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Abstract—The paper describes an experimental technique based on the use of a Vic-3D contactless digital optical
system and digital image correlation for research in the mechanical behavior of a solid and its plastic deformation
with space-time inhomogeneities. Using this technique, we analyze the evolution of inhomogeneous strain and local
strain rate fields in AMg2m alloy at constant uniaxial tension rates. The analysis reveals quasi-periodic strain field
homogenization in jerky flow: alternating phases of active local plastic flow (shear banding) and macroscale strain
levelling. Also analyzed are the parameters of localized microscale plastic flow such as the height and width of
shear bands, their velocity, and coefficient of plastic strain inhomogeneity. From a series of mechanical tests, the
influence of the specimen geometry and loading rate on these parameters is estimated.
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1. INTRODUCTION

Now, complex research methods are needed to deeply
understand the mechanisms of plastic deformation in struc-
tural metals and alloys [ 1-7]. The accuracy of research data
and their value can be greatly increased if testing equip-
ment is used jointly with high-precision measuring in-
struments, contactless recording systems, and nonde-
structive techniques [8—11]. One of the efficient optical
methods is digital image correlation [8, 9, 11-14], which
allows one to analyze and quantitatively estimate the in-
homogeneity of inelastic strains in materials with clearly
defined macroscale strain localization on their surface.

Research data suggest that only a series of alloys fea-
ture strain inhomogeneity in space and time. For ex-
ample, the stress—strain diagram of low-carbon steels re-
veals a sharp yield point, a yield plateau, and Chernov—
Liiders bands propagating on their surface [3-5, §, 15,
16]. Inaloaded Al-Mg alloy, serrated yielding with nu-
merous peaks and dips is observed being indicative of
the Portevin—Le Chatelier effect [1, 3, 4]. At the soften-
ing stage of tensile materials, such strain inhomogeneity
results in necking, and due to defect accumulation, their
stress—strain curves reveal a descending portion of su-
percritical or so-called postcritical strains [17-19].

Here, using experimental data and digital image cor-
relation, we study the mechanical behavior of an AlI-Mg

alloy featuring spatial-temporal strain inhomogeneities,
analyze the parameters of macroscale strain localization
in the material, and assess the influence of its geometry
and loading rate on its deformation.

2. MATERIAL AND RESEARCH TECHNIQUE

The test material was as-received AMg2m rolled
sheets (2.2Mg, 0.6Mn, 0.4Fe, 0.4S1, %). The material was
machined by hydro-abrasive cutting to obtain two groups
of flat dumbbell-shaped specimens differing in thickness
h, gage section length /, and width b,, and shoulder ra-
dius 7y: (1) A=2mm, [;=50 mm, b,= 12 mm, 1=
5 mm; (il) =3 mm, /,=75 and 100 mm, b,= 10 mm,
7, =5mm. The specimens were exposed to uniaxial ten-
sion at room temperature (22—23°C) on an Instron 8850
biaxial (tension/torsion) servohydraulic machine with
crosshead velocities u, = 0.5-10 mm/min, which corre-
spond to strain rates £, from 1.67x10#t033.33x10*s"".

The mechanisms of inelastic deformation were stud-
ied using a Vic-3D contactless digital optical system
(Correlated Solutions) designed for recording displace-
ment and strain fields on the surface of test specimens
and structural elements of various geometries, states in
stress concentrator zones, defect accumulation, and frac-
ture. Its mathematical software is based on digital image
correlation [14].
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Fig. 1. Propagation of a single Chernov-Liiders band during the formation of yield plateau: initial portion P~ u (a) and fields ., and
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In the study, we used black-and-white digital cameras
with a resolution of 4.0 and 16.0 Mpx, special imaging
control software (Vic-Snap) and image processing soft-
ware (Vic-3D), an illumination system, a synchronizer of
the video system and controller of the testing machine,
and a set of calibration tables [20]. The imaging speed
was 10-50 frm/s. The images were processed using the
so-called NSSD criterion (normalized sum of squared
differences). The fields of longitudinal ¢, transverse
€, ,and shear strains &, were calculated using the Lag-
rangian finite strain tensor with the Oy axis directed
along the tension axis and Ox axis perpendicular to it.

3. PLASTIC STRAIN INHOMOGENEITY
IN TENSILE Al-Mg ALLOY

The distributions of displacement fields, and strain
and local strain rate fields in the test specimens of the
first group (b, =12 mm, /,=50 mm) suggest the follow-
ing. Atthe elastic stage till the upper yield point is reach-
ed (6 < G;), the strain field distribution is macrohomo-
geneous. The mean of longitudinal strains over the speci-
mensis €, =18%atr=¢,.

The transition from the upper to the lower yield point
(o= 6';) corresponds to the instant at which a Chernov—
Liiders band arises as evidence of active plastic strain lo-

calization. On the specimen surface near the grips, the
longitudinal strain increases steeply to €, =0.93%. The
local strain rate at the band front reaches & =2.66%/s.
It should be noted that the propagation region of the
Chernov—Liiders front in the material suspends its defor-
mation up to the onset of hardening. The macroscale
strain in the material is incremented due to its elongation
in the region preceding the band at the stage of yield de-
lay [15]. Figure 1 shows the configuration of inhomoge-
neous longitudinal strain fields ¢  and local longitudi-
nal strain rates £, for the specimens with b, =12 mm
and /,=50 mm deformed at £,=1.67x10"*s™'[21].

Table presents data demonstrating the dependence of
the Chernov—Liiders band velocity on the loading rate
¢, in the range from 1.67x 107*t0 33.33x10*s™! for
the specimens with 4, =2 mm and b, =12 and 20 mm.

The parameters in the table include the coefficient of
plastic strain inhomogeneity k; , which is the ratio of the
grip velocity u, to the shear band velocity v,, and mean
longitudinal strain €, attained after passage of the Cher-
nov-Liiders band. For the specimens with a gage section
of width b,= 12 mm, the average strain inhomogeneity
coefficientis k, =0.01, and for those with b,=20 mm, it
is k,=0.011. The maximum difference is 23.4%, i.e., the
values are of the same order. The mean strain at the band
frontis e, = 1.26% (table).

Relationship between shear band velocities and loading rates

1y, mm/min | v, mm/min ke, €, % 11y, mm/min | v,, mm/min | ke, | €y, %
by=12mm by =20 mm
0.5 55.2 0.009 1.29 1.0 98.4 0.010 1.21
1.0 104.6 0.010 1.20 1.0 92.0 0.011 1.22
1.0 97.6 0.010 1.17 5.0 422.9 0.012 1.35
5.0 458.5 0.011 1.28 10.0 845.1 0.012 1.36
PHYSICAL MESOMECHANICS Vol.21 No.4 2018
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Fig. 2. Loading diagram of AMg2m (b, =10 mm, /,=100 mm, /4,=3 mm).

At the hardening stage, the material reveals serrated
deformation (Portevin—Le Chatelier effect) with numer-
ous peaks and dips [1, 4]. Figure 2 shows a typical load-
ing diagram with a serrated portion for the AI-Mg speci-
mens with a gage section of length /=100 mm, width
by=10 mm, and thickness /,=3 mm. As can be seen,
strain localization bands appear on the specimen surface.

Figure 3 shows the fields of local strain rates along
the axes Oy (u,), Ox (i, ), and Oz (i), with Oz being
perpendicular the specimens plane. Research data on the
evolution of strain inhomogeneity in flat AI-Mg speci-
mens during the formation and motion of single Porte-
vin—Le Chatelier bands, which show up as serrations on
loading diagrams, can be found elsewhere [21]. It should
be noted that the angle between the Portevin—Le Chate-
lier band and the loading axis is +59°.

4. QUASIPERIODIC PLASTIC STRAIN
HOMOGENIZATION IN SERRATED YIELDING

In analyzing the patterns of strain fields, one can dis-
tinguish a certain periodicity of macroscale plastic strain
localization in the presence of Portevin—Le Chatelier

(@) ! tiy, mm/s (b)

0.064

0.043

0.022

bands [22]. Figure 4 shows a series of ¢, ~ y profiles
with the origin of coordinates in the gage section center
at equal time intervals A¢ for the specimens with b,=
10 mm, /,=100 mm, and /4, =3 mm deformed by uni-
axial tension atarate £,=1.67x107s™ (Ar=2s). The
profiles correspond to the formation and propagation of
a single Chernov—Liiders band at the stage of yield delay.
The level of longitudinal strain €, attained after passage
of the band front is marked by a dashed line, and the mo-
tion direction of the band is indicated by an arrow v, . As
the band front reaches the opposite grip, the longitudinal
strain becomes macrohomogeneous (Figs. 4 and 5,
curve () and relatively leveled.

It is of interest to analyze the inhomogeneity resulting
from several strain localization bands. Figure 5 shows a
series of longitudinal strain profiles at the stages of elas-
toplastic deformation and hardening. The stage of super-
critical deformation is not considered, because of the
high degree of plastic strain localization in the neck re-
gion. The time interval is Az =2 s; the origin of coordi-
nates is at the center of the specimen gage section. The
specimen surface reveals alternating phases of active lo-
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Fig. 3. Inhomogeneous fields #, (a), i, (b),and u, (a) fora Portevin-Le Chatelier band on the flat surface of AMg2m alloy.
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Fig. 4. Longitudinal strain profiles ¢,, in AMg2m during the
formation of a yield plateau.
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Fig. 5. Strain profiles ¢,, in AMg2m at the stages of

elastoplastic deformation and hardening.

cal plastic flow (shear banding) and macroscale strain le-
veling over the material. In Fig. 5, the propagation of
single strain localization bands is illustrated by slant
lines; curves 0—9 correspond to the instant of relative ho-
mogenization of longitudinal strains over the surface.
Noteworthy are quasiperiodic patterns of inhomoge-
neous inelastic strain fields at the stage of jerky plastic
flow in AMg2m alloy [22].

This regularity can be illustrated by the time depen-
dence of the mean longitudinal strain Ae,,, (Fig. 6) at the
points of strain levelling 0—9 (Fig. 5). The quantity Ae,,
is the difference between the average levels of longitudi-
nal strains ¢ " for the nth and (n—1)th profile (Fig. 5).
This linear dependence can be approximated by Ag,,, =
0.022¢+0.28%.

The degree of macroscale strain localization can be
estimated from the time dependence of the coefficient of
plastic strain inhomogeneity: kp;c =€)} / ey, where
g, is the maximum longitudinal strain and &}/ is
the mean strain for each frame (Fig. 7). When the strain
field distribution over the specimen surface is macroho-
mogeneous, this coefficient is close to unity. When a
zone of active plastic flow arises, the curve kp;—fre-
veals a sharp peak because the strain at the band front is
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much higher. As the band propagates along the specimen
and the longitudinal strain levels off, the inhomogeneity
coefficient decreases gradually. As the macroscale strain
increases, the amplitude of jumps increases and so does
the time intervals between them.

5. STAGES OF PLASTIC STRAIN
LOCALIZATION IN INELASTICALLY
DEFORMED Al-Mg ALLOY

Reasoning from the evolution of strain inhomogene-
ity in the AI-Mg specimens under uniaxial tension, we
can consider a certain stage model of inelastic deformation
and macroscale plastic strain localization associated with
Chernov—Liiders bands and Portevin—Le Chatelier effect.

Stage I represents macrohomogeneous deformation
till the upper yield point is reached (¢ < G;). The main
parameter of stage I is the strain accumulated to the point
at which a strain localization band arises (&, ). The re-
sults of tests at the specified strain rates suggest that this
strain does not depend on the rate of external loading and
its meanis & =0.13%.

Stage Il represents the formation and propagation of
a Chernov—Liiders band with yield delay. The transition
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Fig. 6. Dependence Ag,, ~1 for periodic macrostrain leveling.
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Fig. 7. Coefficient of plastic strain inhomogeneity kp; asa
function of time.
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Fig. 8. Longitudinal strain distribution over the specimen surface during the formation of a yield plateau.

from the upper 0;‘ to the lower yield point 6'; corre-
sponds to the instant at which the material is involved in
active plastic flow. Under further loading, the region of
plastic deformation develops, and the band front separat-
ing the elastic part from plastic moves along the speci-
men toward the opposite grip. Figure 8 shows a schema-
tic representation of the longitudinal strain field during
the formation of a yield plateau.

The propagation of a Chernov—Liiders band can be
characterized by the following parameters: the strain ¢,
accumulated after passage of the band front or the front
height, the band velocity v,, and the angle o between
the band front and the axis Ox (Fig. 8). Also indicated in
Fig. 8 are the distance /, travelled by the band and the
total specimen length /. As can be seen from table, the
average height of the band front is €, = 1.26%. At the
point of transition to hardening, no matter where the
Chernov—Liiders band arises, one more relative leveling
of macroscale strains occurs

The introduced parameters allow us to refine the
meaning of the coefficient of plastic strain inhomogene-
ity k. Because

it is obvious that
Hence,
ky =€, —&;. 4)

Stage III represents the formation and motion of Por-
tevin—Le Chatelier bands associated with serrated yield-
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ing in Al-Mg at its hardening stage. Figure 9 shows a
schematic representation of the initiation and evolution
of active plastic flow during the propagation of a single
band.

Stage III with its jerky plastic flow features quasipe-
riodic patterns of inhomogeneous strain fields with alter-
nating phases of active plastic flow (shear banding) and
macroscale strain levelling (Fig. 10). After passage of a
single Portevin—Le Chatelier band, the longitudinal strain

takes on the value ¢, = sgﬂc at t=t, andat t =1, and

t=t,, itreaches €, = el and & w= el respectively.
Stage IV represents the formation of a neck in the la-
teral section of the material as the final stage of'its defor-

mation (softening).

6. CONCLUSION

Thus, we have analyzed the space-time inhomogene-
ity of plastic flow in AMg2m alloy with yield delay and
serrated yielding under uniaxial tension at constant rates.
Our analysis of loading diagrams, fields of longitudinal,
transverse, and shear strains and local strain rates, and
their time dependences shows that the inhomogeneity of
strain fields at the stage of serrated deformation evolves
quasiperiodically through alternating phases of active
plastic flow (shear banding) and macroscale strain level-
ling. The analysis also provides estimates of the effect of
the specimen geometry and loading rate on a series of pa-
rameters descriptive of the strain inhomogeneity induced
by Chernov—Liiders and Portevin—Le Chatelier bands.
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Fig. 9. Schematic representation of the formation and motion of a single strain band in jerky flow (Portevin—Le Chatelier effect).
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Fig. 10. Quasiperiodic patterns of inhomogeneous inelastic
strain fields.
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