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Abstract. The generality of localization of plastic deformation, which is 

observed at the stage of linear work hardening for HCP, BCC and FCC 

mono- and polycrystals of pure metals and alloys, is considered.  It was 

found previously that the motion rate of localized flow autowave is related 

to the reciprocal value of the work hardening coefficient by a linear law, 

which is universal in character. This is further substantiated by the results 

of the given study. The waves of plastic flow localization are found to have 

dispersion law. It has been established that in order to address the auto-

wave of localized deformation, a quasi-particle may be introduced.  The 

quasi-particle’s characteristics have been defined. 

1 Introduction 

Studies of plastic deformation in solids was carried on; the research results were summarized 

in the monograph [1]. It has been established that the plastic deformation tends to localize on 

the macro-scale level in any solid from the yield limit to the failure. The localization phenom-

enon is manifested as spontaneous layering of the material bulk into non-deformed and ac-

tively deforming nuclei, which are arranged over the test sample, making up a clearly defined 

pattern. Each pattern is in close correspondence with the law of deformation hardening acting 

at the given flow stage. The order of appearance of patterns is as follows: switching auto-

waves; phase auto-waves; stationary dissipative structures. At the pre-fracture stage collapse 

of autowaves would occur. The typical example is shown in fig. 1 a. 

The emergence of patterns in the deforming medium is evidently due to the self-

organization of its defect structure. It is well known that the processes involved in the self-

organization of an open medium would result in a decrease in the rate of entropy production 

[2, 3], which suggests that a detailed description of plastic deformation localization pro-

cesses can be discussed in terms of entropy production rate. This will be discussed and ex-

emplified where necessary in what follows. A more convenient and therefore preferred is 

the stage of linear deformation hardening where phase autowaves of localized plasticity 

with the length,    10-2 m, propagate at the rate awV 10-5…10-4 m/s [1]. 

Apparently, all the nuclei of localized deformation are distributed periodically in space; 

the mobile nuclei will move along the test sample in a concerted manner with a rate 
awV . It 

follows from the diagrams  tX  shown in Fig. 1 b that the condition constdtdXVaw   is 
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satisfied for all the stages of work hardening, which is significant enough to deserve further 

discussion. 

 
Fig. 1. A typical pattern of localized plastic flow for the case of linear work hardening (a); an expla-

nation for the estimation of autowave length and autowave period with the help of X-t diagram (b) 

2 Autowaves and elastic-plastic strain invariant 

A qualitative analysis of experimental data rests on the observation that the regularities 

represented in fig. 1 a serve to provide a unified explanation of the plastic flow behavior. 

The interpretation of experimental evidence is subtle and needs careful explanation. It has 

been established that to each flow stage corresponds a respective localization pattern; 

hence, we can set up a one-to-one correspondence between the emergent localization pat-

tern and the respective work hardening stage. A key aspect of this many-faceted problem 

that will be dealt with here is the nature of localized plasticity. The basic notion is that the 

above features of localized plasticity patterns are analogous to the well-known phenomena 

synergetics deals with - namely, dissipative structures called ‘autowaves’ or ‘self-excited 

waves’ [4]. Special variants of these structures, which are also known as ‘switching auto-

waves’, ‘phase autowaves’ and ‘stationary dissipative structures’, have been studied in de-

tail for chemical and biological systems. However, we were the first to discuss these struc-

tures in the context of solids’ plasticity problem. 

The localized deformation pattern, which emerges at the stage of linear work hardening, 

is the most intriguing one. Under the condition ~  , in all the test specimens, whether 

single- or polycrystalline, a sequence of local strain domains is found to move synchro-

nously along the specimen extension axis. These domains are equidistant and move at the 

same constant rate. Therefore, this pattern may be regarded as a specific wave process as-

sociated with the plastic deformation.  

The quantitative analysis was made of the research results. It was found that the charac-

teristics of phase auto-waves propagating at the stage of linear deformation hardening, i.e. 

auto-wave length, , and auto-wave velocity, awV , as well as the deforming medium’s 

characteristics, i.e. interplanar distance,   and transverse elastic wave rate, tV , enter the 

following dimensionless relation:  

1ˆ .
2

aw

t

V
Z

V




       

 

(1) 

Relation (1) has been called elastic-plastic strain invariant. It is based on the original data 

obtained for a range of metals and alloys listed in the Table (note that the values  and 

awV are quantitative characteristics of localized plastic deformation, while   and tV  play 

the same role for elastic deformation). Hence, relation (1) indicates that elastic and plastic 
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deformation processes occurring in the medium are interrelated, which provides additional 

insights into the kinetics of form changing. Its usefulness in application has to be verified 

by exploring the nature of invariant (1). This problem can be addressed by testing the hy-

pothesis for the normal distribution of the quantity Ẑ

 

for different materials. This hypothe-

sis can be accepted on the condition that linear correlation exists between the values of the 

variable Ẑ  on the one hand and the quantiles of normal distribution on the other hand. To 

establish a correlation between the above two sets, we shall apply a graphical method for 

plotting a dependence of values of the variable Ẑ  on quantiles of the normal distribution 

Q, which were tabulated for the probabilities  1 nik  (here n=19 is the number of 

studied metals and alloys; i = 1, 2, 3 …19). Calculations have been made which show that 

the correlation coefficient for the quantities Q and Ẑ  is ~0.6, which suggests that the dis-

tribution of the invariant Ẑ

 

is close to normal.  The spread of values Ẑ   is accountable to 

inaccurate experimental determination of the values   and 
awV for the phase autowaves of 

localized plastic flow.  

The following are theoretical considerations of the physical nature of the invariant, 

which are based on thermodynamic estimates. The plastic deformation is described in terms 

of transformation of elastic and plastic strain fields, which occurs in a concerted manner in 

the deforming solid. The process kinetics is determined by the values which enter invariant 

(1). The distribution of elastic and plastic strain fields occurs at rates tV~  and 
awV~ , re-

spectively; the characteristic spatial scales of the processes are determined by the values   

and  . Thus, invariant (1) reflects the intricate reciprocal dependence of processes in-

volved in the redistribution of strains and stresses by the plastic flow: due to stress relaxa-

tion, deformation would occur, while a change in the deformation level would initiate rear-

rangement of the elastic stress field. 

It is demonstrated in [1] that the autowave phenomenon appearing in the deforming sol-

id is described by parabolic differential equations of rate, which have been derived for vari-

ations in the strains and stresses, i.e.    
 Df ,
 
and     

 Dg , , 

respectively (here  D  and  D  are ‘diffusion’ type members responsible for the spa-

tial distribution of strains and stresses; non-linear functions   ,f
 
and   ,g  de-

scribe local relaxation acts). The coefficients D
 
and D  have the same dimension as the 

diffusion coefficient L2∙T-1. In view of the diffusivity of strain and stress redistributions, 

there is reason to believe that the flows of strains and stresses, i.e. Aj 
  and 

Aj 
  (here A = 1 is sample cross-section area) are proportional to both the strain and 

stress gradients, i.e. 
 
and  , respectively; hence, the interdependence of the values 

  and  is taken into account, considering that   . In view of the fact that the defor-

mation, , is the ‘key’ variable employed for plastic flow description, the following set of 

equation is obtained: 

 
,~    DDj     (2a)  

 
.~    DDj     (2b) 

The flows j  
and j  

are interdependent. Onsager’s reciprocity principle [5] asserts 

symmetries for the coefficients from the set of Eqs. 2a and 2b; hence, the equality 
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D D   holds good.  By the plastic deformation, structural changes will occur; the 

variation in the production of entropy (S) in the system changes in concert with the varia-

bles and The pace of variation is formally determined by the derivatives S  and 

S .  It is possible to propose, the flows j  and j  
in Eq. (2) are proportional to 

S  and S ; hence,  

,   S      (3) 

   S ,      (4) 

respectively. According to Onsager’s reciprocity principle [5], the following equality also 

holds good for the coefficients of Eqs. (3) and (4)  

.       (5) 

From dimensional considerations, it is convenient to write  

  ,
2

awVuT 
     (6) 

  ,
2

tVuT 
     (7) 

where T  is the rate of temperature variation and u  is acceleration of the rate. The latter 

two values may be regarded as local characteristics of the deformed material behavior with-

in the plastic deformation nucleus. In this case, constT   and constu  ; hence,  

taw VV   ,     (8) 

which determines the elastic-plastic strain invariant with precision to the constant Ẑ . It is 

thus believed that the elastic-plastic strain invariant is the consequence of the non-linear 

connection between strains and stresses .  

To estimate the magnitude of the value Ẑ , equation (1) is written as the product of two 

dimensionless ratios, i.e. 

1ˆ 1.
2

aw aw

t t

V V
Z

V V

 

 
         (9) 

The latter ratios might be assigned a statistical meaning. Thus the quantity 1
 
is 

taken to be the ratio of auto-wave scale to the minimal possible (lattice) scale or else to the 

possible number of sites in the system where localized plasticity waves are generated, while 

the quantity  1taw VV  is taken to be a measure for choosing auto-wave rate from the 

range of possible values, i.e. taw VV 0 . In view of the above, the concept of the nature of 

invariant (1) is formulated as follows. The general variation in the entropy production can be 

formulated for the deformed system in which auto-waves are generated as the sum of a static 

(scale) contribution and a kinematic (rate) one, i.e.  

,0 SSSS kinstat


   (10) 

where 0S


 expresses a general decrease in the entropy production for the deforming sys-

tem [6]. 

Let us evaluate the entropy gain signs in Eq. (10). In view of the above, the static con-

tribution is estimated using the Boltzmann formula for entropy as follows: 

,0ln 



Bstat kS     (11) 
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since .1  Here 
Bk is the Boltzmann constant). The rate contribution is estimated as  

,0ln 
t

aw
Bkin

V

V
kS     (12) 

since .1taw VV   

Thus from Eqns. (10-12) follows that 

0lnln  B

t

aw kS
V

V 




   (13) 

and, correspondingly, 

  .1exp  B

t

aw kS
V

V 




   (14) 

Apparently, 

 
1ˆ exp ,
2

BZ S k      

 

(15) 

hence, ln1 2 0.7B BS k k    as calculated per elementary relaxation act. 

3 Two-component model of the localized plasticity development 

In the conceptual framework used to address autowave formation the basic problem is the 

nature of self-organization, which manifests itself in the deforming medium as a spontane-

ous emergence of autowave structure. Physical interpretation of Eqns. (7) and (9) might 

prove productive for elucidation of the problem. Kadomtsev  [7] advanced the idea that a 

self-organizing system will separate spontaneously into dynamic and information subsys-

tems, interacting with one another. 

The working of the proposed model is as follows. In the course of plastic deformation 

local stress concentrators would form and disintegrate; these are considered as slowed-

down shears. Elementary stress relaxation act is due to breaking from a local obstacle, 

which involves acoustic emission. These acoustic signals will activate other stress concen-

trators, to so that the same process is repeated over and over again. Thus acoustic emission 

signals propagating in the deforming medium play the role of information subsystem; dis-

location shears are involved in the plastic deformation proper and operate as a dynamic 

subsystem. The model developed is made up of two components: acoustic emission and 

dislocation mechanisms of plasticity, which have been studied sufficiently, although in dif-

ferent contexts. The generation of acoustic signals was considered in connection with the 

initiation of dislocation shears, while the reverse process, i.e. initiation of shears due to 

acoustic pulses, has not been touched on thus far.  

In what follows, the working of the proposed model is assessed. Let acoustic signal 

propagate in non-uniform dislocation substructure, which forms by deformation and is ob-

servable by transmission electron microscopy, e.g. dislocation cell having size R 0.01 

mm. It was shown earlier [1] that such cell be regarded as acoustic lens, which has focal 

length, 
lf , given as 

  ,
1


t

def

t

l
VV

R
f      (16) 
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where the ratio of ultrasound rates, 
 

t

def

t VV , observed for non-deformed and deformed 

volumes plays the role of acoustic refractive index. The initiation of plastic deformation is 

due to the ultrasound waves focusing at distance  lf 10-2 m from the active local-

ized plasticity nucleus.  

Now estimate acoustic emission pulses in terms of energy expenditure required for acti-

vating dislocation shears. According to the thermally activated phenomena theory [8], the 

time needed for dislocations spontaneous depinning from barriers, can be estimated as 

1 0expsp D

B

U

k T


   

  
 

.  Here 
0U H  is the process enthalpy, Bk  is the Boltz-

mann constant,   is the activation volume of the process and 
D  is the Debye frequency. 

Generally, H 1 eV and 
sp  10-6 s. However, we have 0 phH U      for the case 

of the inducted depinning. If the phonon energy is given as  Dph   0.3 eV that
ind 

5∙10-7 s<
sp . It is an established fact that the perfect crystal lattice is a source of crystal 

defects responsible for plastic form changing; therefore, its properties must be taken into 

account by addressing self-organization processes as well. Hence, the basic premise of the 

given paper is that the regular features of plastic flow macrolocalization are directly related 

to the lattice characteristics. 

4 Conclusion 

The elastic-plastic strain invariant has been established experimentally. The analysis of its 

nature suggests that the development of plastic deformation occurs via auto-wave processes 

of localized plasticity, involving elastic deformation processes. Hence, the both types of 

deformation are interdependent, which is suggested by the plastic flow diagram   . The 

nature of the elastic-plastic strain invariant is discussed herein. In the given approach, the 

plastic deformation is regarded as a self-organization process, which occurs in the defect 

structure of the deformed system and involves a decrease in the production of entropy.  
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