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Energetic and atomic structural
analyses of the screw dislocation
absorption at tilt grain boundaries
in BCC-Fe

Chiharu Kura'*?, Masato Wakeda?**, Kazushi Hayashi! & Takahito Ohmura?

The dislocation—grain boundary (GB) interaction plays an important role in GB-related plasticity.
Therefore, an atomistic investigation of the interaction provides a deeper understanding of the
strength and fracture of polycrystalline metals. In this study, we investigated the absorption of

a screw dislocation with a Burgers vector perpendicular to the GB normal and the corresponding
symmetric tilt grain boundaries (STGBs) in BCC-Fe based on molecular static simulations focusing

on the STGB-dislocation interaction energy and atomistic structural changes at GB. The STGB-screw
dislocation interaction depends on the energetical stability of the STGB against the GB shift along
the Burgers vector direction. When the interaction exhibited a large attractive interaction energy, the
dislocation dissociation and the GB shift along the Burgers vector direction occurred simultaneously.
The interaction energy reveals that the interaction depends on the energetical stability of the STGB
in terms of the GB shift in addition to the geometrical descriptor of the GB type, such as the X value.
The same behavior was also obtained in the reaction when the second dislocation was introduced. We
also discuss the screw dislocation absorption and rearrangement of the GB atomistic structure in STGB
from an energetic viewpoint.

Steel has been conventionally used in automobiles, buildings, roads, and railways, among other infrastructures.
There is significant demand for higher strength steel with a longer lifespan to help reduce its weight load and
improve the safety of transportation equipment and social infrastructure. Because the properties of steel depend
on its microstructure, selecting appropriate chemical compositions and manufacturing process conditions is
critical. The microstructures of metals generally include various lattice defects, such as impurities, atomic vacan-
cies, dislocations, and grain boundaries (GBs)'. Impurities in iron, such as sulfur and phosphorus, cause GB
embrittlement®®. In addition, hydrogen embrittlement is a significant problem in industrial applications in
delayed fracture®-. Because the suppression of brittle fracturing is an industrial issue, the factors influencing
embrittlement, especially impurity concentrations and the decohesion mechanism, have been discussed’™’; in
particular, the study of changes in interatomic bonds at the GBs based on the first-principles method has been
reported?.

However, the effects of lattice defects on the fracture mechanisms of steel remain unclear. Even in brittle
fractures at the GB, dislocation-based plastic deformation occurs near the GB before the final catastrophic
fracture. The dislocation-GB interaction is an important factor in GB-related plasticity. Elucidating the disloca-
tion-GB interaction is expected to provide a deeper understanding of the GB related strength and fracture of
polycrystalline metals. For decades, various experimental and computational efforts have been made to unveil
the dislocation-GB interaction'-'. From a practical perspective, dislocation-GB interaction is a key phenom-
enon in GB strengthening'’-". Therefore, atomistic dislocation analyses on far-field interaction with the GB,
pileups near the GB, absorption at the GB, transmission across the GB, and nucleation from the GB have been
conducted for crystalline metals. These previous works have primarily focused on face-centered cubic (FCC)
metals, because the dislocation in an FCC metal has a wide core structure and is easily moved on an aimed slip
plane under applied shear stress?*-%".

In body-centered cubic (BCC) metals, screw dislocations dominate the mechanical behaviors. Screw disloca-
tions have a remarkably low mobility and a cross slip mechanism can easily change the slip plane. Therefore, the
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Figure 1. Schematic of the models for calculating GB-dislocation interaction. A letter “s” enclosed within a red
circle shows position of the core of the screw dislocation.

atomistic evaluation of the screw-GB interaction under the applied shear stress is distinct from that of FCC met-
als. The dislocation-GB interaction in BCC metals requires further analysis to understand its fundamental nature.

In this study, we focused on the dislocation behaviors, especially for absorption and dissociation at the GB,
and revealed the dislocation-GB interaction from the perspective of interaction energy in the system. Disloca-
tion absorption is one of the basic phenomena of dislocation-GB interactions?®*. When a mobile dislocation
approaches the GB, elastic interactions are generally induced. The elastic interaction often causes an energy
barrier for dislocation absorption, as reported for FCC metals***!. Therefore, elastic interaction is a key factor
in dislocation absorption at the GB. In addition, the absorbed dislocation may induce changes in the atomic
configurations at the GB, which affect the ability of GB for dislocation absorption and subsequent emission in
the original grain or adjacent grain. Thus, the changes in atomic configurations at the GB due to the absorbed
dislocations are significant factors. Dissociation of absorbed dislocation induces structural changes at the GB,
and it has been reported in some atomistic studies'>*°. Because dislocation dissociation affects strain accumula-
tion and subsequent emission at the GB, an investigation of the dominant factors and background physics of
the dislocation dissociation at the GB is important. To obtain atomistic knowledge on the absorption process of
screw dislocation into the GB, we created screw dislocations and symmetric tilt grain boundaries (STGB) models
and investigated the interaction between them using molecular static (MS) simulations based on the embedded
atom method (EAM) potential. Since we here used large-scale atomic models, we chose the empirical force field
model rather than more accurate ones such as the first principles calculation. We here intended to discuss the
background physics of the relationship between the GB-dislocation interaction and the stability of GB. Herein,
we focused on two factors: the elastic dislocation-GB interaction, and the structural changes caused by disloca-
tion absorption. We used different types of GBs with different energetical stabilities, and evaluated the structural
changes induced by the intense stress and strain fields of a screw dislocation. Moreover, we introduced a second
dislocation into the model, in which the GB had already absorbed the first dislocation, to provide additional
insight on the correlation between the GB structure and the structural changes at the GB caused by the screw
dislocation. Finally, we discussed the fundamentals of screw dislocation absorption at the STGB based on the
concept of the potential energy landscape.

Results

The interaction energies between the GB and the screw dislocation. In this study, we investigate
the interaction between GBs and screw dislocations, which has a dislocation line direction along the <111>
direction, using large-scale models to reduce the influence of the free boundary on the GB-dislocation interac-
tion. Three <111> STGBs [2£7(123)0=38.21°, £37(347)0="50.57°, £3(112)0=60.00°], of which properties have
been investigated in computational studies®*~*, were here chosen. We introduced the GBs in atomic models, as
shown in Fig. 1. Figure 2 shows the interaction energy for 27, £37 and X3 GBs with the solid marks. The inter-
action energy for X7 GB decreases with decreasing d, and reaches a minimum value of —19.0 eV A~! when the
dislocation position is just above the GB, suggesting a large attractive interaction between X7 GB and the screw
dislocation. The self-energy of the screw dislocation is approximately 1 €V A~! in this model system. Therefore,
the significant decrease in the interaction energy for X7 GB implies that the GB structure becomes more stable
by approaching screw dislocation. Meanwhile, in the case of £37 and £3 GBs, the interaction energy was almost
constant regardless of d, indicating that the interaction energy of 237 and X3 GBs with the screw dislocation
was small.

We also calculated AE*(d) = Eg,y.g(d)/S, where S is the cross-sectional area of the GB in the GB model and
AE*(d) is the dimension of the GB energy and reflects the change in potential energy due to the GB-dislocation
interaction. In Fig. 2, AE*(d) with open marks shows energy profiles which are similar to the interaction energies.
AE*(d) has a change in energy comparable to the calculated GB energies; the change in AE*(d) is much smaller
than the GB energy even for X7 GB. Although the dislocation-GB interaction stabilizes the GB energy for £7
GB, as mentioned above, the energy change is insignificant compared to the GB energy due to the introduction
of one dislocation in the large-scale GB model.

In previous studies on FCC metals, the elastic interaction between dislocations and GBs was repulsive, and
an energy barrier was observed as the dislocations were absorbed at the GBs***"*°. The repulsive interaction

Scientific Reports |

(2022) 12:21301 | https://doi.org/10.1038/s41598-022-25066-9 nature portfolio



www.nature.com/scientificreports/

B

50 T T T 0 0.02
0 “',_IV\ AN (?M e 3 il - - 0.00
P .
-5 —-0.02
S -10 4004 =
\.a [ -
3 15 -.-6-37 | 508 3,'9
uj% —A—, -A-337 ~
20— , 23 4-0.08
-25h | | 1 1-0.10
0 100 200 300 400

distance d (nm)

Figure 2. Changes in Eg,.gs(d) and AE*(d); Egigo.ca(d) is the interaction energy between a screw dislocation
and GB. AE*(d) is the change in potential energy due to GB-dislocation interaction and has the same units as the
GB energy. Eyig,.gp(d) of 27 (filled red circle), £37 (filled blue triangle), and X3 (filled orange square) are plotted
on the left axis, and AE*(d) of X7 (open red circle), £37 (open blue triangle) and X3 (open orange square) are
plotted on the right axis.
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Figure 3. Changes in distribution of a stress component 7,, as the screw dislocation approaches (a) 27 and (b)
%37 GBs. The distance between the dislocation and GB, d, is depicted in each image. The embedded images at
d=0and 360 nm show a distribution of the stress component 7,,. These images are simulated with LAMMPS
(version 7Aug2019 https://lammps.sandia.gov/) and visualized using OVITO (version 3.1.1 https://www.ovito.

org).

causes pile-up phenomena, which induces significant stress concentration and promotes dislocation transmis-
sion across the GB. In contrast, in the X7, £37 and £3 GBs of BCC-Fe considered herein, the dislocation-GB
interactions do not show a significant energy barrier. In addition, the present work shows that the interaction
differs depending on the GB types; the X7 GB shows a large attractive interaction energy, in contrast to that of
237 and £3 GB, wherein the interaction energy is negligibly small. Since 23 and %37 GBs exhibit similar energy
profiles, we conducted detailed analyses for 237 GB.

Stress field, sliding on GB plane, and local structure changes.  Stress distributions were also inves-
tigated in the dislocation-GB interaction analysis. The changes in the distributions of the stress component 7,,
are shown in Fig. 3 (additional images of X7 and 237 GBs are shown in Figure S1, and the stress distribution of
¥3 GB is shown in Figure S2 in Supplementary Information) wherein we used Ovito® for visualization. In the
case of 27 GB, no significant changes were observed in the stress distribution around the GB when d>110 nm.
The stress field of the screw dislocation then interacted with the GB when the distance became 70 nm or less.
When the dislocation reached the GB (i.e., d=0), a screw dislocation dissociated into two partial dislocations
along the GB, and significant changes in the stress field at the GB were observed (Fig. 3a). Figure 4 shows the
Burgers circuit around the two partial dislocations; there are b/2 helical displacements along the <111> direc-
tions revealing dislocation dissociation at the GB in case of the 27 GB. We in this study discuss the effect of local
in-plane translation along the GB plane (i.e., GB shift) on the GB-dislocation interaction. In general, dislocation
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Figure 4. Burgers circuits around the two partial dislocations (1 and 2) in 7 GB model; The Burgers circuit
around the partials was calculated counterclockwise, starting from the black dots of "1" (red) and "2" (blue)
drawn on the embedded atomic figures. Each partial dislocation has b/2, and discontinuous displacement jumps
were observed at around 180°, where it straddles the GB. The left image is simulated with LAMMPS (version
7Aug2019 https://lammps.sandia.gov/) and visualized using OVITO (version 3.1.1 https://www.ovito.org).

dissociation at GB is different from ones in perfect BCC structure due to the complex energy surface of GB
shift. We also observed GB shift in directions other than y-direction, suggesting that the dislocation dissociation
induces complex GB shift along the GB plane. Because the strain field of a dislocation changes considerably in
27 GB, the ease of displacement within the grain interface (i.e., GB shift) is important. In contrast, for the £37
GB, the stress field showed no significant changes, even when d=0 (Fig. 3b). In addition, X3 GB also shows no
significant changes, even when d=0 (see in Figure S2 in Supplementary Information). These results show that
the interaction between the screw dislocation and the GB differs depending on the GB type and agrees well with
the results shown in Fig. 2.

The changes in stress field shown in Fig. 3 indicate that the atomic structure of £7 GB changes by the screw
dislocation absorption at GB. The displacement along the dislocation line direction (y-direction) was investigated
using the atomic configuration of four models (1)-(4). (1) and (2) are models with a GB and no dislocations
before and after relaxation, respectively; (3) and (4) are the models with the GB and dislocation at a distance d
(nm) before and after relaxation, respectively. The y-coordination of atom i in model (j) is denoted by y,(j). Then,
Syi=1{y; (4)-y; 3)}-{y; (2)-y; (1)} represents the atomic displacement along the y direction induced by the effects
of screw dislocation. The results for the £7 and %37 GBs are shown in Fig. 5. Regarding X7 GB, when the screw
dislocation was introduced at d= 360, the atoms near the GBs shifted slightly along the y direction. Furthermore,
when a screw dislocation was introduced just on the GB, the GB was helically shifted by approximately+0.6 A
along the y direction, of which the absolute shift between two grain (about 1.2 A) consists of approximately half
of the magnitude of the Burgers vector. The helical shift is an unusual GB shift and is caused by the screw dislo-
cation, which has a helical strain field. The shifted region becomes smaller as it approaches the z-axis boundary
of the model at 7 GB because the atomic shift was suppressed by the geometrical constraint at the boundaries.
Similarly, in experiments, geometrical factors such as the triple point of GBs should affect the atomic shift. In the
case of 237 GB, the GB is energetically stable before the introduction of dislocation. When a screw dislocation
was introduced at distant positions or just on the GB, no significant change in dy; was observed.

For X£7 and 237 GBs, local changes in the atomic potential energy and volume were investigated for d=0
and 360 nm. As shown in Fig. 6a, approximately 360,000 Fe atoms located within 6 nm away from the GB along
the x-direction were selected. The region near the z-axis model edges is affected by the boundary conditions, so
the energy and volume calculation results near the z-axis boundary up to a distance of 20 nm were excluded.

The selected atoms were evenly divided into 20 regions based on their z-axis coordination, and the average
atomic energy and volume in each region were calculated and are summarized in Fig. 6b, c. Regarding %7 GB,
the local energy profile shows a significant decrement in the middle region along the z-axis when d=0nm (i.e.,
the dislocation is located just on the GB). Furthermore, the volume decreases in the same local regions when the
dislocation is just on the GB. In other words, the screw dislocation just on the GB leads to an atomic configura-
tion around the GB to a denser and more energetically stable state. The region with large changes in energy and
volume is coincident with the region with a large dy; in Fig. 5. Therefore, the significant changes in the local
energy and volume are caused by the shift (or sliding) of the GB plane along the y-direction. Meanwhile, in the
case of %37 GB, we cannot observe any significant changes in local energy and volume, agreeing well with the
observations in Figs. 2, 3, and 5.

The GB energy depends on the in-plane rigid body translation along the GB¥. Even when the X value and
crystallographic plane are determined, the GB may have various states in terms of the in-plane degree of freedom.
To reveal the effect of initial in-plane rigid body translation along the GB, we prepared atomic models with dif-
ferent initial GB shifts along the y-direction (Burgers vector direction). As shown in Fig. 2, X7 GB is energetically
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Figure 5. Jy;around (a) X7 and (b) X37 GBs. Black point shows a screw dislocation position of d=360 nm.
When d=0, the screw dislocation is in the center of the GB in the z direction.

“unstable” against the strain field by screw dislocation. As evaluated in the previous study, X7 GB is relatively
more stable than other GBs with similar misorientation angles. In contrast, in this study, the stability of GB
is discussed based on resistance for GB shift along the GB plane induced by dislocation strain field rather than
the relative GB energy. We have successfully constructed a “stable X7” model as below. One of the two grains of
the unstable =7 GB was shifted by 0.8 A in the y-axis direction before introducing dislocations. The GB energy
of the stable £7 model was 0.04 ] m™2 lower than that of the nominal configuration model (i.e., the £7 model
used in Figs. 2, 3, 4, 5, 6 named “unstable £77). The interaction energy between the stable 7 GB and the screw
dislocation is shown in Fig. 7. The interaction energy was 0.09 eV A~!, indicating that the interaction energy of
stable 27 with the screw dislocation was small. Furthermore, the stress field in stable X7 showed no significant
dislocation dissociation when it reached the GB (i.e., d=0). The dislocation-grain boundary interaction in the
stable X7 models is similar to that in the %37 model in Fig. 2. This result reveals that the additional degree of
freedom (i.e., in-plane translation) has an important effect on the GB-screw dislocation interaction.

The interaction between the GB and the second screw dislocation. As seen in the previous sub-
section, the GB-screw dislocation interaction depends on the in-plane translation at the GB as well as on the
> value and crystallographic plane. Meanwhile, the dislocation absorption induces structural changes at the
GB, which should affect the interaction between the GB and the next screw dislocation approaching the GB.
The strain accumulation at the GB due to multi-dislocation absorption is an important factor for dislocation
transmission across the GB. Hence, an understanding of the interaction between the GB and multi-dislocations
is necessary.

For %7 and %37 GBs, we introduced a second screw dislocation in the model for which the first screw disloca-
tion was already located just on the GB and the atomic configurations were fully relaxed. After introducing the
second dislocation and sufficient relaxation at 0 K, we evaluated the interaction energy (Fig. 8), stress distribution
(Fig. 9), atomic shift along the y-axis (Fig. 10), and average atomic energy (Fig. 11). In the case of X7 GB, there
is an attractive interaction when the second dislocation approaches the GB, but the interaction energy is much
smaller than that of the first dislocation (see Figs. 2, 8). In addition, we did not observe significant changes in
stress distribution, atomic shift, or local energy, even if the second dislocation was located just on the GB. These
results suggest that the second dislocation is not dissociated at the GB, and that it has a negligibly small effect
on the stabilization of the GB. In the case of 27 GB, the GB is already stabilized by the GB shift owing to the
stress (or strain) field caused by the first screw dislocation. Therefore, the stress (or strain) field caused by the
second dislocation cannot induce a GB shift or the dissociation of a screw dislocation. In addition, when the
second dislocation is at the d=0 position, the region where the local energy decreases by the dislocation expands
slightly. Therefore, the second screw dislocation decreases the potential energy of the model system when it is
absorbed at the GB, as shown in Fig. 8. In the case of 237 GB, a marginal increase in the interaction energy was
observed as the second screw dislocation moved toward the GB. Moreover, an atomic shift in the y-direction did
not occur. The energy increase is caused by the elastic dislocation-dislocation interaction, which is a repulsive
force. Therefore, when the first dislocation remains at the GB without dissociation, the second screw disloca-
tion should be absorbed at a different GB site due to the repulsive dislocation-dislocation interaction and an
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Figure 6. (a) Schematic of the local regions divided into 20 parts along the z-direction. White hatching areas
are excluded due to the influence of the boundary condition. (b) Average atomic energy and (c) average atomic
volume of each local regions near X7 and £37. The energy value farthest from the dislocation introduction point
was set to zero.
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Figure 7. Interaction energy between stable £7 and the screw dislocation. The inset image shows a stress
component when d=0. The inset image is simulated with LAMMPS (version 7Aug2019 https://lammps.sandia.
gov/) and visualized using OVITO (version 3.1.1 https://www.ovito.org).
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Figure 8. Interaction energy of second screw dislocation and GB. A letter “s” enclosed within a red circle shows
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the first screw dislocation, and a letter “s” enclosed within a blue circle shows the second screw dislocation.
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Figure 9. Distribution of a stress component 7,, as the screw dislocation approaches to (a) £7 and (b) 237 GB
in the model with the second screw dislocation. The distance between the dislocation and the GB are depicted
in each image. The embedded images at d=0 and 360 nm show the stress component 7. These images are
simulated with LAMMPS (version 7Aug2019 https://lammps.sandia.gov/) and visualized using OVITO (version
3.1.1 https://www.ovito.org).

easy cross-slip of the screw dislocation in BCC metals. The strain accumulation by absorbed dislocations is an
important factor for dislocation transmission across the GB. For instance, it is possible that the strain accumula-
tion by the absorbed multi dislocations at the same GB site enhances the dislocation emission in the adjacent
grain. The present analyses of the second screw dislocation absorption at the GB imply that the accumulation
is not easy in the case of screw dislocation due to the dissociation, repulsive interaction between screw disloca-
tions, and cross-slip behavior of the inner grain. This suggests the dislocation type (i.e., dislocation component)
affects the difference in both strain accumulation at the GB and dislocation transmission across the GB because
the cross-slip frequency in BCC metals depends on the dislocation types. In BCC iron alloys, the difference in
the dislocation transmission across the GB is indicated to depend on the GB types and dislocation types react-
ing with the GB*®. The analysis of the second dislocation further suggests that the dislocation-GB interaction is
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Figure 10. Distribution of dy;*in (a) £7 GB and (b) 237 GB models, which includes the second screw
dislocations at d nm from the GB, as well as the first screw dislocation just on the GB. For the §y;* calculation,
we used four models: (1) and (2) are the models which have a GB and the first screw dislocation absorbed at
GB before and after relaxation, respectively. (3) and (4) are the models with the GB and the second dislocation
at distance of d nm before and after relaxation, respectively. The y-coordination of the atom i in the model (j)
are denoted by y,(j). 8y;*=1{y; (4)-y; 3)}-{y; (2)-y; (1)} represents the atomic displacement along the y-direction
induced by the effects of the second screw dislocation.
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Figure 11. Change in average atomic energy of each local regions near 27 and 37 GBs induced by the second
screw dislocations. The energy value farthest from the dislocation introduction point was set to zero.
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Figure 12. Schematic of the energy landscape for dislocation-GB system; (i) the initial state, (ii) relaxation by
1st dislocation, and (iii) relaxation by 2nd dislocation. (a) Energetically unstable GB and (b) energetically stable
GB against screw dislocation absorption. The inset atomic models show GB shift and are the same as in Fig. 5;
(a) unstable X7 and (b) stable X37.

dominated not only by the GB types (i.e., Z value and crystallographic plane) but also by other factors correlated
with the stability of the GB against the stress field of the dislocation.

Discussion

In general, the GB is characterized by two parameters: “Z value” and “crystallographic plane”. The former indi-
cates the relative crystallographic orientation between the two grains. The latter indicates the crystallographic
plane of the GB. Additionally, the GB has other degrees of freedom, such as in-plane rigid body translational
positions between two grains, and local disorders at the GB. In this study, GB sliding (i.e., change in the in-plane
translational position) along the y-direction was observed both in the initial relaxation and in the dislocation-GB
interaction shown in Fig. 5. We found that the screw dislocation-GB interaction is affected by the translational
degree of freedom along the y-direction, which is the direction of Burgers vector. In other words, the two ordinary
parameters (X value and crystal plane) are not sufficient to explain the GB-dislocation interaction.

An energy landscape perspective®* can provide general explanation on the dislocation-GB interaction based
on the energetical viewpoint. Figure 12 schematically explains the initial state and dislocation-GB interactions
for the two typical GBs based on the energy landscape. The shape of the energy landscape (e.g. basins and energy
barriers) near the initial state, and the state with dislocation, dominate the dislocation-GB interaction. In the
case of (a), it shows the initial energy state before introducing dislocation on small energy basins (i.e., state (i)).
When a screw dislocation is introduced into state (i), the energy barrier for the transition to the nearest basin
is reduced by the significant local shear stress of the screw dislocation, a GB shift along the y-direction and a
dissociation of screw dislocation simultaneously occur (state (ii)), as shown in Figs. 4 and 5 (i.e., the unstable X7
GB case). In contrast, in the case of (b), similar to that in £37 GB and stable X7 (i.e., £7 mode used in Fig. 7), the
initial state before introducing the dislocation is on the large energy basin (state (i)) When a screw dislocation
is introduced into the GB models, the shear stress field caused by the screw dislocation cannot induce the GB
shift and the dissociation of a screw dislocation does not occur (state (ii)). In this study, the second dislocation
cannot induce a GB shift and dislocation dissociation, because the models are at large energy basin in the energy
landscape in (a) and (b) (state (iii)).

This study suggests that the GB sliding and dislocation absorption depend on the in-plane rigid body transla-
tion, X value, and crystallographic plane. In addition, other lattice defects such as impurities and pre-absorbed
dislocations affect the GB sliding and dislocation absorption at the GB. Different interatomic force fields also
change dislocation-GB interaction and the shape of the energy landscape. Under the thermal environment,
the local structural disorder at GB or GB sliding along the GB plane induced by thermal effects are additional
factors. The analysis for such additional factors is important and would be future works. Thus, owing to the
multiple factors involved, a clear understanding of the interaction has been challenging in the previous decades.
We here demonstrated that the energetical stability of GB against the in-plane GB shift plays one of the key roles
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in understanding the dislocation dissociation. We suggest that the energy landscape based on the GB shift and
dislocation dissociation can provide a phenomenological understanding of dislocation absorption at the GB.

Conclusions

In this study, we investigated the interaction energy between screw dislocations and the STGB to understand
the dislocation absorption behavior in BCC-Fe using MS simulations. The interaction can be evaluated using
large-scale simulation models. The dislocation-GB interaction in BCC-Fe varies depending on the in-plane
translation at the GB as well as the GB type denoted by the X value and crystallographic plane. In this model
system, the unstable X7 GB (i.e., energetically unstable against GB shift) showed an attractive interaction with a
screw dislocation, and the dislocation dissociated when it was absorbed by the GB. Moreover, a GB shift in the
dislocation line direction (y-axis direction) was observed when screw dislocation was absorbed and dissociated
at the GB. In contrast, the interaction energy of the stable 37 GB (i.e., energetically stable against GB shift)
was negligibly small, and dislocations did not dissociate at the GB. When the second screw dislocation was
introduced in the GB models, wherein the GB had already absorbed the first screw dislocation, no significant
changes in stress distribution, atomic shift, and local energy were observed in both X7 and %37 GBs, even if the
second dislocation was located just on the GB. These results suggest that the screw dislocation—-GB interaction is
dominated by the energetical stability of the GB structure against the local in-plane GB shift along the dislocation
line direction in addition to the geometrical descriptor of the GB type, such as the X value.

Materials and methods

The interaction energies between the corresponding symmetric tilt GBs with a common rotation axis of <111>
and screw dislocation in a-Fe were evaluated by MS simulations. Three types of <111> STGBs [27(123)0=38.21°,
¥37(347)0=50.57°, £3(112)0=60.00°], of which properties have been investigated in computational studies®*~>%,
were used in this study. The GBs are represented by the “X value” and “crystallographic plane”. We introduced
the GB structure in the models, as shown in Fig. 1. Note that the left grains of two models have the same crystal-
lographic orientations: x [112], y [111], and z[110]. Meanwhile, the right grain has a different crystallographic
orientation depending on the GB type.

The GB energy was calculated using relatively small bicrystal models consisting of two grains with approxi-
mately 20,000 atoms. The £7 GB energy was 1.14 ] m™, the £37 GB energy was 0.931 ] m2, and the £3 GB energy
was 0.269 ] m™2. The periodic boundary conditions were applied to all orthogonal directions, and the models
were relaxed at 0 K under three-dimensional periodic boundary conditions.

The GB energy depends on the GB types denoted by X value and crystallographic plane®****"42 In addi-
tion, the GB energy also depends on the in-plane rigid body translation along the GB*. The GB structures
have an inherent in-plane degree of freedom in addition to X value and crystallographic plane. These structural
degrees of freedom are determined during the microstructure formation process. Therefore, similar to X value
and crystallographic plane, the in-plane degree of freedom may not always be energetically optimal during the
microstructure formation process. In other words, even when X value and crystallographic plane are determined,
the GB may have various states in terms of the in-plane degree of freedom. In conventional experimental and
computational studies on the GB-dislocation interaction, the in-plane degree of freedom has not attracted much
attention. Herein, in the cases of X7 and £3 GBs, no significant GB shift along the y-direction was observed
during structural relaxation, without the effect of introducing screw dislocation. In contrast, in the case of £37
GB, a significant GB shift along the y-direction (£ 0.4 A) was observed during structural relaxation without the
effect of introducing screw dislocation.

To analyze the interaction between a screw dislocation and GB, we used large bicrystal models with dimen-
sions of 800 nm x 0.75 nm x 600 nm. The model consisted of approximately 26,000,000 atoms. Here, we used a
small model dimension in the dislocation line direction and large model dimensions on the plane perpendicular
to the dislocation line direction, which aims to maintain a large distance between the dislocation and model
boundaries (model edges), thereby reducing the effect of the model boundaries on the evaluation of the interac-
tion energy. A periodic boundary condition was applied only in the y-direction (i.e., the [111] direction). Mean-
while, in the x and z directions, specific boundary conditions were applied to the model edges; the positions of
the edge atoms were fixed in the x and z directions, while positions in the y direction were free. To avoid atomic
overlap around the GB, we excluded atoms which had neighboring atoms within 1.2 A or less. Then, a screw
dislocation, in which both the Burgers vector and line direction are parallel to the ml} y-axis, was introduced in
the model. MS simulations were performed using the LAMMPS code*’. The embedded atom method potential
for BCC-Fe developed by Mendelev et al., which has been employed in the calculations of GB properties and
GB-dislocation interactions, was used**~*. The quantitative results are expected to depend on the force field types
(i.e., EAM potential, other types of interatomic potential, and first-principles calculation). Machine learning
potentials have been recently developed for bec iron, and they should be more accurate than conventional EAM
potentials. Meanwhile, the calculation costs of the machine learning potentials are expensive for the present
models, because we here used large-scale models to evaluate GB-dislocation interaction. In addition, we here
intended to discuss the general physics of GB-dislocation interaction. The interaction energies between the GB
and the screw dislocation (Ey_gp) were evaluated as a function of the dislocation—GB distance along the x-axis.
We prepared several models in which the screw dislocation was introduced at a distance d (nm) from the GB
(d=0-360 nm; 0 nm means the screw dislocation is just on the GB). After introducing the dislocation, each model
was relaxed using the conjugate gradient method at 0 K to obtain an energetically stable atomic configuration.
The interaction energies of GB-dislocations (Eg;.qp) were defined as follows:

Egis—gp(d) = E(d) —Ep (1)
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where E(d) gives the potential energy of the models after relaxation, and E; is the potential energy of the model
with the largest d after relaxation. The interaction energies are defined as zero when the dislocation is located at
the farthest position (i.e., ~360 nm). The dislocation-GB interaction is attractive when it has a negative value.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
on reasonable request.

Received: 25 August 2022; Accepted: 24 November 2022
Published online: 09 December 2022

References

1. Hull, D. & Bacon, D. J. Introduction to Dislocations 5th edn. (Elsevier, 2011).

2. Yamaguchi, M. First-principles study on the grain boundary embrittlement of metals by solute segregation: Part I. Iron (Fe)-solute
(B, C, P, and S) systems. Metall. Mater. Trans. A 42, 319-329 (2011).

3. Rice, J. R. & Wang, J.-S. Embrittlement of interfaces by solute segregation. Mater. Sci. Eng. A 107, 23-40 (1989).

4. Wan, L. et al. Hydrogen embrittlement controlled by reaction of dislocation with grain boundary in alpha-iron. Int. J. Plast. 112,
206-219 (2019).

5. Gangloff, R. P. & Somerday, B. P. Gaseous Hydrogen Embrittlement of Materials in Energy Technologies (Woodhead Publishing
Limited, 2012).

6. Troiano, A. R. The role of hydrogen and other interstitials in the mechanical behavior of metals. Metallogr. Microstruct. Anal. 5,
557-569 (2016).

7. Nagumo, M. Fundamentals of Hydrogen Embrittlement (Springer, 2016).

8. Jok, M. L., Vitek, V., McMahon, C. J. & Burgers, P. On the micromechanics of brittle fracture: Existing vs injected cracks. Acta
Metall. 37, 87-97 (1989).

9. Yamada, K. et al. Evaluation of energy-dispersive X-ray spectrometer with transition-edge sensor microcalorimeter on scanning
transmission electron microscope for detection of low-concentration phosphorus in Fe-P alloy. Appl. Phys. Express 13, 082008
(2020).

10. Bayerschen, E., McBride, A. T, Reddy, B. D. & Bohlke, T. Review on slip transmission criteria in experiments and crystal plasticity
models. J. Mater. Sci. 51, 2243-2258 (2016).

11. Javaid, E, Pouriayevali, H. & Durst, K. Dislocation-grain boundary interactions: Recent advances on the underlying mechanisms
studied via nanoindentation testing. J. Mater. Res. 36, 2545-2557 (2021).

12. Kondo, S., Mitsuma, T., Shibata, N. & Ikuhara, Y. Direct observation of individual dislocation interaction processes with grain
boundaries. Sci. Adv. 2, 1501926 (2016).

13. Soer, W. A, Aifantis, K. E. & De Hosson, JTh. M. Incipient plasticity during nanoindentation at grain boundaries in body-centered
cubic metals. Acta Mater. 53, 4665-4676 (2005).

14. Ohmura, T. & Tsuzaki, K. Plasticity initiation and subsequent deformation behavior in the vicinity of single grain boundary
investigated through nanoindentation technique. J. Mater. Sci. 42, 1728-1732 (2007).

15. Cheng, Y., Mrovec, M. & Gumbsch, P. Atomistic simulations of interactions between the 1/2 <111> edge dislocation and symmetric
tilt grain boundaries in tungsten. Philos. Mag. 88, 547-560 (2008).

16. Kuhr, B. R. & Aifantis, K. E. Interpreting the inverse Hall-Petch relationship and capturing segregation hardening by measuring
the grain boundary yield stress through MD indentation. Mater. Sci. Eng. A 745, 107-114 (2019).

17. Watanabe, T., Kitamura, S. & Karashima, S. Grain boundary hardening and segregation in alpha Iron-Tin alloy. Acta Metall. 28,
455-463 (1980).

18. Shen, Z., Wagoner, R. H. & Clark, W. A. T. Dislocation and grain boundary interactions in metals. Acta Metall. 36, 3231-3242
(1988).

19. Hansen, N. Hall-petch relation and boundary strengthening. Scr. Mater. 51, 801-806 (2004).

20. Chandra, S., Kumar, N. N., Samal, M. K., Chavan, V. M. & Patel, R. . Interaction of run-in edge dislocations with twist grain
boundaries in Al-a molecular dynamics study. Philos. Mag. 96, 1809-1831 (2016).

21. Du, J. P, Wang, Y. ], Lo, Y. C., Wan, L. & Ogata, S. Mechanism transition and strong temperature dependence of dislocation
nucleation from grain boundaries: An accelerated molecular dynamics study. Phys. Rev. B 94, 104110 (2016).

22. McPhie, M. G., Berbenni, S. & Cherkaoui, M. Activation energy for nucleation of partial dislocation from grain boundaries.
Comput. Mater. Sci. 62, 169-174 (2012).

23. Sangid, M. D,, Ezaz, T., Sehitoglu, H. & Robertson, I. M. Energy of slip transmission and nucleation at grain boundaries. Acta.
Mater. 59, 283-296 (2011).

24. Tsuru, T., Shibutani, Y. & Hirouchi, T. A predictive model for transferability of plastic deformation through grain boundaries. AIP
Adv. 6, 015004 (2016).

25. Tucker, G. J. & Foiles, S. M. Quantifying the influence of twin boundaries on the deformation of nanocrystalline copper using
atomistic simulations. Int. J. Plast. 65, 191-205 (2015).

26. Xu, S., Xiong, L., Chen, Y. & McDowell, D. L. Sequential slip transfer of mixed-character dislocations across X3 coherent twin
boundary in FCC metals: A concurrent atomistic-continuum study. npj Comput Mater. 2, 15016 (2016).

27. Zhang, L. et al. Molecular dynamics study on the grain boundary dislocation source in nanocrystalline copper under tensile load-
ing. Mater. Res. Express 2, 035009 (2015).

28. de Koning, M. et al. Modeling of dislocation-grain boundary interactions in FCC metals. J. Nucl. Mater. 323, 281-289 (2003).

29. Javaid, E, Pouriayevali, H. & Durs, K. Dislocation-grain boundary interactions: Recent advances on the underlying mechanisms
studied via nanoindentation testing. J. Mater. Res. 36, 2545-2557 (2021).

30. Tsuru, T., Shibutani, Y. & Kaji, Y. Fundamental interaction process between pure edge dislocation and energetically stable grain
boundary. Phys. Rev. B'79, 012104 (2009).

31. Zhang, ]., Zhang, H., Ye, H. & Zheng, Y. Twin boundaries merely as intrinsically kinematic barriers for screw dislocation motion
in FCC metals. Sci. Rep. 6, 22893 (2016).

32. Adlakha, I. & Solanki, K. N. Critical assessment of hydrogen effects on the slip transmission across grain boundaries in a-Fe. Proc.
R. Soc. A. 472,20150617 (2016).

33. Tschopp, M. A. et al. Probing grain boundary sink strength at the nanoscale: Energetics and length scales of vacancy and interstitial
absorption by grain boundaries in a-Fe. Phys. Rev. B. 85, 064108 (2012).

34. Beladi, H. & Rohrer, G. The relative grain boundary area and energy distributions in a ferritic steel determined from three-
dimensional electron backscatter diffraction maps. Acta Mater. 61, 1404-1412 (2013).

35. Chen, Z,, Jin, Z. & Gao, H. Repulsive force between screw dislocation and coherent twin boundary in aluminum and copper. Phys.

Rev. B75, 212104 (2007).

Scientific Reports |

(2022) 12:21301 | https://doi.org/10.1038/s41598-022-25066-9 nature portfolio



www.nature.com/scientificreports/

36. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool. Modell. Simul.
Mater. Sci. Eng. 18, 015012 (2009).

37. Wang, J., Madsen, G. K. H. & Drautz, R. Grain boundaries in bcc-Fe: A density-functional theory and tight-binding study. Model.
Simul. Mater. Sci. Eng. 26, 025008 (2018).

38. Wakeda, M., Chang, Y., Ii, S. & Ohmura, T. Multiscale analyses of the interaction between dislocation and £9 symmetric tilt grain
boundaries in Fe-Si bicrystals by nanoindentation technique. Int. J. Plast. 145, 103047 (2021).

39. Cao, P, Short, M. P. & Yip, S. Potential energy landscape activations governing plastic flows in glass rheology. PNAS 116, 18790-
18797 (2019).

40. Yin, S., Ding, J., Asta, M. & Ritchie, R. O. Ab initio modeling of the energy landscape for screw dislocations in body-centered cubic
high-entropy alloys. npj Comput. Mater. 6, 110 (2020).

41. Rittner, J. D. & Seidman, D. N. <110> symmetric tilt grain-boundary structures in fcc metals with lowstacking-fault energies. Phys.
Rev. B 54, 6999-7015 (1996).

42. Shibuta, Y., Takamoto, S. & Suzuki, T. A molecular dynamics study of the energy and structure of the symmetric tilt boundary of
iron. ISI] Int. 48, 1582-1591 (2008).

43. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 117, 1-19 (1995).

44. Mendelev, M. I, Han, S. & Srolovitz, D. J. Development of new interatomic potentials appropriate for crystalline and liquid iron.
Philos. Mag. 83, 3977-3994 (2003).

45. Kvashin, N., Anento, N., Terentyev, D., Bakaev, A. & Serra, A. Interaction of a dislocation pileup with {332} tilt grain boundary in
bee metals studied by MD simulations. Phys. Rev. Mater. 5,013605 (2021).

46. Terentye, D., He, X,, Serra, A. & Kuriplach, J. Structure and strength of <110> tilt grain boundaries in bcc Fe: An atomistic study.
Comput. Mater. Sci. 49, 419-429 (2010).

Acknowledgements

This study was carried out as a part of the Materials Open Platform (MOP)-Steel project at the National Institute
for Materials Science (NIMS). Part of the calculations in this study was performed using the Numerical Materials
Simulator at NIMS.

Author contributions
C.K. and M.W. computed the data and drafted the main manuscript text. K.H. and T.O. supervised the research
project. All authors conceptualized the idea, analyzed the data, discussed the results, and revised the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-25066-9.

Correspondence and requests for materials should be addressed to C.K. or M.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:21301 | https://doi.org/10.1038/s41598-022-25066-9 nature portfolio


https://doi.org/10.1038/s41598-022-25066-9
https://doi.org/10.1038/s41598-022-25066-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Energetic and atomic structural analyses of the screw dislocation absorption at tilt grain boundaries in BCC-Fe
	Results
	The interaction energies between the GB and the screw dislocation. 
	Stress field, sliding on GB plane, and local structure changes. 
	The interaction between the GB and the second screw dislocation. 

	Discussion
	Conclusions
	Materials and methods
	References
	Acknowledgements


