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The nucleation and subsequent development of the Portevin-Le Chatelier bands during tensile deformation
in a binary AIMg alloy was investigated by the digital image correlation technique. The following states of
the material were employed for the current investigation: coarse-grained (CG), fine-grained (FG) after equal
channel angular pressing (ECAP), severely strained (SS) after ECAP followed by cold rolling. Special attention
was paid to the nucleation of an embryo band by maximizing the contrast of the deformation images.
Particular spatiotemporal patterns of the alloy in three different conditions, testifying to the initiation of an
embryo band having a wedge shape on the lateral surface of the specimen, were obtained at high and
intermediate strain rates. The evaluation of the serration amplitude and the band velocity showed that the
dependence of these values on strain consists of two stages (the linear growth-up/drop stage and the
steady-state stage) for CG materials and only one stage (the linear growth-up/drop stage) for FG materials.
The nucleation of deformation bands always occurs according to a mixed mechanism, in which the thick-
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ening of the embryo slows down with a decrease in the strain rate.
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1. Introduction

The phenomenon of plastic instability in alloys, known as the
Portevin-Le Chatelier (PLC) effect is manifested in strain localiza-
tions in the form of deformation bands resulting in repeated serra-
tions on the stress-strain curves [ 1-3]. Numerous studies in this field
have led to significant progress in understanding the PLC effect
[4-11]. The PLC mechanism is normally associated with dynamic
strain aging (DSA), i.e., pinning of dislocations by impurity atoms
and alloying solutes during deformation, while dislocations are
blocked on obstacles [12-15]. A number of studies were devoted to
the classification of the PLC effect into three major types: according
to the jerky flow of the deformation curve [16,17], according to the
regularities in distribution of the stress oscillation magnitudes
[18,19], and according to the behavior of the deformation bands
[20-22]. Type A behavior is characterized by an increase in the flow
stress followed by a drop to or below the general stress level and a
repetitive continuous propagation of deformation bands. Asymme-
trical monotonically decreasing distributions of stress drops corre-
spond to type A. Serrations occurring near the general level of the
stress-strain curve is attributed to the type B behavior. The hopping
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or relay-race propagation of PLC bands is typical for serrations of this
type. Type B is characterized by an asymmetrical distribution of
peaks with a maximum shifted to the range of small stress drops.
Type C serrations, which are characterized by large stress drops
below the general stress level, are associated with the short-term
occurrence of immobile deformation bands that nucleate virtually
randomly along the tensile axis. The peak-shaped distribution is
characteristic of type C stress drops.

Two types of the PLC band nucleation and its subsequent de-
velopment were identified [23,24]. The first scenario is related to the
nucleation of a relatively large embryo band on the lateral surface of
the specimen, followed by transversal development into the volume
at an angle with relation to the tensile axis. The second scenario is
related to the initiation of an embryo band with a thickness of
several atomic planes over the entire cross-section, and its growth in
the tensile direction. This thin band then grows until its thickening is
arrested by a stress drop. Moreover, a possible manifestation of
mixed scenarios may be when the band appears on the side surface
and then expands in the tensile direction during growth into the
volume at an angle with relation to the tensile axis. Thus, the em-
bryo acquires a wedge shape. It should be noted that various at-
tempts to associate scenarios of band development with different
types of PLC bands do not agree with each other [23,25]. Thus, the
mechanism of nucleation of the PLC band has not been studied in
sufficient detail and requires further investigation.
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The great potential for the application of ultra-fine grained (UFG)
materials has aroused interest in studying the PLC effect in UFG al-
loys. Recent studies have shown the effect of grain refinement on
various aspects of the manifestation of plastic flow instability in
model Al-Mg alloys [2,26-31]. However, the influence of the mi-
crostructure on the nucleation of the deformation bands has not
been clarified.

The present work is focused on the influence of the micro-
structure on the nucleation and subsequent development of type B
deformation bands at intermediate strain rates in a “model” Al-Mg
alloy. It was previously reported that an independent determination
of the strain rate scale for each frame, providing maximum contrast
of images, was successfully used for better identification of the nu-
cleation of an embryo [32]. With this in mind, the deformed images
were obtained by maximizing the contrast in the present study. The
nucleation and subsequent development of bands characteristic of
high (type A) and intermediate (type B) strain rates in an Al-Mg
alloy with different microstructures were comparatively analyzed.

2. Material and experimental procedure

An Al-Mg alloy with the chemical composition of Al-3Mg (wt%)
was used in this study. This alloy may also contain small amounts of
such elements as Fe, Si, and Zn. This material was cast by the semi-
continuous processing method. The ingots were then heated to
500 °C and kept at this temperature for 4 h, and then furnace-cooled
to room temperature. Then, using different thermomechanical pro-
cessing (TMP), three different microstructures were obtained:

(1) Rolling and subsequent annealing were used to achieve a re-
crystallized microstructure (hereafter, the coarse-grained (CG)
alloy). The average grain size of almost equiaxed coarse grains
was 40 pm; and the lattice dislocation density was
1.0 x 10® m™=2,

(2) Equal channel angular pressing (ECAP) was utilized to obtain a
fine-grained microstructure (hereafter, the fine-grained (FG)
alloy). The average grain size was 2 pm; and the dislocation
density was 1.5 x 10 m2,

(3) The ECAP samples were additionally cold rolled (CR) to obtain a
severely strained (SS) condition. This TMP has almost no effects
on the grain size distribution and provides a very high disloca-
tion density of the lattice (p = 2.7 x10' m™2).

Other details of materials and processing were described pre-
viously [27]. Tensile tests were carried out with initial strain rates of
3x 10 s !and 1.4 x 10 5! at room temperature on a Zwick 1476
testing machine. Tensile specimens with a gauge length of 35 mm
and a cross section of 3 x 7 mm? were cut parallel to the last ex-
trusion axis of the pressed billets and/or the rolling direction of the
sheets. Three samples were tested for each set of conditions.

The PLC bands were detected using a digital image correlation
(DIC) process. Deformed images with a spatial resolution of about 25
pixels/mm were captured at a rate of 15 frames/s. Other details of
the DIC method were described in an earlier publication [27]. The
Vic-2D correlation software was employed for the calculations (de-
tails of this method can be seen elsewhere [33]). The behavior of the
PLC band in some CG specimens was studied by the DIC method on
two orthogonal surfaces of the specimen simultaneously.

3. Results and discussion
3.1. Correlation between microstructure and deformation behavior
Typical engineering stress-strain curves for strain rates of

1.4 x 10* s and 3 x 107> 57! and CG, FG and SS conditions are
shown in Fig. 1. The tensile curves of the CG alloy demonstrate a
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distinct strain hardening and have a general parabolic shape until
necking [26,34,35]. The grain refinement by ECAP reduces the strain
hardening. Thus, the flow stress increases steadily from the yield
point to the necking point, similar to the CG alloy, however, the work
hardening rate is much lower. After ECAP, ductility decreases in 1.5
times.

The deformation curves of the Al-Mg alloy in the CG and FG
conditions exhibit the PLC instability caused by DSA [36,37]. Close-
up of the regions marked by the rectangles in Fig. 1a and b show the
behavior of the serrated flow in more detail. The serrations ap-
pearing in the packets, typical of type B serrations, can be seen on
the deformation curves of the CG material at 3x10> s™! and
1.4x 10~ s7! and with maximum amplitudes of 5.5 MPa and 6.2 MPa,
respectively (Fig. 1a). The grain refinement by ECAP leads to an in-
crease in the stress serration amplitudes. The maximum amplitudes
reach 11 MPa and 13.9MPa at 3x10™> s™' and 1.4x10™* s7', re-
spectively (Fig. 1b). The deformation curves of the FG alloy at both
strain rates display a portion with small serrations, which allows us
to suggest that the large serrations occurring before and after this
portion are below the general level of the c-¢ curve. Besides, Fig. 1b
reveals that the typical behavior of type B serrations appearing in the
packets is destroyed after ECAP. The overall behavior of the FG alloy
makes one think about a mixture of types B and C.

The symbols on the curves shown in Fig. 1a and b indicate var-
iations of the serration amplitudes depending on the strain for the
Al-3%Mg alloy in CG and FG conditions, respectively. The serration
amplitude for the CG conditions is clearly divided into two steps: the
rapid linear growth up and the saturated plateau. The linear growth
up occurs due to the enhanced interaction between solutes and
mobile dislocations (known as DSA). On the saturated plateau, the
effective ageing time for the solute diffusion process in the DSA may
become saturated owing to the high density of obstacles. This results
in the maximum concentration of the solute around the mobile
dislocations and, consequently, in a fixed intensity of the DSA [33].
For the FG materials, only the linear growth up step was obtained.

The significant deviation of the increasing amplitude from the
linearity in the FG material is probably due to the larger strained and
less homogeneous FG microstructure after ECAP as compared to the
CG material.

The rapid necking of the SS alloy occurs soon after the yielding
onset (Fig. 1c). It should be noted that the deformation curve of the
SS material may exhibit oscillations after the onset of necking
(1.4x107* s7!) or remain smooth (3 x 107> s~1). The stress oscillations
amplitude achieves a maximum of 10 MPa after necking and appears
below the envelope o-¢ curve. Therefore, this can be tentatively as-
cribed to type C serrations as suggested in the previous work [27].

3.2. Effect of microstructure on the PLC band behavior

3.2.1. Spatiotemporal aspects of PLC instabilities at intermediate strain
rates

Since the spatiotemporal behavior of the CG and FG alloys is
practically the same at strain rates of 1.4x10™* s™' and 3x107° 571,
one strain rate was chosen for further detailed analysis of the fea-
tures of the nucleation and subsequent development of the bands.
The DIC technique was used to gain insight into the behavior of
plastic strain at the macroscopic level. The scale of colors was de-
fined separately for each frame, fixing on the maximum and
minimum strain rate values. This approach allows visualization of
the nucleation of an embryo due to the maximum contrast [32]. In
Figs. 2-13, the maximum values of the local strain rate are indicated
over each frame. The deformation curves recorded by the testing
machine (red lines) and an external device coupled with the DIC
system (black dots) were synchronized. Each black dot indicates the
instant when a DIC image is taken.
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Fig. 1. Engineering stress-strain curve (a, b, ¢) and variation of the average serration amplitude depending on the strain (a, b) in CG (a), FG (b) and SS (c) conditions of the Al-3%Mg

alloy deformed at strain rates of 1.4x10™* s and 3x107° s,

A series of DIC images and the corresponding regions of the
stress versus time and frame number curve of the Al-3%Mg alloy in
the CG condition, tested at 1.4x 107* s™', are presented in Figs. 2-4.
Fig. 2b reveals two PLC bands at the instants corresponding to the
first stress drop with an amplitude of 0.3 MPa at the beginning of the
yield plateau (frames 1-3) and the first stress drop with an ampli-
tude above 1 MPa at the end of the yield plateau (frames 4-6). The
maximum local strain rate, &, is an order of magnitude higher than
the applied strain rate, &, for both bands (s. frames 2 and 5 in
Fig. 2b). For comparison, the maximum &, of the first band was only
four times higher than &, for the Al-3%Mg alloy in the CG condition

Frame Number

160 180 200 220 240 260 280 300
70 T T T T T T T

=3
@
T

@D
(=]
T

Stress, MPa
(2]
5

(=3
N
T

60 -
20 25 30 35 40
(a ) Time, s

Fig. 2. (a) Stress versus time and frame number curve of the Al-3%Mg alloy in CG condition tested at 1.4 x 10~

tested at 5x 107 s7! [27]. Frame 1 in Fig. 2b illustrates the appear-
ance of an embryo of the first band, where the quantitative relation
between the local and applied strain rates is &,./&,> 6 for the band
detection, whereas it is 3 times higher in the well-developed PLC
band. Two features of the first band should be noted: the zone of the
localized deformation is directed horizontally, and the position of
the PLC band does not change. The band on frame 5 is inclined at
approximately 60° from the tensile axis. Frame 6 shows the diffuse
band following the PLC band, which persists until the next stress
drop. The occurrence and "healing" of weak diffuse bands were also
detected during the yield plateau (not shown).
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Fig. 3. A series of DIC images showing the hopping propagation of a PLC band of Type B in the CG sample at an early deformation stage. &, =14 x 107 s, The time intervals
correspond to the blue rectangles in the bottom plot, which shows the instants on the stress-time curve when the images were taken.

Fig. 3 shows a typical series of consecutive PLC bands char-
acterizing a hopping or relay-race propagation (Type B) for the CG
material. Sometime later after the band vanishes, the next PLC band
appears near to the previous band position, indicating a memory
effect. The PLC bands are initiated in the middle gauge region of the
specimen as shown for region 1 and propagate in a hopping manner
to the upper edge of the specimen as shown for region 2 in Fig. 3.
The stress oscillates for the indicated time interval practically con-
tinuously. The band lifetime includes the appearance of a completed
band, sometimes its short-distance propagation, and disappearance,
while the nucleation of an embryo is not implied. A completed band
is a band that occupies the entire cross section of the sample, and its
local strain rate is an order of magnitude higher than the applied
strain rate. The frames observed at t={304.0-304.2} s and
t={305.2-305.3} s exhibit the band lifetime for region 1 of the
stress-time curve. As can be seen in Fig. 3, the band lifetime is one
third of the band-free phase. In region 3 of the stress-time curve, the
PLC bands are not observed, which is typical for type B [32]. The
nucleation of an embryo can be seen on the frames obtained at
t=303.9s and t=305.1s. The ratio of &,/&, for the embryo bands
was 5 and 10 at t=303.9s and t=305.1 s, respectively. It should be
noted that it is difficult to judge the process of band formation if this
process is recorded by only one frame.

Nevertheless, we still manage to fix the initial stage of the band
growth. Some features of the band formation can be seen on the frames
obtained at t=303.9s and t=305.1s, due to the maximization of the
image contrast. Namely, the embryo band does not cover the entire
area of the PLC band, but only one of its sides indicating the initiation of
the embryo band on the lateral surface of the specimen. This occurs
because dislocation sources can be activated more readily at the edges
of the sample than in the volume, and the propagation is controlled by
the tendency to relax local overstresses by plastic deformation [38].

Fig. 4 shows a series of DIC images for the hopping propagation of
the PLC band after a rather large deformation of the CG sample at
1.4x 107 57, The frames obtained in the time interval from 1215.9s
to 1217.6 s exhibit a band-free phase. Thus, it is obvious that the
duration of the band-free phase increases with strain. The ratio of
the band-free phase to the band lifetime becomes higher than 4.5. It
should be noted that the frames obtained at 1215.4s and 1217.6s
display diffuse bands corresponding to stress drops and PLC band
formations. It is interesting that the value of the maximum &, for
frame obtained at 1215.5s corresponds to the well-developed PLC
band (& = 3.1x1073 s71), but the band does not cover the entire area
of the specimen width and remains as the embryo band. This sug-
gests that the ratio &,./&, for the embryo band increases up to 20
with straining.
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deformation localization becomes more intense after the grain re-
finement. The embryo of the first band was fixed on a frame ob-
tained at t=49.3 s, wherein the ratio between the local and applied
strain rates was &j,/éq = 5. It is clearly seen in Fig. 5a that the embryo
band is initiated on the lateral surface of the specimen (t=49.35s)
and then, during its subsequent development, it acquires a wedge

Figs. 5 and 6 display the experimental observation of PLC bands
in the FG alloy deformed at a strain rate of 1.4x10™* s™'. The nu-
cleation of the first band corresponds to the first large stress drop
marked with the arrow in Fig. 5a. The maximum &, for the first
band in the FG conditions is 8.5% 107> s™! (Fig. 5a), while in the CG
state it is 2.5x1073 s7!. Thus, we can assume that the plastic

é .
07 16 4185691606 "9 15 08 25 21 09 20 16 0O
~  10°S'  f i B A0°"
IS £
IS €
0 o / ‘
8 3 4
(a) 493 495406097 RES0 SLiTime 5 )1 2 3 4 5 6
Frame Number
350 400 450 500 550 600
250_"'""l""""'l"'"""l""""'l""""'l""""""
(0]
o
=
o
n
ol
0
235 i PO TR TR S [N TN SN TR TR (N WY NN SN SO [T SN SHN ST S T TR SR ST TR NN ST TN SN S (N ST SR SN S S S S ST
40 45 50 55 60 65 70 75 80

Time, s

Fig. 5. (a) A series of DIC images demonstrating nucleation of the first deformation band in the FG sample tested at 1.4 x 10 s7'. (b) A series of DIC images of the specimen surface
at the instants indicated in the bottom plot.
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Fig. 6. An example of the hopping propagation of a PLC band of type B in the FG sample at the early deformation stage. &, =1.4x10™* s~

shape, which indicates the manifestation of a hybrid of the two types
of band development [23].

Fig. 5b shows the propagation of the PLC band at the early de-
formation stage. It should be noted that &, can be an order of
magnitude higher than the applied strain rate, &, (frames 1, 3, 4, 6
and 7). "Healing" (frames 2 and 5) and re-nucleation (frames 3 and
6) of the band do not cause a large stress drop. This behavior is
observed only at the beginning of the deformation curve after the
first stress drop. It can be suggested that the strain heterogeneity at
the early stage of deformation is insufficient for the implementation
of a clearly expressed instability of type B.

When the time reaches about 75s, PLC bands of type B are
observed (Fig. 6). Each new PLC band is nucleated near or at the
peak of each stress drop, showing a hopping propagation. The PLC
bands are initiated in the bottom gauge region of the specimen as
shown for region 1, and propagate in a hopping manner towards
the upper edge of the specimen, as shown for region 2 in Fig. 6.
This hopping propagation of deformation bands is observed be-
fore necking. The band-free phase for the FG material increases 2
times as compared to the CG material. Besides, a slight increase in
the band lifetime by 0.1 s can be observed. This is probably due to
an increase in the stress relaxation time because of increasing the
density of grain boundaries after ECAP, the same can be found in

[39], when the stress relaxation time increased due to "pre-
cipitates that impede the correlation of dislocation dynamics". At
the early stage of deformation, the ratio of the band-free phase to
the lifetime of the band in the FG material comprises 4.3, which is
approximately equal to that in the CG alloy after a sufficiently
large deformation. Similar to the CG state, the PLC bands are not
found in region 3 (Fig. 6). The frames obtained at t ={109.9-110.1}
s and t={111.5-111.7} s confirm the growth into the volume at an
angle with relation to the tensile axis during thickening in the
tensile axis of the embryo band. The wedge-shape of the embryo
bands is clearly seen on the frames at t=110s and t=111.7 s. The
value of &j,c/&, for the embryo bands is about 6-7 in Fig. 6.

Fig. 7 illustrates the spatiotemporal behavior of the plastic flow of
the SS material deformed at a strain rate of 1.4x 10~ s™!. Continuous
propagation of the diffuse band is observed all over the deformation
curve between the yield point stress and the strength point (Fig. 7).
It should be noted that this band is a weak strain heterogeneity,
which starts forming at the yield point as a thick and loosely shaped
area with &, several times exceeding &, (£oc/£4 = 6) (Fig. 7). The band
propagates through the gauge length. Similar results were observed
for the same material (SS condition) at higher strain rates [27], when
&oc/éa Was about 7, although the band in Ref. [27] did not pass
through the entire gauge length. It can be concluded that a decrease
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in both the maximum &, value and the strain rate is accompanied
by an expansion in the band propagation.

Completed PLC bands appear during the necking stage, when the
deformation curve is accompanied by regular stress oscillations
(Fig. 8). Moreover, a series of distinct deformation bands (Fig. 8)
instead of beats (the beat means that &, never drops to the level of
&) (cf. [27]) can be seen in the SS alloy. The maximum local strain
rate at the peaks of the jumps (Frames 1 and 5) is an order of
magnitude higher than the applied strain rate. A well-defined band
with a ratio &gc/e, 250 is formed during the stress drop phase
(Frames 2 and 6). Thus, the intensity of strain localization within the
bands is higher than for type A bands [27,28]. Next, the intensity of
the bands reduces and exceeds the applied strain rate only by an
order of magnitude (Frames 3 and 7). The displacement of the nu-
cleation sites continues for some time after the onset of necking, in
this case, the band forms a series of relay-race propagations typical
for type B bands, ultimately concentrating in one cross-section [27].

Frame Number

3.2.2. Band velocity

Band velocity is an important parameter of the PLC bands kine-
matics. It should be noted that the methods for calculating the pro-
pagation velocity of bands of different types are different. The velocity
of PLC bands of type A is determined as the speed of displacement of
the areas position corresponding to the maximum local strain rate
within the band [27]. A type B band has a short lifetime, corresponding
to the duration of the stress drop phase, and a longer reloading time is
required before the next band appears. The average velocity for type B
bands is determined by the hopping distance divided by the reloading
time [26]. This so-called effective velocity of the hopping propagation is
not a proper band velocity. Fig. 9 shows the change in the band velocity
alongside with the true strain - true stress curves for the Al-3%Mg
alloy in different initial conditions. The band velocity in Fig. 9 was
averaged. The band velocity was determined as the distance propa-
gated by the band in a hopping manner in one direction, divided by the
total propagation time.
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Fig. 8. Behavior of the stress oscillation during necking of the SS sample deformed at 1.4x 107 s
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The band velocity of the CG material deformed at 1.4x 107 57!
gradually decreases in the range of true strains to 0.1 followed by
stabilization at a nearly constant level at larger true strains (Fig. 9a).
This suggests that the PLC band kinematics changes at different
stages of work hardening. Similar behavior was observed in another
study, which reported that the band motion became more and more
difficult and the band velocity decreased as deformation pro-
ceeds [34,40].

The FG material has only the decreasing dependence of the band
velocity on the strain unlike the CG alloy (Fig. 9a and b). In addition,
both changes in the microstructure and reduction of the strain rate
(cf. [27]) lead to a decrease in the band velocity. Fig. 9 also shows
that the band velocity does not vanish at the Considere strain, but
propagates up to the maximum true stress. More precisely, the band
can still move over a distance of more 1 mm after reaching the
Considere strain as suggested in previous papers [27,28].

3.2.3. Nucleation and subsequent development of the PLC band at a
high strain rate

It is known that the manifestation feature of the PLC instability
strongly depends on the strain rates. High strain rates are reported
[20-22] to be associated with type A bands, whereas intermediate
strain rates are characteristic for type B bands. Nevertheless, there is
no clear understanding of the effect of the strain rate on the process
of nucleation and subsequent development of the PLC band. This
section presents an attempt to identify this influence. The effect of
the microstructure on the high-speed behavior corresponding to the
continuous propagation of the bands was considered in the previous
work [27], however, no attention was paid to the nucleation and

subsequent development of the PLC band at a high strain rate. For
this purpose, an additional series of DIC images is presented below.

The nucleation of deformation bands of the Al-3%Mg alloy in two
(CG and FG) conditions tested at a high (5x107> s7!) strain rate
corresponding to the type A PLC bands is shown in Fig. 10. As clearly
seen in Fig. 10, the embryo bands are arising on the lateral surface
and thickening in the tensile direction during growth into the vo-
lume at an angle with relation to the tensile axis. The presence of
wedge-shaped bands during this growth phase is characteristic for
both conditions of the alloy. Thus, it becomes clear that the scenarios
of the band development do not depend on the microstructure. In
addition, studies of the nucleation and subsequent development of
the PLC band in only one plane of the specimen surfaces allow us to
conclude that the scenarios of the band development are not asso-
ciated with different types of PLC bands (or strain rates). Whereas, it
is necessary to conduct additional studies of the behavior of PLC
bands on two orthogonal specimen surfaces to reveal the depen-
dence of the band development on the strain rate.

3.3. Effect of strain rate on the mechanism of nucleation and
subsequent development of the PLC band

As noted above, two limit types and one mixed type of the band
development have been described in the literature [23]. These me-
chanisms are sketched in Fig. 11. Directions of embryo growth are
indicated by the arrows. It should be noted that the first mechanism
is associated with a band, which can have its ending width at nu-
cleation, and then grow along its longitude direction (see Fig. 11a).
The second mechanism is associated with the nucleation of a narrow
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band and subsequent expansion in the direction of the tension axis
to develop a complete band (Fig. 11b). The mixed scenario considers
the occurrence of an embryo on the lateral surface of the specimen,
followed by its thickening in the tensile direction during growth into
the volume at an angle with relation to the tensile axis. Herewith the
embryo has a wedge shape during its growth as sketched in Fig. 11c.

However, Chihab et al. [23] have not verified their hypotheses due
to the lack of direct strain measurements in their experiments. The
results of high-speed filming, which suggest a possibility of the mixed
scenario of the PLC band nucleation, were presented later [8-11,38,41].

In our study, the DIC experiment simultaneously on two orthogonal
specimen surfaces was additionally carried out to confirm the possible
mechanisms of the PLC band nucleation (Figs. 12 and 13). The pre-
sented results of the DIC analysis testify that the embryo band develops
from the one edge to the other of the sample and acquires the shape of
a wedge during motion, which then relaxes in the completed de-
formation band. Thus, the mixed scenario was obtained at high (type A;
see Fig. 12) and intermediate (type B; not shown here) strain rates. In
Ref. [42], a special case was described, when one or several grains along
the shear direction can be activated quasi-simultaneously, which re-
sults in an active front across the entire width of the specimen. Feng
et al. [43] noted the case when two type B bands nucleate at both edges
of a specimen shoulder and propagate parallel to each other in opposite
directions. A scheme illustrating the hybrid mechanism with the PLC

10

band nucleation on both edges of the specimen is shown in Fig. 11d.
Current experimental results also show that a hybrid of the two types
with the band initiation process in two regions and subsequent de-
velopment of the PLC band in opposite directions is also conceivable at
the intermediate strain rate corresponding to type B bands (Fig. 13).

Fig. 14a and b shows the evolution of local strain rate distribu-
tions in tensile testing during nucleation of type A and type B bands,
respectively. To estimate the embryo band thickness, the distance
between the two nearest minima of the local strain rate profile was
determined. The thickness of the embryo band increased as it grew
rapidly. The observation that the simultaneous formation of type-A
bands in both the transverse and longitudinal directions occurs after
the nucleation phase is consistent with the results of other authors
[38,43]. However, another feature was identified; namely, the
thickening of the type A bands in the tensile direction is more sig-
nificant compared with the change in the thickness of the type B
bands (Fig. 14). It can be assumed that the higher the strain rate, the
lower the relaxation of internal stresses due to dynamic recovery.
Thus, the level of local overstresses controls the formation velocity
of the deformation band, as noted earlier in Refs. [38,41]. Thus, the
results obtained suggest that the nucleation of deformation bands
always occurs according to a mixed mechanism, regardless of the
structure, in which the thickening of the embryo slows down with a
decrease in the strain rate.
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4. Conclusions samples (SS state) leads to repression of stress serrations until
the onset of necking. In the SS samples, the propagation of diffuse

1. The Al-3% Mg alloy in the CG and FG states demonstrates the bands can be observed.
kinematics of the PLC bands corresponding to the hopping pro- 2. The nucleation of deformation bands in the Al-3%Mg alloy can be
pagation and type B stress serrations in spite of the tendency to considered as a hybrid of two types of band development.
the type C serration stress for the FG states. Cold rolling of the FG Namely, the formation of an embryo on the lateral specimen

1
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surface and its thickening in the tensile direction during growth
into the volume at an angle with relation to the tensile axis, so
that the embryo band acquires the shape of a wedge during this
growth phase. The scenario of the PLC band nucleation is in-
dependent of both the microstructure and the stress serration
type (or strain rate). Nonetheless, thickening of the embryo band
slows down with a decrease in the strain rate. The ratio of the
local strain rate to the applied one, &/, required for the PLC
band nucleation (i.e. the appearance of the embryo bands) in-
creases with straining.

3. The grain refinement leads to an increase in both the band life-
time and the band-free phase. The ratio of the band-free phase to
the band lifetime in the FG alloy is higher than in the CG alloy.

4, The dependences of the band velocity and the serration ampli-
tude on strain indicate the absence of the saturation stage in the
FG state of the Al-3% Mg alloy.
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