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A study was made of the macro-scale plastic flow non-homogeneities, which occur in metals in the form of Luders bands or Portevin-Le 
Chatelier effect.  The motion kinetics was investigated for the mobile fronts of Luders bands observed for the yield plateau as well as 
localized plasticity fronts traveling in the course of serrated plastic flow behavior (Portevin-Le Chatelier effect). It is shown that the 
propagation of the above two kinds of band fronts can be regarded as macro-scale auto-wave processes of switching and excitation, 
respectively, which frequently occur in active media of different kinds. 
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1. Introduction  
Investigations of the plastic deformation in solids have been carried 
on for 25 years. On the macro-, meso-and micro-scale levels the 
plastic flow is found to exhibit a non-uniform behavior from the 
yield limit to the fracture of material [1-4].  In the course of plastic 
flow development a changeover in the modes of localized plasticity 
auto-waves would occur, with each mode corresponding to the 
respective flow stage on the loading curve plotted for deforming 
material. Thus the phase auto-waves would form at the stage of 
linear hardening; a stationary dissipative structure would emerge at 
the stage of parabolic hardening (Tailor stage); collapse of the auto-
wave would occur at the pre-fracture stage where the onset of 
necking takes place [4].The phase auto-wave is represented by a set 
of equidistant localized deformation nuclei moving in a concerted 
manner in one and the same direction. The phase auto-waves have 
been considered in greater detail; the spatial period (wave length) 
and propagation rate can be determined for this kind of autowaves 
[4-6]. In a particular case, the number of moving nuclei might be no 
more than four; hence, the motion of these nuclei would exhibit no 
spatial periodicity. However, a correlation has been established for 
the motion rates of nuclei propagating at the yield plateau. The 
latter stage is characterized by plastic flow instability, which is 
generally referred to as Luders band (LB) propagation [7]. The 
plastic deformation is also known to exhibit another type of space-
time non-homogeneity, the so-called effect of Portevin-Le Chatelier 
(PLC) or serrated flow, which would change the traditional shape of 
the deformation curve due to the appearance of peaks [8]. The both 
types of plastic flow instabilities and their formation and 
development in the deforming medium are addressed herein in the 
frame of auto-wave approach. The deforming medium undergoing 
self-organization and structuring is analyzed in the frame of concept 
proposed in [9].  
 
2. Materials and experimental procedures  
The LB propagation was studied for the test samples of low carbon 
hot rolled steel, which had near ferrite structure and average grain 
size ~20 μm (steel composition 0.05…0.11 % С; 0.35…0.65 % Mn; 
0.05…0.17 % Si). The PLC effect was studied for naturally aged 
duralumin containing Al-based solid solution having grain size 
~30 μm and hardening particles having submicron size (duralumin 
composition 3.8…4.8 % Cu; 0.4…0.8 % Mn; 0.4…0.8 % Mg). 
Note: alloy composition is in mass percent. The test samples having 
dog-bone shape were cut out of steel plates; the sample gauge had 
dimensions 50×10×3 mm. The samples were tested in tensile 
loading in the testing machine Walter+Bai AG LFM-125 at the rate 
Vmach = 3.3∙10-6 m/s (deformation rate =ε 6.6∙10-5 s-1) and at the 
temperature 300 K. 

In conformity with the requirements of the experimental 
technique, the test samples had flat diffuse reflecting gauge. Using 

the method of digital statistical speckle photography, the 
visualization and nuclei kinetics registration was performed for the 
localized plasticity zones occurring on the sample surface [10]. The 
sample was illuminated by the coherent light of a semi-conductor 
laser having wavelength 635 nm and power 15 mW. The speckle 
pattern superimposed on the respective image was registered, 
digitized with the aid of video camera PixeLink PL-B781 having 
frequency 10 Hz and then stored. A sequence of counts was formed 
for each image point, which characterized variation of image 
brightness with time. Then the dispersion and mathematical 
expectancy were calculated; the ratio of the values obtained was 
used for mapping deformation localization zones. The above 
technique makes feasible in situ registration of material zones in 
which deformation localization occurs for a given increment in 
tensile sample length. It can be seen that the localized deformation 
zones show up in the video images as bright bands.  
 
2.1. Development of Luders bands  
It was found that the micro-plasticity stage will be invariably 
realized in the deforming samples of low carbon steels [11]. 
Therefore, the registration of localized plasticity zones was started 
before the upper yield limit was attained (Fig. 1).  

 
Fig. 1. The yield plateau on the deformation curve plotted for the 
test sample of low carbon steel  
Speckle image recording was terminated as soon as the yield 
plateau was over and the deformation hardening stage began. It was 
established experimentally that the plastic deformation would first 
localize in the form of LB nucleus emerging at the micro-plasticity 
stage. The appearance of LB nucleus might be traced from acoustic 
emission signals [12]. As is seen from Fig. 2, a narrow wedge of 
deformed material would advance crosswise through the test sample 
at the rate Vnucl ≈ (0.4…1.2) 10-3 m/s. The diagram σ(ε) represents 
the nucleus growth as a fairly sharp yield point having an ascending 
and a descending branch (Fig. 1). As soon as the LB nucleus 
traverses the sample cross-section, the formation of LB is 
completed and its widening would begin (band widening observed 
in the diagram σ(ε) corresponds to the yield plateau). Now that the 
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LB formation is over, one front would emerge at the LB foreground 
and the other at the rear. The both fronts start traveling in the 
opposite directions along the sample axis at rate ±Vf (Fig. 3). 
Sometimes a LB band and its two fronts would form at the clamp of 
the testing machine; then one of the fronts would almost 
immediately leave the clamp and become immobilized. 

 
Fig. 2. The nucleation of LB; the images were obtained at time 
intervals of 7 s 
The motion rate of LB fronts is an important characteristic of the 
process. As soon as a single LB appears (see Fig. 3), two its fronts 
start moving in opposite directions at practically the same rates, i.e. 
Vf ≈ ±8∙10-5 m/s; hence, Vf  ≈ 0.1 Vnucl. As one of the fronts 
approaches the clamp of the testing machine, its rate drops down to 
zero, while the rate of the other front increases up to (1.3…1.5)∙10-4 
m/s.  

 
Fig. 3. The ingrowth and propagation of LB; the images were 
obtained at time intervals of 60 s 

When a couple of LBs forms simultaneously, four fronts start 
traveling at practically the same rate ± (3…5)∙10-5 m/s, which is 
somewhat lower than in the former case (see Fig. 4). As soon as 
fronts 1 and 4 approach the testing machine clamp, their rate drops 
off and, both fronts would finally become arrested. Fronts 2 and 3 
continue moving in the opposite directions at the rate which is 
almost twice that of the original rate. The fronts of two neighboring 
LBs would become annihilated on meeting. The original fronts are 
inclined to the extension axis at the angle ~π/3; however, in the 
course of front motion towards the clamp the inclination would drop 
off to ~π/2. 

 
Fig. 4. The propagation of two LBs; the images were obtained at 
time intervals of 60 s 

Thus in the case of mobile LB front, which emerges in the 
deforming sample at the yield plateau at the pre-assigned value 
Mach, the following rule holds true:  

constVV f

N

i

i
f ==∑

=1

)( ,                                  (1) 

where )(i
fV  is the modulus of the motion rate of ith LB front; N is 

the number of fronts traveling in a concerted way and fV = 

1.6∙10-4 m/s is the generalized rate of growth of the plastically 
deforming zone, which emerges at the yield plateau in the test 
sample. The relationship between the velocities Vmach and fV  is 

found from the equality of the time it takes for the given plasticity 
zone to cover sample gauge length, L, and of the time of it takes for 
a given sample to acquire ultimate elongation at the yield plateau, 
δL,  
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The above suggests that such is indeed the case: the generalized 
growth rate of deformed zone area is by about one order greater 
than the rate of the movable clamp of the testing machine, i.e.  

machmachf VV
L
LV >=
δ

.                                     (3) 

Generally, yield plateau length expressed in terms of deformation 
(δL/L) varies in the range from 1% to 10% [12]; hence, fV = 

(10…100)Vmach. 
 
2.2. Development of serrated flow 
The PLC effect is manifested in duralumin at room temperature in 
the course of deformation up to necking (see Fig. 5).  

 
Fig. 5. The serrated flow observed for the test sample of duralumin; 
the insert shows toothing observed for the studied range of stresses 
It can be seen from the diagram σ(ε) that the intermittent flow is 
characterized by the appearance of type A, B and C toothing, with 
the type of toothing varying with sample elongation [14]. Thus the 
occurrence of a C type tooth corresponds to a single sharp decrease 
in the deformation, while the appearance of A type tooth is 
suggestive of working stress drops alternating with constant or 
weak increase in the stress. The deformation diagram was obtained 
for the linear work hardening stage in the test sample of duralumin 
for the strain range 03.001.0 ≤≤ ε . It shows mostly C type 
toothing, which can be attributed to separate localized deformation 
bands corresponding, in terms of morphology, to non-complex 
material areas. The PLC bands will originate in the middle of the 
sample gauge or on the lateral side of the sample in the vicinity of 
the clamp of the testing machine. The bands occurring in the tensile 
sample would expand throughout the sample cross-section. The rate 
of growth of PLC nuclei is ~1 m/s, which is three times that of the 
LB nuclei. The band having an ingrown nucleus has a forefront and 
a rear-front with ~2…3 mm separation in between (Fig. 6); it is 
inclined to the extension axis at an angle ~π/4. The band would 
travel along the sample to the testing machine clamp at a rate ±Vsb.  
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Fig. 6. The localized deformation bands observed in the course of 
serrated flow; the images were obtained at time intervals of 5 s  

The modulus of band propagation rate is 1.3∙10-3 
≤≤ sbV 1.8∙10-3 m/s, which is ten times that of the PLC fronts’ 

propagation rate or even higher. A sharp drop of the working stress 
is observed in the diagram σ(ε); it corresponds to the process of 
nucleus ingrowth, while the motion of the PLC band (single C-type 
tooth) corresponds to an increase in the working stress up to the 
nominal value. As soon as the PLC band reaches the clamp of the 
testing machine, a drop in the working stress would occur, with 
resultant emergence of a new band in the middle of the sample. The 
new band would start traveling along the extension axis in the 
opposite direction relative the former band (see Fig. 6). As soon as 
the new band reaches the clamp of the testing machine, the same 
process is repeated once again. Thus, the serrated flow behavior has 
a characteristic feature: the PLC bands of deformation localization 
would travel repeatedly along the sample gauge, with each run of a 
PLC band over half the gauge length corresponding to a single C-
type tooth in the diagram σ(ε). The same periodic motion of PLC 
band fronts would occur at the stage of parabolic deformation 
hardening; however, the motion rate of fronts would drop off 
gradually and at the onset of necking the fronts would become 
immobilized. 

 
3. Discussion of results. Matching of the localized 
deformation behavior at the LB fronts and the PLC 
effect 
The studies were performed on the base of experimental evidence. 
The kinetics of mobile LB and PLC fronts suggests that they have 
both similar and dissimilar features. Thus the plastic deformation 
tends to localize within narrow zones of material; hence, the both 
types of band fronts are macro-scale manifestations of this 
tendency. In both cases the kinetics of band emergence is similar, 
since localized plasticity nuclei would form on the lateral surface of 
the sample gauge to grow finally through the sample cross-section.  
As soon as the ingrowth of nuclei is completed, a sharp distinction 
between the two kinds of processes becomes manifest.  Thus the 
evolution of LB is in point of fact its widening within the sample 
gauge, with the entire plastic deformation becoming localized 
within the mobile fronts traveling in opposite directions, with their 
intricate shape varying in the process. The LB fronts would move 
independently of one another; however, their motion rates would 
vary in such a way that the sum of moduli of the fronts’ rates 
remains constant (Eqn. 1).  In case two or more LBs start 
broadening, their fronts are liable to annihilate on meeting.   

Due to the PLC effect, the plastic flow would become 
localized within a single band, which excludes the possibility that 
bands would annihilate on meeting. We are reminded that the LB 
fronts would propagate over the sample gauge only once, while the 
PLC front would travel repeatedly along the sample gauge. This is 
an added reason to state that the effects in question differ 
significantly. 

The above distinctions are considered in the frame of auto-
wave model of plastically deforming medium by the workers in [4]. 
One of the main assumptions of the model is that the deforming 
medium is an active one; hence, it must contain energy sources 
distributed in the material volume [13]. By addressing the problem 
of plasticity, it might be reasonable to consider elastic stress carriers 

as energy sources, which are capable of relaxation when crystal 
lattice defects are formed in the deforming solid.  

In the frame of well-known microscopic models of LBs [6, 
10], the medium within the mobile front would pass from an 
elastically stressed state to a plastically deformed state due to the 
relaxation of stress carriers. The both states are stable ones; 
however, the elastically stressed state is a metastable one and the 
plastically deformed state, an absolutely stable one; hence, no 
transition is feasible from the latter state back to the former. In point 
of fact, the microscopic models of LB have nothing to do with the 
auto-wave theory [13]. However, the relaxation of stress 
concentrators occurring in the medium enables one to place the 
given medium into the category of trigger type (bistable) systems. 
Hence, the perturbation front might be regarded as a switching auto-
wave. The acts involving a changeover in the medium’s states are 
irreversible ones, which precludes repeated passing of perturbation 
fronts over one and the same area. For this reason, two switching 
auto-waves traveling in opposite directions would generally 
annihilate on meeting, which is the case with the LB fronts.  

The PLC effect and the micro-mechanisms involved have 
been studied in detail [7, 12]. The results suggest that the 
components of the active medium might be in a different sequence 
of states. At the PLC front the components may also pass from the 
metastable elastically stressed state to the plastically deformed state. 
However, the latter state is never absolutely stable, since the PLC 
effect development occurs at the hardening stage. As the stress level 
increases up to the nominal value, which is manifested by the 
formation of C type tooth, the active elements of the deforming 
medium will return to the original metastable elastically stressed 
state. In conformity with the theory of auto-wave processes, such 
elements and such active media is excitable to occur. 

The excitable element is modeled by a three-state cycle. Thus 
an excitable element, which is fully recovered from any previous 
excitation, is in state A (at rest); state B is the excited state of the 
excitable element and state C is the refractory state of the excitable 
element. By way of illustration, let us consider the stress carrier as 
an excitable element. State A is a meta-stable elastically stressed 
state of the stress carrier; state B is the gradual disappearance of 
stresses from the stress carrier and state C is the refractory state of 
the stress carrier with the stresses increasing. A perturbation will 
excite the quiescent stress carrier, which would become excited at 
random times following an external stimulus, e.g. when subjected to 
external periodic forcing by another excitable element or due to 
thermal fluctuations. The transition from a refractory state to rest 
takes place in the excitable element at the hardening stage due the 
steadily increasing level of external stresses. So long as the stress 
carrier is in a refractory state, it would remain inactive. As the 
localized deformation front travels along the sample, all the stress 
carriers would become excited following an external stimulus and 
the medium would acquire a refractory state. The stress 
concentrators would pass into the state of rest after the lapse of 
refractory time; then another deformation front would propagate in 
the sample. The above events summate to produce the macroscopic 
dynamics of the whole system [13]. In view of the above, the PLC 
effect is attributed to the propagation of excitation auto-waves in the 
deforming medium. 
 
4. Conclusions 
1. It is shown that the LBs and the deformation bands related to the 
PLC effect are initiated in the deforming medium via one and the 
same mechanism, i.e. nucleus ingrowth throughout the sample 
section on the lateral sample side.  
2. It is found that the rate of deformation bands which form due to 
the PLC effect is three times that of LB.  
3. LB fronts and deformation bands related to the PLC effect are 
switching and excitation auto-waves, respectively, which form in 
deforming active media. 
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