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Abstract. A method is proposed for determining the energy of moving edge, screw, and
twinning dislocations in fcc metals using molecular dynamics, which consists in constructing
and analyzing the graph of the time dependence of the potential energy of the calculation area
of the crystal through which the dislocation passes. Nickel, copper, silver, and austenite are
considered as examples of fcc metals. The initiation of the formation and movement of a
dislocation was carried out by simulating a shear at a constant rate from the end of the
computational cell. It was found that the shear rate above about 40 m/s affects the energy of
dislocation: with increasing rate, the energy of the dislocation increases. According to the data
obtained, the energy of an edge dislocation is approximately one and a half times higher than
the energy of a screw dislocation. The energy of a twinning dislocation is much less than the
energy of edge and screw dislocations. The moving twinning dislocation in the model was
obtained as a result of the splitting of a screw dislocation on the twin into two partial
dislocations that slide along the twin after splitting.
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Introduction
The formation, motion, and interaction of dislocations with each other and with other defects
are important questions, the search for answers to which is necessary for the development of
theory of the mechanisms of plastic deformation of crystalline materials. The variety of
crystalline systems, slip systems and types of dislocations, as well as options for the interaction
of dislocations with other defects, gives rise to the complexity of this phenomenon.

Dislocations in metals are the subject of many works, including those performed using
computer simulation [1-5]. In addition to complex issues of the interaction of dislocations with
each other and with various defects, attention in modern works is also paid to relatively simple
questions: for example, the dependence of the dislocation glide rate on temperature and strain
rate [3,6]. As the strain rate increases, as is known, the dislocation velocity first increases and
then reaches a certain limit, which, as a rule, is less than the speed of sound in a given material.
Moreover, different authors give different values of this limit in relation to the speed of sound
[3,6-8]. With increasing temperature, as noted by most researchers, the dislocation slip rate
decreases [3,6,7].

Earlier in [9], using the method of molecular dynamics, the sliding of edge and screw
dislocations in a fcc metal was studied using nickel and silver as an example, depending on the
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temperature and shear rate, as well as the effect of impurity atoms of carbon, nitrogen, and
oxygen on the sliding speed of dislocations.

This work is devoted to the determination of the energy of formation of edge, screw, and
twinning dislocations in fcc metals (nickel, copper, silver, and austenite) using the molecular
dynamics method.

Theoretically, the dislocation energy W per unit of its length | is determined by the
formula [7,10]:
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where u is the shear modulus, b is the modulus of the Burgers vector, R is the radius of the
computational area, and ro is the conditional radius. The parameter K depends on the type of
dislocation: K=1 for a screw dislocation and K=1—v for an edge one, where v is Poisson's ratio.

The energy of a perfect edge dislocation is relatively high and can take values of
1-3 eV/A for different metals [7,10,11]. Even in aluminum, with a relatively low binding
energy of atoms, according to [11], the dislocation energy, depending on the orientation and the
Burgers vector, can take values even up to several eV/A.

Determination of the energy of edge and screw dislocations

To describe interatomic interactions in the metals under consideration, EAM potentials were
used: Clery-Rosato [12] for modeling interactions in nickel, copper, and silver, and the Lau
potential [13] for modeling interactions in y-Fe. Both potentials have been repeatedly used in
molecular dynamics models and have been successfully tested for a large number of structural,
energy, and mechanical characteristics of the considered metals [12-16].

In fcc crystals, the {111}<110> slip system is predominant [7, 8]. The Burgers vector of
a complete dislocation is 1/2<110>. A complete dislocation, as a rule, splits into two partial
dislocations with Burgers vectors 1/6<112>, between which a stacking fault is formed.

To simulate a moving dislocation, in this work, we created a computational cell
containing about 30,000 atoms (Fig. 1) with axes oriented: X — [110], Y — [112], Z — [111].
The XY plane in this case corresponds to the dislocation glide plane (111). To initiate the
movement of a dislocation, a shift was created from the end face of the computational cell [17,18].

Figure 1 shows the scheme for creating a moving perfect edge dislocation %[101](111). The

shaded regions from the left end moved as a whole along the directions shown in the figure: in
the case of modeling an edge dislocation, the upper part of the end moved along the close-
packed direction [101], the lower part — along the opposite direction [101]. In the case of
modeling a screw dislocation, the upper part was displaced along the [110] direction (X axis),
while the lower part was displaced along the [110] direction. Atoms inside the shaded region
were displaced during computer simulation only along the indicated directions with a constant
shear rate V.. The boundary conditions on this side were thus rigid. Along the X axis, along the
dislocation core, the boundary conditions were set to be periodic, i.e. an infinite repetition of
the structure of the computational cell along the X axis was simulated. For other boundaries,
we used a special type of boundary conditions — conditionally rigid: all boundary atoms from
above, below, and on the right had the ability to move only along the XY plane, movement
along the Z axis was excluded. This was enough to keep, on the one hand, the given rectangular
shape of the computational block and, on the other hand, the free exit of dislocations outside
the computational cell.

The time integration step in the molecular dynamics method was 2 fs. The temperature in
the model was set in terms of the initial velocities of the atoms according to the Maxwell
distribution. A Nose-Hoover thermostat was used to keep the temperature constant during the
simulation.
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Fig. 1. To the description of the method for determining the energy of edge
and screw dislocations

At some point in time, the shear in the left part of the computational cell provoked the
appearance of a dislocation — edge or screw, depending on the shear direction. A dislocation
appeared immediately in the form of a split into a pair of partial Shockley dislocations separated
by a stacking fault in the (111) plane. For an edge dislocation, the splitting reaction had the form
%[iOl] —>%[§11] +%[i12], for screw dislocation — %[ilO] - %[TZT] +%[211].
The distance between partial dislocations is known to be determined by the stacking fault
energy [7,8]. In the present work, it was several nanometers (depending on the shear rate),
which agrees with the results of modeling by other authors, for example [3-5].

During the movement of a dislocation through the calculation area (highlighted in color
in the middle of the computational cell in Fig. 1), a graph of the change in the potential energy
of the calculation area depending on time was plotted. The width of the calculation area was
chosen such that, on the one hand, it was wider than the distance between partial dislocations
(so that the entire complex of two partial dislocations could simultaneously fit in the calculation
area) and, on the other hand, not so large that it could include part of the next dislocations. The
temperature was set close to 0 K (more precisely, the starting temperature was 0 K, but in the
process of creation and movement of the dislocation, the computational cell was heated to a
low temperature of about 10 K).

First of all, in this work, we studied the effect on the obtained values of the energy of full
dislocations (that is, the entire complex of two partial dislocations plus the stacking fault energy
between them) of the width of the computational cell (the size along the X axis in Fig. 1) and
the shear rate V.

Figure 2 shows overlays of plots of changes in the specific energy of the calculation area
(eV/A) during the passage of a full edge dislocation in pure FCC iron at different widths of the
computational cell (Fig. 2(a)) and different shear rates (Fig. 2(b)).

As can be seen, starting from 8 interatomic distances (approximately 20 A), the width
does not affect at all — the superimposed dependences repeat each other very well, the curves
for different widths differ by no more than the value of ordinary fluctuations (it can be seen
from the enlarged fragment in Fig. 2(a)). Up to 8 interatomic distances, as was shown in [16],
the dislocation velocity can depend on the cell width.
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Fig. 2. Overlays of the change in the energy of the calculation area during the passage of an
edge dislocation in y-Fe: (a) at different widths of the computational cell (here, four graphs
are superimposed at a width of 8, 10, 16, 20 interatomic distances);

(b) at different shear rates (20, 40 and 60 m/s)

The shear rate V-, as it turned out, also has almost no effect on the height of the energy
peak of the calculation area, but up to values of about 40-50 m/s. At a shear rate V. greater than
40-50 m/s, the energy slightly increases due to additional stresses and a smaller distance
between neighboring dislocations. The velocity of the dislocations themselves also increases as
they pass through the calculation area, which can be seen, for example, from the narrower peak
for 60 m/s in Fig. 2(b). By the way, the dislocation velocity can also be determined from the
width of this peak — this is another possible method for determining it. For the examples
considered in the figure for austenite, its value was: 1500 m/s for a shear rate of 20 m/s,
1850 m/s for 40 m/s, and 2090 m/s for 60 m/s. In [19], we showed that with an increase in the
shear rate, the dislocation slip velocity increases to a certain limit, which depends on the
propagation velocity of the corresponding elastic waves: longitudinal in the case of an edge
dislocation and transverse in the case of a screw one. For austenite, these are 5450 and 2865 m/s,
respectively; for Ni, 5630 and 2960 m/s; for Cu, 4700 and 2260 m/s; for Ag, 3600 and
1590 m/s [8,10]. In further studies, the width of the computational cell was usually taken to be
10 or 12 interatomic distances.

Figure 3 shows a graph of the change in the energy of the calculation area for a screw
dislocation in y-Fe. It can be seen that the energy of a screw dislocation is noticeably lower than
that of an edge one. The found energies of edge and screw dislocations in the metals under
consideration are given below in the general table.
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Fig. 3. Change in the energy of the calculation area during the passage of a screw dislocation
in y-Fe at a shear rate of 20 m/s
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Determination of the energy of a twinning dislocation

Twinning dislocations are formed during the formation and migration of twins. As shown by
molecular dynamics modeling in [16,20,21], when an edge dislocation overcomes a twin
boundary and the slip plane changes, a twinning dislocation is formed at the boundary itself,
which rapidly moves along the twin boundary, and if there is no obstacle to its movement, it
"heals" the border [16]. The screw dislocation does not pass through the twin, but is absorbed
by it, thus changing the glide plane [16,20,21]. This occurs at much lower stresses compared to
edge dislocation. After changing the slip plane, both partial dislocations diverge in different
directions along the twin boundary, "healing" the boundary, as in the case of the passage of an
edge dislocation [16].

To calculate the energy of a twinning dislocation, it was assumed that the energy of
twinning dislocations, which are formed during the passage of an edge dislocation and the
splitting of a screw one, are the same. The method for determining the energy of a twinning
dislocation resulting from the splitting of a screw dislocation at a twin boundary was as follows
(Fig. 4). As in the case of an edge or screw dislocation, a similar graph was plotted for the
change in the potential energy of the calculation area per unit of its width along
the X axis in the process of splitting a screw dislocation on a twin. At the same time, to fix the
moment of splitting of the screw dislocation on the twin, a graph of the displacement of the
reference point located on the twin was displayed. The displacement of the reference point in
this case was determined from the displacement relative to each other of two atoms located on
opposite sides of the dislocation glide plane near the twin boundary. When splitting, which
could be fixed by the peak of the displacement of the reference point, there was a slight decrease
in the energy of the computational domain AE, caused by the disappearance of the stacking
fault between partial dislocations. Partial dislocations changed the slip plane to the twin plane,
which itself is, in fact, a stacking fault. The attraction between partial dislocations, which
existed before the interaction with the twin and was due to the presence of a stacking fault,
disappeared, which led to the repulsion of partial dislocations on the twin and their divergence
in opposite directions (Fig. 4). The energy of a twinning dislocation was determined by the
formula:

1
Er =~ (Es — AE), )
where Eg is the energy of a perfect screw dislocation.
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Fig. 4. To the description of the method for determining the energy of a twinning dislocation
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Figure 5 shows an example of the change in the energy of the calculation area when a
screw dislocation enters it and its subsequent splitting into two twinning dislocations.
Comparing these graphs with the graphs of the passage of a screw dislocation through the
calculation area in a pure crystal in Fig. 3, it should be noted that the width of the peaks is
noticeably smaller, which means that the twinning dislocations leave the calculation area faster
than the screw dislocation, i.e. they are more mobile, which was also noted in [16]. The Table
1 shows the obtained energies of edge, screw, and twinning dislocations.
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Fig. 5. Changes in the energy of the calculation area upon splitting of a screw dislocation into
two twinning ones in y-Fe at a shear rate of 20 m/s: 1 is the energy of the calculation area, 2 is
the displacement of the reference atom on the twin boundary to determine the moment of
splitting of the screw dislocation

Table 1. Edge, screw, and twinning dislocation energies in Ni, Cu, Ag, and y-Fe (eV/A)

Edge Screw Twinning
Ni 1.7 1.1 0.4
Cu 1.0 0.6 0.2
Ag 0.7 0.5 0.2
v-Fe 2.0 1.3 0.5

According to the data obtained, the energy of an edge dislocation is approximately one
and a half times higher than the energy of a screw dislocation, which is consistent with
theoretical formula (1). For the metals under consideration, the dislocation energies correlate
with the elastic characteristics, which also agrees with formula (1). The energy of a twinning
dislocation is substantially less than the energy of edge or screw dislocations. In fact, according
to the method of obtaining it in the model, this is one of the partial dislocations that was formed
during the splitting of a screw dislocation on a twin, so it should obviously be approximately
two times lower than the energy of a full screw dislocation minus half the stacking fault energy
between partial dislocations in the original screw dislocation.

Conclusion

A method is proposed for determining the energy of moving edge, screw, and twinning
dislocations in fcc metals using molecular dynamics, which consists in constructing and
analyzing the graph of the time dependence of the potential energy of the calculation area of
the crystal through which the dislocation passes. Nickel, copper, silver, and austenite are
considered as examples of fcc metals.
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An edge or screw dislocation appeared in the simulation as a split into a pair of partial
Shockley dislocations separated by a stacking fault. The distance between partial dislocations
was several nanometers. At high shear rates, it decreased.

It was found that the shear rate affects the dislocation energy only up to values equal to
approximately 40 m/s. At high velocities, the dislocation energy increases. In addition, it was
found that, starting from 8 interatomic distances (approximately 20 A), the width of the
simulated computational cell with periodic conditions does not affect the obtained values of the
dislocation energy.

According to the data obtained, the energy of an edge dislocation is approximately one
and a half times higher than the energy of a screw dislocation. For the metals under
consideration, the dislocation energies correlate with the elastic characteristics. The energy of
a twinning dislocation is substantially less than the energy of edge or screw dislocations. The
moving twinning dislocation in the model was obtained as a result of the splitting of a screw
dislocation on the twin into two partial dislocations that slide along the twin after splitting.
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