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The present work is aimed at studying the macroscopic localization of plastic strain in low-carbon steel AISI A283
Grade C. The evolution of macroscopically localized plastic strain at various stages of strain hardening is visualized
via a Digital image speckle correlation (DISC) method. The processing of stress-strain curves of the steel samples
enabled one to distinguish the following stages of strain hardening: the yield point, the parabolic hardening, and
the pre-failure. The inspection of local strain distributions reveals that the parabolic work hardening is presented by
a system of stationary plastic strain centers placed at equal distances. To perform a comprehensive analysis of local
elongations from the parabolic work hardening toward the pre-failure stage, the total elongation components were
measured at the strain centers. The average total elongation is found to be almost constant at the parabolic work
hardening, but abruptly increases when approaching the pre-failure stage. The plastic strain instability is highlight-
ed, as well, by the rising total elongation (amplitude) at the strain sites.
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INTRODUCTION

The origin of macrolocalization and strain harden-
ing that act at specific strain stages remains still poorly
understood from the physical viewpoint of plastic flow
when passing from one stage to another. In spite of the
fact that strain hardening mechanisms themselves at
certain strain stages have been sufficiently described at
the macroscopic level [1], the reasons of the transition
between various strain stages remain an open question.
Furthermore, the correlation between microscopic
mechanisms and macroscopically localized plastic
strain is still under discussion [2-4]. Thus there are
some gaps in both microscopic and macroscopic de-
scriptions of the phenomenon of plasticity. On the one
hand this impedes the complete understanding of mate-
rials hardening, but on the other it inhibits the develop-
ment of technological processing methods involving
severe plastic strain. It is known that plastic strain tends
to localize at all stages of flow [5-7] and takes its origin
from the nucleation and propagation of the Llders (LB)
or Portevin-Le Chatelier bands (PLC) [7-9]. A compar-
ative analysis was made of the experimental data ob-
tained for a wide range of materials above, which al-
lows for identification of plastic flow features common
to all materials. The localization behavior of plastic de-
formation is its most salient feature. By constant-rate
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tensile loading, space-time periodic structures, so-called
deformation patterns, emerge in the deforming sample
from the yield limit to its failure. Quantitatively the de-
formation patterns are characterized by spatial, a = 102
m, and temporal, T = 10? s, scales and are propagated
with rate 10-°<V< 10~ m/s. The following features are
common to all the localization patterns observed thus far:

- localization structures will occur spontaneously in
the sample by constant-rate loading in the absence
of any specific action from the outside;

- in the course of plastic deformation a changeover
in the types of localized plasticity patterns is ob-
served;

- the emergence of such patterns is unrelated to de-
formation micromechanisms;

- due to work hardening, the deforming medium’s
defect structure undergoes irreversible changes,
which are reflected in the emergent patterns and
are suggestive of its non-linearity.

The well-known LB front can be regarded as a
boundary between the elastically and plastically de-
forming material volumes. As the Liiders front propa-
gates along the tensile sample, it leaves behind an ever
increasing volume of deformed material [1]. Due to the
structural changes, the deforming material volume ac-
quires a new state, which is characterized by increasing
density of defects; its deformation occurs via disloca-
tion glide mechanism. With growing total deformation,
the plastic flow will exhibit an intermittent behavior on
the macro-scale level. But the LB macroscopic strain
bands may be due to technological defects during the
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manufacture of low-carbon steel sheets, because such
deteriorate the quality of the products and induce pre-
mature corrosion and failure. Hence localized plastic
strain has to be thoroughly studied at the different stag-
es of plastic flow [10-14]. In this respect, the present
work is aimed at investigating the macroscopic strain
localization in low-carbon steel ASTM A 283 Grade C.

EXPERIMENTAL
Materials and fabrications

As-prepared double shoulder-like samples with work-
ing areas of 50 x 10 x 2 mm were stretched at T = 300 K
at a rate of 6,67x10° stusing a LFM-125 testing ma-
chine. The microstructure of low-carbon steel ASTM A
283 Grade C is a ferrite matrix with a small amount of
perlite grain inclusions with average grain sizes of 10 +
4,5 um. The evolution of macroscopically localized plas-
tic strain bands at the different stages of strain hardening
was visualized via a digital image speckle (DISC) corre-
lation method [15]. For this, the stretched sample was il-
luminated with a coherent beam of a semiconductor laser
with a wavelength of 635 nm and a power of 15 W. The
images of the deformed sample under illumination with
superposed speckle structures were recorded at a fre-
quency of 10 Hz with a pixellink PL-B781 digital video
camera, digitized and saved as files. The digital image
speckle correlation consists in the high-accuracy deter-
mination of shear fields via monitoring changes across
the specimen surface. The digital images obtained during
uniaxial stretching are then subjected to processing.

RESULT AND DISCUSSION

The analysis of the stress-strain curves of ASTM A
283 Grade C steels allowed one to distinguish the ensu-
ing stages of work hardening. First, the transition area
from the elasticity toward the plastic flow at the total
strain e = 0,014 - 0,03 is followed by the emergence of
the yield point. After the plastic flow, there is the para-
bolic strain (Taylor) hardening at ¢ = 0,1 — 0,23. Fi-
nally, at ¢ = 0,23 — 0,28 it observes the pre-failure
stage with a sample failure and the neck formation.

In obedience to the experimental data, plastic strain
localization (PSL) in low-carbon steel originates from
the Liders band, which is manifested by a slight in-
crease in stress with a subsequent rapid decrease in the
stress-strain curve. At that moment, the first PSL single
front arises at a mobile clutch at the total strain ¢ _ =
0,008 and the angle of 70 deg. Despite the front is ~ 1
mm large, it exhibits neither further increase nor propa-
gation, almost vanishing at the strain ¢ _ = 0,009 because
of its departure from the visible part of the sample.
When achieving the strain corresponding to the upper
yield strength o7 = 265 MPa and the total strain €=
0,014, there is the emergence of the second PSL Llders
band at the upper stationary clutch of the testing ma-
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Figure 1 Plastic strain localization pattern of ASTM A 283
Grade C sample: (a) at the yield flow (1 and 2 - LSB)
and at the parabolic work hardening stage (b) where:
x - lengths of specimen, t - time of loading, €_ - local
elongations

chine at an angle of 60 deg, which then spreads across
the sample at a stress o} = 260 MPa. Besides the pres-
ence of the yield drop throughout the yield point, it ob-
serves the slight stress variations associated with the
formation and instaneous disappearance of additional
bands in undeformed parts of the samples, which, howe-
ver, can be descried at the mobile clutch of the machine.
At the same time, at the total strain ¢ = 0,019 there is
the appearance of the second Liiders band at the statio-
nary clutch of the machine, and both bands move to-
ward each other.

Figure 1a shows the evolution of plastic strain cen-
ters within the yield flow as two LSB (Liders strain
bands) moving toward each other with velocities V, =
1,1-10*m/s and V, = 0,6-10* m/s. The meeting of the
described localization centers results in their mutual
annihilation at the end of the yield flow at the strain ¢,
=0,031.

According to the analysis of local strain distribu-
tions, low-carbon steels ASTM A 283 Grade C under-
going the parabolic hardening stage at the total strain ¢,
=0,1 - 0,23 possess three stationary plastic strain loca-
lization sites arranged at equal distances with a spatial
period A = 7 £ 1 mm. At the pre-failure stage (e, = 0,23
—0,28) these sites gradually move to the high-amplitude
local elongation maximum (Figure 1b) The inspection
of the Kkinetics of localized plasticity sites with increa-
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Figure 2 Plastic strain increment ¢ in ASTM A 283 Grade C
during the parabolic hardening (n = 0,5) and
pre-failure stage (n =0,3)

sing total strain reveals their merge at the nucleation
center of a viscous crack, arriving almost simultaneous-
ly at this sample section. Such a strain pattern is typical
of the stage preceding the beginning of the fall of condi-
tional stresses in the a(¢) diagram, i.e. in range of
0,<0<a,, wWhere ¢, is the stress associated with the end
of the parabolic work hardening and o, is the ultimate
stress.

For a comprehensive analysis of local elongations
g, during the transition from the parabolic work hard-
ening to the pre-failure stage, the total values of ¢
components were measured for the different points
along the loading axis of the sample at e = 0,15-0,28.
It is found that the average total elongation €_ is almost
constant at the parabolic hardening, but abruptly in-
creases when reaching the strain center at ¢  ~ 0,19 -
0,25, which corresponds to the transition from the para-
bolic strain hardening to the pre-failure stage (Figure 2).

The extreme increase in the total elongation (Figure
2) is testimony to the fact that from all plastic strain foci
only one retains its activity with time and its position
upon nucleation matches the future nucleation center of
the macroscopic neck and the viscous failure, respec-
tively. Arising during the parabolic work hardening
(Figure 1b), this foci remains quasi-stationary up to the
failure, but strain in it gradually rises with attenuating
plastic strain activity in other centers.

CONCLUSION

- Applying digital image speckle correlation and
static digital image speckle methods was shown to al-
low a thorough real-time study of macroscopic strain
localization upon uniaxial stretching and the distinction
of various plastic flow stages in low-carbon steels
ASTM A 283 Grade C.

- The local strain distributions ¢_ in low-carbon
steel ASTM A 283 Grade C at the yield flow were found
to be presented by the two localized strain zones (Lders
bands). The parabolic work hardening is characterized
by the formation of a stationary system of three strain
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localization zones arranged at equal distances with a
spatial period of 7£1 mm.

- The failure of low-carbon steel is a result of pre-
liminary plastic flow processes. This point of view co-
incides with statements [16], according to which plas-
ticity and failure are causally correlated, whereas fail-
ure is the final stage of plastic strain. The merge zone of
plasticity centers traveling at the pre-demolition stage
has a complex structure. The formation of the neck and
the transition from the plastic flow to the viscous failure
during the pre-failure take place when the distance be-
tween the plasticity centers gradually and naturally de-
creases, leading to their merge into the high-amplitude
one. At this stage, there are no more signs of plastic
flow processes in the whole volume of the sample, ex-
cept for the part being directly adjacent to the neck.

- The plastic deformation increment is highlighted,
as well, which is characterized by the exponential in-
crease in the total (amplitude) elongation ¢  during the
transition from the parabolic work hardening to the pre-
failure in the neck formation region.
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