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Abstract. The acoustic emission accompanying plastic dedtion obeys scale-free statistics reflecting avetiarike
dislocation motion. This feature holds out for timacroscopically unstable deformation of alloys. ldwer, stress
serrations display peaked distributions at low gfostrain rates. This occurrence of a charactensticroscopic scale
was supposed to result from the synchronizatiodisibcation avalanches. In the present work, theclssonization
mechanism is studied using statistical analysidifi€rent subsets of acoustic events. A crossonethé power-law
exponents is detected for the events occurringhdutlieep stress drops. It is described to a transitom chaining to

overlapping dislocation avalanches.
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The Portevin-Le Catelier (PLC) effect is a strikimxample of self-organization of
dislocations giving rise to a macroscopic instépitif plastic flow [1]. The phenomenon manifests
itself through stress serrations caused by a temetbrupt strain localization within deformation
bands. Since the 1990s, various approaches taadtistisal analysis of jerky flow revealed some
characteristic dynamical regimes of plastic defdromaon the scale of stress serrations [2-7]. The
occurrence of a specific regime was found to depanthe deformation conditions. So, scale-free
power-law distributions of serration amplitudes ahaations, implying avalanche-like dynamics,
are usually observed at high strain rates [2,AVlower deformation, this behavior was found to
change to deterministic chaos that gave rise toptexrshaped histograms [3]. Near-Gaussian
histograms corresponding to randomly perturbedkatian oscillations characterize low strain-rate

behavior [7]. Similar and even more complex changestatistical behavior were observed upon



temperature variation [8]. It should be noticed ¢tarity that the relaxation-oscillation instabylit
was predicted in early theories of the PLC effeashstdering the microscopic mechanism of
dynamic strain aging (DSA) of dislocations by seluitoms ant tacitly suggesting that all
dislocations perform the same movements [9,10].

Only scale-free statistics was found on the megmecgcale relevant to acoustic emission
(AE) accompanying plastic deformation in the cowodi$ of the PLC effect [11-13]. This
persistence of avalanche-like behavior qualitayivejrees with the predictions of the dynamical
model [14-16] developing a unique framework to explboth the PLC serrations and the
concomitant AE. Moreover, such a scale invarianes wbserved for numerous materials in the
absence of the PLC effect [17-18], albeit the Plifect displays a larger range of experimental
values of the power-law exponent. The power-lavisties is indicative of a critical dynamics and
is often attributed to the phenomenon of self-oizgah criticality [19,20], notably in the case of
smooth plastic flow. An alternative mechanism atkira turbulent flow at high Reynolds numbers
was suggested for the PLC effect [21,22].

The smoothness of the macroscopic deformation suo¥anost materials bears evidence
that the maximum avalanche size is generally cenfitb mesoscopic length scales most likely
related to the microstructure and crystallographyhe dislocation glide [23]. Surprisingly, the
amplitude of AE events accompanying jerky flow waand to vary in the same range at the
instants of stress drops and during smooth loafifiefl3]. Therefore, the same limitations should
apply to the macroscopically unstable deformatibms noteworthy that the multifractal analysis
[24] rendered similar spectra of generalized dinmrssfor the series of PLC serrations and the AE
signals recorded within the same time interval [1ilis leading to a conjecture of a similar nature
of dislocation avalanches during smooth and jedgimes. To justify these hypotheses and explain
the occurrence of intrinsic scales of stress demratat low and intermediate strain rates, such
serrations were supposed to result from synchrtoizaof many dislocation avalanches in the
conditions when plastic relaxation during slow eslmg result in efficient uniformization of the
internal stress field before the next serratiore $fnchronization phenomena (a striking example is
given by synchronous fireflies [25]) refer to rapee collective movements of either a part or the
whole system composed of many coupled elements T2& observation of bursts in the duration
of AE events led to a suggestion that the synchatitn of dislocations is realized through
consecutive triggering (chaining) of dislocation alanches in neighboring sites, notably,
polycrystalline grains. This conjecture agrees wiib literature data on the complex nature of
individual AE events [27,28] and high-speed vidamihg of the formation of deformation bands
[29]. The possibility of a quasi-simultaneous btbatugh of several avalanches was not explored
because of the lack of experimental bases. Howekliersuperposition of the corresponding AE



events may bias the power-law exponents and prdérantthe quantitative description of the PLC
instability in terms of the collective dislocatiadynamics [30]. In the present work, statistical
analysis of various AE subsets is performed withdhm of identifying the mechanisms underlying
the AE events in jerky and smooth regimes of theéC Riffect and investigating the relative
contribution of chaining and superposition of dtsitbon avalanches during the macroscopic plastic
instability.

Details of mechanical testing and AE measuremeset® wlescribed elsewhere [11,12] and
will be briefly presented here. Tensile specimeiit wquiaxed grains30 um in size and a gage
part of25 x 6.8 x 2.5 mm3 were cut from a cold-rolled sheet of a polycrystal Al-3%Mg alloy,
annealed at 400°C for 2 h, and quenched into wales.tests were performed at room temperature
with a constant pulling velocity corresponding tee tstrain ratef, from 2 x 107> s~! and6 x
1073 s7L. The AE was recorded using a piezoelectric tracsd€ixed to the large specimen end
above its gage length. The events detection thlgéskas set al/, = 27 dB. Conventionally, the
AE event is considered to terminate if startingrirthis instant the signal remains beltyduring
the so-called hit definition time (HDT). The HDT svaaried betweeB0 us and300 ps to check
that the results were not influenced by the choicihis parameter within the range commonly used
for metals (cf. [12,13,30]). An additional precamiaimed at filtering out echo signals is that the
recording system remains in an idle state durihg Bbckout time that was taken equal to HDT. For
the sake of comparison with earlier studies [11-13¢ statistics was calculated for the squared
peak amplitude of AE hit$y = A%, which characterizes the energy dissipated indéfermation
process. More precisely, a rescaled variables W /(W) , was analyzed to facilitate the
comparison of histograms for different data subsi&$sthe objective of the study was to uncover
qualitative trends, a direct method based on thHeulsion of the probability density function
(PDF) from the histograms was applied. It was vetif(cf. [30,31]) that it renders relatively good
estimates of power-law exponents, close to theegatibtained by rigorous approaches based on the
maximume-likeihood estimation with goodness-of-ésts [32,33]. The histograms were calculated
using equal bin sizes. Since the probability ofjéarevents is poor in the case of power-law
statistics, the PDF was calculated using the mettfodariable bin sizes, i.e., the bins with an
insufficient number of events were grouped by agdire right-hand neighbours until gathering at
least 5 events.

The overall relationship between unstable plas@tomnation and AE was described in
detail in [11-13]. It is briefly outlined in Fig. for the low strain rate case characterized by @bru
stress serrations known as type C behavior [104riCHa) shows a portion of the stress-time curve,
a(t), recorded af, = 2 x 10~° s~ 1. The selected interval illustrates the onset petg serrations

that are caused by brief strain-rate bursts witteformation bands spatially almost uncorrelated



with each other [34,35]. The curve presents theggmes of deformation processes: smooth plastic
flow, deep type C stress drops occurring at acalitstraine.,.[35], and low-amplitude drops
developing before., but also observed during smooth reloading betwsmp serrations [36,37].
These small fluctuations are often disregardedhm literature on the PLC effect, but detailed
investigations indicate that they are also causgdhb DSA mechanism [36]. Like in various
materials, the AE is strong at the beginning of test, as usually explained by the intense
multiplication and long free path of dislocatiomsthe unhardened material [14,38]. It diminishes
and quickly stabilizes after the elastoplastic sraon. Fig. 1 illustrates behavior in such a stead
state. Dots in Fig. 1(b) and (c) respectively digpkeries of logarithmic amplitudes,, and
durationsr of the detected AE hits. Plot 1(d) shows the eniE signal in a shorter time interval
with only two type C serrations. On the time saafl¢his plot, noise appears as a black horizontal
band, while the signal exceeding the noise leval &a intermittent, discrete character, so that
individual AE hits correspond to vertical bars. A&xample of the waveform, corresponding to the
hit accompanying the second stress drop, is pregentFig. 1(e) (more examples can be found in
[13,27,28]). The totality of data presented in Hgestify that while amplitudes vary in the same
range in all the above-defined regimeslemonstrates bursts at the instants of type Gitsams,
thus confirming the hypothesis of clustering (clragh of dislocation avalanches as the mechanism

of formation of the deformation band giving riseatonacroscopic stress drop.

7 8 9 0 2 4
time (10% s) tei{ms)

Fig. 1.(a—c) Example of a portion of a stress-time cur@® até, = 2 x 1075 s~ and parameters of the accompanying
AE events: the values of logarithmic amplitutig, and duratiorr are represented by dots (lines drawn as a guide fo
eye). HDT = 30@s. An order of magnitude decrease in the HDT reslticer bursts about twice and does not affect
the A range. (d) Comparison of the evolutiorvofith the as-recorded AE signal. (e) Waveform &f &E hit indicated

by an arrow in Chart (d).



The overall validity of this hypothesis is evideddgyt — 4,,, crossplots representing the
entire series of AE events recorded during a teghe conditions of type C behavior illustrated in
Fig. 2(a), the events measured afigr(dots) are clearly split into two clouds, the upp&which
corresponds to the long-duration hits detected nduiiype C serrations. Another important
observation is that the lower cloud coincides witle events gathered befarg. (circles), in
agreement with the suggestion of the same natumistdcation avalanches during smooth and
jerky flow. In a more general sense, regardlessRh€ effect, they are governed by the same
mechanism at different deformation stages, deshigemicrostructure evolution reflected in the
material work hardening. Besides the physical nregrthis observation justifies the application of

statistical analysis to various AE subsets.
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Fig. 2. Examples ofr — 4,,, cross-plots for the AE gathered before (circlesyl after (dotsk... (a)&, = 2 X
107°s71, (b)é, =2 %x107*s71;(c) , =6 x 1073 s L.

When ¢, is increased, the corresponding increase in thstipl strain rate is translated
through a growing AE activity [12,13]. Consequenttile clustering of AE events is globally
enhanced, leading to some increase in the averagklie. However, the correlation between stress
serrations and bursts, which reflects the repetitive clusterirguged by the synchronization
phenomenon, degrades progressively and becomesaéndible in the fastest tests. Fig. 2 gives a
guantitative meaning to these observations. Tharaépn of two clouds becomes less pronounced
at an intermediate, in Fig. 2(b) and vanishes at the high&sin Fig. 2(c). The latter figure also
displays a qualitative change consisting in theugence of a clear power-law relationship between
Ajog andz. This regime of the PLC effect corresponds toiaaittype dynamics characterized by
power-law statistics of amplitudes and durationbath AE events and stress serrations [2,3,21,22].

This weakening of the correlation betweaebursts and stress serrations is consistent with
the known changes in the stress serration pattanas kinematics of the deformation bands
[2,3,10,34]. The powerlaw statistics of jerky flawhigh strain rates is translated through irregula



stress fluctuations that cannot be attributed thvidual short-duration deformation bands but are
associated with quasi continuous propagation drdedtion bands along the specimen gage length
(type A behavior). The intermediate strain rategeis characterized by transitional patterns (type
B behavior) associated with a “relay-race” propaxgaof deformation bands and regular sequences
of stress drops with size varying about a charetiervalue. The gradual transition between the
three regimes corroborates the continuous charaftehanges between the- 4;,, cross-plots
and is consistent with theoretical predictions [P4721,22,39].

Although the totality of data of Figs. 1 and 2 pd®s evidence of synchronization of
dislocation avalanches at low enough strain réatesy do not allow for judging on the specific
mechanism of synchronization. Duration bursts figedth an important role of the avalanches
chaining. Nevertheless, the stationary range of limdes is not sufficient for rejecting the
possibility of superposition of AE events from (alsh) simultaneous avalanches. To reveal the
contribution of such processes, it is necessacptopare the probabilities of different events. Big.
presents examples of such analysis for type C el B conditions. In each case, the series of AE
events was gathered in a time interval correspa@nttirstabilized jerky flow and AE. Using entire
AE sets (dots), power-law PDP(w) « w—#, were found for all samples and all deformation
conditions (cf. [12,30]). The statistical samplesrgvthen subdivided into subsets corresponding to
either stress drops (intervals from stress maxintné subsequent minima) or reloading portions.
Moreover, in the type C case, amplitudesof type C serrations varied about the level oMRa
and were clearly separated from the small sermatibaving amplitudes well below 5 MPa.
Consequently, it was possible to examine separ#telystatistics of the AE hits corresponding to
two families of stress drops. Fig. 3(a) shows tiha& PDF obtained for the smooth plastic flow
(circles) and small serrations (stars) coincidehviite overall dependence. In contrast, the subset
gathered during type C serrations (triangles) risvemre complex behavior. The PDF follows the
main dependence, correspondingfte- 3.0 + 0.1, in the range of low-amplitude AE hits
However, a crossover to a shallower power-law depece withs ~ 2.4 + 0.1 is clearly observed
in a range of higher amplitudes (indicated by ajrdtvcan be concluded that although neither the
AE amplitude range nor the avalanche nature ofdisocation dynamics are affected by the
macroscopic plastic instability, deep stress sematare characterized by an increase in the velati
probability of high-energy AE events. Moreover, sortendency of this kind features the
counterpart curves. Indeed, it should be remindked the power law statistics observed in many
real systems often manifest a cut-off at the lagge of the analyzed variable, generally caused by

! In the case of the PLC effect, B values may depend on the initial microstructure, deformation stage, and strain rate
[12]. Consequently, the present estimates do not have a general meaning.



the finite system size limiting the avalanche sipel the finite test duration limiting the available
statistics of the rare large events. In contrdm, dresent data show persistent power-law behavior
without any cut-off. This observation concerns etlenPDF obtained for smooth plastic flow, thus
confirming the unigqueness of the deformation preesguring smooth and jerky flow in the aging
alloy.

Fig. 3(b) represents similar analysis for type Bideor. In this case, the stress serrations
form a single and undivided subset, so that thegh&DF correspond to either smooth plastic flow
or stress serrations. The crossover is not observelis case, in agreement with the suggested
weakening of the effect of synchronization with reesingé,. However, the trend to higher
probabilities of larger events is confirmed by tiesence of a cut-off in the high-amplitude limit.
Moreover, the largest AE events manifest an ina@gsobability for jerky flow and, consequently,

for the entire set.
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Fig. 3. Examples of PDF of normalized squared amplitudegor different AE subsets: entire sets (dots), stoot
plastic flow (circles), and stress serrations figi@s). In chart (a), triangles designate deep §pukeops and stars stand
for low-amplitude serrations; arrow indicates thessover. (a§, = 2 X 107>s™1, (b)é, =2 x 107 *s71.

In summary, the data presented allow for the falhgnconclusions:
— The scale-free statistics is found for differsnibsets of AE events corresponding to either smooth
plastic flow or stress serrations, thus testifylingt dislocation avalanches are the main deformatio
processes controlling both smooth and jerky flovagihg alloys.
— Although the power-law exponents are known toedepon the strain rate and the material
microstructure [12,13], the statistics of differsnbsets extracted from the same sample coindide. |
can thus be suggested that the elementary avakwonesponding to smooth and jerky flow are
essentially the same.
— Bursts in duration of AE events at the instaritde®p stress serrations at low enough strain rate

are likely to be due to consecutive triggering @ny dislocation avalanches. Such chaining should



be warranted by a highly uniform internal stresddfiformed due to plastic relaxation during slow
reloading between stress drops (cf. [12,13]).

— The crossover observed in the statistics of Aénessaccompanying type C serrations testifies to
an increase in the relative probability of the &stgdislocations avalanches. This observation
confirms the synchronization hypothesis, on the baed, and, on the other hand, specifies the
approximate character of the model of consecutnggdring. The observed crossover can be
explained by (quasi) simultaneous breakthroughewtral avalanches due to fast propagation of
elastic waves in the material. Nevertheless, sihedraction of such events in the entire statitic

sample is low, such a superposition effect doesabteably bias the overall statistical behavior.
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