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Abstract: In this paper, the fundamental principles of plastic flow localization are briefly outlined.
During the development of plastic flow, there is a changeover in the localization patterns conform-
ing to the corresponding stage of work hardening based on the autowave nature of plastic flow
localization. In particular, the evolution of plastic flow from yield point to fracture involves the
following four stages of autowave generation: switching autowave — phase autowave — stationary
dissipative structure — collapse of autowave. The most intriguing localization pattern is attributed
to a phase autowave, which forms at the stage of linear work hardening. The characteristics of the
phase autowave (propagation velocity, dispersion, and grain size dependence of the wavelength)
have been determined experimentally. Moreover, an elastic-plastic strain invariant is introduced
to describe the elastic and plastic properties of the deforming medium, as well as to establish the
above characteristics of autowaves. A hypothetic quasi-particle, corresponding to the autowave of
localized plasticity, is considered and its potential properties are estimated to interpret the localization
process characteristics.

Keywords: elasticity; plasticity; localization; pattern; crystal lattice; self-organization; autowave;
quasi-particle

1. Introduction

The plasticity nature problem can be regarded as a significant challenge for the modern
physics of solids. Moreover, although plasticity has been studied from antiquity to the
present day, some of its aspects are still poorly understood. During recent decades, the
salient features of plastic flow in solids have been investigated intensively, and new experi-
mental data have provided insight into the understanding of plasticity nature. Meanwhile,
all the published papers concerning this topic of research cannot be listed herein, except
for a few experimental and theoretical studies related to dislocation theory [1,2] and solids
mechanics [3,4]. At the same time, the general physical model explaining the problem
of plasticity is lacking today, making it urgent to proceed with the development of new
approaches to the comprehension of the nature of plasticity.

Seeger and Frank [5] were first to point out the new way to solve the plasticity prob-
lem. They have hypothesized that “the development of a dislocation pattern during glide
deformation constitute structurization processes”. In parallel, Nicolis and Prigogine [6]
have declared that, apart from their nature, processes in the deforming media must be stud-
ied “as part of the general problem of nonlinear dynamical systems operating away from
equilibrium”, i.e., in the framework of synergetics [7]. The experiments have shown [8-10]
that the plastic flow in solids exhibits complicated space-time behavior. This point should
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medium stratification into alternating deformation and non-deformation. Taken together,
the observable flow layers form the widely varying pattern of localized plastic flow [11],
which evolves naturally in space and time during deformation. Given this fact and the
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distinguish between the localized plastic flow distributions across the specimen surface,
this study is aimed at solving the problem of the nature of plastic deformation.

2. Materials and Methods

The extensive information of this study was provided by combining mechanical
tests with the optical observations of localized plasticity patterns [9]. The flat specimens
with the dimensions of 50 mm x 6 mm x 2 mm were exposed to tension at a rate of
3510 °s1 using Instron-1185(Instron, Buckinghamshire, UK) and LMF-125 testing ma-
chines (Walter + Bai AG, Lohningen, Switzerland) y at 300 K. The specimens prepared from
non-metallic materials were subjected to compression tests.

The processing of o(e) diagrams consisted in the identification of work hardening
stages [13] through the approximation by the Liidwick equation [4]:

o(e) = op + Ke" ¢y

where 0 and K are the empirical constants, depending on the kind of material. The work
hardening stages of the o(¢) diagrams were identified by calculating the exponent value
n=(Ine)"' - In[K~'(c — 0y)] conforming with a rule that 1 = 0 is attributed to the yield
plateau, n = 1 is ascribed to the linear work hardening stage, n = 1/2 is for the parabolic
stage and, finally, 0 < n < 1/2 stands for the pre-failure stage. The applicability of this rule
has been verified experimentally for plastic flow in numerous materials.

The mechanical tests consisting in recording the o(e) diagram were completed by
double-exposure speckle photography and digital image correlation data (Figure 1), so as
to reconstruct the displacement vector field, r(x, ). The devices used have a field of vision
of ~100 mm, the real-time mode of operation and a spatial resolution of ~1 um, which is
comparable to that of optical microscopy.
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Figure 1. A schematic illustrating the length scale of the current study. Tensile test data are analyzed
via digital image correlation (DIC) method at the macro scale level. Here, ey, is the local elongation;
x and y are the specimen length and width, respectively; A is the nucleus spacing (the autowave
length); Vi is the autowave propagation rate.

The plastic distortion tensor for the plane stressed state is defined as [14]:

B0 = It = [0 7] o @

in which the longitudinal (eyy), transverse (gyy), shear (ex, = €yx), and rotation (w,) compo-
nents can be calculated in the xyz coordinate system for all the points of the test sample
surface for different time instants. The experimental data for the inhomogeneous defor-
mation distribution can be presented in different forms (Figure 1). The localized plasticity
pattern was matched against the respective work hardening stage of the material. The
quantitative characteristics of the pattern can be obtained using the X-t diagrams, where
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X is the x-coordinate of the deformation nucleus and ¢ is the time (Figure 2). It illustrates
the procedure for measuring the spatial (A) and temporal (T) periods of the deformation
process. The motion rate of the localization nucleus is Vi, = A/T.
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Figure 2. The distribution of local elongations &y, observed for the sample midline, and the X — ¢
diagrams for measuring A and T values.

Considerable efforts have been made to study single-crystal and polycrystalline metals
and alloys, which differ in chemical and phase composition, crystal lattice type, grain size
and deformation mechanisms (i.e., dislocation slide [1], twinning [2] or phase transforma-
tion induced plasticity [15]). In addition, particular attention has been paid to ceramics,
single alkali halide crystals, and several rocks (see Table 1). A comparative analysis of the
above materials was performed to experimentally identify plastic flow features common to
all systems.

Table 1. The test materials and the main data on deformation localization autowaves obtained for the
same materials.

Materials Crvstal Lattice Material State, Grain Size of Mechanism of Autowave Structures
Ty Polycrystal, pm Plastic Flow Observed
Pure metals
single crystal: switching autowave
Cu FCC different orientation dislocation glide phase autowave
of extension axes stationary system
single crystal: switching autowave
Ni FCC different orientation dislocation glide phase autowave
of extension axes stationary system
phase autowave
Al FCC polycrystalline (5 ... 5:10%) dislocation glide stationary system
collapse of autowave
Zn HCP single crystal dislocation glide switching autowave
phase autowave
phase autowave
Zn HCP polycrystalline (20 ... 30) dislocation glide stationary system
collapse of autowave
Co HCP polycrystalline (50) dislocation glide stationary system
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Table 1. Cont.
Materials Crvstal Lattice Material State, Grain Size of Mechanism of Autowave Structures
y Polycrystal, pm Plastic Flow Observed
Pure metals
. . . . phase autowave
In tetragon. polycrystalline (40) dislocation glide stationary system
phase autowave
Nb BCC polycrystalline (10) dislocation glide stationary system
collapse of autowave
Cd HCP polycrystalline (10%) dislocation glide stationary system
. 103 . . . phase autowave
Sn tetragonal polycrystalline (1.5-10°) dislocation glide stationary system
. . . . phase autowave
Pb FCC polycrystalline (80) dislocation glide stationary system
phase autowave
Ti HCP polycrystalline (5 ... 8) dislocation glide stationary system
collapse of autowave
Alloys (chemical composition in wt.%)
. . . hase autowave
Al-4.2%Cu- . dislocation glide, p .
0.5%Mn FCC polycrystalline (8) serrated deformation stationary system
collapse of autowave
single crystal . . . switching autowave
Fe-3%Si BCC different orientation dlsloca.tlop glide, phase autowave
. twinning
of extension axes collapse of autowave
. . . stationary system
Fe-3%Si BCC polycrystalline (300) dlsloca'tlop glide, phase autowave
twinning
collapse of autowave
140170 single crystal: switching autowave
Fel\l]iéog‘; 11\T2 o FCC different orientation dislocation glide phase autowave
= of extension axes stationary system
single crystal: . . . o
Fe-13%Mn-1%C FCC different orientation of d1sloca'1t10p glide switching autowave
. twinning phase autowave
extension axes
phase autowave
Fe-13%Cr-0.4%C FCC polycrystalline (8) dislocation glide stationary system
collapse of autowave
single crystal: switching autowave
Cu-10%Ni-6%5Sn FCC different orientation dislocation glide phase autowave
of extension axes stationary system
NizMn (ordered . glide of super- switching autowave
state) FeC polyerystalline (5) dislocation stationary system
9o, N R0 phase autowave
Mg-2 /Ocl\é[n 0-3% HCP polycrystalline (12) dislocation glide stationary system
collapse of autowave
10 . . . . phase autowave
Zr-1% Nb HCP polycrystalline (3 ... 5) dislocation glide stationary system
Zr-2.5% Nb HCP polycrystalline (10) dislocation glide stationary system

collapse of autowave
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Table 1. Cont.

Material State, Grain Size of

Mechanism of

Autowave Structures

Materials Crystal Lattice Polycrystal, pm Plastic Flow Observed
single crystal: L o
Ni-50 at.%Ti BCC different orientation transformah.op induced sw1tc.h1ng autowave
of extension axes plasticity stationary system
Fe-0.08%C BCC polycrystalline (10) dislocation glide sw1tc.h1ng autowave
stationary system
phase autowave
V-2.3%Zr-0.4%C BCC polycrystalline (40) dislocation glide stationary system
collapse of autowave
Pb—Sn' FCC/ . dislocation glide .
(eutectic tetragonal polycrystalline (10) (superplasticity) stationary system
composition) & perp y
Alkali halide crystals
NaCl FCC single crystal dislocation glide phase autowave
(compression along [001]) stationary system
P 8 y sy
single crystal . . . phase autowave
Kal FCC (compression along [001]) dislocation glide stationary system
P & Y sy
. single crystal . . . phase autowave
compression alon stationary system
LiF FCC (compressi long [001]) dislocation glide . v sy
Ceramics
210y, transformation induced phase autowave
stabilized by tetragonal polycrystalline (~5-10~2) .. stationary system
plasticity
Y,03 collapse of autowave
Rocks
Marble trigonal polycrystalline (0.1 ... 0.7-10%) twinning phase autowave
Sandstone trigonal polycrystalline (0.1 ... 1-10) grain boundary phase autowave
processes collapse of autowave
Silvinite FCC polycrystalline (1 ... 4-10%) dislocation glide switching autowave

Numerous observations showed that the localization behavior of plastic deformation

is its most salient feature. During the constant-rate tensile loading, the space-time periodic
structures (the so-called deformation patterns) emerge in the deforming sample from the
yield point to its failure. Localization structures will occur spontaneously in the sample
upon constant-rate loading without any specific action from the outside. Moreover, due to
work hardening, the deforming medium’s defect structure undergoes irreversible changes,
which are reflected in the emerging pattern.

The direct independent evidence in favor of our data has been presented in re-
ports [16-21] through the observation of a localization nucleus traveling along the extension
axis during plastic flow. However, no convincing explanation has been suggested.

3. Results
3.1. The Deformation Localization Pattern and Some Important Features

The plastic flow possesses two characteristics which are common to all deforming
solids. First, the deformation is found to exhibit a localization behavior on the macro-
scale level from the yield point to the ultimate stress. Second, the dependence of the
work hardening coefficient on the deformation would occur by stages in which each
hardening stage involves a certain dislocation mechanism [1,2]. To gain an insight into
the nature of plastic deformation, the existence of an explicit connection between the two
characteristics must be disclosed. Thus, the distinctive features of localization patterns



Metals 2023, 13, 278

6 of 20

remain the same, with only quantitative differences. It is noteworthy that there should be a
correlation between plastic deformation non-homogeneities for the entire material volume.
The localized plasticity nuclei are distributed periodically in space at a distance of A ~ 10~2
m between them. In this way, phenomena appear spontaneously at the macroscopic scale
during the deformation process.

An analysis of experimental data reveals that these regularities serve to provide a
unified explanation of plastic flow behavior. Four types of localized plasticity patterns
have been observed experimentally for all studied materials. At each flow stage, there is
a certain type of localization pattern. In particular, there is the yield plateau identified
by a single mobile plastic flow nucleus, the linear work hardening stage with a set of
synchronously moving nuclei, the parabolic work hardening stage with a set of equidistant
stationary nuclei, and the pre-failure stage with a set of mobile nuclei that are forerunners
of failure. These results together furnish a reliable proof for the one-to-one correspondence
between the localization pattern and the plastic flow stages. This regularity, named the

‘correspondence rule’, is fulfilled for all the materials investigated up until now.

A key aspect of this many-faceted problem to be dealt with is the nature of localized
plasticity. Hahner [22] has proposed a very attractive idea about the wave character of
plastic flow, which was close to the well-known concept on stress waves formulated by
Kolsky [23]. However, our basic viewpoint is that there are striking parallels between the
localized plasticity patterns and the synergetics of the relevant dissipative structures [24].
These structures are also known as switching autowaves, phase autowaves, and station-
ary dissipative structures. They have been described in detail for various chemical and
biological systems [25], and were assumed to be useful for solving the plasticity problem.

The observed pattern of localized plasticity is a projection of the autowave modes
on the surface of the deforming specimen. The relationship between the localization
pattern and autowaves takes its origin from a formal resemblance between these kinds of
phenomena. This fact can be taken as an unequivocal physical evidence of the autowave
nature of processes under consideration.

Thus, the well-known Liiders front, being observable on the yield plateau, separates
the elastically and plastically deforming material volumes. As this front propagates along
the sample, it leaves behind an increasing volume of the deformed material [13]. Because
of the structural changes, the deforming material volume acquires a new state, which is
characterized by increased density of defects, so that deformation occurs via the dislocation
mechanism. As the total deformation increases, the plastic flow exhibits an intermittent
behavior on the macro-scale level. Therefore, the Liiders band motion might be regarded
as “a switching autowave”.

A different scenario is realized at the linear work hardening stage where a set of
mobile nuclei is observed. In this case, the nuclei move at a constant rate V,,, = const
along the test sample conforming to the phase constancy condition (wt — kx = const).
This pattern corresponds to a phase autowave. The parabolic stage of work hardening
is characterized by the values n = 1/2 and V, = 0. The localization picture emerging at
the latter stage fits the definition of a stationary dissipative structure [24]. Finally, at the
pre-failure stage (0 <n < 1/2), the deformation pattern evolution is nearing completion.
The autowave process collapse [26], observed at this stage, is coupled with the transition to
a viscous failure.

Thus, the plastic flow process occurring in the deforming medium can be regarded as
the regular continuous evolution of localized autowaves. Thus, it can be claimed that the
transition from one to another flow stage involves a changeover in the modes of autowaves
generated by the deformation. In a word, the plastic flow stages are closely related to the
respective modes of autowave processes. This enables one to infer that the localized plastic
flow is the evolution of the autowave pattern. Because of a changeover in the flow stages,
the autowave modes will emerge from a random strain distribution in an orderly sequence:
switching autowave — phase autowave — stationary dissipative structure — autowave
collapse. However, some stages of the processes may be absent.



Metals 2023, 13, 278

7 of 20

It is well known that experimental investigations of autowaves in chemistry or biology
require the use of a special-purpose reaction cell. Such cells differ widely in type and size,
depending on the kind of a studied system and its chemical composition as well as the
kinetics of chemical reactions involved, temperatures employed, etc. However, autowaves
in deforming media are another matter. Under constant-rate loading, localized plasticity
autowaves will be generated spontaneously in the stretched sample at any temperature.
Hence, the deforming solids can be regarded as a universal reaction cell, which can be
conveniently used for studying the generation and evolution of all kinds of autowaves. As
it is established experimentally, the plastic flow exhibits a regular localization behavior,
which is markedly pronounced at the linear work hardening stage. Here the localization
nuclei will move in a concerted manner at a constant rate along the stretched sample,
forming a phase autowave according to the mechanisms below.

First, the propagation rates of localized plasticity autowaves in the studied materials
are in the range 1075 < Vi <1074 m/s. They depend solely on the non-dimensional work
hardening coefficient 6yy as follows:

—

Vuw = VO + 9: (3)
I
Here, V and = are the empirical constants with the dimensionality LT L.
Second, the dispersion relation w(k) for localized plasticity autowaves, where
1073 < w=21/T < 1072 Hz is the frequency and k = 27/A is the wave number, is

defined as
w(k) = wo + a(k — ko)? (4)

in which wy, kyp and « are the constants. Using the substitutions k = ko + %(a/ wo)fl and
w = wow, where w and k are the dimensionless frequency and wave number, correspond-
ingly, one can reduce Equation (4) to a canonical dimensionless form @ = 1 + k?(Figure 3).

-1.5 -1.0 —-05 0.0 0.5 1.0 1.5

k

Figure 3. The distribution of local elongations &y, observed for the sample midline, and the X — ¢
diagrams for measuring A and T values.

Third, the experiments were carried out for the polycrystalline aluminum specimens
with the grain sizes in the range of 51073 < § < 5 mm. The grain size dependence of the
autowave length A(J) has the general form of a logistic curve [27]

a1/ ay
14 Cexp(—a19)

)\((5) = Ay + @)
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where a1 and a; are the empirical coefficients, Ag =~ 5 mm, and C = 2.25. The inflection
point for the plot described by Equation (5) and found from the condition d?A/dé* = 0 is
0 =69 =~ 0.2 mm. There are two limit cases for Equation (5), which are A ~ exp(d/Jp) at
d<dpand A ~1n(d/dp) at é > dy.

Based on the studies, one can conclude that the plastic flow of solids is related to
macroscopic features of localized phenomena.

3.2. The Physical Basic of the Autowave Model

Now it is clear that the problem at hand is the development of the new model of
plastic flow evolution during plastic deformation. This is also evident from works [8-10,12],
revealing that the nature of the macroscopic length of localized plastic flow autowaves
remains poorly understood. As mentioned above [7], the plastic flow localization can
be regarded as a spontaneous process of self-organization (‘structure formation’) in an
open system. This suggestion is supported by the features in the localized plastic flow
pattern, which are identified at different work hardening stages and demonstrate the
spatial distribution of deforming and undeforming layers in media. This concept has been
developed for self-organization of open non-equilibrium systems [6,24]. A similar system
can attain spatial, temporal or functional inhomogeneity without any specific action from
the outside (here specific action implies any external action which causes the system to
acquire a certain kind of structure). It is worth noting that the definition implies no certain
underlying mechanism responsible for the self-organization process. The formation of the
localization pattern can be regarded as an ordering phenomenon in the deforming medium.

The concept of self-organization is frequently and successfully used to explain the
structural formation in all kinds of active media studied in physics, chemistry, materi-
als science or biology. The deforming medium can be likened to an active medium far
from thermodynamic equilibrium in which the sources of energy are distributed over the
material volume.

It is also evident that plastic flow also involves self-organization phenomena. Accord-
ing to [8], the generation of localized plastic flow autowaves causes a decrease in the entropy
of the deforming system, which is the fundamental condition of self-organization processes.
When studying the plastic flow localization in solids, one should take into account the
significant changes in the acoustic characteristics during the material deformation, such as
the velocity of transverse elastic waves (V) [28,29]. Up to now, the acoustic characteristics
of the deforming medium have been considered in terms of energy dissipation, especially
in internal friction studies and related problems.

Another characteristic of the medium is the phonon gas viscosity [30]. At first glance,
this quantity seems to be out of place in the analysis of slow processes of the localized
plasticity autowave propagation. However, it can be assumed that dislocations move inside
the localized plasticity nuclei between and over the local obstacles under the control of the
phonon gas viscosity B conforming with the law Vi) ~ (b/B)c. The electron gas viscosity
in metals also makes a significant contribution to the coefficient B.

It is found that mechanical and acoustic characteristics of the deforming medium are
closely related to each other. This finding is supported by the experimental evidence sug-
gesting that the acoustic processes play an important role in the development of localized
plastic flow. The available acoustic emission data imply that structural nonhomogeneities
emerge in the deforming medium due to a traveling deformation front. Thus, the acoustic
emission sources distributed over the material bulk are associated with the localized plastic
flow nuclei occurring in the same material. To elucidate the nature of localized plasticity, a
two-component model was formulated. In this case, a key role is assigned to the acoustic
properties of the deforming solid so that acoustic emission pulses play the role of the
information system which controls the structural transformation dynamics.

In the framework of the concept used to describe the autowave formation, the
basic problem is the nature of self-organization, which manifests itself in the deform-
ing medium as a spontaneous emergence of the pattern. To solve the problem, a self-
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organizing system must be separated spontaneously into dynamic and information inter-
acting subsystems [25].

The principles of the proposed model are as follows. In the course of plastic defor-
mation, local stress concentrators would form and disintegrate, which are considered the
dislocation pile-ups [1]. The elementary stress relaxation is due to the breaking from a local
obstacle, which involves acoustic emission [30]. These acoustic signals can activate other
stress concentrators so that the same process is repeated. Thus, acoustic emission signals
propagating in the deforming medium play the role of information subsystems, whereas
dislocation shears are involved in the plastic deformation proper and operate as a dynamic
subsystem. The developed model is hence made up of two components, acoustic emission
and dislocation mechanisms of plasticity, which have been extensively studied, though in
different contexts. The generation of acoustic signals was considered in connection with
the initiation of dislocation shears, while the reverse process, i.e., the initiation of shears
due to acoustic pulses, has not been touched on so far.

The next step consists in assessing the validity of the proposed model. Let an acoustic
signal propagate in a non-uniform dislocation substructure, which is formed by deforma-
tion, e.g., a dislocation cell with a size R ~ 0.01 mm, which is observable via transmission
electron microscopy. Such a cell can be regarded through an acoustic lens with a focal

length f; defined as:
R

iR ——
Vt(def)/vt_l

(6)

where Vt(def )/ V} is the ratio of rates for the non-deformed and deformed volumes, playing
the role of the acoustic refractive index. The initiation of plastic flow is due to the local-
ization of ultrasound waves at the distance A ~ f; ~ 1072 m from the active localized
plasticity nuclei.

The delay times of thermally activated spontaneous relaxation acts [31,32] in the
absence of acoustic pulses can be expressed as follows:

_ Uy — yo
Osp ~ le exp(okﬂ:y) (7)

and the same under the action of inducting pulses:

Uy — yo — 5ch} -1 {UO — ')’(‘7 + EacG) 8)

Oipg =~ wl;l exp { KT R wp exp kT

Here, wp is the Debye frequency, Uy is the potential barrier to be overcome during the
relaxation event, 7 ~ b*l ~ 10*b3 is the activation volume of this event, b is the Burgers
vector of dislocations, [ is the size of the shear zone, kg is the Boltzmann constant, and T
is the temperature. Based on Equations (7) and (8), the activation enthalpy of the process
is set as Uy — yo =~ 0.5 eV, and the acoustic pulse with the elastic strain amplitude €,
decreases this parameter by U ~ e, E = 0.1 eV. The calculation at T = 300 K yields
Bsp ~ 5102 s and 8, ~ 91077 s << Osp- These estimations provide evidence for the
principal possibility of plastic flow acceleration under the action of acoustic pulses, and
confirm the correctness of the model.

Therefore, Equations (7) and (8) demonstrate also the possibility of induced decay of
stress concentrators. It seems that the rate of localized plasticity autowave dynamics is
determined by the time of plasticity center growth from a nucleus that can be identified with
the intergrowth of the Liiders band through the sample as 7, =~ 10s > >z95p. Moreover,
it is well known that the perfect crystal lattice is a source of crystal defects responsible
for the change in plastic form, which must be taken into consideration when describing
self-organization processes as well. Hence, the basic premise of the paper is that the regular
features of plastic flow macrolocalization are directly related to the lattice characteristics.
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3.3. Fundamental Equations of the Autowave Model for Plasticity

The difference between the waves and autowaves can be shown as follows. In the
simplest case, waves are described by the function y ~ sin(wy — kx), where w is the
frequency, and k is the wave number. These functions are the solutions of partial hyperbolic
differential equations i = c?y” [25]. The wave rate c is determined by the material constants,
e.g., for the transverse elastic waves, c = w/k =~ /G/p (here G is the shear modulus, p is
the material density). The second derivative with respect to time is the sign of reversibility
of processes, in particular elastic waves.

Autowaves have long been recognized as solutions of partial parabolic differential
equations iy = ¢(x,y) + xy” [25]. A similar equation can be obtained formally by adding a
nonlinear function ¢(x,y) to the right-hand side of the equation y = xy”, describing the
transport phenomena by analogy with diffusion or heat conductivity. The coefficient x
has the dimensionality of L2T-1 and does not refer to the material’s properties. The first
derivative with respect to time, i/, means that the above equation is suitable for determining
the irreversible processes similar to those involved in the plastic deformation.

To offer adequate tools for describing the autowave processes, a set of two equations
must be produced: one considering the rate of change for the catalytic factor and another
for the damping factor. The choice of these factors is far from trivial. In case of plasticity, it
is reasonable to guess that plastic deformation ¢ is a catalytic factor and stress ¢ is damping
the same.

Hence, the equations for rates ¢ and ¢ can be derived from the general principles. The
equation for ¢ obeys the following condition of deformation flow continuity [4]:

¢ =V (D:Ve) ©)

where V = 9/0x + 9/dy + 9/0z, and the value D; is the transport coefficient for the
autocatalytic factor; the term D, Ve is the deformation flow in the deformation gradient
field. For the uniaxial elongation along the x-axis, the autowave equation can be derived
from Equation (9) as follows:

d¢ 9t 9D, 9% d%e
= 0 +D = ¢(8)+Deﬁ.

3% ax ox Pz (10)

Here, ¢(e,0) = de/0x - 0D/ 9x is a non-linear stress-strain function, which is used to
satisfy the condition D, = Dg(x).

The equation for the damping factor change rate ¢ can be derived from the Euler
equation for a liquid flow as follows [33]:

d . ol
gPVl N axk '

(11)

Here, the momentum flux density tensor is Il = pdjy + pViVk — 0pis = oix — pViVi,
i is the unit tensor, and V; and Vj are the flow rate components. The stress tensor
Ok = —poix + 0yis includes viscous and elastic stresses, i.e., 0, = —pdj; hence, o = o, + 05
Or 0 = 0, + 0ys. The viscous stress ;s is due to the plastic deformation inhomogeneity; the
value ;s is related to the variation in the elastic wave velocity in the deforming medium,
ie., 0pis = 7VV;. In turn, 7 is the dynamic viscosity and V; is the propagation velocity
of transverse elastic waves. The equation 0,;; = 7VV; yields doy;s /0t = ViV - (AVV;) =
ﬁVtant /9x%. The value V; behaves as a linear function of stress, i.e., V; = V, + ¢o [28].
Hence, the equation for stress change rate is do,;s /0t = ﬁVtant /0x% = ﬁth820/ 0x2. Then,
the autowave equation for stresses takes the form

oo %o
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where ¢(0) = 0, and D, = 7 V;. It is of great importance that solving a set of Equations (10)
and (12) enables one to predict adequately the regularities of different plastic flow modes [8].

The uniformity of localized plasticity phenomena for various materials implies the
existence of a general law for the localized plastic flow autowaves. This section focuses
on searching for a similar relationship. One can assume that there is the relationship
between plastic flow macro-parameters and crystal lattice characteristics. To verify this,
one can match products AV, and x V; for plastic flow and elastic deformation, respectively
(Figure 4). The quantities x and V; are the interplanar spacings of the crystal lattice and the
transverse ultrasound wave velocity, respectively. Both the experimentally found values (A
and V) and textbook values (x and V;) were used in the analysis. It was found that

AVaw 5
xVi

~ const = Z. (13)

Figure 4. The elastic-plastic strain invariant (here Z is the atomic number of any element from the
3rd-6th periods of the periodic table).

The obtained relationship is valid for all the studied materials. The values of Z are distributed
according to the normal law [33] relative to the average quantity (Z) = 0.49 & 0.04 ~ 1/2. This
result indicates that elastic and plastic deformation processes are closely related to each
other by the plastic flow. It is noteworthy that the products AV, and xV; in Equation (13)
are related to the transport coefficients D, and D, in Equations (10) and (12), as follows:
D¢ = AV, and Dy = xV;. Thus, Equation (13) was called the “elastic-plastic strain invariant”.

Further, it is of interest to discuss some remarkable properties of the invariant. For
example, the product AV, included in Equation (13), characterizes the stable development
of the linear work hardening stage. If V; ~ xwp, then

2
LV

2 2
W n 2 G ,*W/du

2 2
~2.5% ~2 ~ g SN/ ou
wp wpp (wpx)p ¢1

(14)

where u <<y is the small displacement, W is the interparticle potential, and G = x ! (9*W /9u?)
is the shear modulus [34]. The value &; = (wpx)p = Vip is the specific acoustic resistance
of the medium.

The potential W can be expanded into a power series [35] as follows:

1/PWY , 1/3W)\ 4 1., 1 4
W(u)Nz(auz>u +6(au3>u —i—...—ifu —ggu + ... (15)
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where f is the quasi-elastic coupling coefficient and g is the anharmonicity coefficient [34].

With the proviso that % fu?>> ’f % gu®|, Equation (14) takes the form:

f_f
M & 2= ~ ——. 16
T T oV (16)

The invariant (13) is also suitable for describing deformation initiated by chaotically
distributed dislocations. If the density of a mobile dislocation is p,,;, then the average

distance between dislocations is (s) = p;;/ 2, It can be assumed [2] that o ~ (Gb/ 27T)p3n/dZ,
ie, pn_q;/ 2 = (s) = Gb/27o ~ ¢~ !. The speed of a quasi-viscous motion of dislocations is

Vst = (b/B)o, where B is the coefficient of dislocation drag by the phonon and electron
gases [30]. Thus,
Gb?
Tt
The values G ~ 40 GPa and B ~ 10~ Pa-s are conventionally employed to describe
the dislocation motion. Using these values, it can be found from Equation (17) that
AVyis ~107% m?/s. The latter value is close to the calculated product ZxV; for materi-
als under consideration. The above suggests that a reliable quantitative criterion has been
established for analyzing the interaction between elastic and plastic deformation, which
occurs on the macro- and micro-scale levels. This criterion, in its universal form, is ap-
plicable to autowaves as well as to elastic and plastic deformation during the dislocation
motion. Therefore, this criterion can be considered as a useful generalization parameter of
the elastic-plastic strain invariant:

IV = const = (17)

AMVaw = Vi = ZxVi = 1070 m?/s (18)

In view of the above, the invariant (13) is promising for gaining an insight into the
nature of localized plastic flow. All the basic regularities of localized autowaves can be
deduced from Equation (12); therefore, the invariant is expected to play an important role
in the development of new models of plasticity.

A very important dependence of the product AV, on the interplanar spacing was
recorded for studied materials. This dependence (AV,y ()x)) falls into three sections, which
correspond to the 3rd, 4th or 5th period of the periodic table. This implies a close relation
between the deformation processes and the electronic structure of metals according to their
position in the periodic table.

Since the invariant (13) is referred to the characteristics of simultaneously proceeding
elastic and plastic processes in a deforming medium, it plays an important role of ‘master
equation’ in the autowave theory of localized plastic flow under consideration. This
is confirmed by the fact that the invariant (13) has a number of consequences that can
be used not only to understand the nature of some important features of dynamics of
localized plasticity, but also to describe them quantitatively. Certain consequences will be
discussed below.

For example, one can show that the velocity of phase autowaves follows from the
invariant. Indeed, the derivative of the invariant (13) with respect to the deformation ¢ has
the form

5 avy S d)(
Thus .
ANV, v o dx Vi

The value y is independent of the plastic strain, so that ZVid x/de =0, and

L AV, dV,
Vaw:zxd—):—A d;w.

(21)
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Therefore, Equation (21) can be rewritten as follows:

. A4V AVew A =
Vaw:ZX'df/\t_X‘ aw'%%VO‘Fg (22)

This result coincides with the experimentally established Equation (3), if the work
hardening coefficient is expressed as the ratio of the structural parameters 6 ~ x /A [2].

The dispersion relation for the localized plasticity autowaves can be also obtained
from Equation (13) as follows:

® O
= — = — 2
Viw == = o 23)
where ® = ZxV;. If Vo = dw/dk, then dw = (©/2m)kdk. Evidently,
w © k—ko
/ do = o / kdk, (24)
wo 0
and the dispersion law of autowaves acquires the quadratic form:
— S 2
w(k) = wo + —(k—ko)", (25)

where ®/47 = w is the parameter used in Equation (5). In this case, the coefficients in

Equation (25) can also be calculated by rewriting Equation (23) as

, kBP
h

k ~ ck (26)

where 0p is the Debye temperature [34]. Then, ¢ = Zx*(kgbp /h) ~ Zx’wp. Using the
reference values x(F®), x(4D, 9¥®) and ™) one can find that ¢(F¢) ~ 3.7.10~7 m?/s and

g(Al) ~ 4.45-1077 m?/s. These are consistent with the values g(Fe) = 1077 m?2/s and
¢(A) = 1291077 m2/s, experimentally found from the dependence V,, (k) (Figure 5).

2,0

15
@

1=

o

2 10
3

>

0,5

3
1 nTos 800 \{-.«6\

Figure 5. The dependences of the propagation velocity of localized plasticity autowaves (1) and
wave number (2) on the grain size; the dependence of the propagation velocity of localized plasticity
autowaves on the wave number (3) for Al.
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There is a very interesting problem concerning the influence of the structure (e.g., grain
size) on the length of the autowave. Supposing that it follows from the invariant (13),

one obtains v
A= Zy—t
X VﬂZU

If the velocities V; and V,,, depend on the grain size J (Figure 5), then the differentiation
of Equation (27) with respect to ¢ yields:

(27)

dA

o d (VN o (VawdVi/dS — VidViw/dS
a5~ s (vaw) - Z"( V2, )' 29
from which it follows that
L (dv 1 AV 1 B )
A = Z"(d(s 7~ Vitgs V}w>d5 - (al)\ 1A )d(S, (29)

where a; = (Vt)flth/dé =dlnV;/déand a; = (Zth) 7ldVaw/d(5 since Vi = ZXViA L.
A solution of Equation (29) is the logistic function [27]

ay/az
14 Cexp(—a19)

A(d) = Ao+ (30)

Apparently, Equation (30) is equal to Equation (5) obtained experimentally for Al

The Hall-Petch relationship [13] is close to the dependence determined by Equation (30).
It is well known that the mechanical characteristics of polycrystalline materials (yield limit
and flow stress) depend on the grain size. The corresponding dependences are usually
linear in the coordinates ‘property—0~1/2’. Being plotted in the coordinates ‘A — 671/, this
dependence is separated into two parts at the point § = §y = 0.2 mm. Therefore, it makes
sense to check the validity of Equation (13) for two ranges of grain sizes, namely § < Jy
and 6 > Jy. The results of estimations indicate that AV;,/xV; =~ 1/2 for both ranges.

The dimension effect of the plastic flow can also be explained in terms of Equation (13).
If the autowave length is measured in samples of different length L, then

d _dA AVew 5 d _
E(/\Vaw) — Evaw +/\ AL — ZdL (th) =0 (31)
and A A dv,
_ aw
AL~ V. dL - (32)

For A = Ay = const and dV,y, /dL =~ Vi, /L, it obtains dA/dL = (Ag/ Vaw) - (Vaw/L)
and dA ~ dL/L, thatis, A ~ InL, as established previously in the experiments [8].
It is worth mentioning that the autowave equation of deformation can be derived from
the invariant Equation (13) as follows:
X 51 Vaw

L _7
y v (33)

where e = A/x >> 1is the plastic deformation. It is possible to introduce the differential
operator 9/9t = D, - 9*/9x? and to act on both sides of Equation (33). Thus,

de 4 2V -1 0%V, . vl 92(w/V,

The ultrasound velocity depends weakly on the strain, so that V; ~ const in Equation (34).
Since V;/ Vi = Z7 1A/ x = ¢, then

oe A
— = —2D.V,
at eVt

Pl 9

52 + Dg@. (35)
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This relationship is equivalent to Equation (10) for the strain rate, if
—ZD V;9* Vil /9x? = ¢(e).

A key question is the relationship between the autowave approach and the dislocation
theory, which is used usually [1,2] to explain the nature of plastic deformation and work
hardening in real crystals. The dislocation models are mostly based on the Taylor-Orovan
equation [2]

de

€= 7 = bPmaVaist, (36)

bringing the plastic strain rate ¢, into correspondence with the mobile dislocation density
Pmq and their rate V. A comparison of Equations (34) and (36) shows that the term
—ZD,V;(d*V,} /dx*) in Equation (34) is analogous to bp,,4 Vs in Equation (36). Indeed it
can be assumed that V; = ywp =~ bwD and D; = ZDy = ZxV;. If d?/dx? (V}) = Vil /%2,
then for the dislocation chaos x 2 ~ [ =2 ~ p,,;, where [ is the free path of dislocations. In
this case

82V 1 ~ V_l Vt/Vaw ~

2
W =2V

— 2DV, —22. xV? bwp - ~22v* p,aVi.  (37)

By setting V; ~ V; = Vj;q, one can write V; ~ Vg ¥ 1, so that:

2
% = VZ* - bpmaVaist + Ded*e/9x* = abpygViist + Dede/9x>. (38)

Evidently, Equation (38) differs from the Taylor-Orovan Equation (36) by the term
DSE)ZE /9x2 which is responsible for the macroscopic strain redistribution over the vol-
ume at a certain distance from the existing fronts. This means that the Taylor-Orovan
equation is a special case of Equation (38), which includes the diffusion-like compo-
nent Dg0%¢/dx* ~ 9%¢/dx? of the strain flow along with the hydrodynamic component
bomaVaist ~ Viisi-

Hence, it follows that the autowave plastic flow model is reduced to the dislocation
model the same in the limit case. It is obvious that the application of the Taylor-Orovan
Equation (36) at small dislocation densities (small strain) allows one to obtain reliably
correct results. However, for large strains corresponding to the high defect densities and
the nonlinear dislocation properties, it is more expedient to use the universal autowave
Equation (38).

It is noteworthy that the invariant enables one to explain the origin of localized
plast1c1ty autowaves. Indeed, according to the Taylor-Orovan Equation (36), the condition
€ = const set to a testing machine is fulfilled by p,,sVyiss = const. This condition can
be violated under strain hardening, as well as at the decrease in the density of mobile
dislocations with increasing strain or the decrease of dislocation velocity when the effective
stress decreases from ¢ to o — Gbp}o/t2 [2] (here p;; is the total dislocation density). In
this case, the condition € = const is satisfied only if the diffusion-like strain mechanism
described by the term D®¢” in Equation (7) is incorporated and the relaxation act of the
localized plastic flow nucleus at the distance ~ A from the initial nucleus is induced by
one of the above-considered mechanisms. This assumption can be used to explain the
generation of the macroscopically localized plastic flow autowave.

Finally, Equation (13) enables one to calculate the work hardening coefficient. For this
aim, using the autowave velocity from Equation (22) and the dispersion component from
Equation (25), the following expression can be written:

0 = A= ———A~ -ﬁ.
27w 2 Zx Vi ™vi X

[
[1]

(39)

According to Equation (39), 6 ~ 3 - 10~2, which is close to the experimental values at
this stage in single and polycrystalline metals and alloys [2].
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Thus, the consequences from Equation (13) explain many regularities of plastic flow.
For this reason, the invariant can be thought as the master equation for the autowave theory
of plasticity.

4. Discussion
The Macroscopic Quantum Phenomena of Plastic Flow

The quasi-particle conception is very fruitful for condensed-state physics [35]. The
conception allows one to simplify the description of the corresponding problem. The first
step consists in writing the product AVypr3, , where p is the metal density and 7;,, & x
is the ion radius of metal. The calculations carried out for nineteen different metals (see
Table 2) show that

)\Vawpr‘?’ = AVapr3 ~ Y = const (40)

on

Table 2. Data for verification of strain invariant (13).

Alkali Halide
Metal Crystals
m?/s x 107 o
Mg Al Ti \'% v-Fe  go Ni Cu Zn Zr Nb In Sn Pb KCl NaCl LiF
24 - Vaw 19.8 146 7 5.6 5.1 4.5 4.2 72 7.4 3.8 3.6 5.2 6.8 6.4 6 6.2 85
x-Vt 16 7.5 6.6 6.1 6.9 6.7 6.5 4.8 52 55 5.2 22 53 2 7 7.5 8.8

It was found that the ¥ values are distributed conforming to the normal law and
(¥) = (6.9 + 0.45)-10-34 ] -s. This value is close to the Planck constant h = 6.63-1073*J-s, and
there is the ratio (¥) /h = 1.04 £ 0.06 ~ 1. The result obtained looks surprising, and it is
conceivable to match the quantities (¥) and & using the standard statistical procedure [34].
It is known that the statistical significance of the coincidence of the quantities (¥) and / is
determined by the level of the Student tg;-test parameter as follows:

(¥)—h 1y -1
tsy = . 41
St o n +7’l2/ ( )

where the value ¢ is the square root of the overall estimate of dispersion. The value (¥) is
defined as the average of nineteen measurements (n; = 19). It also appears that the value
h can be determined in a single measurement (1, = 1) in the absence of dispersion. The
estimation reveals that the values (1) and h are statistically identical, i.e., (¥) = h. Itis
pertinent to note that h is the fundamental constant; hence, its appearance in Equation (41)
is not accidental. This suggests that plastic deformation physics is related to quantum
mechanics.

The relationship between the Planck constant and the autowave characteristics A and
Vaw implies the existence of a quasi-particle, which corresponds to the localized plastic
flow autowave. The mass of such quasi-particle is of principal importance. Clearly, its
characteristics are related to those of the autowave, which is evident from the definition [35]:

ro\
my=(52) = haallt) @)

where the values @ and p denote, respectively, the energy and quasi-momentum of the quasi-
particle. On the basis of data obtained for dispersion autowaves in Al and y-Fe, Equation (42)
can be used for calculations. The second variant uses directly the de Broglie formula

h
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Finally, according to Equation (40), it is found that
Mef = przson‘ (44)

The effective mass of a quasi-particle with a volume ~ 3 was defined from Equations (42)
and (44) as 0.3 < Mep < 4.2 amu (the atomic mass unit, 1 amu, is 1.66 x 10727 kg). The

averaged quantity <mef> ~ 1.8 + 0.3 ~ 2.0 amu is a rough estimate of m,. The quasi-

particle under consideration is named “autolocalizon”. Below, we discuss some possibilities
offered by this approach.

The phonon and electron gas viscosity affects the mobility of the autolocalizon. Thus,
the effective mass of the autolocalizon is regarded as a virtual mass, which is defined by
the resistance of both gases to the autolocalizon’s motion. A strong evidence was recently
obtained in support of this conjecture. The effective mass was calculated from Equation (44)
for a range of metals.

Using Equation (40), the equation for elastic-plastic strain invariant (13) can be rewritten as

h N h
~77 45
AVaw xVi (45)

where h/xV; = My and h/AV,, = m,_; are the masses of the phonon and the autolocali-
zon, respectively. Then, Equation (45) is equipotent to the equality m,_; ~ Z~'m ph & 2M ).
and hence accounts for the mechanism which is responsible for the generation of disloca-
tions in the lattice due to the phonon condensation [34].

It has been shown that the activation volume of an elementary act of the interatomic
bond rupture is close to that of an atom. The underlying theoretical premises for this fact are
based on the discreteness of the crystal lattice in which the generation and evolution of ele-
mentary acts of plasticity and fracture take place. The autowave and quasi-particle concepts
are therefore distinct regardless of the complementary and interrelated approaches.

In the frame of the above concept, the length of the localized plastic flow autowave can
be estimated if considering the motion of autolocalizon in the phonon gas as the Brownian
motion. In accordance with the Einstein theory, the free path of the Brownian particle is

kgT
S = AB t (46)
Tt g1

In this equation, 7 is the dynamic viscosity of the medium (phonon gas) and t ~ 27/ w,
w is the frequency of the localized plastic flow autowave.

Hence, the free path of the quasi-particle can be presented as a correlation length of
localized plasticity zones (the autowave length A) as follows. Assume that the autolocalizon
is of size r,_; ~ 10710 m; the autowave periodist ~ 103 s; T =300 K; and i ~10~% Pa-s [30];
hence the resultant value is S ~ 10~2 m, which is evidently close to the autowave length A.
Thus, the application of Equations (35) and (36) yields the equivalent numerical estimates.
This suggests that both the autowave and the quasi-particle concepts correspond to the
principle of duality. The proposed conceptual representation appears to be productive
for theoretical purposes, especially in plasticity physics. A close relation between the
plastic and acoustic characteristics of the deforming medium implies that the deformation
processes can be described by a hybridized spectrum of excitations [9]. Such a spectrum is
obtained by imposing the linear dispersion relation w =~ V;k for phonons and the quadratic

dispersion relation w = wy + a(k — ko)? for autowaves.

To validate the hybridized dependence w(k), the coordinates & and A were estimated
for the point of intersection of the plots in a high-frequency range of the spectrum. The
frequency & =~ wp and the wave number k correspond to the minimum length of the elastic
wave, which is of the order of distance between closely packed planes, i.e., k ~ 27/x.
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This directly indicates that the generalized dispersion relation is valid for both phonons
and autolocalizons.

The dispersion curve in Figure 3 is assumed to be analogous to the dispersion curve
for superfluid *He [35]. The latter dispersion relation has a minimum corresponding to the
nucleation of ‘rotons’, i.e., quasi-particles with an effective mass m,,; ~ 0.64 amu and the
quadratic dispersion law. The above similarity is indicative of that between the localized
plasticity and superfluidity. Meanwhile, the question of whether this is a formal similarity
or it has a physical meaning remains open.

The additional argument in favor of this attractive conjecture is as follows. The
superfluidity of He is attributed to the occurrence of normal and superfluid components
in liquid *He at T < 2.17 K. The dynamic viscosities corresponding to these components
are fj, and 7]y << fj,. The plastic flow occurring in the deforming medium would involve
both the slow motion of individual material volumes undergoing form changing and the
high-rate dislocation motion. The slow process corresponds to the high material viscosity
fmat = GT ~10!0 Pa-s (here T ~ 103 s is a characteristic time of the process). The velocity
of the fast motion of dislocations V;5; =~ (b/B)c is controlled by the phonon gas viscosity
B~ 10"*Pa:s, ie., fimar/B ~ 10

It is well known that there are only three quantum effects at macroscopic level. They
are superconductivity, superfluidity, and the quantum Hall effect [35]. However, one
can assume that the localized plasticity phenomena might be included in the same list.
Indeed, it is possible to use a quasi-particle approach for the analysis of serrated plasticity
(the Portevin—Le Chatelier effect) [36]. Using Equation (35) on the assumption that the
number of autowaves arranged over the sample length L = Ly + 6L is A = L/n, where
n=1,2,3...,o0neobtains 6L ~ A. In this case, it follows from Equation (47) that

h h
R ‘n R . 47
PX3 Vaw " My 1 Vaw " “7)

6L

The autolocalizon mass m, | ~ px> ~ pr3  appears in Equation (47), which states

that a jump-wise elongation of the stretched sample is 6L ~ n. Because Vi = const for

the linear work hardening stage, it is found that & (p)(3 V,lw) 1o const. Given the sufficient
instrumentation sensitivity, the flow o(e) curves will invariably exhibit a serrated behavior.
Depending on the kind of material, the deformation occurs via different mechanisms.
The estimates were made to suggest that p ~ 5-10° kg/m? and x ~ 3107 m forn =1;
hence, the elongation jump is 6L,,—; ~ 10~* m. For the sample length L ~ 10~! m, the
elongation jump corresponds to the deformation de,;,—; ~ 10~3, which closely matches the
experimentally obtained value.

It follows from Equation (47) that an increase in the loading rate would cause a
decrease in the deformation jumps, i.e., SL ~ V,!. This dependence was established
experimentally in [37] for Al samples tested at 1.4 K at different loading rates. Thus, the
autowave velocity was found to be proportional to the motion speed of the testing machine
crossheads, i.e., Vi ~Viyuan. According to [37], the velocity Vg, will increase with V40,
while the deformation jumps will grow in a slower manner.

5. Conclusions

1. A new idea concerning the nature of plasticity was discussed. In the frame of the
proposed concept, the plastic flow localization is due to not only the formation and
redistribution of dislocations in the deforming medium but also to the lattice and
material characteristics related to quantum mechanics. It is found that the parameters
of plastic flow localization are related to the quantities , x, and V.

2. Itis shown that the plastic flow in solids exhibits a macro-localization behavior over
the entire plastic flow. The types of localization patterns are limited in number and
correspond to certain stages of work hardening.
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3. The elastic-plastic invariant of strain was introduced to explain the features of plastic
flow. It is shown that they are the consequences of this invariant.

4. The localized plasticity was assumed to belong to the category of macroscopic quan-
tum effects, which was proven by introducing a quasi-particle of localized plastic
deformation (autolocalizon).
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