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The study of the relaxation of edge dislocations (ED) in metals under the action of alternating external stresses of
various natures is of great practical interest for estimating of workability of structural elements and functional
materials of nuclear power and thermonuclear fusion power plants. In the model of the inhomogeneous dissipative
sine — Gordon equation for different values of the amplitude and frequency of the external harmonic force, as well as
for different values of dislocation friction, the nonlinear dynamics of ED with fixed ends is studied numerically. The
formation of breather-type solitons on the ED is shown, the maximum amplitude of which decreases with increasing
dislocation friction. The resonance dependence of the kinetic energy of ED oscillations on the frequency of the
external field is described. It has a maximum value for the resonant frequency and decreases with increasing

numerically found resonance frequencies.

PACS: 05.45.Yv, 61.72.Bb, 61.72.Lk, 62.20.F-, 83.10.Rs

INTRODUCTION

It is known that in metals and alloys, as well as in
their welded joints, which have experienced large plastic,
thermal, fatigue and radiation effects, there are decrease
in ductility and a shift in strength properties to the region
of brittle fracture during brittle-plastic transitions [1, 2].
Obviously, such a change in the properties of metals and
alloys is a consequence of the formation of such
structures as:

- accumulation of high-density crystal lattice defects;

- clusters;

- interphase boundaries and boundaries of fragments
that form a complex distribution of internal stress fields.

Under external influences, two main directions for the
evolution of such structures can be distinguished. The
first scenario is accompanied by the appearance of
microcracks and their subsequent development, which
leads to the destruction of the material. Considerable
attention in the literature is paid to the study of the
corresponding mechanisms (see, for example, [3]).

The second direction is the use of relaxation
mechanisms based on the activation of diffusion and
dislocation processes to increase the plasticity of the
material.

From a scientific point of view, it is of great interest
to study relaxation processes in metals, which are in the
region of microplasticity when exposed to low-intensity
alternating stresses of various nature. Such stresses, for
example, are applied to structural elements and
functional materials of power plants of nuclear power or
thermonuclear fusion.

In [4], the results of calculating the modes of
generation of multisoliton perturbations in the
approximation of a modified string dislocation model are
described. The possibility of the appearance of double
kinks is shown when external alternating stresses with
amplitudes below the Peierls stress are applied. The
mechanism of movement of double kinks makes it
possible to describe the microplastic flow in dislocation
clusters, at the boundaries of fragments, or near other
sources of peak internal stresses. This mechanism can
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lead to a redistribution of dislocations and point defects,
as well as relaxation of internal stress fields in a metal. It
is shown experimentally that the effect of striction
stresses excited by an alternating magnetic field with
small amplitudes (0.5...3.0 MPa) causes softening and
plasticization of deformed and irradiated ferritic and
austenitic steels.

The obtained practical results show the validity of the
scenario of relaxation of internal peak stresses in
heterogeneous structures in the region of microplasticity
under the action of double kinks on dislocations under
conditions when a low-amplitude alternating stress acts
in the absence of sources of other dislocations.

The most realistic way to trace the dynamics of an
edge dislocation under the influence of an external
periodic stress, taking into account internal friction, is
possible using the example of the inhomogeneous
dissipative sine-Gordon (SG) equation [5, 6], which we
will call the generalized string model.

In a particular case, in the absence of external stresses
and dissipation, the SG equation has analytical solutions
in the form of solitons [7]. It is shown here that solitons
are characterized by rather high stability of their shape.
In [8], the spatial dispersion parameter was used to
describe the free motion of a dislocation in the field of
the Peierls potential within the framework of the
generalized string model. This approach made it possible
to obtain an analytical expression for the transverse
displacement of a dislocation, and with its help to
demonstrate the possibility of reducing the effect of
radiation embrittlement of metals.

A simple theory was proposed in [5, 9] to describe the
action of small perturbations on solitons (kinks and
antikinks), which are described by the SG equation. This
theory is based on the expansion of a small change in the
soliton profile in terms of the complete system of
eigenfunctions of the differential operator.

One of the possible applications of the
inhomogeneous dissipative SG equation is the
description of the dynamics of edge dislocations in a real
crystal. With this approach, the edge dislocation is
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represented as an elastic string with rigidly fixed ends.
This string vibrates relative to its initial position in the
medium with absorption [10, 11].

If we proceed from the stability of the shape of
solitons, then there is an assumption that its motion along
an edge dislocation with a small perturbation of the shape
due to the small effect of external factors [12] can lead to
multiple overcoming of the Peierls barrier by the
dislocation, and, ultimately, to its emergence on metal
grain border.

In [13], the nonlinear dynamics of an edge
dislocation was investigated on the basis of the classical
model of Granato-Lucke, which is described by the
inhomogeneous dissipative SG equation. The influence
of the equilibrium internal crawl force (CF) on the
dynamics of an edge dislocation is investigated. In the
equilibrium state, the CF acts in the direction
perpendicular to the Burgers vector and is balanced by
the force of internal friction. When the segment of the
edge dislocation is displaced from the equilibrium
position, the CF creates an effective acceleration, in the
field of which the motion of the string can be considered
as a wave on the surface of the liquid. Based on this
interpretation, an additional convective term was
obtained in the SG equation, which takes into account
the effect of the CF.

For an unbounded string, it was established that the
propagation velocity of SG solitons (kinks) is
determined by the ratio of the CF to the friction force.
The existence of solitons propagating with the speed of
sound, the shape of which depends on the direction of
propagation, is shown.

For a dislocation string fixed at the ends, its
nonlinear dynamics is investigated at various values of
the internal friction force, CF and the frequency of
change of the external harmonic force. Numerical
calculations have shown that under the action of an
external harmonic force, the amplitude of the deflection
of a dislocation string from the equilibrium position can
be comparable to or exceeds the lattice period. Under
such conditions, it is possible to displace a dislocation
along the extraplane over distances that significantly
exceed the lattice period. The resonant character of the
increasing of the average string kinetic energy as a
function of the frequency of the external harmonic force
and the magnitude of CF is shown.

The aim of this work is to study the resonant
increasing of the average dislocation string kinetic
energy as a function of the frequency of the external
harmonic force and the magnitude of internal friction in
the absence of a CF.

1. BASIC EQUATION

According to [13], the SG equation, taking into
account the external periodic force, dislocation friction,
but in the absence of the CF has the form:

aazt_\:v_ K, gi—\;erbapsin[z”TW] =DbF (t)—&’%lv, (1)
with zero boundary conditions at the ends of the string
w(0,t)=w(L,t)=0, where m=(pb*/4z)in(L/b) — effe-
cttive mass per unit length of a dislocation; p — density
of matter; b — Burgers vector; &' = (10°...107%) kg/(m-s)
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[12, 14, 15] - dislocation friction coefficient;
K, =Gm/p — dislocation linear tension coefficient; G

—crystal shear modulus; o, :(10’4...10’2)6 — Peierls

characteristic stress; L:(lO...lo“)b — dislocation

characteristic length; F(t)=F(t+T,) - external

periodic force; T, — external force time period.

For dimensionless displacement y =2zw/a, and in
dimensionless variables t=zt,, x=¢&Xx,, equation (1)
and the boundary conditions to it take the form:

2 2
TY %Y L gin(y)=a(r)-62Y,

or* o0& or 2
y(0.5) = y(Lf%.7) =0,
where 2 =am/(27bo,); X, =Sty; S =Ky/m;

d=0",/m; ﬁzg*xo/s§ ; CD(T): F(T)/UP ;oa -
crystal lattice constant.
Nonlinear vibrations of a dislocation string in the

absence of an external periodic force (|@(z)|=0)) with

fixed ends were analyzed numerically in [13].

It was shown here that oscillations of a string with
fixed ends at long times are described by a multisoliton
solution. At the initial moment of time, kink and
antikink solitons moving towards them are excited.
Then the amplitude of the string deflection goes into the
region of negative values, apparently due to the
presence of one more soliton solution — a breather [16 -
18]. Further dynamics of the string is irregular, but
limited in amplitude. It is noted that an increase in the
number of solitons is due to multiple scattering of the
arose at the initial time soliton-like perturbation at the
ends of the string.

In contrast to the problem described above, let us
consider the effect of an external force on the character
of oscillations of a dislocation string in the presence of
dissipation. Let us set the external force in a model
form:

®(7)=®(0)-cos(Q7), (3)
where ®(0) — external periodic force amplitude.

Since there are no analytical solutions to equation
(2), we will use the numerical simulation method to
solve the problem.

In the numerical calculations, we used the same
hybrid approximation scheme as before [13]. The
frequency of the external force was set equal to:
Q=0.5; 1.0; 1.5; 2.0. The dislocation friction coef-
ficient was determined by the numbers: & = 0.1; 0.5; 1.0.

The results of numerical simulation of equation (2)
with zero boundary conditions are shown in
Figs. 1,a-h. These figures show a surface that is swept
away by a dislocation string in the process of its
deviation from its initial position. As an example, a
dimensionless string length of 10 units was chosen, and
the observation time for the string dynamics was set
equal to 40.

In the figures the ED is a segment of a straight line at
the initial moment of time.
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Fig. 1. Displacement of ED for different amplitudes and frequencies of an external periodic
field at different levels of dislocation friction

The initial position of the ED can be seen in Fig. 1, a,
and in the remaining figures it is hidden by the surface
swept by the string. With the passage of time, the string
deviates from the initial position with the formation of a
breather-type soliton, which can be judged not only by

ISSN 1562-6016. BAHT. 2020. Ne6(130)

the shape of the swept surface, but also by the level
lines shown in (see Fig. 1), below the swept surfaces.

It follows from the figures that with an increase in
dislocation friction, the maximum amplitude of string
deflections decreases (see Figs. 1,a,c,d,e).
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For small values of the initial amplitude of the
external periodic force and for small dislocation friction,
the dependence of the amplitude of the edge dislocation
deviation on the time and frequency of oscillations is
shown in Figs. 1,fa,g,h. It follows from these figures
that with an increase in the frequency of the external
force, the amplitude of displacement of the dislocation
string is maximum at Q=1,0. This indicates the
resonant nature of the vibration excitation. At
frequencies below and above the resonance, the
displacement amplitude of the ED is less than the
resonant one.

For frequencies below the resonant one, there is a
transition from one standing breather to another (see
Fig. 1,f).

One standing breather is excited at the resonant
frequency.

For frequencies above the resonance, a breather is
also observed. However, it has different characteristics
from the resonant breather. This breather moves
between the stoppers of the ED, has a half-width less
than the resonance breather (approximately by a factor

Q™ times) and by the same amount of time a shorter

period of oscillations. It follows from the results of
numerical calculations that the amplitude of the
deviation of the ED from the initial position can reach
such a value at which the ED can overcome the Peierls
barrier and go into the neighboring lattice period.

Thus, by setting the amplitude of the external
periodic force, the ED in the direction of the grain
boundary can be displaced in the slip plane.

2. KINETIC ENERGY OF VIBRATIONS
OF ED IN THE FIELD OF EXTERNAL
PERIODIC FORCE IN THE PRESENCE OF
DISLOCATION FRICTION
The estimation of the dependence of the kinetic
energy of a ED on the external field and dislocation
friction was carried out using a functional that
determines the average kinetic energy of a string with a
length L over a certain period of time T [12, 13]:

(4)

Fig. 2. Dependence of the average kinetic energy of the ED on the dimensionless frequency of the
external force ©Q and dislocation friction ¢ at:

|©(0)|=0,1, a —general view, b — level lines; |®(0)[=0,3 , c — general view; d — level lines

In units of characteristic kinetic energy, the functional
takes the form:

W 1 Tu & 2
E_:_”(@) drde 5)
Q <&rnyp\or ’
where Q =0.5ma?(27) " t;2. Numerical calculations of
functional (4) were carried out for the amplitude of the
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external force ®(0)=0.3, values of dimensionless
frequency 0.0<Q<3.0 and dislocation friction
0.0<8<0.4. The calculation results are shown in
Fig. 2.

From Fig.2 it follows that at low levels of
dissipation, the external field acts in a resonant manner
on the ED: the kinetic energy of the ED acquires a
maximum value for the resonant frequency Q = 1.0.
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Calculations show that an increase in the initial
amplitude of the external periodic force ®(0) leads to

an increase in the kinetic energy of the string H .

The graphs of the dependence of the average kinetic
energy of the string on the frequency of the external
force and on the magnitude of dislocation friction show
the existence of at least 5 resonance frequencies of a
noticeable magnitude. At small amplitudes of the
external force, when ®(0) = 0.01; 0.1 and at J <<1, the
resonant frequencies Q, (i=12;..;51=12;...;5) are
arranged in the following order: Q; = (1.054; 1.023),
Q, =(1.33; 1.36), Q3 =(1.81; 1.84), Q,=(2.33; 2.36),
Qs =(2.88; 2.91), where the order of the resonance
frequencies in parentheses corresponds to the order of
the amplitudes of the external force ®(0).

With an increase in the initial amplitude of the periodic
external field, when ®(0) = 0.2; 0.3, the first resonance
Q, =1 at the initial moment of time is divided into two

resonant frequencies, which are located to the right and
left of the first resonance Q, >Q >Q, . The right

resonance frequency Q, shifts to the region of lower

frequencies, the stronger, the greater the initial field
amplitude. The left resonance frequency €, , on the

contrary, shifts to the region of higher frequencies, the
weaker, the greater the initial field amplitude. In this
case, the frequencies Q, and €, approach each other,

and the average Kkinetic energy of the ED at this
frequency increases in comparison with the case of a
small initial amplitude of the periodic external field.
Over time, resonances Q,, and €, convergeto Q, .

Numerical calculations show that the vibration
amplitude of a ED can be comparable with the lattice
period. Under such conditions, it can move in the slip
plane of the dislocation in the direction of the action of
the external periodic force into the potential well of the
neighboring Peierls barrier It's corresponds to some
degree relaxation of external stress in the crystal.

CONCLUSIONS

In this work, within the framework of the model of
the inhomogeneous dissipative SG equation, the
nonlinear dynamics of ED with fixed ends for various
values of the amplitude and frequency of the external
harmonic force is investigated by numerical methods,
taking into account dislocation friction of various
magnitudes.

It is shown that with time the ED deviates from the
initial position with the formation of a breather-type
soliton. In this case, with an increase in dislocation
friction, the maximum amplitude of ED decreases.

Numerical calculations for small values of the initial

amplitude of the external periodic force ®(0)=0.1 and

for dislocation friction 6 =0.1 have shown that the
dependence of the amplitude of the deflection of the ED
on the oscillation frequency of the external periodic
force has a resonant character, i.e. the displacement
amplitude of the ED is maximum at Q=1.0. One
standing breather is excited at the resonant frequency.
At frequencies below and above the resonance, the
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displacement amplitude of the ED is less than the
resonant one.

For the frequency of the external field, below the
resonant frequency Q< 1.0, a transition from one
standing breather to another over time is observed.

For frequencies higher than the resonant, a breather
is also excited, but with characteristics different from
the resonant breather. It moves between the stoppers of
the ED, has a smaller half-width (approximately by a
factor of Q" times) and by the same number of times a
smaller oscillation period than a resonance breather.

An analysis of the set of the average kinetic energy
of vibrations of the ED in the field of an external
periodic force in the presence of a small dislocation
friction showed that the kinetic energy of the string
acquires a maximum value for the frequency. It was
noted that an increase in the initial amplitude of the
external periodic force at the resonant frequency leads
to an increase in the kinetic energy of the string.

An analysis of the acquisition of the average kinetic
energy of CD vibrations in the field of an external
periodic force in the presence of a small dislocation
friction showed that the kinetic energy of the ED has a
maximum value for the frequency Q = Q,; = 1.0. It was
noted that an increase in the initial amplitude of the
external periodic force at the resonant frequency leads
to an increase in the kinetic energy of the ED.

For the dependence of the average kinetic energy of
the ED on the frequency of the external force and on the
dislocation friction, the existence of resonance
frequencies was found. By the example of calculating
five resonant frequencies of the average kinetic energy
of a ED, their change depending on the initial amplitude
of the periodic external force is described. It is shown
that with an increase in the initial amplitude of the
periodic external field, when ®(0)=0.2; 0.3, the first
resonant frequency €, is splits into two resonant

frequencies, which are located to the right and left of it:
Q>0 >0, .

The right resonance frequency €, shifts to the
region of lower frequencies, the stronger, the greater the
initial field amplitude. The left resonance frequency
Q,, on the contrary, shifts to the region of higher

frequencies, the weaker, the greater the initial field
amplitude. In this case, the frequencies Q, and Q,

approach each other, and the average kinetic energy of
the ED at this frequency increases in comparison with
the case of a small initial amplitude of the periodic
external field.

With the passage of time, the resonances €, and

Q,, converge to Q,, and the value of the average

kinetic energy of the ED tends to zero.

From the results of numerical calculations, it follows
that the amplitude of the deviation of the ED from the
initial position can reach such a value at which the one
can overcome the Peierls barrier and go into the
adjacent lattice period. It's corresponds to some degree
relaxation of external stress in the crystal.
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PEJIAKCALIASI KPAEBBIX JUCJIOKALIMIA B METAJIJIAX O AEMCTBUEM BHEIITHUX
HANPSIKEHUI
b.B. bopu, C.®. Ckopomnas, B.H. Tkauenxo

Wzyyenne penakcanum kpaeBblx aucinokanmit (KJ) B Merammax mox JeHCTBHEM IEpEeMEHHBIX BHELIHHX
HaNpsDKeHWH  pasiMYHOM  NPUPOABI  NpEACTaBisieT  OOJBIIOW  NPAaKTHYECKHMH  HMHTEpec sl OLECHKH
paboTOCIIOCOOHOCTH 3JEMEHTOB KOHCTPYKIMHM W (DYHKIHMOHAJIBHBIX MaTepualioB SACPHBIX W TEPMOSIEPHBIX
UIEKTPOCTAHIMK. B MoJenu HeoTHOPOIHOTO AMCCHIIATUBHOTO YpaBHEHHS CHHyca — [OpaoHa, IS pas3iMdHBIX
3HAQUEHWH aMIUIMTYAbl W YacTOThl BHEHIHEH TapMOHMYECKOW CHJIBI, a TaKXe Ui pasHbIX 3HAYCHUH
JUCIIOKAIIMOHHOTO TPEHUS YMCIEHHO HCCleAyeTcs HenuHeitHas nuHamuka KJ[ ¢ 3akpenjeHHBIMH KOHIIAMHU.
[Mokazano ¢opmupoBanue Ha K/ connTOHOB OpU3epHOro THIA, MAaKCUMaJIbHAs aMIUTUTY1a KOTOPBIX YMEHbIIAETCS
C yBeIMYEHHEM TpeHus auciiokarmu. OnucaHa pe3oHaHCHAs 3aBUCUMOCTh KHHETHYECKOW 3Hepruu konebanuit K/
OT YacTOTHI BHEIIHero mojsd. OHa MMeeT MaKCUMalbHOE 3HA4YCHHE Ui PE30HAHCHOI YacTOTHI M yMEHbBIIAeTcs C
YBEIMYCHNEM YHCIICHHO HalIEHHBIX PE30HAHCHBIX YacTOT.

PEJAKCAIIISAA KPAVMOBUX JUCJIOKAIIN Y METAJIAX ITIJI IIEFO 30BHIIITHIX HATIPYT
b.B. bopy, C.®. Cxopomna, B.Il. Tkauenko

BuBuenns penakcanii kpaiioBux auciokanid (KJ[) y meramax mij gi€ro 3MiHHHUX 30BHILIHIX Hampyr pi3HO{
NIPUPOJY TPEACTABISIE BEIMKUH INPAaKTUYHUK 1HTepec AJsi OLIHKM Npane3JaTHOCTI eJIEMEHTIB KOHCTPYKLIl i
(GYHKIIOHAJIBHNX MaTepiaiiB sJEPHHUX 1 TEPMOSIEPHUX €IEKTPOCTAHLINH. Y MOJeli HEOJHOPIJHOTO JUCUIIATHBHOTO
PiBHSHHS cuHyca -— ['op/ioHa Ui pi3HNX 3HAY€Hb aMILTITYJIH 1 YaCTOTH 30BHILIIHBOI FApMOHIMHOI CHIIM, & TaKOX
JUIS PI3HUX 3HAY€Hb JHUCIOKAI[IHHOTO TepTS YHCIOBUMH METOIAMH JOCITiKYEThcs HemiHiiHa muHamika KJI 3
3akpituteHuMH KiHmaMu. [Tokasano ¢opmyBanss Ha K]l comiToHiB Opi3epHOTo THIY, MaKCUMalIbHA aMIUTITYa SIKUX
3MEHIIYETHCS 31 30LMBIICHHAM TepTs auciokarii. Onmrcana pe30oHaHCHA 3aJIeXKHICTh KiIHeTHYHOI eHeprii KOJIMBaHb
KJI Big wactotu 3oBHImHLOTO moisl. KiHetnyHa eHepris kommBaHb KJ[ Mae MakcuManbHe 3HAUEHHS IS

PE30HAHCHOT YaCTOTH 1 3MEHITYEThCS 31 30UTBIICHASIM 3HAMIEHUX YUCIIOBUMH METOJIaMU PE30HAHCHUX YacTOT.
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