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ABSTRACT: We consider the autowave mechanism of evolution of a localized plastic deformation of crystalline
solids of different origins. It is found that localization of the plastic flow is determined by the relation between
elastic and plastic phenomena in deforming materials. The origin of this relation is explained using general
thermodynamic concepts. It is shown that parameters of plastic flow localization at the stage of linear strain
hardening in the process of solid body deformation are closely related to characteristics of the electronic structure
of metals. Inverse of the product of wavelength and velocity of the localized plasticity autowave grows linearly
with the number of conduction electrons per unit cell of the metal. The obtained data directly indicate that the
nature of the electron-gas contribution to hindering of dislocations is more complicated. Thus, the parameters of
plastic flow localization are defined by the position of metal in the Mendeleev periodic table.

Keywords: Plastic deformation, Autowave, Pattern, Electronic structure, Periodic Table

1. INTRODUCTION

Plastic deformation of solids is a complex
physical phenomenon the evolution of which depends
on the crystal lattice and crystal structure defects. The
process of plastic flow is usually described by the
dependence o(g) of the deforming stress on the strain.
It is important that at all its stages from the beginning
of plastic flow (yield stress) to fracture (ultimate
strength), this process is accompanied by plastic
strain localization [1].

The model of evolution of localized plastic strain
proposed in [1] presumes that self-organization of the
defect structure [2] occurs in the form of autowaves
of a localized plastic flow [1,3], which appear in the
deforming medium as a result of interaction of elastic
waves and relaxation events of breaking of elastic
stress  concentrators. Each relaxation event
contributes to the overall plastic deformation and
generates new stress concentrators. The autowave
pattern of localized plasticity distribution regularly
changes in accordance with the stage nature of the
o(g) curve so that the deformation process can be
treated as a natural evolution of localized plasticity
autowaves [1].

Therefore, autowaves (localized plasticity) and
wave (elastic) deformation phenomena coexist in a
plastically deforming medium. The former are
characterized by wavelength A of the localized
plasticity autowave and velocity V., of its
propagation, while the latter are determined by the
interplanar distance 7y in the crystal lattice of the
tested material and the velocity V; of propagation of
transverse elastic waves.

It was noted in earlier experiments with a number
of metals [1,4,5] that dimensionless ratio AV, /
yV; formed by these four characteristics is the same
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for all cases of straining of different metals at the
stages of linear strain-hardening when ¢ ~ ¢. This
suggested that ratio AV, /xV; is invariant in general.
This study aims at the verification of this regularity
not only for metals, but also for other materials with
a linear law hardening. It is also important to clarify
the origin of this relation wusing general
thermodynamic concepts.

2. EXPERIMENTAL DATA

Experimental investigations of localized plastic
flow were carried out for different metals related to
periods 3—6 of Mendeleev’s Periodic Table (see Table
1). The quantitative data on the localized plasticity
patterns were estimated experimentally for linear
stages of the processes at which the deforming
stresses and strains are connected by a linear relation.
In these cases, a phase localized plasticity autowave
corresponding to the condition of the constancy of
phase 2r(t/T — x/A) = const is observed, where T
is the period of oscillations in the wave, X is the
coordinate, and t is the running time. The localized
plasticity pattern formed in such cases is stable and
can be observed relatively easily [1].

For estimating ratio AV, /xV; characterizing
various materials, the range of metals under
investigation was extended. In addition, we studied
the localization of plastic deformation in alkali-halide
crystals (KCl, NaCl, and LiF) and rocks such as
sandstone (SiO;) and marble (CaCO;). To observe
localization patterns, the method combining
mechanical tests with double-exposure speckle
photography (DESP) adapted for plastic deformation
was used. This allowed the displacements vector field
r (X,y) arising on the flat sample surface to be
reconstructed for step-by-step strain increase by 8¢ =~
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10~3at any stage of the process and the components
of plastic distortion tensor to be calculated. The DESP
method for observing the patterns of a localized
plastic flow in deforming materials, which was based
on speckle photography, was described in detail
earlier [1] and will not be discussed here. For
illustrating the potentialities of this method, Fig. 1
shows a typical pattern of local plasticity distribution
for sequential stages of easy slip and linear strain-
hardening during tension with a constant rate for a
single crystal sample of alloy Fe-12 wt %Mn (y-Fe).

Table 1 Metals under study

o
o
5 Metals
[T
Element Mg Al
3 .
Atomic 12 13
number
Element Ti V Fe Co Ni Cu Zn
4 .
Atomic 5, 53 96 27 28 29 30
number
Element Zr Nb Mo Cd In Sn
5 .
Atomic 41 4y 48 49 50
number
Element Hf Ta Pb
6 .
Atomic 773 8
number

3. RESULTS AND DISCUSSION

The quantitative characteristics A and Vay required
for analyzing the data on the evolution of localized
plasticity were determined from the processing of the
so-called X—t diagrams proposed in [1] for such
purposes and shown in Fig. 2. It can be seen from the
figure that the values of autowave wavelength A and
period T can be determined from the vertical and
horizontal sections of families of the X(t) curves.
Characteristics A and V., = A/T of localized
plasticity autowaves were determined for linear
work-hardening of metals, easily slip in metal single
crystals, compression of rock samples, and the phase-
transformation straining of the NiTi single crystal.

Let us analyze the data obtained in these
experiments. The values of products AV, for 19
tested metals are given in Table 2. It can be seen that
the results differ insignificantly and the mean value
of the product of these quantities is (AV,,,)wn =
(2.52 + 0.36) x 10~ m%s.

We managed to supplement these data with the
results of analogous processing of localized plasticity
patterns observed at the easy slip stages in Cu, Ni, a-
Fe, y-Fe, Zn, and Sn single crystals for which the
proportionality ¢ ~ € also holds and a phase autowave
is observed. For this stage, we have
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(AVaw)eg~(2.95 £ 1.05) x 1077 m?/s (see Table 2).

(a)

Fig. 1 Strain distribution over a sample of Fe-12 wt
%Mn alloy (a) at the easy slip state and (b)
at the linear work hardening stage.
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Fig. 2 X—t diagram for Hadfield steel single crystal,
plotted for the case shown in Fig. 1.

The stage of linear work-hardening and
corresponding localized plasticity phase autowaves
were observed for compressed samples of alkali-
halide crystals and rocks [6,7]. The results of these
experiments given in Table 3 lead to (AV,,)apc =
(344 +0.49)x 1077 m¥s and (AW, )rock =
(1.44 + 0.34) X 1077 m%s.

In the case of staining due to the slip of individual
dislocations, the process is usually characterized by
dislocation path length | and dislocation velocity Vaisi;
these parameters were determined from analysis of
the available data on the mobility of individual
dislocations in single crystals [8-12] in the quasi-
viscous flow regime, in which V;;;~0 [13]. In such
conditions, the characteristic dislocation path lengths
lie in the interval 10° m <1< 10* m and the velocities
of dislocations belong to the range 103 m/s < Vg <
102 m/s. The product of these quantities was
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estimated using the relation [V = V2T, where T
is the duration of the load pulse acting during the
crystal loading. The results of calculations of

Table 2 Comparison of quantities yV; and AV, for metals

products [V, in these cases are given in Table 4. It
can be seen that (IV);s; = (3.2 £ 0.35) X 1077 m%/s
in this case.

%107 m?/s

Linear strain hardening stage

Cu Zn Al Zr Ti Nb aFe «yFe Ni Co Mo

AW 3.6 3.7 7.9 3.7 2.5 2.8 1.8 255 22 2.1 3.0 1.2
xV: 4.8 119 75 119 79 6.2 5.3 4.7 6.5 6.0 6.0 7.4
AV /xVe 075 03 1.1 0.3 03 045 033 054 034 035 05 0.2

x107 m*/s Linear strain hardening stage

| Easy slip stage

Sn Mg Cd In Pb

Hf aFe yFe Cu Zn Ni  Sn

W 24 99 09 26 32

1V, 53 158 35 22 20 47
AV /xV, 065 063 02 12 16 02

1.0 7.4 29 1.9 1.0 13 33
4.2 6.5 6.0 4.7 5.0 6 49
024 11 049 04 02 02 0.67

The experimental estimation of the parameters of
a localized plasticity autowave for plastic
deformation of TiNi intermetallide single crystal of
the equiatomic composition (strain-induced phase
transformation [14]) resulted in the value (A1, ), =
0.85 X 1077 m%s.

Table 3 Comparison of quantities yV; and AV, for
alkali- halide crystals [6] and rocks [7]

x10”m?*s KCI NaCl LiF Marble Sandstone
AV, 30 31 43 175 06
xV, 70 75 88 37 15

Voo/xVe 043 04 05 05 04

Comparing pairwise the above data by calculating
the Student t-test [15], we can conclude that the
resultant values differ insignificantly (i.e., belong to
the same general population). This leads to

Wawdiwn = AV )ais = (Vaw)pt ~ (Vaw)ane =
(Vaw>r0ck (1)

Table 4 Comparison of quantities xV, and
lV,is determined by measuring of path
lengths of individual dislocations

x10’m%s NaCl LiF [9] CsI[10] KCI Zn
(8] [11] [12]

Waist 41 41 19 41 18
1V, 73 86 40 68 4.0

Waya/xVe 056 047 047 0.6 045

Elastic processes in the tested materials were
characterized by interplanar distances y in the crystal
lattice [16] and velocities Vi of propagation of
transverse elastic waves [17]. As follows from Tables
2-4, we have (yV;)¢ = (5.8 £ 0.3) x 1077 m%/s for
all tested materials.

Analysis of the data array obtained for stages of

linear strain hardening made it possible to establish
that the dependence of AV, on atomic number of the
element Z oscillates with respect to the average value
with increasing number of the element within the
limits of 13 < Z < 82.

It has been found that these oscillations correlate
with regularities in the behavior with an increase in Z
of some independently determined lattice
characteristics such as, e.g., characteristic Debye
temperature 0, =~ Awp/kg (A = h/2m is the Planck
constant, wp is the Debye frequency, and kp is the
Boltzmann constant) [16], density, melting
temperature, elastic moduli, and ionization potential
[17].

As an example, correlation of the discussed
dependences is illustrated by the common mode
behavior of the quantities AV, binding energy Ep and
0) as functions of the atomic number of the elements
under study (Fig. 3).
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Fig. 3 The quantity (1) AV,,,, binding energy Ej (2)
and (3) Debye temperature Opas functions
of atomic number of elements Z (II, IV, V,
and VI are numbers of periods)

In addition, in analyzing the behavior of the
product AV, within the limits of each period of
Mendeleev’s periodic law, it has been found that the
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quantity (AV,,, )~ grows linearly with the number of
conduction electrons per unit cell of the metal n [18];
therefore, the relation
AV )t =A+B-n 2
where A and B are constants different for periods 3, 4,
5, and 6, is valid in each period. The dependences

established for the abovementioned periods are
shown in Fig. 4.
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Fig. 4 The quantity (AV,,)”! as a functions of
number of conduction electrons per unit cell
n (3,4, 5, and 6 are numbers of periods)

It was also noted that the parameter of plasticity
AVaw correlates with different physical properties, as
shown in Fig.5 a-b. The correlation coefficient: (a)
R=1;0,6; 0,6; 0,9; (b) R=1; 0,53; 0,4; 0,95.

In this case, the dependencies are presented in the
form of four linear dependencies, which covers a
metals related to the 3rd, 4th, 5th and 6th periods of
Mendeleev periodic table respectively.

The existence of a linear relation such as (Eq.2)
was already noted in [19]; however, the separation by
periods of Mendeleev’s Table was not observed
carlier. Processing of experimental data for elements
of periods 4—6 shows that,
B =A- exp (B/N), 3)
where A and B are constants. In relation (3), N=4, 5,
and 6 is the period number in Mendeleev’s periodic
law (it is well known [20] that the number of the
period coincides with the number of electron shells of
its atoms) and B is a constant.

It has been found that the quantity AV,,, grows
linearly with normalized the Debye temperature 0,
[17, 18]; therefore, the relation

kp

AV = A '@D'Eﬂ

“4)

where constant A = 4.42 x 1073 m?%/s, E; is binding

energy and kg is the Boltzmann constant.

The  dependence  established for  the
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abovementioned periods is shown in Fig. 6.
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Fig. 5 The dependence of parameter of plasticity on
Wigner—Seitz radius (a), the bond energy
(b), m — elements of the 3rd period (Mg, Al),
e — clements of the 4th period (Ti, V, a-Fe,
v-Fe, Co, Ni, Cu, Zn), A — elements of the
5th period nepuona (Zr, Nb, Mo, Cd, In, Sn);
V — elements of the 6th period (Hf, Ta, Pb).
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Fig. 6 The quantity AV, as a function of normalized
the Debye temperature ©, (3,4, 5, and 6 are
numbers of periods)

The coefficient of correlation between the
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quantities presented in Fig. 4 is ~0.96, which
indicates the existence of a functional relationship
between them [15].

4. CONCLUSIONS

The obtained data testify that parameters of plastic
flow localization at the stage of linear work hardening
in the process of solid body deformation are closely
related to characteristics of the electronic structure of
metals. This relation manifests itself as a dependence
of macroscopic characteristics of localized plasticity
autowave propagation at the stage of linear strain
hardening on the period number in Mendeleev’s
Table. In addition, these characteristics depend on the
number of valence electrons; for most metals but
transition ones, it coincides with the group number in
the periodic system. The obtained data directly
indicate that the nature of the electron-gas
contribution to hindering of dislocations is more
complicated than is envisaged in existing theories
[21] of this effect.

The elastic-plastic invariant necessitates the
allowance for the role played by elastic (lattice)
characteristics of materials and is important in the
development of models [22-32] and mechanisms of
evolution of a plastic flow [33-42].
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