypass the bubble, vacancies can be emitted and flow to
the bubble. The volume of material affected by the moving dis-
location when it bypasses the bubble can be estimated by AVc =
H x L¢ x Ly, where H is the distance traversed normal to the orig-
inal glide plane, Ly, the interplanar spacing in [110], and L is the
length of the dislocation that undergoes MSB or climb. In climb,
L¢ is identified from the simulation in each case, and in MSB, L. is
taken as the bubble spacing 10 nm, since the entire length makes
the transition. At the same time, from simulation, we can measure
the actual volume expansion of the bubble AV} (see methodol-
ogy), after the dislocation has bypassed it. Fig. 7 compares AVy
and AV for both climb and MSB events for a range of R and
T. It indicates that regardless of R and T, AV and AV¢ show a
nearly one to one agreement. Further, we observe that MSB in-
volves greater volume change and thus bubble pressure relief than
climb.

3.6. Activation energy for climb and multi-step bypass

Finally, we determine and compare the characteristic time t,
required for climb and MSB, spanning from the moment of first
contact with the obstacle to final break away from the obstacle.
From this calculation, we find that despite the greater number of
steps and planes traversed in MSB than in climb, t; in MSB is much
shorter for fixed T and R. The activation energy E, associated with
ty and T can be estimated using transition state theory [59], via

E, = kT In ( “pbk

2d
Debye frequency, and the value of the Burgers vector, respectively.
For Cu, b = ag/+~/2 = 0.25562 nm and vp = 4.46 x 10'3 Hz [60]. For
the comparison, a critical temperature T, for climb or MSB was
identified for each R, such that at 1 K lower, the dislocation cuts
the bubble. In Fig. 8(a), we compare E, corresponding to the two
bypass mechanisms, cutting and climb, when the bubble spacing is
L = 20 nm, above critical length for MSB. The critical temperatures
T are provided above the data bars. For fixed R, the activation en-
ergy for climb is only slightly smaller than that for bubble-cutting.
The results also show that higher R lowers the E, for both, mak-

), where kg, vp, and b, are Boltzmanns constant,
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Fig. 7. The measured volume expansion of the He bubble via the algorithm of con-
struct surface mesh [54] implemented in the OVITO [51] as a function of the cal-
culated theoretical value. All the points are extracted from Region II in Fig. 6. The
temperature for MSB ranges from 191 K to 600 K, while that for climb from 199 K
to 600 K.

ing these bypass mechanisms easier. In the event that MSB is pos-
sible, with finer spacing, L = 10 nm (Fig. 8(b)), the E; for MSB is
noticeably smaller than that for bubble-cutting at a given R and
near or at the threshold T.. As before, the E; for MSB decreases
with increases in R, indicating greater amounts of He in the bubble
promotes MSB over cutting. Overall, when comparing the critical R
and T values needed to invoke climb or MSB, we find that MSB is
the more favorable mechanism.

4. Discussion

The MSB is a novel bypass mechanism that appears to arise
only in the severest of conditions of high bubble density (tight
spacing) and high He transmutation/implantation rate (high He/V
ratio). Both conditions are representative of those that can occur
in metals under high-dose irradiation [9]. The role of fine spacing
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in promoting MSB likely arises from one among the many steps in
the MSB process—the reorientation of the dislocation line, which
is a near free-surface effect from mixed character to screw charac-
ter. This maneuver is driven by energy minimization near a free
surface, as the screw oriented dislocation has the lowest elastic
line energy [61,62]. Previous experiments have observed such dis-
location rotation from mixed to screw orientation when the dis-
location ends on a flat surface of CuAl thin foil [56] and silicon
crystal [57]. For the same conditions in which MSB emerged, i.e.,
d =6 nm and R= 1.5 at room temperature, we repeated the cal-
culation for a series of L ranging from 10 nm to 20 nm in in-
crements of 1 nm, finding that the critical bubble spacing below
which MSB occurs over climb is L = 11 nm. The inner surface-to-
surface spacing in the crystal in which the dislocation transfers is
only 5 nm. The extent of the “bubble surface effect” depends on
several factors, such as the elastic modulus of the material, tem-
perature, and He/V ratio. In the case of d=6 nm, R=1.5 and
room temperature, the extent is short, no more than ~ 2.5 nm
from the bubble surface. For larger spacing, much of the bypass-
ing dislocation line lies out of reach and MSB is not possible, forc-
ing the dislocation to climb to circumvent the bubble convention-
ally. In addition, cross slip on the bubble surface is another im-
portant step in the MSB process. Thus, the role of bubble spacing
in MSB process may also depend on the dislocation dissociation
(e.g. stacking fault energy) and bubble size (e.g., bubble surface
curvature).

We find that the other severe condition for MSB is a high He/V
ratio in the nanobubbles. This response may be unique to the FCC
crystals, like the Cu studied here, in which dislocations are ex-
tended and do not climb easily. To date, MSB has not been re-
ported in BCC crystals, regardless of He/V ratio. Edge dislocations
in BCC materials are not extended and when interacting with a
void or bubble, they will climb. The interesting similarity lies in
the direction of bypass. In BCC crystals, for high He/V bubbles, the
edge dislocation will climb downwards but for the voids or low
He/V bubbles, it climbs upwards. Likewise in FCC crystals, MSB
in tight nanobubble spacings or climb in wide spacings involves
downward motion when He/V ratios are high. In the case of BCC
Fe, the low He/V nanobubble or void acts as a vacancy source,
causing the dislocation to climb upwards and the bubble to shrink
[17,18,31,33]. In the case of FCC and BCC crystals, the drive for va-
cancies to bind to He atoms in the bubble is the likely cause for
the downward motion of dislocation when the He/V ratio in the
bubble becomes sufficiently high [31].
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Fig. 8. The activation energy for the critical interaction mechanism as a function of He/V ratio R for (a) L = 20 nm and (b) L = 10 nm. The values above the blue bars in (a)
and (b) denote the critical temperatures required for climb and MSB, respectively. The critical temperature for bubble-cutting mechanism is approximately 1 K lower than
those given. Here, all the cases correspond to d = 6 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)



W.-R. Jian, S. Xu, Y. Su et al.

In addition, the bubble pressure after mechanical equilibrium
varies with the He/V ratio, temperature, and bubble size. For given
He/V ratio and temperature, the equilibrium pressure decreases
with an increasing bubble size. Furthermore, for a given bub-
ble size, the equilibrium pressure increases with temperature and
He/V ratio (Fig. 6). Such results are consistent with Stoller and Os-
etsky’s study [38]. Based on their study, it is possible that large
bubbles with d =6 nm in our simulations are overpressurized to
some extent when the He/V ratio R > 1.

Depending on the bubble pressure, He bubbles in irradiated
metals can serve as hard or soft obstacles, which is possibly re-
lated to strengthening or softening in metals. Wang et al. [7] found
the implanted He bubbles increase the strength of single-crystal Cu
nanopillars but impair their ductility. However, Liu et al. [63] ar-
gued that He bubbles can induce softening rather than strengthen-
ing in «-Zr, once the bubble size exceeds a threshold. Recent stud-
ies report that He-implantation can simultaneously lead to greater
strength and better ductility than un-irradiated Cu [9,64], an at-
tribute that breaks the common strength/ductility trade-off [65].
They attributed hardening to the reduced dislocation mean free
path and postponement of strain localization by high He bubble
densities. Our calculations show that MSB is promoted by large
He/V ratio and high temperature, and has a much lower critical by-
pass stress than conventional bypass mechanisms of climb or bub-
ble cutting at room temperature, suggesting that bubbles with high
pressure may be soft obstacles and responsible for material soften-
ing.

MSB is studied here as a bypass mechanism for edge-character
dislocations. Deformation generally involves the motion of dislo-
cations of all characters. MSB is obviously not possible for screw-
oriented dislocations, which can cross slip over obstacles, like
nanobubbles. However, a complex bypass mechanism, such as MSB,
involving a series of dislocation constrictions, dissociation, cross
slip, and reactions may be a possible bypass mechanism for mixed
dislocations, depending on the relative size of the screw com-
ponent. A comprehensive understanding of the mechanical per-
formance of irradiated metals with gas nanobubbles, would in-
clude mapping the regime of He/V ratio and nanobubble density at
which bypass mechanisms convert from the conventional to com-
plex.

5. Conclusions

In summary, we identify a unique mechanism, called MSB,
which an edge dislocation uses to bypass a He bubble in a FCC
metal, Cu. MSB emerges as a more favorable mechanism compared
to conventional ones in the event the concentration of He in the
bubble is sufficiently high, even at room temperature. We show
that MSB is also accompanied by a drop in bubble pressure and
determine the conditions of He-to-vacancy ratio in the bubble and
temperature in which MSB is favored over bubble cutting.
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Appendix A. Thompson tetrahedron

Fig. A.1. The Thompson tetrahedron opened up at the corner D. The ‘>’ in the num-
ber notation implies the vector direction.

Appendix B. Binding energy calculation

To calculate the binding energy of the vacancy and He or Cu
atoms, we built two different SC Cu models with their [100], [010]
and [001] crystallographic orientations aligned with x-, y- and z-
axes, respectively. The dimensions of these two models are 3.6 x
3.6 x 7.2 nm3 and 3.6 x 3.6 x 3.6 nm?3, respectively. As shown in
Fig. B.2, one Cu atom in the smaller Cu model is removed or sub-
stituted by a He atom to create the Cu model containing one va-
cancy or one He-vacancy cluster, denoted by Model I and II, re-
spectively. Two nonadjacent Cu atoms neighboring to the same Cu
atom in the larger Cu model are deleted to generate the Cu model
with two separated vacancies bound to the same Cu atom (Model
IlN). To generate Model IV with the cluster containing one He atom
and two vacancies, two neighboring atoms of the original larger Cu
model are removed and then only one of the vacancies is filled by
one He atom. After energy minimization, we obtain the total ener-
gies for all four models: Eq, E;, E3 and E4. The binding energy for
the vacancy and Cu atom is Ecyy = 2E; — E3 = 0.14566 eV, while
that for the vacancy and He atom is Eyey = E; + E; — E4 = 0.34209
ev.
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