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The influence of the surface pre-deformation on jerky flow caused by the Portevin-Le Chatelier (PLC) effect was
investigated using flat tensile specimens of an Al-Mg alloy. Although jerky flow represents a macroscopic plastic
instability, the underlying mechanisms stem from self-organization of dislocations, which pertains to deforma-
tion processes at mesoscopic scales. To provide a comprehensive approach, the investigation was carried out by
coupling tensile tests, digital image correlation and acoustic emission techniques, each targeting a particular
range of scales. Thin superficial layers were pre-deformed using surface mechanical attrition technique (SMAT).
It was found that the observed effects depend on which surfaces are processed. Overall, the treated samples
exhibited an enhanced yield strength without deterioration of ductility in comparison with the initial material.
These changes in the general mechanical behavior are likely to be correlated with the changes in jerky flow.
Using digital image correlation, a tendency to delocalization of bursts of plastic flow was found for both the PLC
bands and smaller-scale strain heterogeneities outside the bands, the latter having been little studied so far.
Unexpectedly, SMAT occurred to modify plastic flow drastically at this scale. In addition to clarification of the
role played by the surface in the PLC effect, these findings provide new insights into relationships between

deformation processes at distinct scales.

1. Introduction

This paper brings together two research fields, one concerning a
long-standing problem of plastic instability in metallic alloys, known as
the Portevin-Le Chatelier (PLC) effect [1], and the other related to recent
concepts aimed at improving mechanical properties of materials by se-
vere plastic deformation (SPD) of the material surface [2-4]. The interest
in the PLC effect is constantly renewed in view of a persistent elabora-
tion of new classes of alloyed materials with different compositions and
microstructures [5-9]. The instability occurs as recurrent localizations of
plastic deformation giving rise to strain-rate bursts and, consequently,
serrated deformation curves, or “jerky flow”. Its mechanism is generally
ascribed to the negative strain-rate sensitivity of stress (SRS) caused by
the dynamical strain aging (DSA), i.e., accumulation of solute atoms on
the mobile dislocations temporarily arrested at obstacles [10-13]. The
negative SRS stems from a downturn in the solute-induced pinning
strength with increasing strain rate because of the respective decrease in
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the dislocation arrest time. Despite this clear microscopic basis, the
prediction of behaviors of real alloys is challenging. Not only real be-
haviors are often difficult to refer to one of the qualitatively categorized
generic types [14], but different authors often come to different con-
clusions with regard to the influence of various control factors, notably,
the alloy composition, the initial microstructure, the strain rate or
temperature, on the measured characteristics, such as the critical strain
for the instability onset [11,15-17], the amplitude and frequency of
serrations [7,16,17], the parameters and kinematics of the deformation
bands [18-21]. This difficulty justifies the unceasing interest in the PLC
effect. From the practical viewpoint, the objective is to avoid the plastic
instability since it leads to undesirable consequences, such as the
ductility reduction or surface degradation because of the traces left by
the PLC bands [14].

The PLC effect also attracts a growing fundamental interest as a
striking example of self-organization in nonlinear dynamical systems.
The negative SRS unifies the dislocation ensemble with various systems
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displaying complex dynamics related to a negative resistance to external
force. It was found [9,22] that depending on the experimental condi-
tions, the PLC effect can manifest various collective phenomena, from
self-organized criticality (SOC) in extended dynamical systems [23], to
chaotic dynamics in low-dimensional nonlinear systems [24], and
finally to almost periodic relaxation oscillations attributed to the syn-
chronization phenomenon [25].

SPD methods have attracted a great attention due to their capacity to
produce high-strength materials by refining the grain structure down to
a nanoscopic range [26,27]. As the gain in the strength of fully nano-
crystalline materials goes together with a drastic ductility reduction, the
further step involved creation of gradient microstructures. One of the
intensely explored ideas is to limit the SPD impact to the surface layers
[2-4]. This concept made it possible to improve the strength due to a
stronger surface region, keeping at the same time an important ductility
level due to the softer core which assures plasticity and postpones the
necking. Many approaches of surface treatment were proposed, e.g.,
shot peening [28], mechanical grinding [29], mechanical attrition [30],
and others.

As virtually all industrial materials are alloyed, investigation of the
possible influence of the surface strengthening on the PLC effect is of
great interest. Therewith, the strain localization being a key element of
unstable flow, fundamental information may be expected from
combining methods of controlled surface modification and techniques
allowing for a survey of the surface strain during mechanical testing. In
particular, recent elaboration of high-frequency methods of strain
visualization by video-recording, speckle interferometry, or digital
image correlation (DIC), allowed to detect various scenarios of the PLC
band formation [17,18,21,31-33].

Most attention concerning the surface SPD is currently turned to the
search of ways to overcome the strength-ductility trade-off, while very
few works examined the PLC effect. An only systematic study was
realized in Ref. [34]. It was found that Surface Mechanical Attrition
Treatment (SMAT) effectively postponed the onset of the PLC effect in a
5182 Al alloy, thus showing a potential to suppress the instability. At the
same time, the amplitude of serrations demonstrated a tendency to an
increase. A retardation of the instability was also reported for a gradient
microstructure produced by hot compression bonding of several sheets
of a 5052 Al alloy [35]. Importantly, all literature data concern samples
with a through-thickness gradient microstructure, while the question of
the surface effect has not been raised explicitly. Nevertheless, some hints
can be found in the literature not deliberately devoted to this problem.
For example, a sensitivity of the instability onset to surface modifica-
tions has been noticed upon polishing, with different changes produced
by a mechanical or chemical finish [36,37].

In the present paper, the surface effect on the PLC instability was
studied using SMAT adjusted so as to confine its impact to surface layers,
without modifying the entire volume of the sample. Furthermore, in
order to reduce additional factors that could influence on the PLC
behavior, the study was performed on a model coarse-grained binary
Al3%Mg alloy. DIC was applied to visualize the PLC bands and their
evolution during tensile tests. Besides, attention was also drawn to finer
strain-localization events which may not produce discernible stress
fluctuations. This “mesoscopic” scale has been little studied so far in the
conditions of the PLC effect. However, the available literature data bear
witness that such knowledge may provide valuable information on the
development of macroscopic instabilities [9,38]. Moreover, mesoscopic
scales present a particular interest from the viewpoint of collective
deformation processes even in the absence of macroscopic instabilities
[39,40]. These concepts were also supported by recording the acoustic
emission (AE) accompanying plastic deformation, which implies a
further refinement of the surveyed scale in comparison with DIC
[41-43]. This analysis of various material responses to plastic defor-
mation made it possible to examine a multifaceted nature of the surface
effect on the heterogeneity of plastic deformation.
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2. Experimental
2.1. Sample preparation and microstructure characterization

Tensile specimens were cut from a cold-rolled sheet of a poly-
crystalline Al-3%Mg (wt.%) alloy and annealed at 400°C for 2 hours (cf.
[431). The specimens had a dog-bone shape with the gauge length, width
and thickness of 35 mm, 7 mm and 2.8-3 mm, respectively. The poly-
crystalline grains exhibited an approximately equiaxed shape and size
ranging between 20 and 160 pm, with an average size about 60 pm.

The SMAT was performed using @2 mm 100Cr6 steel shots set in
motion by a sonotrode with a vibrating amplitude of 40 ym and a fre-
quency of 20 kHz. The distance between the sonotrode and the sample
was set to 40 mm. Several treatment durations, 1 min, 3 min, and 5 min,
were tested to determine an optimal regime. According to the results
obtained (see Sec. 3.1), specimens for tensile tests were subjected to a
one-minute SMAT. The specimens were divided into four groups as
specified by the targeted surfaces. Two groups had one or two large
surfaces treated (specimens referred to as 1L and 2L, respectively).
Narrow side surfaces were treated for the other two groups (accordingly,
1IN and 2N). The profile roughness parameter, R,, varied about 0.1 um
before SMAT and increased to 3 um after the treatment. Two specimens
of each type were tested in tensile experiments.

Optical and scanning electron microscopes were used to visualize
polycrystalline grains. To assess plastic deformation produced by SMAT
in the surface layers, the density of geometrically necessary dislocations
(GND) was deduced from crystallographic orientations measured using
the Electron Back-Scattered Diffraction (EBSD) implemented on a FEG-
SEM Jeol F100 equipped with an Oxford Symmetry camera. The sample-
to-detector distance was 15 mm, the accelerating voltage was 15 kV, and
the step size was set to 0.45 pm in order to provide a good spatial res-
olution of the GND repartition. The commercial Aztec software was
applied to produce crystallographic orientation maps from the EBSD
patterns. The lattice curvature x determined from the disorientations
was then used to obtain GND densities from the Nye tensor, & = tr(k).
I — kT [44], which was calculated with the aid of the ATEX software
developed in the Lorraine University [45].

Vickers hardness tests were employed to assess the SMAT-induced
material hardening throughout the specimen thickness. The tests were
conducted using the ZWICK/ROELL Indentec ZHV microhardness tester.
A controlled load, F = 50 N, was applied for 10 seconds. Five parallel
sequences of indentations were performed on the specimen cross-section
along the normal to the treated surface, with a step of 100 pm between
indentations and 50 pm from the extreme indentation to the specimen
edge. The depth dependence of the Vickers hardness, HV = 0.1891 x (F
/ d?), where d is the average length of two diagonals of the square trace
of the indenter, was determined by taking an average over 5 in-
dentations corresponding to the same depth.

2.2. Deformation experiments

Tensile tests were performed using a Zwick 1476 testing machine,
with the stiffness of the machine/specimen couple about 6 x 10% N/m.
The force noise in the idle state corresponded to a stress level of 0.003
MPa. The specimens were deformed at 20 °C with a crosshead velocity of
0.3 mm/min corresponding to the initial applied strain rate, &, = 1.4 x
10~*s7L. The basic sampling rate of 50 Hz was used to record the force
vs. time response, in consistence with the highest recording frequency in
DIC measurements (see below). A higher sampling rate of 250 Hz was
also applied in time intervals selected to gather a more precise infor-
mation on the stress fluctuations.

The two-dimensional DIC method is based on recording subsequent
images of a speckle pattern deposited on a specimen surface, so that the
calculation of the difference between the current and the initial images
allows to assess the evolution of the in-plane local strain field during
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deformation [46]. The setup was similar to that described in [47,48],
additionally supplied with a mirror to view a lateral side simultaneously
with the large frontal surface. The images of a black-and-white speckle
patterns were captured by a Charge-Coupled Device camera which
allowed for a recoding frequency up to 50 fps with a spatial resolution
better than 25 pm/pixel. As the test duration attained 2000 s and longer,
such an acquisition rate was only used for selected time intervals.
Otherwise, the frequency was reduced to 10 fps. The fields of local
displacements in tensile direction and the corresponding strain and
strain-rate fields were calculated with the aid of the standard Vic-2D
software [49], using subsets of 21 pixels and a step size of 5 pixels.

As the investigations did not only aim at the macroscopic PLC
instability but also at smaller-scale plasticity events, special precautions
were taken to avoid detecting false strain-rate fluctuations that may be
caused by the instrumental noise, e.g., vibrations of the deformation
machine and camera or lighting fluctuations. For this, only the strain-
rate bursts exceeding the maximum level of the signal recorded before
the beginning of loading were considered to be true. As the maximum
level included all outliers, this strict choice of the threshold inevitably
led to a loss of useful information but assured correct qualitative
conclusions.

Besides, AE was recorded simultaneously with the deformation curve
and speckle patterns. In order to have a basis for comparison with the
literature data for AIMg-based alloys, the experimental setup and data
processing adapted the approach described in [43,50]. The AE was
captured by a piezoelectric sensor with a wide frequency band of 200 to
900 kHz, clamped to the sample head just above the gauge length. The
sonic contact was controlled with the aid of the Nilsen test [51]. The
signal from the sensor was pre-amplified by 40 dB and recorded by a
Euro Physical Acoustic system with a sampling frequency of 2 MHz [52].
The AE events (hits) were extracted in the real time using several preset
parameters, namely, an amplitude threshold of 25 dB, a hit definition
time, HDT = 50 ps, and a hit lockout time, HLT = 100 ps. In this scheme,
an event is considered to start when the signal exceeds the threshold and
to terminate at the time instant after which the signal remains under the
threshold for at least HDT. The HLT is conventionally provided to filter
out secondary acoustic echoes. The HLT means a dead time during
which no records are made since the last recorded hit. Finally, a peak
definition time, PDT = 40 ps, is used to detect the peak amplitude of the
hit. The so-recorded series of events allow for a statistical analysis of the
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AE during the entire tensile tests. The acoustic system also allows to
store continuous AE records which provide access to waveforms of in-
dividual AE hits (see, e.g., [53,54]). This aspect however goes beyond
the scope of the present work and will be published elsewhere.

3. Results
3.1. Vickers hardness and microstructure analysis

Fig. 1 presents examples of measurement of the material hardness as
a function of the distance from the surface subjected to SMAT. The initial
hardness value varied about the level of 45 kgf/mm? for all tested
samples (cf. curves 1). The example presented in Fig. 1(a) shows an
increase to approximately 73 kgf/mm?® near the impacted surface
immediately after one-minute SMAT (curve 2). Further relaxation led to
a slight decrease in this extreme value which stabilized at a level of
approximately 67 kgf/mm? (curve 3). The illustrations provided in Fig. 1
also demonstrate that the hardening effect rapidly decays with the dis-
tance from the treated surface and fades at the depth of about 0.5 mm,
leaving intact a significant part of the bulk. Finally, curve 2 in Fig. 1(b)
shows that the difference in the hardness between the treated surface
and the volume was considerably levelled off after tensile deformation.

Qualitatively similar results were obtained for the treatment dura-
tions of 3 and 5 minutes, with a slightly stronger hardening effect.
Importantly, the increase in the SMAT duration resulted in deeper
modifications, increasing the thickness of the transitory layer to 1 mm
and more (cf. [34]). To leave intact a large part of the material bulk,
one-minute SMAT regime was chosen for the present study. An addi-
tional reason for this choice is that one-minute treatment involves a
thickness typically affected in the processes of specimen preparation, e.
g., mechanical polishing or electrical discharge cutting. The tensile tests
were performed after storing the treated specimens for two months.
Therewith, tensile tests on the unprocessed material verified that the
natural ageing during this period did not produce any change in either
mechanical properties or the PLC instability.

The results of the hardness tests were confirmed and refined by the
comparison of GND maps after various treatments. Fig. 2 illustrates such
results for specimens subjected to SMAT for 5 minutes (a) and 1 minute
(b). It can be seen that SMAT induced distortions in a surface layer,
visualized by the spatial distributions of the GND density. In order to
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Fig. 1. SMAT effect on the surface hardness. (a) Dependence of the Vickers hardness, HV, on the depth under the surface treated by SMAT: 1 — Untreated specimen; 2
- immediately after one-minute SMAT; 3 - after two-months storage following the SMAT. (b) Example of changes induced by tensile deformation: 1 — 2L specimen
before tensile test and 2 — after tensile test (see Fig. 3).
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quantify the depth affected by the SMAT, the average GND density was
calculated along the normal to the processed surface. The so-obtained
evolution in the depth is plotted in Fig. 2(c). The SMAT effect
decreased with decreasing the treatment duration, as evidenced by both
the reduced thickness of the impacted layer and lower GND densities
(1.2 x 10 and 4 x 10'®* m~2 for 5 and 1 minutes, respectively) . The
most significant distortions are concentrated in a layer approximately
150 pm thick for the 5-minutes SMAT and less than 50 pm thick after 1-
minute treatment. Nevertheless, dislocations are still visible in deeper
layers, in agreement with the gradual decrease in the Vickers hardness to
the depth of 0.5 mm or beyond, depending on the SMAT duration. At the
same time, it is noteworthy that although the high GND density attests to
a strong plastic deformation near the treated surface, Fig. 2 reveals a
similar grain size in the surface region and in the bulk.

3.2. Overall mechanical behavior

Fig. 3 illustrates the effect of different SMAT combinations on
deformation behavior of the investigated alloy. The examples of entire
stress-time dependences, o(t), presented in Fig. 3(a), demonstrate that
the treated samples exhibit an overall higher deforming stress than the
initial material. The excess of stress is maximum upon the elastoplastic
transition and diminishes progressively towards the onset of necking,
where the curves converge and show a similar ultimate tensile strength.
Summarizing all tests, the impact may be ranked in the following order
according to its magnitude: 1N < 2N < 1L < 2L. For convenience, 1N, 2N
and 1L regimes will be referred to as “medium treatments”. The
magnification of the initial portions of the engineering deformation
curves, o(¢), illustrates that for 2L samples, the offset yield point is
increased by about 40% at the conventional 0.2% strain level and about
50% around 1% of plastic strain [Fig. 3(b)]. The latter number is more
representative as it corresponds to work-hardening behavior stabilized
after the elastoplastic transition, which course visibly differs between
the initial and processed materials.

Despite the increase in the material strength, Fig. 3(a) testifies that
the treated samples do not undergo a significant loss in ductility in
comparison with the initial material. More exactly, the variations
observed between differently processed samples did not exceed the
variations within pairs of samples of the same kind. The persisting
ductility is likely to be related to the convergence of the deformation
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curves. Both these observations are also conforming to the approxi-
mately uniform Vickers hardness throughout the specimen thickness
after tensile deformation of SMAT samples.

The above-mentioned influence of SMAT on the elastoplastic tran-
sition is pertinent to the problem of the strength-ductility interplay. It
can be noticed in Fig. 3(b) that the initial material displays a Liiders
plateau that suggests propagation of a localized deformation band along
the specimen. The process takes place at a non-increasing stress level
because the band advances towards unhardened material [55]. The
further deformation displays a usual work-hardening behavior
concomitant with the PLC effect [43]. It occurs that SMAT of any surface
makes disappear the Liiders effect. Two transformations can be
acknowledged. First, in contrast to the yield point, the proportionality
limit becomes reduced, i.e., the detectable plasticity occurs earlier in
SMAT specimens. This effect follows the same ranking regarding the
SMAT regime as specified for the yield point, with the maximum
reduction of about 50% after 2L treatment. However, soon afterwards
the deformation curves of SMAT specimens demonstrate an up-turn that
reflects a jump in the work-hardening rate. This up-turn, obviously
contributing to the increase in the deforming stress after SMAT, is
commonly reported for materials with gradient microstructures and is
considered at the heart of their capacity to maintain a good ductility
simultaneously with the enhanced strength [35,56].

An insight into the concomitant deformation processes was provided
by DIC observations. The propagation of a Liiders band for the initial
specimen from Fig. 3 is visualized in Fig. 4 by displaying several
consecutive images of the local strain rate field, é,.(x,y). The numbers
above the images reveal that the maximum ¢, inside the band is more
than 10 times higher than ¢,= 1.4 x 10~*s~1. The band moves along the
specimen (y-direction) at a speed of about 1 mm/s. Consecutive series of
such DIC images also allow to visualize the evolution of the propagation
pattern during long periods. For this, a one-dimensional (1D) local
strain-rate field measured along a selected line segment is traced at
consequent time instants. Fig. 5(a) presents a so-obtained “spatiotem-
poral map” which depicts the function &;.(y, t) for the tensile axis of the
same specimen. For convenience, the dashed-and-dotted lines corre-
sponding to the instant of 48.6 s clarify the correspondence between
Figs. 4 and 5(a). In such maps, the propagation of a deformation band
appears as an inclined stripe of enhanced color, with its slope and ver-
tical cross-section providing estimates of the propagation velocity and
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Fig. 3. SMAT effect on tensile behavior. (a) Examples of stress-time curves for the initial material, designated as I, and specimens subjected to SMAT of various
surfaces: 1L and 2L refer to SMAT of 1 and 2 large sides, respectively; 1N and 2N are similar designations for the narrow sides. (b) Magnification of the corresponding
engineering deformation curves displaying details of the elastoplastic transition, including the Liiders plateau for the untreated material and the onset of the PLC

instability.
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& maX 10 51 propagation pattern, Figs. 4 and 5 clearly reveal a nonuniform and
14 o 1.92 nonstationary nature of Liiders bands. To illustrate the variations in the
’ ’ band shape and local strain rate, two middle images in Fig. 4 represent

1.48

2.44

48.6

41.8

Time (s)

Fig. 4. Example of Liiders band behavior in an initial sample. The band kine-
matics is illustrated using consecutive DIC images of the local strain rate field,
£10c(x,y), calculated from speckle photographs recorded at a frequency of 10
fps. The initial height of the gauge part is 34 mm. The vertical centerline
depicted by dashes and dots on the image at 48.6 s explains the construction of
the maps of Fig. 5 by collecting data along a selected line segment from multiple
DIC images. To provide a good contrast for each pattern, the color scale range
was not selected once for all frames but adapted to each image. For the sake of
comparison, the numbers above the images indicate the maximum ¢, inside
the band traces. The upper row corresponds to the large surface and the second
row provides data for the narrow surface.

the band width, respectively. It is noteworthy that y-coordinate stands
for the relative positions along the specimen gauge with respect to the
initial frame. This common choice makes convenient the qualitative
comparison of the maps (cf. an alternative approach in [57]), but the
specimen elongation should be born in mind for quantitative calcula-
tions. It can be seen that one Liiders band, indicated by an arrow, was
nucleated near the middle of the gauge length and moved down to the
bottom end of the specimen. Then another band occurred above the part
hardened by the first band and moved upwards. In addition to the

subsequent time instants separated by 0.1 s. Fig. 5 also highlights cor-
relations between these variations and stress fluctuations. Finally, Fig. 4
testifies that the strain-rate field outside the Liiders band is only rela-
tively uniform and contains alternating loading and unloading regions
corresponding to & variations with lower intensity than within the
Liiders band. These fluctuations appear as a dispersion of warmer and
colder spots on the maps of Fig. 5. They will be inspected in Section 3.4.

The left-side parts of Fig. 5(b), (c) and (d) illustrate the evolution of
the local strain-rate field around the instants corresponding to stress up-
turns (see arrows) during deformation of SMAT samples. The patterns
occurred to be dependent on the SMAT regime. Fig. 5(b) demonstrates
that the strain-rate field was highly uniform before the onset of the PLC
effect in 2L samples, and no noticeable change was detected upon the
stress deflection. On the contrary, the samples subjected to other treat-
ments displayed a much stronger initial heterogeneity that showed up as
a relatively high overall density and/or intensity of the above-
mentioned spots. Examination of different patterns revealed a ten-
dency for these heterogeneities to become stronger upon the stress up-
turns [see, e.g., Fig. 5(c)]. Fig. 5(d) illustrates a particular behavior
observed for one of the 1L samples. In this case, the deflection was
accompanied by the occurrence of mobile deformation bands with a low
intensity, a kind of precursors of the further PLC bands, which moved
with the velocity similar to that of the PLC bands but ran over shorter
distances and did not produce noticeable stress fluctuations.

Two more qualitative observations are noteworthy. Some of the local
strain-rate heterogeneities could be strong enough to produce observ-
able stress fluctuations, thus making ambiguous the conventional
detection of the onset of the PLC instability on the deformation curves,
as described in Section 3.3 (cf. [58]). In particular, Fig. 5(c) illustrates
formation of rather strong short-term deformation bands during the
elastoplastic transition in a 1N sample, which may be associated with
stress drops (see an interval around 40 s). This feature was especially
pronounced for 1N and 2N samples. On the other hand, only some of
stress fluctuations could be put into correspondence with well-defined
local strain-rate bursts, while others were caused by heterogeneities
distributed over the specimen gauge.
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Fig. 5. Spatiotemporal maps sketching the evolution of the local strain-rate along the tensile axis of (a) an initial specimen, (b) 2L sample, (c) 1N sample, and (d) 1L
sample. The time-stress curves are superposed on the maps for convenience. The dashed-dotted line in Fig. 5(a) corresponds to its counterpart in Fig. 4. The y-
positions are shown in the range from 0.02 to 0.98 in order to cut off border effects biasing the results of calculations. The arrows indicate Liiders bands in Fig. 5(a)
and stress up-turns in the other charts.
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3.3. Influence on the PLC instability

Besides overall mechanical behavior, it can be seen in Fig. 3 that all
specimens demonstrated stress serrations caused by the PLC effect. Fig. 6
describes the influence of SMAT on the critical strain and stress values
determined in two ways. Namely, (1) &, and o, correspond to the
occurrence of the first sporadic serrations observable on the macro-
scopic scale of Fig. 5; (2) &, and o, point to the onset of the stabilized
PLC instability (see Fig. 7(a) for detail). The data on &1 and o1 bear
witness that SMAT delays the approach of the instability. Moreover,
Fig. 6(b) demonstrates that despite the different nature of the elasto-
plastic transition in the initial and processed materials, o follows a
trend similar to that for o, . The applied stress can thus be considered as
a relevant control parameter pertaining to the instability conditions.
Therewith, the closeness of o, and 6,1 for 2L samples confirms that this
treatment effectively suppresses sporadic instabilities and maintains
uniform plastic flow until a major part of the material will approach the
critical conditions [cf. Fig. 5(b)]. On the other hand, even if the initial
material shows PLC serrations immediately after the Liiders plateau, the
strain accumulated due to the passage of the Liiders bands results in
higher &, values than those obtained after medium treatments.
Accordingly, ¢, does not demonstrate the same ranking for the SMAT
effect as described above but manifests a minimum for 2N samples.
Nevertheless, the stronger delay of the instability after 2L treatment
results in the highest ¢ values.

The qualitative evolution of serrations and PLC bands is illustrated in
Fig. 7. The behavior was similar for all specimens and displayed types
usually reported for various Al alloys at similar strain rate &, (see, e.g.,
[14]). First, type A pattern sets on at ¢, as can be recognized on the
left-hand side of Fig. 7(a). This type is characterized by stress rises
needed to nucleate new PLC bands, which are followed by stress drops at
the moments of nucleation and then a relatively smooth plastic flow
during a quasi-continuous propagation of the band along the tensile axis.
The propagation velocity was similar for different samples and varied
about 4 mmy/s. At further deformation, the plastic flow associated with
the band propagation became less smooth and displayed serrations
related to strain-rate fluctuations within the propagating band
[right-hand side of Fig. 7(a)]. This transitory behavior is usually referred
to as type A+B. Fig. 7(b) illustrates the further transition to a pure type
B. Therewith, the quasi-continuous propagation changes to the so-called
“hopping” or “relay-race” propagation, i.e., the occurrence of correlated
sequences of localized PLC bands. Each band gives rise to a stress drop,
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so that their series are associated with more or less regular serrations
resembling relaxation oscillations [59]. Like in the case of type A, the
beginning of each sequence is often marked by a stress rise followed by a
deep drop, which correspond to the nucleation of a PLC band in the
material strain-hardened by the passage of the previous group of bands.
Fig. 1(a) testifies that this behavior persisted until fracture. The band
propagation velocity can also be determined for the hopping propaga-
tion. Its evolution was also similar for different samples and corre-
sponded to a general observation that the band propagation slows down
with strain [33,47,60]. As a matter of example for the studied alloy, the
respective velocity decreased to a value of about 1 mm/s around € =
0.12. As far as the influence of the surface state is concerned, an effect of
SMAT on the described patterns was detected on the initial stage of jerky
flow, as a tendency to a faster transition to type B patterns of serrations
and PLC bands, most clearly identified for 2L specimens.

Besides the spatiotemporal maps, sequences of 2D DIC images were
examined to assess the band nucleation and development across the
specimen at different stages of deformation. Two major scenarios of
band emergence were found for the investigated material. The first three
frames of Fig. 8(a) illustrate the well-known scenario of the band
nucleation on a lateral side and quick growth toward the opposite side
[18,31,32]. Although the image acquisition frequency was relatively
low for a detailed survey, analysis of many similar events allowed to
unveil some details of such processes. It occurs that this scenario may
enclose a variety of patterns, including an incomplete growth followed
by the band shrinking, a quasi-instantaneous, in terms of the time res-
olution of 20 ms, rotation of the band orientation, band splitting, and so
on. For example, Fig. 8(a) reveals a peculiar situation when the pro-
gressing deformation band triggers a counter band on the opposite side
of the sample (frame 2). Fig. 8(b) represents an alternative scenario, the
possibility of which was reported recently [21]. It consists of the for-
mation of a well-delineated PLC band (frame 3) from a diffuse defor-
mation band which occurs simultaneously through the entire
cross-section of the specimen (frames 1 and 2). Overall, the first sce-
nario of the nucleation and growth of a band nucleus was mainly
observed at early stages of plastic flow in the initial material and after
SMAT of narrow sides. The simultaneous formation via diffuse bands
was found at all deformation stages and was predominant at larger
strains. Therewith, this scenario was preponderant at all strains in
samples with large sides treated by SMAT. Finally, the band disap-
pearance followed similar schemes, varying between the band shrinking
toward one of the lateral sides and the diffuse “dissolution”. The latter
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Fig. 6. SMAT effect on the (a) critical strain and (b) critical stress for the onset of plastic instability. 1 — &1 and 6,1 correspond to the occurrence of the first sporadic
serrations; 2 — &, and o, correspond to the onset of stabilized serration patterns. Data points are connected by dashed lines for convenience. Error bars in this and
further figures correspond to the variation between values for each pair of samples of the same kind.
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Fig. 7. Illustration of (a) the initial type A and type A+B behaviors and (b) stabilized type B pattern for a 1L specimen.
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mode can be recognized in both examples presented in Fig. 8.

The observation of the convergence of the deformation curves
(Fig. 3), of similar patterns of serrations (Fig. 7) and similar PLC band
kinematics (Fig. 8) established after some deformation for all kinds of
specimens could lead to a suggestion that their mechanical behavior is
only sensitive to SMAT before the bulk becomes sufficiently work-
hardened. Unexpectedly, the statistical analysis of stress serrations in
the strain interval € ~ [0.1; 0.15], which corresponds to virtually sta-
bilized amplitude of serrations for all samples, unveiled an influence of
SMAT on the intensity of plastic instability even after significant work-
hardening. One can easily anticipate from Fig. 7(b) that the amplitudes

of the stress drops associated with the PLC bands, Ac, are described by
peaked distributions around an average value, as illustrated in the inset
of Fig. 9(a). The dependence of <Ac> on SMAT indicates that the me-
dium treatments noticeably reduced the serrations (data 1). 2L treat-
ment almost resumed the serration magnitudes, so that specimens
showed <Ac> values approaching the initial level. At the same time, the
average frequency of serrations, f, estimated over the same interval,
followed a reverse dependence (data 2), so that the total sum of Ac only
varied by about 10% between different samples. That is, the suppression
of the intensity of the instability was partly compensated by its
increasing “activity”, and the contribution of the unstable plastic flow to
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Fig. 9. SMAT effect on various parameters of the PLC instability. (a) 1 — Average amplitude of stress drops, <Ac>, and 2 — average frequency, f. The averaging was
performed over the interval t = [1000 s; 1400s], or € ~ [0.1; 0.15], corresponding to virtually stabilized serration amplitudes. The end of the interval was selected far
enough from the onset of necking. Inset: Examples of histograms of Ac distribution for an initial and 2L samples, traced by a solid and a dashed line, respectively. (b)
Evolution of Ac (solid symbols) and of the PLC band width, w (open symbols), for an initial (circles) and 1N (triangles) samples. Each data point was obtained by
averaging over 20 consecutive instability events. The vertical dashed lines depict the time interval used to evaluate <Ac> and f in Fig. 9(a).

the total plasticity remained similar for all specimens.

The simultaneous fall in <Ac> and increment in f lead to a sugges-
tion of a delocalization of the plastic instability after medium treat-
ments. This conjecture is corroborated by Fig. 9(b) which presents an
example of comparison of the evolution of the PLC band width, w, and
the corresponding stress drop amplitudes for an initial and 1N samples.
It can be recognized that the initial material displays a descending w(t)
dependence after some initial growth. In contrast, whereas the bands
observed in the treated specimen are narrower at small strains, they
show a growing tendency until the onset of necking and become
considerably wider than in the initial specimen in the analyzed time
interval. This tendency was also discerned for the 2L case, although it
was less pronounced than after medium SMAT. Therewith, the com-
parison of the maximum é&,. values brought evidence that the Ac
depression after SMAT was caused by a decrease in the local strain rate
within the bands.

Interestingly, the conjecture of delocalization is conforming to the
control measurements of the surface roughness which were performed
on the untreated large surfaces after tensile tests. Indeed, the SMAT
specimens displayed smoother roughness profiles. As a matter of
example, the parameter R, grew to approximately 2.6 um after defor-
mation of the initial material (cf. Sec. 2.1), but its value varied about 2.0
um for a 1L and 1N samples.

Furthermore, calculation of higher-order moments revealed modifi-
cations in the shape of Ac distributions after SMAT. For this purpose, the
skewness, which characterizes the distribution asymmetry, and kurtosis,
which reflects the degree of deviation of the outliers from the mean,
were evaluated [61]. Although a comparison between the effects of
different treatments was impeded by rather strong variations in the
histograms, all SMAT specimens showed a similar qualitative trend
regarding the initial state. Like for many characteristics discussed above,
except for the average <Ac> and f presented in the previous paragraph,
the maximum effect was found for 2L samples. Namely, the kurtosis
shifted from the initial value of about 4 to approximately 6 in the 2L
state. Whereas the former is comparable to the value of 3, characteristic
of the normal distribution, the latter testifies that SMAT leads to
essentially stronger deviations from the mean amplitude. The concom-
itant increase in the skewness, which moved from negative to positive
values, suggests an increase in the relative weight of the large-scale tails
of the distributions, i.e., higher probabilities of larger serrations. In

contrast, a significant small-scale tail can be seen for the initial sample in
the inset of Fig. 9(a), conforming to the negative skewness of the
distribution.

To complete the consideration of the instabilities manifested on the
deformation curve, it should be recalled that besides large stress drops,
some papers attracted attention to much smaller stress fluctuations,
corresponding to a separate scale range, which may occur during jerky
flow at low enough &, [36,37,43]. These fluctuations were shown to
obey a physically distinct statistical law. Specifically, the probability to
find a stress drop with an amplitude 8¢ was found to scale as a power of
86 [40]: P(86) ~ 8o * Such power-law statistics, which describe
scale-free behavior, are known to be a ubiquitous feature of small-scale
deformation processes, e.g., captured by virtue of AE or local extens-
ometry measurements both during jerky flow in alloys [38,43] and
smooth flow in pure materials [41,62]. It was suggested that the col-
lective dislocation motions relevant to the corresponding scale ranges
are governed by dynamical laws different from those controlling the
macroscopic jerky flow. Namely, the scale invariance is commonly
considered as a signature of an avalanche nature of the dislocation dy-
namics. Generally, the interpretation involves the phenomenon of
self-organized criticality (SOC) suggested as a paradigm of earthquakes
[23]. An alternative concept suggested a mechanism of emergence of a
power-law scaling in terms of turbulent flows [63].

Small serrations with amplitudes below 0.1 MPa were indeed found
for all samples in the presented experiments. As mentioned above, these
fluctuations were not explicitly related to specific strain localizations. It
may be suggested that they represent a summary force response to small
strain-rate bursts taking place in different locations. Numerous small
serrations occurred in the region of the elastoplastic transition (cf. [64]),
but their number was drastically reduced afterword, thus making diffi-
cult a quantitative comparison of the statistics for different samples.
Nevertheless, the analysis in the amplitude range from 0.1 MPa down to
the noise level, which covers about 1.5 orders of magnitude, clearly
revealed power-law behavior in all cases. The exponent a varied
approximately between 1.5 and 2, which agrees with the typical values
reported in the literature, as synthesized in [50].

3.4. Effect on the small-scale complexity: DIC and AE responses

A further insight into phenomena at smaller scales was gained using
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DIC and AE methods. Fig. 10 illustrates the main qualitative result ob-
tained due to DIC measurements. The figure presents magnified and
deliberately overcontrasted portions of spatiotemporal maps which
make appear the above-mentioned heterogeneity of plastic flow outside
the PLC bands. Hot-color spots represent local strain-rate bursts
(“events™) reflecting intermittent deformation processes with a lower
intensity than the PLC bands. The bursts are also accompanied with
unloading in the neighbourhood due to the springback effect, which
appears as blue spots. The spots have a height varying from one grid step
(about 0.1 mm) to typically less than ten steps. Therewith, the inter-
mittent processes last very shortly, so that the apparent spot duration is
determined by the sampling time of 0.1 s. Control tests with a higher
acquisition rate proved that the burst durations were less than 0.02 s. It
should also be specified for clarity that the PLC bands modify these
patterns in two ways. First, they are often accompanied with visible
unloading sequences in multiple sites throughout the entire gauge
length. Besides, the PLC bands are regularly preceded and succeeded by
an increased local activity, often in the form of tails composed of local
spots, which correspond to the propagation of plastic flow. Such patterns
are well seen in Fig. 10(b) where PLC bands appear fully within the
gauge length.

Fig. 10(a) demonstrates that the local strain-rate field corresponding
to the macroscopically smooth plastic flow in the initial material is
presented by a scatter of separate events. Substantially, this pattern re-
veals that the local events tend to arrange along inclined lines testifying
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property of plastic flow because similar observations were reported not
only for a similar Al-Mg alloy [38], but also for other alloys and even
pure materials, both single and polycrystals [58,62]. The propagation
velocity is rather steady in the present example and slightly varies about
8 mmy/s, but noticeable variations by a factor up to about 2 were also
observed. Plots (b) and (c) represent the effect of SMAT on such maps. It
occurred that in contrast to the macroscopic characteristics studied
above, the changes in the fine-scale patterns do not mark out the 2L case
but may be rather grouped according to the symmetry of the treatment.
When two surfaces were processed, i.e., in the 2N and 2L cases, the
overall density of spots decreased, they became less ordered and the
tendency to their propagation less pronounced, as illustrated in Fig. 10
(b) for a 2L sample. At the same time, the pattern remained qualitatively
similar to that observed in the initial state that also corresponds to
symmetrical conditions for the opposite faces of the specimen. The effect
of SMAT drastically changed when only one surface was treated, i.e., in
the 1N and 1L cases, as displayed in Fig. 10(c). It can be seen that the
local activity of plastic flow is strongly delocalized in the sense that it
synchronously covers large portions of the gauge length at the same time
instants, as reflected in the vertical arrangement of the spots. Some spots
are aligned along steep lines corresponding to the propagation of plastic
activity with a high velocity, as depicted by dashed lines. It may thus be
suggested that the vertical segments correspond to the limit case of a
very high velocity of propagation of an “excitation” of plastic activity
along the specimen.

to the propagation of plastic activity. Such patterns may be an intrinsic Basically, both observed influences are conforming to the
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Fig. 10. Magnified portions of spatiotemporal maps for (a) an initial sample, (b) a 2L sample, and (c) 1N sample. For convenience, dashed lines point to some of the
propagation sequences. The horizontal dash-dotted line indicates the trace of the &,(t) signal used for statistical analysis.
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delocalization effect of SMAT remarked above for the macroscopic scale
of the PLC bands. In the case of two processed surfaces this tendency is
related to a suppression of the local strain-rate bursts, i.e., a more uni-
form plastic flow. In contrast, the treatment of one surface intensifies the
small-scale deformation processes. However, the delocalization occurs
in this case too, as a fast synchronization of local bursts along the gauge
length, a kind of a switching wave [65].

These qualitative observations are corroborated by the statistical
analysis of the amplitudes of fluctuations of the local strain rate at one
point selected in the middle of the gauge length. Such a signal corre-
sponds to a horizontal cross-section of the spatiotemporal map as
depicted by a dash-dotted line in Fig. 10(b). The analysis met a difficulty
caused by a constraint of the variation of the fluctuation amplitudes to a
narrow scale range. On the one hand, the lower signal level was
significantly limited by the threshold selected to fully cut off the noise,
including the outliers. On the other hand, an upper threshold was
additionally used to cut the bursts associated with the PLC bands and
also their precursors and aftershocks. The remaining range of ampli-
tudes was slightly narrower than one order of magnitude. Consequently,
although the resulting distributions displayed descending dependences,
it was not possible to distinguish reliably a power law from an expo-
nential decay. Nevertheless, the statistical analysis of the entire signal
below the upper threshold, i.e., with the noise included, revealed a
quantitative expression of the above-described qualitative comparison
of different patterns. Fig. 11(a) presents such histograms of distribution
of the fluctuation amplitudes for an initial sample and two specimens
corresponding to a different symmetry of SMAT. All histograms have a
peaked shape with a similar left part which is likely to be determined by
the noise. However, the right branch, which contains both a part of noise
and the fluctuations caused by the deformation processes, is consider-
ably changed after SMAT. Namely, this branch is compressed after
SMAT of two surfaces, in agreement with the depletion of the ensemble
of bursts in the spatiotemporal map in Fig. 10(b), while the SMAT of one
surface leads to an increased intensity of fluctuations [cf. Fig. 10(c)].
Fig. 11(b) depicts the respective changes in the mean amplitude of the
fluctuations, which confirm the above statements.

These results were completed by an AE study which provides a
complementary view of the dynamics of deformation processes at the
least accessible scale. Indeed, on the one hand the AE technique assures
a time resolution at least four orders of magnitude better than the DIC
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and, theoretically, is able to feel the breakthrough of individual pile-ups
[66]. On the other hand, the records realized using a single AE sensor
represent a nonlocal response of the material, which gathers sound
waves from the entire specimen bulk. Figs. 12(a-c) illustrate the results
of AE measurements for a 1L sample by putting into correspondence the
stress-time curve, the logarithmic amplitudes of the AE events, U, and
the cumulated amplitude, A.yn,, obtained as a sum of linear amplitudes
of the events recorded up to the given time instant. The depicted AE
behavior is similar to the previous observations on Al-Mg alloys [43,50]
and common to various metallic materials, as illustrated in Fig. 12(b)
using a U(t) dependence for the 1L case. Namely, AE is intense during the
elastoplastic transition due to a fast multiplication and a large free path
of dislocations, but gradually decreases with the material
work-hardening [67]. Therewith, the relative similitude between o(t)
and Aqym(t) proves that a considerable part of plastic flow gives rise to a
measurable AE. With this analogy in view, the statistical analysis was
performed in the spirit of the previous works [43,50]. Accordingly, the
squared amplitude of events, A%, was considered as a measure of the
energy dissipated in the underlying deformation process [68]. Fig. 12(d)
shows that the AE obeyed power-law amplitude distributions both in the
initial state and after SMAT, which agrees with the general belief that
the dislocation dynamics is intrinsically avalanche-like at the scale
pertaining to the AE [41,43].

The comparison between different samples revealed that the influ-
ence of SMAT on the plastic flow is visible at the AE scale. First, the AE
intensity was maximum in the initial materials and demonstrated a
tendency to an overall decrease after SMAT. Furthermore, fig. 12(d)
testifies that this tendency did not only concern the average AE intensity
but also the events repartition relative to their amplitudes. Indeed, the
probability distribution function obtained for an initial sample corre-
sponds to a lower exponent aag, which indicates a relatively higher
probability of larger events than for SMAT samples. Although oag
evolved with deformation and showed a tendency to increase with strain
before the onset of necking (cf. [43]), this inequality persisted at all
stages of work hardening. As an example, Fig. 12(e) presents asg values
obtained after different treatments for a strain interval where the AE was
approximately stationary for every sample. The data display a tendency
to a growth in asg after SMAT, which reflects a higher probability of
smaller events. Interestingly, this tendency is opposite to that discussed
for the macroscopic stress serrations, as followed from the analysis of the
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Fig. 11. SMAT effect on the fluctuations of the local strain rate, &, (t). Each signal was extracted for a point selected in the middle of the gauge area, as illustrated in
Fig. 10(b). (a) Examples of statistical distributions of the fluctuation amplitudes: 1 — initial sample; 2 — 1N sample; 3 — 2L sample. (b) Average amplitude of fluc-

tuations for various treatment modes.
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Fig. 12. SMAT effect on the AE. The example of AE measurements is illustrated for a 1L sample: (a) Deformation curve, (b) logarithmic amplitude, U, of the
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function, PDF, for squared amplitudes, A2, of AE events: 1 — Initial sample, 2 — 1L sample, and 3 — 2L sample. (e) Power-law exponent, a,g, determined as the value of

the slope of the dependences such as depicted in Fig. 12(d).

peaked shapes of Ac distributions. However, a direct comparison of
behaviors at two distinct scales would be misleading because the AE
statistics includes all deformation processes giving rise to an acoustic
response, during both short stress serrations and longer reloading
periods.

4. Discussion

The results presented in Sections 3.2 and 3.3 clarify that surface
modifications by SMAT affected various mechanical properties of the
studied Al-Mg alloy. This includes the elastoplastic transition, the strain
hardening, as well the PLC and Liiders instabilities which represent
macroscopic deviations from a uniform plastic flow in the form of
transitory and propagating deformation bands. Since the macroscopic
instabilities attest to a striking importance of the dislocations self-
organization, which involves deformation processes on multiple
scales, mechanical responses pertaining to finer deformation processes
were investigated using DIC and AE methods (Sec. 3.4). It appeared that
both the local strain-rate fields and the AE were also affected by the
surface conditions.

The results obtained bear witness that the changes induced by SMAT
can be manifested at different scales and depend on the specimen gauge
surfaces treated. This complexity implies consideration of diverse fac-
tors that may have different consequences on the plastic flow. The va-
riety of the observations can be qualitatively addressed by considering
three competing effects. On the one hand, (i) the introduction of a high
dislocation density in the surface layers (see Figs. 1 and 2) brings about
new sources of mobile dislocations [69]. This aspect may explain, e.g.,
an early onset of microplasticity in SMAT samples, as evidenced by the

12

decrease in the proportionality limit in comparison with the initial
material. In its turn, relaxation of the local stresses via microplasticity
may contribute to the suppression of the Liiders plateau (Figs. 3 and 5)
and the increases in the critical stresses for the onset of both small
irregular stress serrations and the PLC effect (Fig. 6) [37,70]. On the
other hand, as the forest dislocations are important obstacles to the
dislocation motion in fcc metals, (ii) the increase in the dislocation
density will reduce their mobility in the surface layer. This factor may be
an alternative mechanism preventing the occurrence of small serrations
by hindering the progress of weak deformation bands [37]. The surface
hardening may also be called to explain the initial increase in the
deforming stress (Fig. 3). However, the competition of these two
opposite effects, one softening and the other hardening of the surface
layers, do not suffice to answer why SMAT can lead to qualitatively
different effects depending on the treatment geometry (see, e.g., Figs. 5,
9, 10 and 11). It should be included that the surface hardening by SMAT
produces an initial difference in plasticity between the hard surface
layers and the softer bulk, which implies (iii) a back-stress strengthening
effect [71]. More specifically, the plastic deformation will start earlier in
the bulk, but its progress will be constrained by the surface layers. The
resulting strain incompatibility will lead to GND generation in the in-
termediate layers, thus building up a complex stress state and involving
more slip systems into plastic flow. Such a process is usually considered
as a mechanism allowing for a high strength combined with a good
ductility of materials with gradient microstructures [35,56]. It is also
associated with the up-turn in the deformation curves, typical of such
materials (cf. Fig. 3). At the same time, spatiotemporal maps presented
in Figs. 5(b-d) revealed that depending on the choice of the surface(s)
processed, the increase in the work-hardening rate, which causes this
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up-turn, may correspond to qualitatively distinct patterns of the local
strain heterogeneity. It seems instinctive in this context that the con-
straints induced by the strengthening of two large surfaces resulted in a
highly uniform spatial pattern before the onset of the PLC effect (Fig. 5)
and a virtual absence of the initial type A behavior upon the onset of the
instability, as compared with the “medium” treatments that leave intact
at least one large surface. It might be recalled in this context that type A
behavior is usually observed in annealed alloys in similar deformation
conditions and transforms into type B after some strain hardening [14].
Overall, the fact that 2L SMAT is the only case when both large surfaces
are impacted may explain the particular position of this treatment, as
manifested in Figs. 3, 5, 6 and 9.

Several more observations deserve special attention. As far as the
qualitative features of the PLC effect are concerned, the dominant type B
character of stress serrations and the hopping propagation of deforma-
tion bands persisted against all kinds of surface treatment (Figs. 3 and 7).
This result agrees with various literature data which proved robustness
of the type B regime in a large interval of strain rates around 10~*s~! for
Al alloys with various initial microstructures [7,72,73]. Also, the same
mechanism of the band formation, namely, a virtually simultaneous
nucleation of a band across the specimen [21], became dominant in all
materials after some deformation. This robustness allowed for a quan-
titative comparison of the PLC effect in a strain interval corresponding to
stabilized macroscopic serrations. One of the major results of this
analysis is that despite the quickly established similar patterns of
behavior, the serration amplitude and frequency as well as the PLC band
width remained sensitive to the surface pre-deformation at all strains
(Fig. 9). The significant changes in these characteristics after medium
SMAT are likely to be caused by a combination of the factors (i) and (ii).
Indeed, introduction of a great number of dislocation nucleation sites
may be responsible for a more frequent triggering of instability and
formation of wider deformation bands. The possible role played by this
preset heterogeneity is corroborated by the analysis of the higher-order
statistical moments of the amplitude distributions, which signalized the
enhanced number of large outliers after SMAT. On the other hand, the
reduced dislocation mobility would limit the strain rates within the
bands and, consequently, the serration amplitudes. Surprisingly, these
two effects roughly compensated each other, which resulted in a similar
contribution of plastic instability to the total strain in all cases. More-
over, calculation of the cumulated amplitude of stress drops over the
entire deformation curves until the onset of necking conformed this
conclusion. Such a constancy presents an interesting question for theo-
retical modeling of the PLC effect.

It is also noteworthy that the influence of SMAT on the PLC band
width evolution corroborates the conjecture that consideration of a
spatial coupling via internal stresses within a heterogeneously strained
material is indispensable for understanding the collective deformation
processes and predicting behavior of the PLC effect in real alloys (see, e.
g., [9-13]). In contrast to the PLC band velocity that is known to
diminish with strain [33,47,60], there is no consensus in the literature
on the strain dependence of the band width. Both an increasing and
decreasing trends have been reported by various authors [60,74]. In the
present work, both these trends were observed depending on the surface
state, as clarified in Fig. 9(b). The following intuitive considerations can
be suggested. The greater initial band width in the untreated samples is
likely to be due to their high microstructure uniformity, so that a local
instability event may trigger instability in multiple neighboring sites
that find themselves in a similar stress state. The further band narrowing
may be caused by the progressive reduction of the dislocation mobility
and also by building up the heterogeneity caused by the previous
deformation bands. SMAT creates an initially heterogeneous surface
state, which would result in narrower deformation bands. However, this
heterogeneity itself might promote wider bands as deformation pro-
gresses and the overall level of internal stresses is increased.

Perhaps, the most striking argument in favor of the above hypotheses
on the mechanisms associated with the surface pre-deformation was
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provided by the behavior of the fine-scale heterogeneity of the local
strain-rate field detected by DIC outside the PLC bands (Figs. 10 and 11).
The major observation concerns the ubiquitous character of correlated
behavior of the local strain-rate bursts, manifested as waves of plastic
activity [75]. Such a correlation proves the spatial coupling of defor-
mation processes at the relevant scale (cf. [62]). Therewith, the
extremely fast propagation of plastic activity along the samples with one
surface treated by SMAT confirms the high density of dislocation sources
after the treatment, while the destruction of the spatial correlation after
treatment of two opposite surfaces agrees with the suggestion that the
operation of the surface dislocation sources may be impeded by the back
stresses.

The spatial coupling is also manifested in the occurrence of pre-
cursors and aftershocks — the tails of local strain-rate bursts preceding or
following the PLC bands (Fig. 10). This feature adds an interesting piece
of information to the question on the evolution of the individual PLC
bands. Indeed, while the presence of “precursors” triggering a macro-
scopic instability seems natural and has been observed, e.g., using the
AE technique [43], the possibility of “aftershocks” at the bottom of the
stress drop has not been discussed so far.

In view of the complex nature of the spatial coupling, it is important
to underline that the application of the methods pertaining to different
scales of deformation processes revealed that the apparent behaviors
may depend on the scale of observation. Indeed, the behaviors change
from avalanche-like processes, as reflected in the scale-invariant statis-
tics of the AE and of small stress serrations occurring all over the
deformation curves, to propagation of local strain bursts revealed by the
DIC, and finally to macroscopic stress serrations caused by the PLC
bands. A hint to these changes may be found in the analysis of the AE
accompanying the PLC serrations (e.g., [76]). This investigation led to a
conjecture that a macroscopic stress drop results from a dense chaining
of multiple dislocation avalanches, while the power-law statistics of the
AE agrees with the concept of a ubiquitously avalanche-like nature of
deformation processes at a microscopic scale. It may be suggested that
the strain-rate bursts accessible to DIC observations are also governed by
such chained processes but involve much less avalanches breaking in
local regions when the strain/stress state of the material is far from the
threshold for the macroscopic instability.

In this connection, two additional remarks are worthwhile from the
quantitative viewpoint. First, the analysis of the AE statistics allowed to
detect an increase in the power-law exponent after SMAT [Figs. 12(d)
and 12(e)], which attests to a higher probability of weaker events. This
trend corroborates the conjecture that one of the factors that must be
considered to interpret the SMAT effect on the plastic flow is the
decrease in the dislocation mobility. Second, the fluctuations of the local
strain rate, which correspond to an intermediate scale between the stress
drops and the AE, do not obey a power law (Fig. 12). This result agrees
with the conclusion made for a high-entropy Al alloy using a similar DIC
method [48]. However, it contradicts the results obtained by a
one-dimensional (1D) method of measurement of the local strain rate in
an Al-Mg alloy [38] and pure Cu single crystals [61]. Since the 1D
technique provided a considerably better frequency and strain resolu-
tion at the expense of a small number of surveyed local sites, the
interpretation of the statistics obtained by the DIC method remains an
open question.

5. Conclusions

In summary, analysis of plastic deformation at three distinct scales of
deformation processes allowed to obtain significant information on the
influence of the surface pre-deformation by SMAT on mechanical
behavior and PLC effect in a model Al-Mg alloy. One of the findings at
the scale of the deformation curve, which may be useful from the
practical viewpoint, is that SMAT can increase the macroscopic yield
strength without involving a decrease in the ductility of the material.
The ductility preservation is likely to be associated with a progressive
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leveling of strengthening between surface and bulk of the material.
Nevertheless, the influence of SMAT on the PLC effect persists during
deformation, as proven by the analysis of stress serrations and defor-
mation band characteristics. This analysis led to an important funda-
mental hypothesis of delocalization of the PLC bands in SMAT specimens
in comparison with the untreated material. Moreover, DIC measure-
ments revealed that this conjecture also concerns a finer scale of local
strain-bursts outside the PLC bands.

The results obtained by DIC also confirmed the recently suggested
hypothesis of a wave-intermittence duality of collective deformation
processes at the respective scale [62]. On the one hand, the local
strain-rate field is not uniform and displays local bursts above the level
prescribed by the applied strain rate. Such intermittence is conforming
to the concept of intrinsic avalanche behavior of dislocations, because
an essential part of the AE accompanying plastic deformation of various
materials obeys power-law statistics. On the other hand, the sequences
of such strain-rate bursts, as observed in spatiotemporal maps, may be
arranged in wavy structures indicating the propagation of these events
along the specimen length. Importantly, in contrast to the initial belief
that such patterns have a universal character and may be similar in
different materials, the data obtained in the present paper prove that
they are sensitive to the surface state and, therefore, may be dependent
on the microstructure.

To interpret the entirety of the results, a competition of several
possible consequences of the surface modification was considered,
including the generation of dislocations sources as well as creation of
obstacles to the motion of dislocations, but also an asymmetry between
the hardened surface and the soft bulk, which results in back-stress
hardening. The competition of several factors played by the surface in
the plastic flow related to different scales creates a sophisticated prob-
lem. Indeed, the subtle balance between different trends can be shifted
by a variation in the experimental conditions, in particular, in the
composition or microstructure of the alloy. This complexity presents a
challenge for modelling plastic flow of crystals at different scales. In
particular, the data obtained bear evidence that the realistic models of
the PLC instability in alloys will benefit from the consideration of
deformation processes on mesoscopic scales.
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