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Abstract: - The behavior exhibited by localized plasticity domains at the final stage of the plastic flow process 
upon a transition to macroscopic necking and viscous fracture is considered. A series of experiments was 
conducted on materials differing in crystal lattice type. This enables one to establish the regular features of the 
process, which are revealed by the concerted motion of the flow domains towards the center of the trajectories 
bundle in the “co-ordinate-time” space. It is found that the fracture patterns are related to the kinetics of 
nucleation and motion of localized plasticity fronts. The probable source of the observed effects is considered. 
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1   Introduction 
The earlier theoretical findings [1-5] and the ex-
perimental research conducted previously by Zuev 
et al. [6-12] strongly suggest that macro-scale plas-
tic deformation localization will occur at all the 
stages of plastic flow in metals and alloys. In the 
course of deformation in the test specimen there 
emerge wave patterns whose type is determined by 
the acting law of work hardening. The authors [13, 
14] investigated recently the distinctive features ex-
hibited by the behavior of localized plastic deforma-
tion domains at the final flow stage for the speci-
mens of single-crystal and polycrystalline alloy Fe-
3wt.%Si (siliceous iron). It is an established fact 
[15] that at the above stage the stress σ and the 
strain ε are related as σ ∼ εn (n is the parabola expo-
nent). It is found that at n < ½ the localized defor-
mation fronts move along the specimen at a rate V, 
which is related to n as 

( ) ( )20 qnVnV −= ,                                   (1) 
Zuev et al. [10] determined the form of equation (1) 
(the constant q ≈ ½). However, in accordance with 
the work hardening law σ ∼ ε  predicted by Tay-
lor [15], i.e. at n ≈ ½, the localized deformation do-
mains would be stationary (Vn=1/2  = 0), which was 
validated experimentally [8]. Relation (1) also en-
compasses the linear work hardening stage for 
which the condition n = 1 is also satisfied and the 
quantity Vn=1 is constant and has the same value for 
all the plasticity domains observed in the given 
specimen. 

In the course of plastic flow the parabola expo-

nent n gradually decreases, which enabled Zuev et 
al. [10] to distinguish on the flow curve a number of 
parabolic substages, with the respective values of 
the exponent n varying discontinuously. The results 
obtained by Barannikova et al. [13] and Danilov et 
al. [14] suggest that at n < ½ the localized plasticity 
domains gain the capacity to move. An important 
and intriguing feature of their motion at the above 
flow stage is that they travel in a concerted manner, 
with their rates being spontaneously correlated.  

The significance of such concerted motion of lo-
calized plastic deformation domains can be easily 
deduced from Fig. 1(a), which illustrates the kinet-
ics of domains motion in the case of submicrocrys-
talline aluminum. As is seen from the figure, the 
diagrams of domains motion at the final stage of the 
flow process, which are drawn in the co-ordinates 
“domain’s position X - time t”, are rectilinear ones; 
they form a converging bundle with the common 
point having co-ordinates X* and t*. 
 
 
2   Experimental finding  
The evidence derived by Barannikova et al [13] and 
Danilov et al. [14] for the BCC alloy Fe-3wt.%Si in 
the single-crystal and polycrystalline states is sup-
plemented by the results of recent studies that were 
made on samples of pure submicrocrystalline FCC 
aluminum (grain size D < 0.1 μm) and alloys on the 
base of HCP magnesium and BCC vanadium (for 
the materials compositions see the Table). The 
method used to define the parabola exponent n val-
ues, and those employed for the visualization and 
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quantitative description of the kinetics of motion of 
localized plastic deformation domains are described 
in detail elsewhere (see [6, 8-10].  

The results obtained for all the investigated al-
loys are presented in Fig.1(a)-(d). Examination of 
the X - t diagrams shown in Fig.1 and an analysis of 
the profiles of the flow curve σ(ε) and the depend-

ence dσ/dε = θ(ε) has permitted the following de-
formation hardening stages to be distinguished: 
- linear stage (V = const, n = 1), 
- Taylor’s hardening stage (V = 0, n ≈ ½),  
- stage preceding fracture (V ≠ 0, n < ½).  

 
Table 

The constants of equation, which has determined of the motion rate of localized plastic deformation domains; 
the co-ordinates of place and time of fracture 

Materials  Characteristic 
Al Mg-2.0 wt.% Mn- 

0.25 wt.% Ce 
V-2.3 wt.% Zr- 

0.4 wt.% C 
Fe-3 wt.% Si 

α, s-1 1.13·10−3 4.64·10−3 7.24·10−3 1.32·10−3

α0, m·s-1 6.7·10−3 1.7·10−2 −6.1·10−4 −1.27·10−3

X*= -α0/α, m 6.2 3.7 −0.008 1.0 
t* =t0 – 1/α, s 1174 1265 980 2560 

 

a b 

 

c d 
Fig.1. The motion of localized plastic deformation domains in submicrocrystalline aluminum (a), magnesium 

alloy (b), vanadium alloy (c) and siliceous iron (d) 

Proc. of the 3rd IASME/WSEAS Int. Conf. on Energy, Environment, Ecosystems and Sustainable Development, Agios Nikolaos, Greece, July 24-26, 2007       614



At the final (pre-fracture) stage each localized 
plasticity domain will move at a rate of its own 
which is maintained constant during the lifetime of 
the domain. Extrapolation of the portions of X(t) 
plots for which n < ½ to the intersection point 
reveals that these form bundles in all the cases; the 
X* and t* co-ordinates can be defined within 
comparatively small areas in the X – t plane for all 
the test materials. In some cases extrapolation of 
X(t) to large times is required in order to define X* 
and t* (see Fig.1a, c). Clearly, at the very beginning 
of the final flow stage the localized deformation 
domains will move in a concerted manner, which 
enables them to arrive all together in the center X* 
at the time t*, with the location of the center and the 
time of arrival being close, respectively, to the place 
and time of specimen failure.  

The complex pattern of domains motion has a 
significant feature: at the pre-fracture stage each 
individual localized flow domains will move at one 
and the same rate, which depends on the place of 
nucleation (the closer to the zone of future fracture, 
the lower the motion rate). It should be noted also 
that the mobile domains observed at the above stage 
would come to a standstill at a certain moment of 
time with a resultant disappearance of all the 
domains but one. The only domain that is likely to 
“survive” is that nucleated in the location of 
macroscopic neck where viscous fracture is bound 
to occur. Upon its nucleation at the stage of Taylor’s 
deformation hardening at n ≈ ½ the domain remains 
almost stationary till the onset of fracture as can be 
seen from Fig.1b, d. The localized plasticity 
domains that move in a concerted manner at the pre-
fracture stage are likely to start traveling on either 
one or both sides of the stationary domain (Fig.1a, c 
and Fig.1b, d, respectively).  
 
 
3   Discussion 
Consider the conditions at which the straight lines 
X(t) in Fig.1 will form bundles. This is only possible 
when the linear law of motion rate distribution at the 
moment of time t0 is satisfied, i.e. V(ξ) = αξ + α0. 
Here ξ is the initial co-ordinate for the moment of 
time t = t0; α and α0 are empirical constants. As is 
seen from Fig.1 a, the co-ordinate ξ can be conven-
iently measured from the position of the stationary 
localization domain. The plots V(ξ) obtained for all 
the investigated materials are shown in Fig.2; the 
estimated values of the constants α and α0 for the 
above dependencies are listed in the Table. The do-
main’s motion rates as a function of their original 
positions are determined for the test materials from 

the inclination of the plots in Fig.1. In all the cases 
the dependence V(ξ) is evidently a linear one. At the 
parabolic deformation hardening stage the coeffi-
cient of work hardening 1~ −= nndd εεσθ de-
creases with the parabola exponent n. In accordance 
with the relationship established by Zuev [8], the 
motion rate of localized deformation front depends 
on θ as V ~ 1/θ; hence with decreasing n, the above 
value will grow due to decreasing θ. A similar in-
crease in the value V at n < ½ is predicted from (1). 
 

Fig.2. The dependences V(ξ) in submicrocrystalline 
aluminum (a), magnesium alloy (b), vanadium alloy 

(c) and siliceous iron (d)  
 
It can be easily shown that the co-ordinates of 

the bundle center (place and time of fracture) 
αα0

* =X ,                                      (2a) 

α10
* += tt .                                   (2b) 

The values of the above quantities are also listed 
in the Table. Thus, the convergence of the lines in 
the co-ordinates X – t might be attributed to the fact 
that at the pre-fracture stage at n < ½ the motion 
rates of the localized plasticity domains emergent in 
the tensile sample satisfy the condition V(ξ) = αξ + 
α0.  

As is noted above, localized deformation do-
mains may originate on one side of the place of fu-
ture failure (magnesium alloy and aluminum) or on 
both sides of the same place (vanadium alloy, Fe-
3%Si alloy). In the latter case, the inclinations of 
two sets of domains are opposite in sign, which 
probably determines the character of viscous frac-
ture in materials, which have relatively high plastic-
ity (FCC and HCP) or low plasticity (BCC). Thus a 
typical fracture zone observed for magnesium alloy 
and aluminum is that of viscous shearing, while va-
nadium and Fe-3%Si alloy specimens undergo 
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mostly brittle fracture as is noted by Danilov et al 
[14]. 

Then normalization of the quadratic dependence 
V(n) using experimental values of Vn=1 and Vn=1/2 = 
0, which correspond to the stages of linear and Tay-
lor’s deformation hardening (n = 1 and n ≈ ½ re-
spectively), allows one to estimate n values from 
relation (1) for the individual mobile domains of 
localized plasticity observed in all the investigated 
materials (with the exception of submicrocrystalline 
aluminum whose flow curve shows no linear work 
hardening stage). The results obtained by the above 
data treatment are presented in Fig.3. Of particular 
significance are the negative values of the parabola 
exponent (n < 0), which are known to correspond to 
the descending branch of the stress-strain depend-
ence on the conventional deformation diagram 
(McClintock, Argon, 1966), with the n value ob-
served at the same stage for the entire specimen be-
ing positive in sign. It is noteworthy that the local-
ized plastic flow domains observed at n < 0 belong 
to a set of domains that originates spontaneously at 
the pre-fracture stage; these are in no way related to 
the localization zones, which erge at the stage of 
Taylor’s work hardening and remain stationary at  
n ≈ ½.  
 

Fig.3. The dependences  in magnesium alloy 
(b), vanadium alloy (c) and siliceous iron (d) 

( )nV

 
The above regularities can be accounted for by 

assuming that the parabola exponent n may have 
different values, both positive and negative in sign, 
for every mobile localized plasticity domain emer-
gent at the pre-fracture stage. It is, therefore, con-
cluded that the material volumes may exhibit differ-
ent deformation behaviors in the course of plastic 
flow and, consequently, different capabilities for 
work hardening. The above contention is supported 
by the dislocation structure investigations conducted 

by Zuev et al. [10]; thus it is found that the evolu-
tion of material dislocation structure within the do-
mains at the various flow stages occurs at a higher 
rate relative to the regions in between the domains. 
 
 
4   Conclusion 

On the base of the results presented herein, the 
deforming material behavior is found to exhibit the 
following distinctive features at the pre-fracture 
stage before a macroscopic neck forms in the 
specimen.  
1. The examination of the evolution of localized 

deformation zones observed before macroscopic 
neck formation reveals that the location of future 
fracture can be determined at early flow stages. 
There is a transition between the stage of Tay-
lor’s parabolic deformation hardening (n ≈ ½) 
and macroscopic necking followed by viscous 
fracture at n < ½. It is believed that the above 
change in the value of n corresponds with the 
moment of time at which a changeover in the 
plastic deformation regimes takes place, i.e. 
steady-state plastic flow gives way to an un-
steady state one [1-3, 5, 16,17].  

2.  The observation of localization patterns at the 
stage of pre-fracture reveals that the active mac-
roscopic zone of plastic deformation becomes 
shorter, which brings about inhibition of the 
plastic flow process in a greater portion of the 
sample volume. From this viewpoint, macro-
scopic neck formation, which is a forerunner of 
fracture, occurs as a result of gradual damping 
out of localized deformation wavelength with 
increasing level of total deformation.  

3. On the base of the results obtained, it is con-
tended that at the pre-fracture stage the deform-
ing specimen volume becomes layered into in-
dividual material regions that behave independ-
ently in terms of deformation hardening: regions 
in which the material undergoes work hardening 
(n > 0) alternate with regions in which material 
softening takes place (n < 0) (see, e.g. Stanford 
et al. [18]).  

Clearly, the process of necking and fracture zone 
nucleation results from the complicated concerted 
motion of localized plasticity domains, which 
causes the domains to concentrate in the zone of 
viscous fracture, with each domain moving at a con-
stant rate. 
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