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Abstract

In advanced nuclear reactors, structural materials are subjected to stress, leading to dislocation slip. Understanding
the interaction between dislocation slip and irradiation-induced defects is crucial for the practical application of nuclear
structural materials. Currently, studies on the interaction between dislocations and dislocation loop-H-bubble complexes
remain limited. In this study, molecular dynamics simulations were employed to investigate the interaction of edge
dislocations with three forms of dislocation loop-H-bubble complexes: with the H bubble inside the loop (C1), at the upper-
edge dislocation core (C2), and at the lower-edge dislocation core (C3). The results show that these complexes significantly
hinder dislocation slip. The critical resolved shear stress (CRSS) values required for an edge dislocation to overcome
complexes C1, C2 and C3 are 120, 90 and 225 MPa, respectively. The hindering strength is primarily determined by the H
bubble and strongly depends on its position within the complex. During the interaction, part of the dislocation loop is
absorbed by the dislocation, rendering the loop itself a relatively minor contributor to the overall pinning effect.

1. INTRODUCTION

In the advanced nuclear reactor, the structural materials need to provide sufficient mechanical support for the
reactor device [1]. In a state of stress for a long time, the shear force acting on the crystal for a long time causes
it to deform, which affects the mechanical properties of the material. Under the influence of shear stress, crystals
deform through plastic deformation (elastic deformation) or uniform deformation (homogeneous deformation).
In the crystal, the main way in which plastic deformation occurs is through the slip of dislocations. Dislocation
slip is characterized by the displacement of a crystal in a specific crystallographic direction (called a slip
direction) and a specific lattice plane (called a slip plane). Steps are created on the crystal surface during
dislocation slip, which indicates the inhomogeneity of the slip process. The slip of dislocations in the lattice
requires external stress to drive it. To activate a dislocation slip, it's necessary to have a minimum stress value
that is known as the Peierls-Nabarro force [2, 3]. The value of the Peierls-Nabarro force is generally low. For
example, in BCC iron, the Peierls-Nabarro force is about 25 MPa [4]. Thus, it can be observed that dislocation
slip in the material can easily be activated. However, there will be a large number of defects in the irradiated
materials. The movement of dislocations can be hindered by defects when they come into contact with each
other, which directly affects the deformation mechanism of the material. Understanding the interaction between
dislocations and various defects is very meaningful work for the practical application of nuclear structural
materials.

For the interaction between dislocations and dislocation loops, Osetsky et. al. [5-7] reported that dislocation
loops in the matrix can suppress the mobility of dislocations. The strength of the pinning is mainly related to the
type, size, number density and Burg vector of the dislocation loops. Dislocation loops impede the movement of
dislocations mainly through direct contact or elastic interaction, resulting in an increase in the material's yield
stress and a decrease in ductility, a phenomenon known as "hardening"[8-9]. For the interaction between
dislocation and vacancy defects, the dislocation tends to intermix with vacancy clusters. Because the strain
energy of the dislocation core in the inner part of the cavity is zero. Under sufficient shear force, dislocations
can be released from pinning of vacancies by climbing. Similarly, the presence of bubbles in the matrix can also
hinder the movement of dislocations. In BCC iron, the hindering intensity of helium bubbles to the dislocations
is slightly higher than that of corresponding sized voids, and it decreases with increasing temperature [10-13].

We have previously investigated the interaction between dislocation loops and H-bubbles in BCC iron, found
that, dislocation loops and H-bubbles can form the morphology of a loop-bubble complex under certain
conditions [14]. A similar structure of loop-bubble complexes in BCC iron-based alloys has also been observed
experimentally [15-17]. This paper primarily employs molecular dynamics to investigate the pinning behavior
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of dislocation loop-H-bubble complexes on edge dislocations. In BCC iron, dislocation slip occurs along the
<111> direction, with the corresponding Burgers vector of (a0/2)[111], and includes two types of edge
dislocations: 1/2<111>{112} and <111>{011} [14]. In this study, 1/2<111>{112} type edge dislocations are
selected as the focus, and the loop-bubble complexes are modeled using interstitial 1/2<111> dislocation loops
with embedded H bubbles.

In addition, in BCC iron and its alloy materials, there are many studies about interaction between bubbles and
dislocations was mainly focus on He bubbles[10-13], while the related research on the interaction between H
bubbles and dislocations was relatively lack. Furthermore, numerous studies have investigated the interaction
between dislocation loops and dislocations [5-7]. Therefore, before carrying out the simulation of the interaction
between the loop-bubble complex and the edge dislocation, we first calculated the hindering behavior of the H-
bubble on the edge dislocation, so as to be able to better understand and compare the interaction between the
loop-bubble complex and the edge dislocation.

2. SIMULATION METHODS

In this work, an embedded atom method (EAM) potential function developed by Ramasubramaniam et. al. [18]
was applied to describe the Fe-H interaction. The portion of this potential function describing the Fe-Fe
interaction is based on the potential published by Ackland et. al. [19]. This Ackland potential is excellent in
describing the behavior of dislocations in BCC iron, and its calculated results are basically consistent with the
first-principles results, which are very suitable for calculating the interaction between dislocations and
irradiation defects. The calculation box as shown in Fig. 1. Periodic boundary conditions are applied in both the
x-direction and the z-direction of the computational cell.
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FIG. 1. Schematic diagram of the calculation box. The orange region represents the top surface atomic layer, the gray
region represents the bottom surface atomic layer, and the white region in the middle represents the internal atomic layers
of the matrix.

To better understand the properties of the dislocation loop-H bubble complex, we first simulate the interaction
between an H bubble and an edge dislocation, considering bubble sizes of 1 nm, 2 nm and 3 nm, and H/V ratios
in the range of 0 - 0.8. Based on these results, we then calculate the interaction between the dislocation loop-
bubble complex and an edge dislocation. As shown in Fig. 2, three forms of dislocation loop-H bubble
complexes (labeled C1, C2, and C3) are considered.
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FIG. 2. Schematic diagram of the initial relative positions between the edge dislocation and the three types of dislocation
loop-H bubble complexes in the simulation. (a) The H bubble is located inside the dislocation loop, without contact with the
dislocation core at the edge, labeled as C1; (b) The H bubble is located at the dislocation core on the upper edge of the
dislocation loop, labeled as C2; (c) The H bubble is located at the dislocation core on the lower edge of the dislocation loop,
labeled as C3.
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3. RESULTS
3.1. Interaction between edge dislocations and H bubbles

Fig. 3 summarizes the critical resolved shear stress (CRSS) values for 1/2<111>{112} edge dislocations passing
through H bubbles of different sizes and H/V ratios, where the bubble sizes are 1 nm, 2 nm and 3 nm, and the
H/V ratio ranges from 0 to 0.8. In single crystal, the resistance strength of various defects to dislocation slip is
mainly reflected by CRSS value. The CRSS value refers to the minimum shear stress value required to
overcome the pinning effect when the dislocation crosses the obstacle. It is found that as the size of the H bubble
is larger, the pinning effect is stronger. Dislocations pass through H bubbles in the same way as through voids
(both climb and cut through).
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FIG. 3. Variation of the CRSS with increasing H/V ratio inside the H bubble. The bubble sizes are 1 nm, 2 nm and 3 nm.

3.2. Interaction between edge dislocations and dislocation loop-H-bubble complexes

Fig. 4 shows the detailed process of the interaction between the 1/2<111>{112} edge dislocation and the loop-
bubble complex C1 under shear stress conditions.
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FIG. 4. Schematic of the dynamic interaction process between an edge dislocation and the loop-bubble complex C1. Panels
(a)-(e) show the evolution of the dislocation and the loop-bubble complex at different stages in terms of shape and relative
position. The blue segments of the dislocation represent edge dislocation portions, while the pinkish-white segments indicate
regions approaching a screw dislocation character, which generally occurs when segments of the dislocation are strongly
pulled or twisted. The gray spheres represent the H bubble.

Fig. 4(a) shows the state of dislocations and loop-bubble complexes after the entire system is relaxed in an
unstressed state. In order to confirm that the dislocation loop and the H bubble indeed form a relatively stable
complex, the entire stress-free relaxation process lasted for 20 ps, during which the loop-bubble complex
presented a stable state, and the H bubble was always located inside the dislocation loop, no contact with
dislocation core. After shear stress is applied, the dislocation evolution, beginning with slip and ending with the
complete unpinning of the loop-bubble complex, occurs in three distinct stages. In the first stage, as shown in
Fig. 4(b), after the dislocation slip reaches the vicinity of the loop-bubble complex, the dislocation and the loop-
bubble complex show the short-ranged repulsion. The middle bending state of the dislocation and the rightward
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shift of the dislocation loop, indicate that the dislocation and the loop-bubble complex exhibit mutual repulsion,
which mainly originates from the elastic interaction between the dislocation and the dislocation loop. At this
point, the dislocation encounters the first obstacle, and the slip action stops. In the second stage, the shear stress
strength is increased, and the dislocations overcome the resistance and continue to move forward. As shown in
Fig. 4(c), the dislocation continues to slip forward, the dislocation loop is pushed away from the bubble, and the
loop-bubble complex morphology is disrupted. The dislocation slips to the hydrogen bubble. The interaction
between the dislocation and the bubble preventing dislocation from strengthening again. In the third stage, the
shear stress strength is increased again, and the dislocation are pulled into a curved state by the pinning action of
the bubble and the drive of the shear stress, as shown in Fig. 4(d). Interestingly, because the dislocation loop is
attracted by the H bubble, it still stays in the vicinity of the H bubble. At the same time, the dislocation
gradually approached the edge of the dislocation loop. When the two are in contact, the dislocation absorbs half
of the dislocation loop, and this half of the dislocation loop forms a super-jog-like dislocation segment on the
dislocation line, as shown in Fig. 4(e). The newly formed dislocation with super-jog-like dislocation segments
no longer intersect with the bubbles, so the dislocation are unpinned and continue to slide forward. The
remaining half of the dislocation loop is attracted by the bubble, and the two re-form a new loop-bubble
complex. The critical resolved shear stress (CRSS) required for an edge dislocation to overcome the barrier of
the loop-bubble complex C1 is 120 MPa.

Fig. 5 shows the interaction of edge dislocations with loop-bubble complex C2 under shear stress. In the loop-
bubble complex, the H bubble is located at the upper edge of the dislocation loop. Fig. 5(a) shows the initial
state of dislocation and complex C2 after the system is relaxed in the unstressed state. It can be seen that the
dislocation-to-dislocation loop repulsion has caused the unpinned part of the dislocation loop in complex C2 to
shift to the right. As shown in Fig. 5(b), after applying shear stress, as the dislocation approaches the complex
C2, the middle part of the dislocation also bends under the repulsive effect. Increase the shear stress value until
the dislocation hits the edge of the dislocation loop. As shown in Fig. 5(c), when the dislocation just touches the
edge of the dislocation loop, the instantaneous form of the dislocation, the dislocation loop and the hydrogen
bubble is mixed together. In order to show more clearly, the top view of the middle hybrid part is given in Fig.
5(e). Since the dislocation and the dislocation loop are integrated, we use black lines to outline the part
originally belonging to the dislocation loop and the part belonging to the edge dislocation respectively in the
figure. The contact point position between the dislocation and the edge of the dislocation loop is marked with a
red circle. When point A on the edge dislocation in the figure touches point B on the other side of the
dislocation loop, the dislocation absorbs the lower half of the dislocation loop, forming a super-jog-like
dislocation segment, as shown in Fig. 5(d). There is no obstacle on the super-jog-like dislocation segment which
can continue to slip. The corresponding CRSS value is 90Mpa. The original complex C2 remained in place as a
new complex after losing half of the dislocation loop.
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FIG. 5. Schematic of the dynamic interaction process between an edge dislocation and the loop-bubble complex C2. Panels
(a)-(d) show the evolution of the dislocation and the loop-bubble complex at different stages in terms of shape and relative
position. (e) shows a top view of the structure within the dashed box in (c). The blue segments of the dislocation represent
edge dislocation portions, while the pinkish-white segments indicate regions approaching a screw dislocation character. The
gray spheres represent the H bubble.

Fig. 6 shows the interaction of edge dislocations with loop-bubble complex C3 under shear stress. At this part,
the H bubble is located at the lower edge of the dislocation loop in the complex. The initial state of the
dislocation and the complex C3 after the system is relaxed in the unstressed state. As shown in Fig. 6(b)-(c), the
dislocation is driven by shear stress to approach and absorb the dislocation loop in the lower half of the C3
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complex, which forms a bulge-like dislocation segment (super-jog). The super-jog contains the hydrogen
bubble(2nm) in the original complex C3. Therefore, the new dislocation that have absorbed part of the
dislocation loop must continue to overcome the H-bubble. As shown in Fig. 6(d) is the critical state before the
dislocation breaks free from H-bubble pinning. At this time, the two dislocation lines near the H bubble have
temporarily turned into screw dislocations under the pulling action. After the dislocation breaks free from the
pinning of the H-bubble, as shown in Fig. 6(e), there is also a small protrusion in the middle of the bulge-like
dislocation segment (super-jog) of the dislocation, indicating that the dislocation is by climbing the way to cross
the H-bubble pinning. The corresponding CRSS value is about 225Mpa. At this time, the original dislocation
loop-bubble complex C3 has disintegrated after the dislocation is drawn. The hydrogen bubbles stay in place
alone, half of the dislocation loop is absorbed by the dislocation, and the other half of the small dislocation loop
is formed in the matrix.
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FIG. 6. Schematic of the dynamic interaction process between an edge dislocation and the loop-bubble complex C3. Panels
(a)-(e) show the evolution of the dislocation and the loop-bubble complex at different stages in terms of shape and relative
position. The blue segments of the dislocation represent edge dislocation portions, while the pinkish-white segments indicate
regions approaching a screw dislocation character. The gray spheres represent the H bubble.
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4. DISCUSSION

As shown in Fig. 3, the CRSS value increases significantly with increasing H-bubble size. The pinning strength
of 2nm bubbles to dislocations is directly more than twice that of 1nm bubbles, while the increase in pinning
strength of 3nm bubbles is smaller. The effect of size effect on the CRSS value is very strong. However, with
the increase of the H/V ratio in the H bubble, the CRSS value just has a slight upward trend. When H/V equals 0,
it corresponds to a void. The pinning strength of H bubbles to dislocations is almost equivalent to that of voids
of the same size. The simulation results indicate that the hindering strength of H bubbles and voids to
dislocation slip is comparable and their interaction behaviors with edge dislocations are very similar, consistent
with the Orowan mechanism of dislocation bypassing non-penetrable obstacles such as precipitates and voids in
BCC iron.

Fig. 3 shows that an H bubble with a size of 2 nm and H/V = 0.7 exerts a barrier strength of 223 MPa on edge
dislocations, while the CRSS for an edge dislocation to overcome the loop-bubble complex C1 is only 120 MPa,
indicating that the pinning effect of the C1 complex is substantially weaker than that of a single H bubble.
Combining the characteristics of the interaction between bubbles/dislocation loops and edge dislocations, we
summarize the main interactions involved in the interaction between dislocations and complex Cl1 into the
following points: (1) The pinning effect of hydrogen bubbles on 1/2<111> dislocation loops and the elastic
repulsion between dislocation loops and dislocations are the main reasons why the loop-bubble complex can be
an obstacle to the movement of dislocations. At this time, the repulsion between dislocations and dislocation
loops is stronger than the attraction of H bubbles to dislocations. (2) As the shear stress increases, the
dislocation continues to approach the complex, while the complex disintegration due to elastic stress field
between dislocations and dislocation loops. But the attraction of the hydrogen bubble to the dislocation loop
keeps the dislocation loop nearby. The dislocation loop at this time shows a pulled shape as shown in Fig. 4(d).
The pulling force acting on the dislocation loop comes from both of the repulsive force of the dislocation and
the attraction of the bubble. (3) After the dislocation is locked by the H bubble, the dislocation is pulled forward
under the action of shear stress, once it touches the dislocation loop, the dislocation line can absorb half of the
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dislocation loop to form a super-jog-shaped dislocation segment. Since the dislocation core at the edge of the
dislocation loop is not connected to the H bubble, the super-jog-like dislocation segment just helps the
dislocation bypass the pinning of the H bubble. Therefore, 120Mpa corresponds to the stress value when the
dislocation just touches the dislocation loop. Of course, it is much smaller than the corresponding 223Mpa when
the dislocation line is pulled to break free from the H bubble. (4) After the dislocation crosses the hydrogen
bubble and the dislocation loop shrunk by half, the dislocation loop is no longer subject to the repulsive force
from the dislocation, so the loop is re-synthesized into a new complex stays in the initial position under the
attraction of the H bubble.

During the interaction between the dislocation and C2, since the H bubble is located at the dislocation core, it
exerts a stronger pinning effect on the dislocation loop compared with C1. Therefore, when the dislocation
begins to approach C2 under applied shear stress, the elastic repulsion between the dislocation and the
dislocation loop causes only a positional shift of the loop, without detaching it from the dislocation loop-H
bubble complex. As the shear stress continues to increase, the dislocation comes into contact with and merges
into the dislocation loop of C2, after which it absorbs the lower half of the loop and detaches from C2. In this
process, the H bubble does not directly participate in hindering the dislocation slip, and thus the CRSS value of
90 MPa is smaller than the CRSS value of 223 MPa for the interaction between the H bubble and the dislocation.

The interaction process between the dislocation and C3 is similar to that between the dislocation and C2. When
the dislocation approaches C3, the elastic repulsion between the dislocation and the dislocation loop causes a
positional shift of the loop. It is worth noting that this repulsive force mainly acts on the lower half of the
dislocation loop, and in addition, the pinning of the H bubble also acts on the lower part of the loop. Therefore,
during the approach of the dislocation, the positional shift of the dislocation loop in C3 is smaller compared with
the interaction processes with C1 and C2, resulting in a more stable loop-bubble complex than C1 and C2.
Differently from the interaction with C2, as the shear stress continues to increase, when the dislocation comes
into contact with the dislocation loop at C3, it absorbs both the lower half of the dislocation loop and the H
bubble located in the lower part of C3. In this case, the dislocation slip is entirely hindered by the H bubble, and
thus the CRSS value of 225 MPa is close to the 223 MPa CRSS value for the interaction between the H bubble
and the dislocation.

The results of the interactions between edge dislocations and complexes C1, C2 and C3 show that the loop-
bubble complex indeed hinders dislocation slip, and that the position of the bubble within the loop significantly
influences the blocking strength of the complex. The CRSS values indicate that the blocking strengths of the
three loop-bubble complexes against edge dislocations are arranged as C2 (90Mpa) < C1 (120Mpa) < C3
(225Mpa). In summary, C2 is the weakest obstacle to the edge dislocation, because in the process of unpinning
the dislocation, it only needs to overcome the repulsion between it and the dislocation loop. The pinning effect
can be released as soon as it contacts the dislocation loop. C1 is generally a hindrance to edge dislocations. In
the process of unpinning the dislocation, it needs to be pinned by the H bubble, and the pinned dislocation can
be unpinned by contacting the dislocation ring after the pulled dislocation segment. C3 is the strongest barrier to
edge dislocations. After dislocation absorbs the dislocation loop, since the H bubble is located at the edge of the
half of the dislocation loop absorbed by the dislocation, the dislocation loop must be in the shear stress. Drive
the pinning directly across the H-bubble. Therefore, the hindering strength of dislocations by C3 (~225Mpa) is
similar to that of a single H-bubble in C3 (~223Mpa). The above differences in pinning strength are caused by
the different positions of the H bubbles in the composite. The number and size of H bubbles on the dislocation
cores of the dislocation loop determine the strength of the loop-bubble complex in hindering dislocation slip.

In addition, numerous works have already performed detailed simulations of the interaction between edge
dislocations and 1/2<111> interstitial dislocation loops using molecular dynamics methods [4, 21-24]. The
results show that when a dislocation encounters a dislocation loop, it is very easy to absorb part or all of the
dislocation loop to form a super-jog-like dislocation segment. However, when the edge dislocation slip plane is
parallel to the dislocation loop Burg vector, it is difficult for the dislocation to contact the dislocation loop. This
is due to the elastic repulsion between the dislocations and the strong mobility of the 1/2<111> interstitial
dislocation loops when the dislocations slip toward the dislocation loops. When the dislocation is close to the
1/2<111> dislocation loop, the repulsive force between the two will make the 1/2<111> dislocation loop move
away quickly, so it is difficult for the two to make direct contact. In our constructed model, the interaction
between a 1/2<111>{112} edge dislocation and a 1/2<111> interstitial dislocation loop was also calculated,
yielding a corresponding CRSS of 65 MPa.

Table 1 summarizes the hindering of dislocation slip by 1/2<111> dislocation loops, H bubbles and the three
types of dislocation loop-H bubble complexes. A comparison reveals that: (1) The existence of the bubble can
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improve the hindering strength of dislocation loop to dislocation. The single 1/2<111> dislocation loop has
almost no hindering effect on dislocation slip due to its easy migration. However, the addition of H bubbles can
pin the 1/2<111> dislocation loop, making the dislocation. The elastic force field between the loop and the
dislocation can hinder the slip of the dislocation to a certain extent. (2) The existence of dislocation loops will
weaken the pinning strength of H bubbles on the slip surface to dislocations, but it can expand the range of H
bubbles on the non-slip surface that hinder dislocations. (3) The existence of shear stress can reduce the size of
the loop-bubble complex through dislocation slip, and may even directly disintegrate the structure of the loop-
bubble complex and restore it to a separate dislocation ring and H-bubble structure.

TABLE 1. SUMMARY OF THE HINDRANCE TO DISLOCATION SLIP CAUSED BY 1/2<111>
DISLOCATION LOOPS, H-BUBBLES AND THREE TYPES OF DISLOCATION LOOP-BUBBLE
COMPLEXES.

Loop C1 C2 C3 H bubble

. 1 1 1 ks ®

Initial state

Final state ®
2
CRSS 65 MPa 120 MPa 90 MPa 225 MPa 223 MPa
Interaction
force
without Repulsive force Repulsive force Repulsive force Repulsive force Attractive force
external
stress
Main source Loop H-bubble Loop H-bubble H-bubble
of resistance
During the pinning Overcoming the
Depinnin process by H bubbles, repulsive force of
PINMINE 7y pinning effect part of the loops are loops, part of the Climb Climb
mechanism . . .
absorbed while others  dislocation loops are
bypass them. absorbed.

5. CONCLUSION

In this study, molecular dynamics simulations were employed to investigate the hindering effect of H bubbles
with different sizes and H/V ratios on edge dislocations in BCC iron. The results indicate that the bubble size
has a pronounced influence on the pinning strength against dislocations, whereas variations in the H/V ratio
exert only a minor effect. The pinning strength of H bubbles is comparable to that of cavities of the same size,
and the mechanism by which edge dislocations bypass H bubbles is consistent with the Orowan mechanism.

Subsequently, the effects of three forms of dislocation loop-H-bubble complexes on the migration behavior of
edge dislocations are examined: C1, with the H bubble inside the loop; C2, with the H bubble at the upper-edge
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dislocation core; and C3, with the H bubble at the lower-edge dislocation core. The results reveal that these
complexes significantly hinder dislocation slip. The CRSS values required for an edge dislocation to overcome
complexes C1, C2 and C3 are 120, 90 and 225 MPa, respectively. The hindering strength mainly arises from the
H bubble and is strongly influenced by its position within the complex. During the interaction, part of the
dislocation loop is absorbed by the dislocation, so its contribution to hindering dislocation slip is relatively
minor.
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