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Abstract—The effect of a high hydrostatic pressure on the dislocation dipole vibration frequency and the
forces of dynamic retardation of dislocations by dislocation dipoles and of dislocation pairs by pinned dislo-
cations is studied. Analytical expressions are obtained for the force of dynamic retardation of mobile disloca-
tion pairs by pinned dislocations and for the force of retardation of isolated dislocations by dislocation
dipoles in hydrostatically compressed crystals. Hydrostatic compression leads to a significant increase in
these forces. This effect is most pronounced in alkali—halide crystals, where the retardation force increases

by a factor of 1.5—2.
DOI: 10.1134/S1063784211090131

INTRODUCTION

It is known that the nucleation and motion of dis-
locations and their interaction with other structural
defects affect many properties of crystals, first of all,
plastic properties [1]. Hydrostatic compression can be
used to influence dislocation motion and interaction
and, thus, change the plastic properties of crystals in
the required direction [2].

Processing with a high hydrostatic pressure
(hydroextrusion) is one of the promising methods for
creating materials with given properties, in particular,
metals and alloys combining a high strength and plas-
ticity [3, 4]. The authors of [5] showed that a high
hydrostatic pressure does not create a force on a dislo-
cation; however, it changes the dislocation—disloca-
tion interaction and, thus, affects the law of dispersion
of dislocation vibrations. As shown in [6—11], the
spectrum of dislocation vibrations substantially deter-
mines the character of dislocation retardation by other
structural defects in a dynamic velocity range, i.e., in
the range of over-barrier dislocation slip. This slip
mode usually occurs at sufficiently high velocities (v >
10~2c s, where c is the transverse sound wave velocity);
however, dislocations in most metals move at higher
velocities even at a relatively low level of applied
stresses. In this work, we analyze the effect of a high
hydrostatic pressure on the force of dynamic retarda-
tion of mobile dislocation pairs pinned by dislocations
and the force of retardation of isolated dislocations by
dislocation dipoles. The presence of small dislocation
groups and dislocation walls is characteristic of the
structure that forms during easy slip, especially at high
strains or during a local action of bending momenta

(where a high density of dislocations having mainly
the same sense appears [12]). It was also noted in [12]
that the existence of dislocation dipoles is a specific
feature of the stage of easy slip in metals (Mg, Zn, Cd,
Al, Cu, FE-Si, Nb, Ni—Co), silicon, germanium,
and ionic crystalline substances (KCl, LiF, MgO).
According to [13], most dislocations in single-crystal
nickel—cobalt alloys have a strictly edge character and
up to 85% of all dislocations exist in the form of
dipoles.

The dynamic retardation of a pair of edge disloca-
tions by pinned dislocations that are parallel to them
was studied in [9], and the retardation of isolated dis-
locations by dislocation dipoles was analyzed in [10].
In [9], a dislocation pair was taken to be a linear har-
monic oscillator whose vibrations can be excited by its
interaction with immobile dislocations. The dissipa-
tion mechanism consisted in an irreversible transfor-
mation of the kinetic energy of moving dislocations
into the energy of their vibrations with respect to the
center of gravity of the dislocation pair. A linear oscil-
lator can also be represented by a dislocation dipole
whose vibrations are excited by dislocations moving in
a crystal [10]. A hydrostatic pressure increases the dis-
location interaction force and, thus, can substantially
affect the dislocation dynamics; however, it was not
taken into account in the works noted above. The pur-
pose of this work is to take into account the effect of
hydrostatic compression on the dynamic retardation
of mobile dislocation pairs by immobile dislocations
and of isolated dislocations by dislocation dipoles.
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Fig. 1. Motion of a pair (/, 2) of edge dislocations in the
elastic field of immobile edge dislocations parallel to them.

THEORETICAL ANALYSIS

We consider two infinite edge dislocations moving
under constant applied stress G, in a crystal subjected
to hydrostatic compression (Fig. 1; dislocations /, 2).

Dislocation lines are parallel to axis z, their Burgers
vectors are parallel to axis z, and dislocation slip occurs
along axis x. Dislocations move at constant velocity v
in one plane normal to slip planes. This configuration
of edge dislocations, which is equilibrium and stable,
becomes more stable in the case of hydrostatic com-
pression [5]. The distance between slip planesis a. The
lines of immobile edge dislocations are taken to be
rigid and parallel to axis z; for simplicity, their Burgers
vectors are considered to be identical to those of glide
dislocations. As a result of the interaction of mobile
and immobile dislocations, the mobile dislocations
begin to vibrate in their slip panes with respect to the
plane x = vt, which is perpendicular to these planes.
We now write an equation of dislocation motion in the
x0z plane. The arrangement of dislocations is deter-
mined by the functions

Xi(y=01)
X,(y=a;1) =

where w(y = 0, z, ) and wy(y = a, z, f) are random
quantities whose averages over the dislocation ensem-
ble is zero. The motion of a dislocation is specified by
the equation
_0°X, - )¢
m==% = b[oy+ oy, (vt +wy; 2)] + Fas— B=E.
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Here, K= 1 and 2 are the number of a moving disloca-
tion, m is the mass of its length unit (for simplicity, the
dislocation masses are taken to be the same, and sign

~ indicates that the values of the corresponding quan-
tities are taken for a hydrostatically compressed crys-

vt+wy,(y = a;t),

()

tal), o, is a constant applied stress, ny is the stress
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tensor component created by immobile dislocations in

the line of the Kth moving dislocation, va =
Zf\/: | ny,i , NV is the number of immobile dislocations
ina crystal, 1~7 ais 1S the force on the dislocation from the
second dislocation moving in a parallel slip plane, and

B is the damping constant mainly caused by phonon
dissipation mechanisms. As shown in [14], the effect
of these dissipation mechanisms on the drag force cre-
ated by the field of chaotically distributed defects is
insignificant because of dimensionless parameter o =

dryv/ ¢’, where 1y is the cutoff parameter and r, = b.

We have & <10'2s7!, since B <10~* Pas and the linear
density of the dislocation mass is m ~ 10! kg/m. For
typical values 7y~ b~ 3 x 107'"m, ¢ =3 x 10° m/s, and
v<107's, we obtain o < 102 < 1. This estimate per-
formed for crystals that are not subjected to hydro-
static compression also holds true in our case, since
the authors of [5] noted that hydrostatic pressure does
not change the orders of magnitude of the parameters
used here. Therefore, to calculate the drag force of a
dislocation induced by defects, we neglect the effect of
phonon and other dissipation mechanisms that con-

tribute to damping constant B. In the absence of
hydrostatic compression, we can write the dislocation
interaction force in a crystal as [15]

2 2 2
ngs _ szx(x :y ). b Azlw’

r a (3)

= K
2n(1-y)’
where vy is the Poisson ratio and p is the shear modulus.
When writing this formula, we also took into account

that dislocations vibrate slightly about the center of
gravity of a dislocation pair, i.e., w << g and r= a.

Under hydrostatic compression, the dislocation—
dislocation attracting force increases and additional
force AF(p) proportional to the hydrostatic pressure
appears [5],

F(p) = Fyo+ AFy(p) = Fy(1+Bp), 4)

B = l(](2+(2[(1_@)(1_—2\() >0, 5)
u p/2(1=v)
1 1
“A—p+3l-m+=-n+p
K = 2 2
T 3A+2u+p
| (6)
3A+6u+3m—=-n+2p
K. = 2
L= -

3A+2u+p

where A and p are Lamé constants and /, m, and » are
Murnaghan coefficients.
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EFFECT OF A HIGH HYDROSTATIC PRESSURE

The authors of [5] also showed that the depen-
dences of K; and K, on p and the changes in the Burg-
ers vector may be neglected in the usual range of
hydrostatic pressures.

We now calculate the dislocation vibration fre-
quency using a standard Fourier transformation pro-
cedure and passing to the system of the “center of
mass” of a dislocation pair.

In [9], we showed that two edge dislocations
located one above the other in parallel slip planes rep-
resent a linear harmonic oscillator. In the absence of
hydrostatic compression, it has vibration frequency
. To calculate this frequency, we write the following
equation of motion for a dislocation in a system
related to the center of mass of the dislocation pair:

2
. . 0
MWy = ———Wg, Wg+Wwg = 0;

a

_ b JM _c 2 c

Wy =-[—==-|——*x -,

aNm aNIn(D/L) a

where L is the dislocation length, D is a quantity on the

order of magnitude of the crystal size, and c is the

transverse sound wave velocity in the crystal. We now

numerically estimate the vibration frequency of the

dislocation oscillator. For a hydrostatically com-

pressed crystal, an increase in the dislocation—dislo-

cation interaction force leads to an increase in the

oscillator eigenfrequency. Allowing for Egs. (4)—(6),
we obtain

(7

o(p) = 0o 1+, (8)

The drag force on the dislocation pair from immobile
dislocations is calculated with a method similar to that
in [9] using Egs. (4)—(6),

2 ~
F= fiquxdqqux||6xy(q)|26(qiv2—wz(p)), ©9)
mm

where 7 is the density of immobile dislocations, 8xy (9 =
o, (@)(1 + Bp), and c,,(q) is the Fourier transform of
the corresponding stress tensor component induced by
an immobile dislocation in the crystal without hydro-
static compression. Here, we take into account that
the dislocation—dislocation interaction force in a
hydrostatically compressed crystal increases by a fac-
tor of 1 + Bp. Thus, the force of dynamic retardation
of a moving dislocation pair by immobile dislocations
under conditions of a high hydrostatic pressure
changes according to the following two factors: first,
an increase in the interaction inside the dislocation
pair results in an increase in the dislocation oscillator
eigenfrequency; second, the interaction of immobile
dislocations with the moving pair dislocations
increases. We perform computations and find the form
of the desired force,
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Fig. 2. Motion of an isolated edge dislocation in the elastic
field of dislocation dipoles parallel to it.

F(p) = FO)(1+Bp)",
4 2
nb H P znouags
lomwy(1-vy) v v

where F(p) is the force of dynamic retardation of the
dislocation pair by immobile dislocations in the crystal
compressed by hydrostatic pressure p and F(0) is the
same force in the crystal that is not subjected to hydro-
static compression.

We now consider the case of retardation of an iso-
lated edge dislocation by dislocation dipoles (Fig. 2).
The distance between dipole dislocations is a. In the
absence of hydrostatic pressure, this type of dynamic
retardation was studied in [10]; it was also shown that
a dislocation dipole is a harmonic oscillator. When
repeating the calculations performed above for this
case, we found that dislocation dipole eigenfrequency
®, also increases during hydrostatic compression of a
crystal according to Eq. (8) and that the increase in the
force of dynamic retardation of an isolated dislocation
by dislocation dipoles can be described by Egs. (10).

10
F0) = (10)

RESULTS AND DISCUSSION

The dislocation drag force caused by the described
mechanism is inversely proportional to the dislocation
slip velocity. In other words, this force cannot ensure
dynamic stability of dislocation motion—this motion
can be stable only in the presence of quasi-viscous
forces of, e.g., phonon or magnon origin. This force
limits the minimum velocity of steady-state motion
below which a steady-state mode is unstable and,
hence, cannot be actualized. Since hydrostatic com-
pression increases the drag force caused by the mech-
anism under study, minimum steady-state velocity
v.(p) determined by the condition Bv > F(p) (slip sta-
bility condition) increases,
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v.(p) = v.(0)(1 +BP)3/4a REFERENCES
) (11) 1. J. P. Hirth .and J. Lothe, Theory qf Dislocations
v,(0) = ub n ) (McGraw-Hill, New York, 1967; Atomizdat, Moscow,
¢ 4(1 —=y)Nmw,B 1972).

As noted in [16, 17], the anomalous velocity depen-
dence of the dislocation drag force (negative friction)
is one of the causes of disordering, which is most pro-
nounced in alloys. In particular, Sarafanov [17] ana-
lyzed a set of evolution equations describing plastic
deformation in a crystal and showed that two types of
instability are possible in the proposed set of equations
for the velocity and the dislocation density; one of
them is caused by anomalous retardation of disloca-
tions. In turn, the instability-induced disordering can
cause instability of a plastic flow in the crystal, where
deformation becomes unstable and serrated and is
often accompanied by localized plastic flow. Thus, a
high dislocation dipole concentration in an alloy at a
high strain rate can lead to unstable plastic deforma-
tion, and a high hydrostatic pressure can enhance this
effect.

To estimate the effect of a hydrostatic pressure on
the quantities under study, we use the numerical esti-
mates from [5]. At a pressure of 10° Pa, the disloca-
tion—dislocation interaction force in potassium iodide
crystals was found to increase by 65%. Then, accord-
ing to the formulas obtained in this work, the force of
dynamic retardation of dislocations by dislocation
dipoles increases by 112%, the dipole eigenfrequency
increases by 28%, and the minimum value of steady-
state velocity v, increases by 46%. According to the
data in [5], the dislocation interaction induced by
hydrostatic compression at the same pressure (10° Pa)
in sodium chloride crystals increases by 30%. When
performing the required computations, we find that
the force of dislocation retardation by dislocation
dipoles in these crystals increases by 48%, the dipole
eigenfrequency increases by 14%, and the minimum
steady-state velocity increases by 22%.

These estimates demonstrate that a high hydro-
static pressure can substantially affect the dynamics of
dislocations, especially in alkali—halide crystals.

The results obtained in this work can be useful for
an analysis of plastic deformation in hydrostatically
compressed crystals, in particular, for the study of dis-
location network motion.
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