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Within numerical methods, we study the dynamics of steady oscil-
lations of a dislocation loop in the presence of weak pinning centers
in its slip plane. The analysis is carried out for the zero effective
frequency of forced oscillations in wide intervals of oscillation am-
plitudes and the normalized viscosity. We have established the
critical value of the normalized viscosity such that the influence
of the viscosity on the overcoming of weak pinning centers by a
dislocation disappears when this value is exceeded. Mechanisms
of the influence of the viscosity on the dynamics of dislocations at
alternating stresses are studied. As the normalized viscosity de-
creases in an interval below its critical value, the magnitude of the
jumps of a deformation on the hysteresis curve increases, and the
separation stress of a repinned immovable dislocation decreases.
It is shown that such an influence of the viscosity on the dynamics
of dislocations is due to the inertial mechanism of overcoming of
pinning centers by dislocations. We have studied the influence of
the viscosity on the amplitude dependences of the internal friction
and the elasticity modulus defect. The former is in good agreement
with the established peculiarities of the dynamics of dislocations
at the manifestation of the inertial mechanism.

1. Introduction

The dynamical behavior of dislocations affects strongly
a state of the structure of crystalline solids which de-
termines, in its turn, their plastic properties and the
dissipation processes running in them. In this connec-
tion, regularities of the dynamics of dislocations are of
importance at the prediction of and the control over
many physical properties of crystals. In particular, it
is necessary to comprehend the dislocation mechanisms
of energy dissipation at the fabrication of materials for
elastic oscillatory systems with low dissipation and at

the development of highly damping materials [1]. De-
spite the almost half-century-history of studies of the
dynamics of dislocations, both direct and indirect ex-
perimental methods aimed at the study of the dynamics
of dislocations do not allow one to obtain the complete
information about it. In this case, the comparison of the
results of studies of the dynamics of dislocations which
are got by different procedures meets, as a rule, a number
of difficulties caused by the influence of the peculiarities
of experimental conditions for a specific procedure on
the dynamical behavior of dislocations. Therefore, the
present work is devoted to the numerical analysis of the
dynamics of dislocations.

At alternating stresses, the motion of a dislocation in
the slip plane, which includes a great number of ran-
domly located weak pinning centers formed by impurity
atoms, is limited not only by a linear tension, but also
by the stress fields of these centers. Under such condi-
tions, the study of the dislocation hysteresis and relative
contributions of the main mechanisms of energy dissi-
pation (the interaction of dislocations with elementary
excitations of the crystal lattice and with pinning cen-
ters) cannot be performed within the well-known string
model [2, 3]. Later on, due to the complexity of the ana-
lytic derivation of quantitative results, the analysis was
realized by numerical methods [4, 5]. However, it failed
to cover a number of basically important aspects of the
dynamics of the oscillatory motion of dislocations.

The purpose of the present work is the study of the
dynamics of a dislocation loop by using numerical meth-
ods in wide intervals of variations of the amplitude of
an external stress and the viscosity in the presence of
pinning centers in the slip plane.
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2. Description of the Model and a Method of
Calculations

We study the dynamics of a dislocation loop with rigidly
fixed ends in the presence of weak pinning centers in
the slip plane. The coordinates of weak pinning centers
were set by a generator of pseudorandom numbers. De-
flections of dislocation segments remained always signifi-
cantly less than their lengths, which is realized under the
following condition: Fm/C � 1, where C is the linear
tension of a dislocation, and Fm is the force of inter-
action of a weak pinning center with a dislocation. The
analysis is carried on in the frame of the model described
in [6] at the activationless separation of dislocations from
pinning centers and the zero effective frequency of an ex-
ternal stress. While numerically solving the equation of
the dynamics of a dislocation, we performed its normal-
ization given in [5].

The normalization allows us to present the results in
a more informative form and to significantly decrease
the computation time. The formulas for the normalized
coordinates and time are as follows:

ξ = (x/lS)(Fm/2C)1/2,

η = (u/lS)/(Fm/2C)1/2,

θ = (t/lS)(Fm/2A)1/2,

where ξ, x, and η, u are the dimensionless and ordinary
coordinates along and across the dislocation loop line,
respectively, lS is the mean distance between pinning
centers, A is the mass of a dislocation per unit length, θ
and t are the dimensionless and ordinary times, respec-
tively.

The equation of the dynamics of a dislocation in nor-
malized coordinates has the form
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where ξ0 and η0 are the normalized sizes of the region of
interaction of a pinning center and a dislocation along
the directions ξ and η, respectively;
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)
is the normalized force acting on a unit length of the
dislocation from the side of a pinning center;

Ω = ωlS(2A/Fm)1/2

and

S0 = (σblS/(Fm)3/2)(2C)1/2

are the normalized frequency and the amplitude of an
external stress, respectively, ω and σ are the frequency
and the amplitude of an external stress, b is the Burgers
vector,

γ = (BlS)/(2AFm)1/2

is the normalized viscosity, and B is the coefficient of
damping. The sum on the right-hand side of Eq.(1) takes
the interaction of a dislocation and weak pinning centers
into account. The intervals of variations of the normal-
ized parameters of Eq.(1) were chosen with regard for
the ranges of physical values of these parameters which
are observed in various materials. The dislocation loop
length lN varies in the limits 10−6 − 10−4 m, the ratio
lN/lS changes from 10 to 150, and the size of the region
of interaction of a pinning center and a dislocation is
10−8 − 10−7 m. According to [7], we used the following
characteristic values of physical parameters for the es-
timation of the normalized viscosity: b = 3 · 10−10 m,
C = 10−9H, A = 10−15 kg·m−1; the coefficient of
damping varies in the interval 10−7 − 10−4H · s· m−2

[8]. In this case, the values of γ for weak pinning cen-
ters with Fm/C < 1 for most materials are in the range
10−2 − 102. Just there, we have performed the analy-
sis.

It is worth noting that, at the indicated ratios lN/lS
and under the condition Fm/C < 1, the values of γ for
such semiconductors as lead, indium, and niobium at
low temperatures both in the normal and superconduct-
ing states belong to the above-indicated range. Thus,
the dynamics of dislocations in these materials can be
described within the given model and, moreover, can be
experimentally studied, as it will be demonstrated be-
low. The largest value of the normalized amplitude of
an external stress S0 was chosen such that the mean dis-
placement of a dislocation loop from the equilibrium po-
sition turned out always significantly less than the loop
length lN .

In the frame of the mentioned model, we will consider
the dynamical behavior of a dislocation loop in the pro-
cess of its oscillation in wide intervals of the amplitude
and the normalized viscosity, by using numerical meth-
ods.

We obtained some dependences which characterize the
dynamics of dislocation loop:
– the time dependence of the shape of a dislocation loop
at varios values of the amplitude of an external stress;
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Fig. 1. Mean dislocation deformation 〈η〉 versus the normalized
amplitude of an external stress (S/SSC). 1 – in the absence of
pinning centers in the slip plane of a dislocation at any values of
γ; 2, 3, 4 – in the presence of pinning centers in the slip plane at
γ = 0.05, γ = 1.5, and γ ≥ 2, respectively

– the dependence of the mean dislocation deformation
on the amplitude of an external stress;
– the time dependence of the power scattered by a dis-
location loop.

In addition, we determine the amplitude dependences
of the internal friction and the elasticity modulus defect.
The method of calculations of these characteristics is
given in [6].

3. Results and Their Discussion

We studied the dynamics of a dislocation loop at various
values of the normalized viscosity γ in the interval of the
amplitudes of normalized stresses 0 ≤ S ≤ 5SSC , where
SSC is the normalized critical amplitude of a stress,
starting from which the separation of a dislocation loop
from pinning centers becomes possible. The obtained
dependences of the mean dislocation deformation 〈η〉 on
the external stress S testify that the curve of a dislo-
cation hysteresis loop 〈η〉(S/SSC) has a jump-like char-
acter in the whole studied interval of amplitudes of an
external stress and the normalized viscosity. A charac-
teristic example of such dependences for a specific value
of the amplitude of an external stress and several values
of γ is given in Fig. 1.

The dependence 〈η〉(S/SSC) in the form of a straight
line segment (line 1 in Fig. 1) corresponds to the ab-
sence of pinning centers in the slip plane of a disloca-
tion. In such a case, no influence of γ on the dependence
〈η〉(S/SSC) is observed.

The analysis of the shape of a dislocation loop and
the dependence of the power scattered by a dislocation

on time P (θ) for various sections of the dependences
〈η〉(S/SSC) testifies to the following. The dislocation de-
formation caused by a deflection of dislocation segments
without the separation from pinning centers is negligi-
ble as compared with the total dislocation deformation.
The contribution of the energy scattered by a disloca-
tion during such a motion to the total energy scattered
for the period of oscillatory motion is extremely small.
Such a motion of a dislocation loop corresponds to hor-
izontal sections on the dependences 〈η〉(S/SSC). The
dispersion of the energy of a dislocation occurs during
the jump on the dependence 〈η〉(S/SSC), when the sep-
aration of a dislocation from pinning centers, its motion,
and the repinning on a new configuration of centers are
observed. In the case where Ω ≈ 0, the jump duration
in shares of the period was always extremely small. In
this connection, the motion of a dislocation loop at the
time moment of a jump corresponds to vertical segments
on the dependences 〈η〉(S/SSC). The comparison of the
dependences 〈η〉(S/SSC) obtained at different γ testifies
to the existence of a critical value of γc ≈ 2, starting
from which the influence of γ on a dislocation hysteresis
loop disappears completely (Fig. 1).

We note that, as γ increases at γ ≥ ≥ γc, the mean
velocities of motion of a dislocation loop and its local
segments continue to decrease. At the same time, the
values of jumps on the dependence 〈η〉(S/SSC), the val-
ues of stresses, at which the jumps occur, and the energy
scattered by a dislocation in the course of each jump
remain invariable. In the region γ ≤ γc, differences in
the dependences 〈η〉(S/SSC) obtained at different values
of γ can be explained in the following way. The mean
value of a deformation jump increases, as γ decreases to
γ ≈ 0.1 (Fig. 1). At γ ≤ 0.1, the value of 〈η〉 after
each separation of a dislocation loop and the subsequent
repinning of a dislocation is always close to that in the
absence of pinning centers in the slip plane at the same
external stresses. It is seen in Fig. 1 that points of the
dependence 〈η〉(S/SSC), which are obtained at γ = 0.05
and correspond to the termination of the jump, are lo-
cated near the straight line, being a plot of 〈η〉(S/SSC)
in the absence of pinning centers. However, despite the
fact that the change of γ at γ < 0.1 causes a change
in the dependence 〈η〉(S/SSC), the influence of γ on the
mean jump of a deformation and on the energy scattered
by a dislocation loop for the period is practically absent.

It follows from Fig. 1 that the influence of γ on the
dependences 〈η〉(S/SSC) at γ ≤ 2 is revealed not only
in a change of the jump of a deformation, but also in a
change of the separation stress for a dislocation loop, at
which the jump-like increase in the deformation begins.
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A decrease in the viscosity in the region γ ≤ γc leads
to a monotonous decrease in the separation stress for a
dislocation loop. For example, as γ decreases from 2 to
0.05, the quantity (S − S∗), (where S is the separation
stress with the subsequent jump of a deformation, and
S∗ is the stress which is necessary in order to attain
the same value of 〈η〉, but in the absence of pinning
centers) decreases almost twice. Such a character of the
influence of γ on the quantity (S−S∗) is determined by
that the separation stress for a immovable dislocation
loop depends on the value of γ, at which the dislocation
moved earlier through the network of pinning centers up
to the stop due to the repinning, rather than on the value
of γ, at which the separation occurs.

In Fig. 2, we show the dependences 〈η〉(S/SSC) for
two fixed values of γ. Section АВ on the dependence
〈η〉(S/SSC) at γ = 0.1 (Fig. 2,a) corresponds to the
state of a dislocation pinned on a certain configuration
of centers. In this case, the change of γ in the whole
interval of its values has no effect on the separation stress
for a dislocation loop (for all γ, the separation occurs at
stresses which correspond to point В).

The magnitude of the first jump of a deformation at
point В at γ ≥ γc turned out comparable with those
of the third and fourth jumps and was significantly less
than that for the second one. It is seen that, after sev-
eral jumps of a deformation, the dependence 〈η〉(S/SSC)
coincides completely with an analogous dependence ob-
tained at γ ≥ ≥ γc. In a similar way, section AB in
Fig. 2b corresponds to the pinned state of a dislocation
loop after its previous oscillatory motion at γ ≥ γc. The
separation stress for such dislocation loop does not also
depend on γ and is always observed at point В. It is seen
from the figure that the hysteresis loop acquires the fea-
tures characteristic of small values of γ already after the
first jump of a deformation at point В at γ = 0.05.

Thus, the results testify to the absence of the influence
of the viscosity on the separation stress for a pinned dis-
location loop in the whole interval of stress amplitudes
under study. In this case, the separation stress for a
dislocation loop is determined by the value of the nor-
malized viscosity, at which the dislocation loop moved
before its stop due to the repinning.

The established character of the influence of the vis-
cosity on the dynamics of a dislocation is related to one
more peculiarity of the mutual positions of the depen-
dences 〈η〉(S/SSC) obtained at different values of γ. In
Fig. 3, we present the dependences 〈η〉(S/SSC) obtained
at two values of γ for the amplitude of an external stress:
close to SSC (Fig. 3,a) and equal to 3SSC (Fig. 3,b).
The character of the mutual position of the dependences

Fig. 2. Dependences 〈η〉(S/SSC) which illustrate the influence of
the viscosity on the separation stress for an immovable dislocation
loop at γ = 0.1 (lines 1) and γ ≥ γc (lines 2). In Fig. 2,a, section
АВ corresponds to the pinned state of a dislocation loop after
its motion at γ =0.1, and section in Fig. 2,b corresponds to the
pinned state of a dislocation loop after its motion at γ ≥ γc. On
sections АВ, a change of γ on the whole interval under study has
no effect on the separation stress for a dislocation loop

〈η〉(S/SSC) for the indicated values of γ is qualitatively
different in the regions of small and large amplitudes of
stresses. For large values of S (S > 3SSC , Fig. 3,b),
practically the entire hysteresis loop obtained at small
values of γ is positioned inside the hysteresis loop ob-
tained at γ ≥ γc. In this case, as γ decreases from 2 to
0.1, the hysteresis loop area and, hence, the energy scat-
tered for the period of oscillations decrease by several
times. On the contrary, the hysteresis loop area and the
energy scattered for the period increase by several times
in Fig. 3,a at an analogous change of γ.
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Fig. 3. Character of the influence of the viscosity on the depen-
dence 〈η〉(S/SSC) in the regions of small (S/SSC ≈ 1, Fig. 3,a)
and large (S/SSC ≈ 3, Fig. 3,b) amplitudes of an external stress:
in the absence of pinning centers in the slip plane (lines 1); in the
presence of pinning centers at γ = 0.1 (lines 2) and γ = 2 (lines 3)

The differences in the influence of γ on the depen-
dences 〈η〉(S/SSC) in the regions of small and large val-
ues of S can be explained as follows. At S � SSC in
the whole interval of γ under study, the largest value of
〈η〉 exceeds significantly the mean jump of a deforma-
tion on the dependence 〈η〉(S/SSC). Since the quantity
(S−S∗) can decrease with γ by at most twice, the max-
imum value 〈η〉 at small values of γ can exceed the value
of 〈η〉 at γ ≥ γc by at most the twofold value of a mean
jump of a deformation at small values of γ. In the case
where S ≥ SSC , the relative increase in the maximum
value of 〈η〉 determined by one-two jumps at the decrease
in γ turns out very large. This causes a significant in-
crease in the loop area 〈η〉(S/SSC), as γ decreases. The
established influence of γ on the dislocation hysteresis

testifies unambiguously to the important role of the vis-
cosity in the formation of the jump of a deformation on
the dependence 〈η〉(S/SSC).

With the purpose to clarify the mechanism of influence
of the viscosity on the process of formation of the jump
of a deformation, we studied the shape of a separate seg-
ment of the dislocation loop the process of its incidence
onto a pinning center. In Fig. 4 for three values of γ,
we show the time dependence of a deformation at seven
equidistant points of the segment. The central point has
the coordinate ξ coinciding with the corresponding co-
ordinate of a pinning center, whereas six other points
are positioned always behind the region, where the force
field of a pinning center acts. The central point corre-
sponds to lower curves in Fig. 4. Figure 4,a shows that,
at γ > γc, the motion of a segment of the dislocation loop
occurs without any peculiarities: at all points, the defor-
mation increases monotonically and attains the equilib-
rium value. For γ ≈ γc, the segment of the dislocation
loop passes through the equilibrium position at the in-
cidence onto a pinning center (Fig. 4,b), which causes
an increase in the angle of incidence of the dislocation
onto the pinning center. As γ continues to decrease (Fig.
4,c), the angle of incidence increases additionally at the
expense of the kinetic energy of a dislocation loop.

These results indicate that the increase in the jumps
of a deformation on the dependences 〈η〉(S/SSC) with
increase in γ is caused by the inertial mechanism of over-
coming of pinning centers by a dislocation [9–12]. Let us
consider immovable dislocation loops which have equal
or close values of 〈η〉 at the same S but moved prior to
the stop and the repinning at different values of γ (e.g.,
points С and D or K and L at γ = 0.1 and γ = 2, respec-
tively, in Fig. 3,a, b). The comparison of their shapes
testifies that an immovable repinned dislocation loop af-
ter the motion at γ < γc (i.e., with a manifestation of the
inertial effect) has always a more pronounced zigzag-like
shape than an immovable repinned loop after the motion
at γ > γc. The more pronounced zigzag-like shape of a
loop ensures larger initial incidence angles for a part of
pinning centers, which causes, in turn, the separation of
such a loop at lower stresses (SC < SG in Fig. 3,a, and
SK < SM in Fig. 3,b).

Thus, the action of the inertial mechanism during the
motion of a dislocation through the network of pinning
centers affects the distribution function of dislocation
segments over incidence angles for a repinned dislocation
loop.

We studied the influence of the viscosity on the ampli-
tude dependences of the damping decrement δ(S/SSC)
and the elasticity modulus defect ΔM/M(S/SSC). In
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Fig. 4. Time dependence of a deformation η at seven points of
a segment of the dislocation loop which are positioned from one
another at a distance of 3η0 at its incidence onto a pinning center
at various values of the normalized viscosity: γ = 4 (Fig. 4,a),
γ = 2 (Fig. 4,b), γ = 1.5 (Fig. 4,c). Lines 1 correspond to a point
of the dislocation loop with the coordinate ξ coinciding with the
coordinate of a pinning center; lines 2, 3, 4 and 5, 6, 7 correspond
to points which are located to the left and right from the point
with the coordinate ξ, respectively, outside the region, where the
force field of a pinning center acts

Fig. 5. Influence of the viscosity on the amplitude dependences of
the damping decrement δ (lines 1 and 2) and the elasticity modulus
defect ΔM/M (lines 3 and 4). Lines 1 and 3 are obtained at
γ ≥ γc, lines 2 and 4 – at γ = 0, 1; K is a dimensionless factor

Fig. 6. Dependences of the damping decrement δ (line 2) and
the elasticity modulus defect ΔM/M (line 1) on the normalized
viscosity at a fixed value of the amplitude S/SSC ≈ 4, K is a
dimensionless factor

Fig. 5 for two values of γ, we present such dependences
obtained by averaging for ten random distributions of
pinning centers in the slip plane. We established that,
like the case of the dependence 〈η〉(S/SSC), the influ-
ence of γ ≥ γc on the amplitude dependences of the
damping decrement and the elasticity modulus defect is
completely absent, Moreover, such an influence is prac-
tically absent also in the region γ ≤ 0.1 (Fig. 6).

As γ increases, the decrement decreases at small values
of the stress amplitude in the region S ≥ SOC and
increases at large values of S (S � SSC).
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At all values of γ, the dependences δ(S/SSC) have
always a clearly manifested maximum, whereas the de-
pendences ΔM/M(S/SSC) reveal the tendency to the
saturation. The presence of the mentioned maximum
and its position depends on the shape of a dislocation
hysteresis loop.

At the approximation of the dependence 〈η〉(S/SSC)
in the region γ ≥ γc by a parallelogram, the hysteresis
loop area is given by some function f(S/SSC), whose
analysis for an extremum indicates the presence of a
maximum at values S/SSC ≈ 2. This corresponds to the
position of a maximum on the dependence δ(S/SSC) at
γ ≥ γc (see Fig. 5) and agrees with results in [5]. All
peculiarities of the influence of γ on the internal friction
follow directly from the above-analyzed regularities of
the influence of the viscosity on the dislocation hystere-
sis.

4. Conclusions

The obtained results allow us to draw the following con-
clusions:
– in the presence of pinning centers in the slip plane of a
dislocation, the dependence of a dislocation deformation
on an applied stress bears a jump-like character;
– the influence of the viscosity on both the dynamics of
an oscillating dislocation and the dislocation hysteresis
is determined by the inertial mechanism of overcoming
of weak pinning centers by a dislocation;
– the action of the inertial mechanism leads to an in-
crease in the mean value of the jump of a deformation
on a dislocation hysteresis loop and to a change of the
distribution function of dislocation segments over inci-
dence angles;
– there exists the critical value of the normalized viscos-
ity, above which its influence on the dislocation hystere-
sis disappears.

Since the presented analysis is carried out without re-
gard for the thermal activation of the separation of dis-
locations, the established regularities are valid at low
temperatures. Because the electron absorption in met-
als is the main mechanism of dissipation of the energy
of a moving dislocation in this case, we may expect
that the established regularities will reveal themselves
under the low-frequency dislocation internal friction in
metals at low temperatures. The results of work [13]
devoted to the analysis of the superconducting transi-
tion on the low-frequency dislocation internal friction
in alloys Pb–In are in good agreement with the above-
performed numerical analysis. However, those results
were obtained only for several values of the coefficient

of damping B, which does not allow us to verify the de-
rived quantitative regularities. The latter can be tested
in studies of the temperature dependences of the dis-
location internal friction in superconductors at temper-
atures near the superconducting transition. The com-
parison of the temperature dependences obtained in the
normal and superconducting states will allow one to de-
termine the character of the influence of the viscosity
on the dislocation hysteresis in a wide interval of vari-
ations of the coefficient of damping B. No experimen-
tal studies of crystals containing pinning centers in the
slip plane of dislocations are available at the present
time.
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ДИНАМIКА ДИСЛОКАЦIЙ В ТВЕРДИХ РОЗЧИНАХ
ПРИ ЗНАКОЗМIННИХ НАПРУЖЕННЯХ

В.Я. Бiлошапка, К.С. Семенова, В.Я. Платков

Р е з ю м е

Чисельними методами вивчено динамiку сталих коливань дис-
локацiйної петлi за наявностi в її площинi ковзання слабких
центрiв закрiплення. Аналiз виконано для нульової ефективної
частоти вимушених коливань в широкому iнтервалi амплiтуд
коливань i нормованої в’язкостi. Встановлено критичне значе-
ння нормованої в’язкостi, починаючи з якого вплив в’язкостi
на процес подолання дислокацiєю слабких центрiв закрiпле-

ння повнiстю вiдсутнiй. Вивчено механiзми впливу в’язкостi
на динамiку дислокацiй при знакозмiнних напруженнях. При
зменшеннi нормованої в’язкостi в iнтервалi нижче її крити-
чного значення величина стрибкiв деформацiї на гiстерезиснiй
кривiй зростає, а напруження вiдриву перезакрiпленої неру-
хомої дислокацiї зменшується. Показано, що такий характер
впливу в’язкостi на динамiку дислокацiй зумовлений проявом
iнерцiйного механiзму подолання дислокацiями центрiв закрi-
плення. Вивчено вплив в’язкостi на амплiтуднi залежностi вну-
трiшнього тертя i дефекта модуля пружностi. Характер впливу
в’язкостi на внутрiшнє тертя добре узгоджується зi встановле-
ними особливостями динамiки дислокацiй при проявi iнерцiй-
ного механiзму.
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