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Abstract. Jerky flow in dilute alloys, or the Portevin—Lén&ielier effect, is investigated using statistianblysis of

time series characterizing the evolution of thestitaactivity at distinct scales of observationmedy, the macroscopic
scale of stress serrations and a mesoscopic sedharnng to the accompanying acoustic emissioneids the stress
serrations display various types of statisticatritistions depending on the driving strain ratesluding power-law,

peaked and bimodal histograms, it is found thatiafio emission is characterized by power-law diai®f event size

in all experimental conditions. The latter reflagermittency and self-organization of plastic aityi at a mesoscopic
scale. This shift in the observed dynamics whenotbgervation length scale is decreased is discuasgims of the

synchronization of small-scale events.

Keywords:Portevin—Le Chatelier effect; Dislocation dynamiéspustic methods; Self-organization; Synchronaati

1. Introduction

Jerky flow, or the Portevin—Le Chatelier (PLC) effas a plastic instability of dilute alloys [1].
It offers a striking example of the complex spamporal dynamics that may arise from the
collective behavior of defect populations. Exteenstudied during the last decades from the point
of view of nonlinear dynamical systems (e.g. [29,dynamics was shown to be controlled by three
basic ingredients, namely: a threshold charadber,separation of two (slow vs. fast) time scales,
and spatial coupling between the participating csfeAll of these features are common to
dynamical systems displaying self-organized ciitiga(SOC) [3] or synchronization [4]. The
threshold character derives from the microscopichraeism of the PLC effect, which is generally
believed to be the dynamic strain aging (DSA) sfatiations, i.e. the process by which dislocations

arrested at obstacles, and waiting for thermakatitin of their motion, are additionally pinned by
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diffusing solute atoms [2,5]. Such extra pinningyrfed to negative sensitivity of the flow stress

to the plastic strain rat&in a certain temperature agdange, which results in aw-shaped
dependence(¢) for a given temperature. This relationship playlasticity a role similar to the
velocity dependence of the friction force in stellp processes — a model object for SOC studies
[6]. Besides a threshold stress for plastic agtivitimplies the existence of two distinct timeakes.

The fast time scale corresponds to the suddemps undergone by the system upon reaching the
threshold stress. In velocity-driven experimentthva constant imposed overall strain rgiethe
elastic unloading accompanying these jumps masifés¢lf by sharp drops in the applied force.
The slow time scale is the characteristic duratibthe subsequent reloading stages. The presence
of fast vs. slow time scales is typical of relagatioscillations [7]. By neglecting plastic strain
heterogeneity and spatial coupling, early modelshef PLC effect described accordingly the
dynamics in terms of relaxation oscillations [8,Bowever, the extensive range of the observed
spatiotemporal patterns, which includes localizatid strain in narrow bands and propagation of
these bands along the sample axis, could not badicped by these local formulations. Several
nonlocal models have been since providing integpiat for the observed spatiotemporal patterns,
by taking spatial coupling between system elemiembsaccount [10-15].

Various approaches to the experimental analysthefttress drops were proposed [10,16-21].
They all showed that spatiotemporal patterning esponds to nontrivial dynamical regimes. In
particular, power-law statistical distributions wdpbund for stress serrations in a range of kjgh
[10,16-18]. Such scale-free behavior is charadterss avalanche processes and bears witness to
SOC-like dynamics, consistent with the infinite rhen of degrees of freedom of the dislocation
ensembles. Histograms with characteristic peak® wbserved for lower strain rates. They were
shown to be associated not with stochastic behabidrwith low-dimensional deterministic chaos
[2,17,18]. Chaos is also characterized by scalariamce, which is reflected in the geometry of the
system attractor, as reconstructed from the striess-series.

Observing scale invariance in the distributionsstsess serrations at the macroscopic level,
suggests extending the analysis to finer evenesday using more sensitive techniques, e.g. by
recording the accompanying acoustic emission (AE)}-R4] or electric signals [25-27]. The
statistics of the AE was studied rather in detailimg macroscopically homogeneous deformation
of some pure crystalline solids, such as ice ampen[23,28,29]. In contrast to the conventional
viewpoint, which contends that smooth plastic flsi@ms from stochastic motion averaging out in
systems containing large numbers of dislocatidms,abserved AE was not described by Gaussian
statistics, but displayed power-law distributions well. This result bears evidence to the
intermittent scale-invariant character of the (macopically uniform) plastic activity, albeit at
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sizes of the local strain-rate jerks much smalwantin jerky flow. Power-law statistics were also
found for the AE accompanying twinning of singlgstals of Zn and Cd [29], for local strain-rate

bursts detected by high-resolution extensometrindyslastic flow of Cu single crystals [30], and

for stress serrations observed in the compresdianiaoscopic pillars of pure metals [31]. The

collection of all the above-described results ethe growing recognition of a ubiquitous character
of self-organization phenomena in dislocation eridem The various data on small-scale
intermittency in pure single crystals provided apgpmately the same value for the power-law
exponent, thus giving rise to a “universality” cecture [32]. Concurrently, the exponent values
reported for AE in polycrystals [33] or for stredsops in the PLC effect [16,34] were found to
depend on the experimental conditions and microgitres.

AE was also monitored in solute alloys displayihg PLC effect, namely for Al alloys [22,35—
37]. However, the statistical analysis of AE dats not been carried out, except for a recent short
communication [24]. Such investigation is particlylanteresting for several reasons. First, several
scales of strain-rate discontinuity are concurkeatlailable. The macroscopic ones are related with
the instability phenomenon itself, while the smalémes also contribute to the regular stable
plasticity flow processes. Therefore, supplementimgchanical testing with the AE techniques
allows accounting for both scales in a single asiaJywhereas the smaller scale usually remains
unresolved in traditional mechanical testing. Selcdhe onset of plastic instability needs a certain
critical straine., [38,39]. Comparing AE records obtained during rirecroscopically smooth flow
before the onset of instability and during the Peffect is an opportunity which may allow
contrasting (or likening) the strain-rate jerks efyed at the different scales. Finally, the above-
mentioned richness of its dynamics, and the comvee of its practical setup make the PLC effect
a model case study of general phenomena encountenedlinear systems.

In our previous paper [40], application of the nitdttal analysis to the AE accompanying
unstable plastic deformation of an AlIMg alloy yiett the unexpected result that the temporal
correlations characterizing the AE show no pecitiégr associated with the PLC effect. The key to
understanding such overall similarity of the mespsc scale deformation processes during both
stress serrations and smooth plastic flow is pedidy the comparative statistical analysis of the
deformation curves and the accompanying AE, redorte the present work. Its aim is to
understand the possible effects of the scale oérebation on the observed dynamics. The paper is
organized as follows. Section 2 describes the éxmmtal setup. Section 3.1 presents the
macroscopic mechanical behavior associated withsthess fluctuations and compares it with
earlier data. Section 3.2 establishes correspoedémtween the macroscopic scale of stress

fluctuations and the mesoscopic scale uncovereacbystic emission and confronts the respective
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statistical behaviors. The outline and the gengisdussion of the obtained data are given in Sectio

4. Concluding remarks follow.

2. Experimental procedure and data processing

Dog-bone-shaped specimens with a gauge2%ax 6.8 x 2.5 mm3 were cut from a cold-rolled
sheet of polycrystalline Al-3% Mg alloy. All specems were subjected to solid-solution treatment
through a usual procedure of annealing at 400 f@ to followed by quenching into water [16,39].
Using optical and scanning electron microscopygtaacks were discerned either on the side surface
of the deformed specimens or in the interior ofdhetile dimples observed on the fracture surface,
which indicates efficient dissolution of second-pdanclusions. Tensile tests were conducted at
room temperature with a constant pulling velocijested in a large interval corresponding to the
initial values ofé, =2 x1075s71 — 6 x 1073 s™1. Three to six specimens were tested for each
&,. The sampling time for recording the stress—timees was chosen in a range from 4 ms for the
fastest tests lasting60 s and to 500 ms for the slowest ones lasting fromt& 7 h. Consequently,
all records contained a similar amount of datd5,000-50,000 data points.

The AE was recorded during tensile tests by a caenpontrolled Physical Acoustics LOCAN
320 system. The piezoelectric transducer with quieacy band of 100-600 kHz was clamped to
the greased surface just above the deforming panecample. In contrast to recent data-streaming
techniques allowing for continuous measurementefacoustic signal during short time intervals
of typically tens of seconds (see, e.g. Ref. [4ttj LOCAN 320 equipment is suitable for long
tests during which it picks out acoustic eventdsjhexceeding a preset threshold voltage and
measures their characteristics, such as amplitddeation, count rate, and energy, using a
conventional procedure with several preset timeaupaters (see, e.g. Ref. [42]). The parameters
used and the respective definition of the acouwstent characteristics are schematically illustrated
in Fig. 1. The hit definition time was chosen todailar to that utilized by other authors (e.gf.Re
[36]), in order to have a benchmark for the statidtstudy performed in the present work. The
values of HDT = HLT = 30Qus were used as a basic set. To evaluate the effdbe possible
overlapping of the consecutive AE events and tha best on the apparent statistics, control tests
were carried out with different settings includithg least value of 3(s that could be set for HLT
and HDT (the same ratio PDT = 0.5 HDT was kept lintests). It should be noted that this
minimum value is larger than the estimate of th&imam return time of the sound waves reflected
by the specimen surfaces. Indeed, taking a valiexof0~3ms~! for the velocity of sound in Al,

the estimate of the travel time of sound alongdbeble specimen length 410 ps. It can thus be
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supposed that the hit echoes effectively decayrbdfe next hit can be captured, and do not cause
spurious overlapping. On the other hand, this eggénshows that the recorded event may include

echoes, leading to an increase in the appareng wdliis duration, but not amplitude.

.
3 b i -Mr i e

time

Fig. 1. Definition of the amplitudel and duration for an acoustic event. The acoustic system detbetshreshold
crossings (counts) and the local maxima of theadighn event is considered to startat t, when the signal exceeds
the threshold/,. The current maximum is recorded as the eventak @amplituded, provided it was not exceeded
during the peak definition time (PDT). Since thepditnde range covers orders of magnitude, the @exécords the
amplitude in the logarithmic scale expressed intgds, which is designated in the textMisThe hit definition time
(HDT) allows for the event individualization: if éhsignal remains below, during the HDT since the previous
threshold crossingt,), the event is considered as coming to an end.hithivckout time (HLT) is a time window
during which no measurement is performed afterethé of the recorded event. Such a dead time isiggdvto the
system in order to filter out sound reflections eQf its drawbacks is that it may lead to losingfukdata.

The total gain of the preamplifier and recordingiipgnent was chosen to be 80 dB or, in
control tests, 95 dB. The threshold voltage foritlentification of the starting point of an AE even
was set at 27 db, which corresponds to the levéiefcoustic signal measured in the free-running
deforming machine.

As will be described in the corresponding sectiostatistical distributions and correlation

functions were studied for various measured quastitFor a given quantity, its probability

1 ON(s)

5 , WhereN is the total number of data in the

density function is calculated &s) =

statistical sample angiV(s) is the corresponding histogram withaken in the middle of the binds.
Variable bin sizes are used to handle the statisficare events: as a rule of thumb, when arainiti
size bin contains less than seven events, it ig@dewith the next bins until this minimum number
is reached (cf. Refs. [10,16]).



M.A. Lebyodkin, N.P. Kobelev, Y. Bougherira, D. Emteyer, C. Fressengeas, et al.. On the similaritplastic flow processes
during smooth and jerky flow: Statistical analy#ista Materialia, Elsevier, 2012, 60, pp.3729-3740.1016/j.actamat.2012.03.026

The cross-correlation functiopgAt) for two time seriesy; andy;, representing two quantities

measured at the instanf& (i = 1...n), are calculated for positivkt as follows:

2im1 (6 = () m) Wiem — (V)n)
"G — (O 2 2" Giem — (V)22
WhereAt = mét, 0 < m < n, the averageér),, and(y),, are taken over the members of the

p(At) =

series participating in the sum, amdis taken small with regard toin order to obtain accurate

averages. The time serigsandy; are swapped in this equation to calcujatat) for negativeAt.

3. Experimental results and data analysis
3.1. Typesand statistics of stress serrations

First, we describe the well-known attributes of HEeC effect, which are retrieved in the
investigated alloy. A salient feature is the grddamnsition from the so-called type A to type B to
type C behavior, which takes place whigns decreased from the upper to the lower boundéry
the range of instability [2]. Examples of stresgaist curves displaying these specific types are
given in Fig. 2; mixed behavior was observed aermediate strain rates. Type A behavior is
characterized by stress fluctuations at all scaMsch are associated with deformation bands
usually nucleating near one specimen end and pabipggquasi-continuously along the tensile
axis. In type B behavior, rather regular stress drapsr@miniscent of relaxation oscillations. Each
stress drop results from a static deformation bandeated ahead of the previous band, for which
reason this regime is often referred to as “hoppprgpagation”. As the localized plastic
deformation results in material work hardening witthe band, the serrations often form groups
corresponding to hopping propagation along the@sfppecimen. Hopping propagation periods are
separated by stretches of more regular deformalimimg which the stress increases, until it finally
triggers a new band. Type C serrations are usaéiijputed to randomly nucleated bands, although
the analysis of the serrations bears witness texistence of some correlation [44].

In addition to this conventional pattern, type Qldgpe B deformation curves often display
smaller-scale fluctuations which have receivedlelitattention so far. Blowing up type C
deformation curves allows distinguishing two sepasales of stress serrations, as shown in Fig.
3. The deep stress drops with amplitddein the range 5-15 MPa, occurring beyond the alitic
strain, are considered a signature of type C behaln addition, small stress drops are occurring
almost from the onset of plastic deformation. Thegrease progressively to 1-2 MPa, a level
remaining roughly the same till the end of the.t@siese small-scale events are strongly dispersed

! The latter was checked with the aid of the loodtrsometry technique [43].
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aboves.,, and sweep the whole range of intensity down @ rthise level of the measurements
(~0.01 MPa). In type B conditions, the initial portiof the deformation curve also displays low-
amplitude events, albeit in the form of smooth dations. These events cannot be clearly isolated
from type B serrations abowg,: in contrast to Fig. 3, the amplitudes of all aons form a
continuous cloud of data points. Whenis further increased (type A behavior), no chamastic

scale of serrations is observed.

300 |
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Fig. 2. Examples of true stress-true strain curves foioua strain rates at room temperature: &) 1073 s™1, (B)
2x107*s71, (C)2 x 1075 s71, The letters in brackets are chosen to desighatedrresponding band types A, B and
C. The respective arrows indicate the criticalisteg. for the onset of plastic instability.

Like the characteristic shapes of the three conweal types of stress serrations, their statistical
distributions alsodisplay well-known features [2,16,18,39,45]. It shib be noticed that work
hardening may influence the averagmgnitude of the serrations, which in such casedves
during some transient period, to finally stabilirea close-to-steady state. To calculate Awe
distribution, these steady-state intervals are investigated.dBgsinorder to reduce the work-
hardening effect as much as possible, the datanarmalized with respect to a low-order
polynomial fit. Various normalization procedured| providing close quantitative results, are
described in Refg[10,16,18,46]. In the case wham fluctuates around a constant avergye)
value, the normalization procedwexluces to the ratibo /(Ac). Normalization is, howevengseful
when the statistics are to be compared for diffedatasets. Consequently, it is systematically
applied to thevarious data in the present work. Scale-free pdarstatistics are found for type A

serrations, as illustrated ikig. 4. The type B instability is characterized large peaked
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distributions reflecting the occurrence of a cherastic scale (Fig. 5). The shape of the peaks is
usually asymmetrical due to the enhanced probability of Bbowplitude events. Such a bimodal
character of the histograms becomes conspicuousypar C behavior, so thahe distributions

clearly disintegrate into two parts [39].
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Fig. 3. (a) Magnification of a type C nominal stress tusie curve. (b) Sequence of amplitudesof stress drops for
the above deformation curve. The arrows indicateottiset of sharp type C serratiofis= 2 x 1075 s~ 1.
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Fig. 4. Probability density function for the amplitude of stress drops for a sample deformed,at 2 x 1073571

(type A behavior).
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Fig. 5. Histogram of distribution of stress drops foraanple deformed in type B conditiong, = 2 x 10™*s™1,
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Fig. 6. (a) Histogram of distribution of stress dropstygfe C,é, = 2 x 1075 s~1. (b) Probability density function for
low-amplitude stress dropAg < 5 MPa, observed for the same specimen in the same titas/al.

An unexpected result is obtained when the stagiistinalysis is applied separately to these two

groups of events (Fig. 6). Whereas rather symnattpeaked distributions are obtained for the
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large stress drops, in agreement with previousiesughower-law behavior is found for the small
serrations observed in the same time interval.alt be seen in Fig. 6b that the dependence
P(Ac)~Ac™% is valid in a wide range covering 2—3 orders ofgmtude ofAc. The exponent
found for various specimens varies in the range-df5, similar to those obtained for type A stress
drops. Power-law dependences are also verifieth@oduration probability distribution, although in

a narrower range covering 1-1.5 orders of its ntagei and for the relationship between the
amplitude and duration [47], following from theiower-law statistics. At variance with the usual
assumption that such small serrations are randonature [48,49], these observations testify to a
critical character of their statistics, even thougdt necessarily of SOC type. This transition to
critical-type statistics when reducing the scaleloservation becomes obvious in the analysis of the
AE, as will be shown below.

3.2.  Acoustic emission
3.2.1. Correlation with the stress instabilities

The previous studies of the AE in dynamically straging alloys mostly reported on the
behavior of the averaged characteristics, such@saunt rate which givekte average frequency
of acoustic oscillations, i.e. the average numidegheshold crossings per second by the acoustic
signal [22,35,36]. A similar analysis of the preseéatashows that like the deformation curves, the
overall AE behavior is consistent with the literature datathélighthe exact dependences may
noticeably vary even when tlsamples are tested in the same conditions, therrolagracteristics
remain the same in all tests and forsalvalues.Namely, AE starts from onset of plastic flow and
its activity quickly reaches a maximum, as illustchin Fig. 7a and for one of the specimens
deformed at, = 2 x 107> s~1. The initial high AE activity is also typical of paimaterials and is
usually attributed to intensive dislocation mulgption and long free path of dislocations in the
unhardened material. The count rate further deeseand usually reaches an approximately
stationary level. The onset of PLC serrations beyie critical strairz., does not visually affect
this level but gives rise to bursts, as seen in Ay The latter are rather strongly correlatechwit
type C serrations but the correlation diminishegndy is increased: bursts accompany only a part
of type B serrations (cf. Ref. [22]); rare burste abserved in type A conditions, without overall
relationship with stress fluctuations. A theordtideamework explaining such behavior was
proposed recently [50].

Allied with the simple premise that the occurrermfea stress drop requires cooperative
displacement of hundreds thousands of dislocatitres,correlation between the AE count-rate

bursts and stress serrations, observed at low éngugften leads to the simplistic and recently
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guestioned [40,51] vision, that the distinct PLG & are responsible for intense “discontinuous”
AE whereas the reloading periods following the sstirelrops are accompanied with a weaker
“continuous” AE. In the present work, more detailatbrmation was searched by monitoring the
as-recorded AE data, with focus on the amplitude duration of the AE hits. Unexpectedly, even
in the case of type C serrations, which are charaetd by the most conspicuous correlation with
the count-rate bursts, onset of the PLC serrattmes not affect the amplitude range of AE hits.
This is illustrated in Fig. 7c, which representsitdogarithmic amplitud@/. In contrast, bursts in
the AE event duration are clearly observed in Fig. 7d. As seen in thenele of this figure, the
maximumt values reach 5-10 ms fég = 2 x 107>s~! and basic value of HDT = 300s,
whereas the background durations vary fromislto 1 ms. This observation suggests that the
occurrence of the AE events with very long durattesults from the merger of successive hits

whose amplitudes do not surpass the usual range.
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Fig. 7. (&) Nominal stress vs. time curve for the sangblEig. 3; (b) AE count rate calculated by averggaver time
intervals of 10 s; two “silent” intervals corresgbto technical stops in AE acquisition; (c) logamniic amplitudeM of
the individual AE events; (d) their respective dimat. HDT = HLT = 300us. The arrows show the instant
corresponding t@,,.
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This conjecture is corroborated by several expartaleobservations. First, the reduction in
HDT does not affect th# range but results in a decrease ,invhich bears evidence to a better
individualization of the successive events. Fomepie, when HDT is reduced to $8 in the test at
é, = 2x107>s71, the maximum value af bursts decreases to less than 3 ms and the maximum
background level typically becomes as low as 0.2 Itnshould be noticed that the visual pattern
remains qualitatively the same andbursts are still present, albeit with a lessemglhigiwhich
indicates that the merging of events takes placealfalevice settings. Second, the maximums value
becomes higher whedy is increased. For comparison, thbursts typically reach 10-20 ms (cf.
Fig. 11 below) foré, = 2x 107*s™! and HDT = 300us. The effect of HDT variation also
becomes more significant. Finally, theralues practically do not attain a stationary eadgring
the fastest testséf = 6 x 1073 s71), especially with HDT = 30Qus. In this latter case the
maximumrt reaches about 100 ms for the first serrations, emahtually decreases down to a few

milliseconds at the end of the test.
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Fig. 8. (a) Blow up of part of a(t) curve before the onset of type C serrations. Tieng strain rate i€, = 2 X

1075 s71. (b) Logarithmic amplitude/ of the accompanying AE events. (c) Durationf the accompanying AE
events.

Furthermore, the transition from isolated to mergé&dhits manifests itself in the details of the

correspondence between the stress changes andBhat Aifferent stages of the deformation
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process. Fig. 8 represents the value® @ndrt for the AE events recorded during the early ptasti
region, displaying low-amplitude stress drops, e teformation curve shown in Fig. 7. It can be
seen that the AE events with hifghand/orr are not an exclusive feature of these serratismsh
events also occur during macroscopically smoothtigldlow. What is different between these two
cases is that the AE shows a tendency to clustéhadits at the instants of stress drops. This
activity also gives rise to visible count-rate lsrécf. Fig. 7b). Further deformation results in a
more uniform scatter i, so that the direct correlation between the stiesgs and the maximum
M values decays closer ¢g.. This behavior does not change beyepd as illustrated in Fig. 9.
Indeed, the AE events recorded at the instantshef deep type C serrations and those
accompanying the smooth reloading parts corresgmtite samé/ range (except for one specimen
occasionally displaying/ bursts for several stress drops). On the contridugy, clusters of AE
events accompanying stress serrations degenetatsimgle events with very long duration. More
precisely, representation ofin the logarithmic scale reveals several more hiith relatively
enhanced duration during a stress drop. It shoelddied that when HDT is decreased, groups of

hits, and not only isolated hits, may again be olexkduring some of the stress drops.
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Fig. 9. Same as Fig. 8 for another time interval contajriype C serrations..
These observations imply the same mechanism oftiptgs associated with similar-size

dislocation avalanches, at work during both maapsally stable and unstable flow. In other

words, the macroscopic stress serrations are nettasimultaneous motion of unusually large
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dislocation ensembles but to synchronization ofnang glide events, as suggested in Ref. [40].
This hypothesis also drives the attention to armo#éispect of the arrangement in time of the AE
events, which can be discerned in Fig. 9. Namély stress drops are announced by more frequent
occurrence of AE events (denser clouds of datatpoand are followed by more “silent” periods.
Calculation of cross correlations between the daeédion curves and the AE confirms this
gualitative observation and makes it more predsglaying rather complex behavior illustrated in
Fig. 10. Since the AE is not recorded continuoustig, AE time series for the calculation of the
correlation are obtained by collecting the AE esantintervals equal to the sampling tideof the
deformation curve. So, the cumulated duratigp, results from stacking durations of the AE
events ovebt and therefore reflects the evolution of the avedagE activity. In turn, the number
of events indt intervals characterizes their clustering in tinkeg. 10 compares the cross-
correlation functions of these time series with thbsolute value of the finite-difference
approximant of the time derivative of streks(t)|. The correlation of the latter with.,,, is
dominated by recurrent groups of peaks reflectimgdequence of stress drops, in conformity with
the strong visual correlation betweemursts and type C stress drops. Its correlatioth Wie
cumulated number of events also displays osciliatizith the same period corresponding to the
average frequency of type C serrations, thus aoirfiy the presence of enriched and impoverished
AE before and after stress drops, respectivelys Thirelation suggests that the plastic instability
occurs when the internal stresses reach a highalbvevel, in consistence with the conjectured
mechanism of dislocation avalanche-chaining dudngfress drop. Instead, localized overstresses
would trigger isolated dislocation avalanches, asée isolated AE hits, and fail to produce
macroscopic stress serrations. The correlation festsi more complexity, however, as it also
displays shorter-period oscillations. In Fig. 1@b particular, positivep values are also observed
between the main maxima associated with the stersations, thus indicating clustering of AE hits
during the reloading periods.

When the driving strain rate is increased, theatlicerrelation between the plastic instabilities
and ther bursts degrades progressively. For comparisomne iseno visual correlation between the
AE and the stress undulations belaw. for é, =2 x 10™*s~1. Further, the highr bursts
accompany only part of the type B serrations, asbeaseen in Fig. 11, although the presentation of
these data in the logarithmic scale reveals soerease irr for all serrations. It is worth noting an
additional feature often observed for type B insitgb more AE hits, some of which have rather
high amplitude, are recorded during nucleation ofea sequence of PLC bands than during the
adjacent time intervals corresponding to hoppingdbaropagation, as indicated by vertical dotted
rectangles in Fig. 11 (cf. Ref. [36]). Since thgibaing of a new hopping sequence in the material
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hardened by the previous passage of deformatiomlsbaequires a higher overall stress, this
observation is consistent with the above conjeaturé¢he clustering of AE events when the global
level of internal stresses increases. Finally, ¥ewy AE bursts are observed for type A instabidity

6 x 1073 s71, and the latter are not clearly correlated withss fluctuations.
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Fig. 10. Cross-correlation functions(At) for the stress derivatiie (t)| and: (a) the cumulative duratiop,,, (t) of

the AE events; (b) the events frequency. The valyg, is obtained by stacking durations over time wdés of 0.5 s
corresponding to the stress sampling tifite The events frequency is given by the number aney withindt

intervals. The driving strain rate & = 2 x 107> s™!. Calculation for a time interval featuring type S@rrations
(11,700 s, 12,050 s).

3.2.2. AE statistics

The statistical analysis of AE accompanying variphgsical processes is often restricted to the
event amplitude (e.g. Ref. [42]), because the amalgf time characteristics does not properly
reflect the properties of the source signal. lindeed affected by the transfer function of the
receiving transducer, the unfiltered sound reftewdi the modulations by the propagating medium,
etc. Another reason for such a restriction stemms fthe above results, which indicate that merging
of events strongly influences their apparent darativhereas it is insignificant for the amplitude
range. Indeed, even & =6 x 1073s71, the AE intensity stabilizes after the elastoptast
transition and allows for the statistical analysadthough a possible effect of overlapping of
avalanche-like processes on their statistics shioeilldorne in mind [52]. This approach is supported
by recent experimental investigation of AE acconyram plastic deformation of various metals,
which shows robustness of the amplitude statisticth regard to the parameters used to



M.A. Lebyodkin, N.P. Kobelev, Y. Bougherira, D. Emteyer, C. Fressengeas, et al.. On the similaritplastic flow processes
during smooth and jerky flow: Statistical analy#ista Materialia, Elsevier, 2012, 60, pp.3729-3740.1016/j.actamat.2012.03.026

individualize the events [53]. For these reason$y amplitude distributions will be considered in

the following.
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Fig. 11. Same as Fig. 8 for type B serrationséat 2 x 10~*s™1. Arrows point to stress drops which are not
accompanied withr bursts. Dotted rectangles show intervals of ineedaAE activity during transition periods between

groups of regular stress serrations.

Two approaches to the calculation of AE amplitudgridutions are reported in the literature.
The former is inspired by earthquakes statisticBiciv obeys a power law in the form of the
Gutenberg—Richter relationship relating the numbieearthquakes to their magnitude, roughly
corresponding to the logarithmic peak amplitidi¢54]. In this case, the distribution of the as-
recorded amplitudes is directly calculated. Utilzithe logarithmic amplitude means, however, that
power-law behavior is assumed a priori in the agialyn the latter, it was argued [28] that thekpea
amplitudeA of the acoustic event expressed in voltage umjteore specifically, its squared value
A?, provides a physically based measure of plastivipcreflecting the energy dissipated by the
plastic processes in a deforming sample. Both amwes were used in the present work, and led to
consistent results. Below, the probability dengifA?) is presented in order to provide a basis for

comparison with the literature data on pure maleria
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The main result of this analysis is that the disttions found for AE obey power laws in all
deformation conditions, including the type B angde\C cases, although the latter are characterized
by peaked distributions of stress serrations. Exesngf such dependences are presented in Figs. 12
and 13, which show that the power law covers mioaa two (up to three) orders of magnitude of
the variable4d?. The shortest scaling range, less than 1.5 oafensagnitude, is seen at the strain
rate of 6 x 1073 s71, for which the statistics is most strongly depleteecause of the merging
effect. As also follows from these figures, the povaw exponendr, is virtually unaffected by
the recording device settings, in conformity witle suggestion that the information lost because of
the events merging does not transform the scalgrigvt statistics. Some deviation from the power-
law dependence can be seen at the largest scalie fcoarse time settings. It is most likely doe t
some overlapping effect on the AE event amplituddere details on the investigation of the

contribution of the overlapping of the AE events given in Ref. [46].
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Fig. 12. Probability density function for squared ampligudf AE events collected in the same strain rangehree
different samples deformed at driving strain mte= 2 x 1075 s~*. Solid and open circles correspond to the same

choice of the device settings, HDT = HLT = 30§ triangles show the data for the set HDT = HLAOs.

The robustness af,; allows examination of its strain and strain-ragpehdence. Our first
attempt at such an analysis was made in Ref. [2#g.procedure has been further improved since.

Its first step consists in searching the time waés during which both AE and stress fluctuations
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look visually steady. This partition is then refihdy varying the width of the intervals and
repeating the calculation of the distribution fuaos until finding intervals where,; remains
approximately constant (cf. Ref. [40]). This remmstion is summarized in Fig. 14. The intervals
of statistically stationary behavior are designdigdectangles, the height of which scales with the
least square error of theg calculation. It can be recognized that the expbagp evolves during
the deformation process. Depending on the drivatg, it varies between 1.5 and slightly more than
2 at the onset of plastic deformation. During thetable flowa,; takes on higher values, ranging
roughly from 2 to more than 3. Relatively similalwes ofe,; are observed in the type A regime
for all samples (Fig. 14a), although the large receuused by overlapping in the high strain-ratéstes
renders quantitative conclusions difficult. Theoerof a,; determination is generally lesser at
smaller strain rates. Considerable variationg gfwith strain and from sample to sample can be
noticed in the type B regime (Fig. 14b). This olkaépn is in agreement with the conclusions on
the sensitivity of dislocation dynamics to the rostructure, drawn in Ref. [18] from the

multifractal analysis of stress serrations of tipd-inally, a,; decreases in the vicinity of necking.
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Fig. 13. Probability density function fo4? in the case of modification of the device settidgsing a test af, = 6 X
10~*s71. The data are gathered in the adjacent time iaterfjust before and just after the change in gttings).

Solid symbols: HDT = HLT = 30{1s; open symbols: HDT = HLT = 36s.

4. Discussion and conclusions
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4.1. Scale-invariant behavior of AE

The comparative analysis of the deformation cuares the concomitant AE reveals a complex
multiscale character of the plastic activity durjecky flow, which is found to depend not only on
the experimental conditions, but also on the soal@servation. The macroscopic stress serrations
show statistical properties, consistent with theults of previous investigations [2,10,16,18].
Peaked and bimodal histograms are observed atdownéermediate driving strain rates. They are
associated with essentially static deformation bardcreasingly correlated with increasifg
Power-law distributions, a hallmark of scale-fremalanche-like processes, are found in high
driving strain-rate tests, when the spatial coti@hais so strong that the strain pattern transtorm

into bands propagating along the sample.
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Fig. 14. Force vs. time curves and variation of the polaarindexa,; for the AE energy distribution. (&), = 6 X
1073s7t; (b)é, =2%x107*s71; (c)é, =2%x10"°s~!. To avoid overcharging the figure, results only foo
samples are presented for each value of the drisirajn rate; the overlapping deformation curvess @eliberately

shifted along the ordinate axis..

A qualitatively different behavior is detected ¢ tfiner scale uncovered by the AE technique,
namely: AE is characterized by power-law statisiitsall experimental conditions. This result
pertains not only to the various types of PLC bédraftypes A, B and C), but also to the plastic
activity below the critical strain for PLC instabjl The power-law statistics is also found for the
low-amplitude stress serrations that are resolvedow strain-rate tests, and correspond to an
intermediate scale between the small plasticitynessproducing AE and macroscopic stress drops.
Such persistence of a statistical behavior cestdedtifies to the invariant nature of the deforiorat
processes at play during both stable and unstabferrdation, and implies an inherently
intermittent scale-invariant character of the ptasdctivity in all cases. This conjecture is



M.A. Lebyodkin, N.P. Kobelev, Y. Bougherira, D. Emteyer, C. Fressengeas, et al.. On the similaritplastic flow processes
during smooth and jerky flow: Statistical analy#ista Materialia, Elsevier, 2012, 60, pp.3729-3740.1016/j.actamat.2012.03.026

corroborated by the results of the multifractallgsia in Ref. [40]. On the other hand, it raises th
guestion as to why the stress drops associated thathmacroscopic instability show a different
statistical behavior in certain experimental coods$. The answer to this question is given by
confronting the series of amplitudes and durat@m&E events with the stress fluctuations (Figs. 8,
9 and 11), which uncovers a tendency to synchrtinizaf the AE events at the instants of stress
drops at low enoughk,. It follows that the PLC bands are not uniform eat$ that could be
considered as elementary events, but are ratheegags of dislocation avalanches. This statement
is consistent with recent observations by opticathads of the development of deformation bands,
although at a slower time scale [55-58]. It commata at large scales the intermittency and scale
invariance found at a very fine scale in the was@fof individual AE events [37]. The possible
mechanism leading to such behavior will be disatidsdow in Section 4.2.

The ubiquitous character of the power-law stassto€¢ AE calls for a comparison with the
literature data for pure materials [23,28,29]. Avensal exponent,; = 1.5-1.6 was observed in
these references for single crystals of variousen®s with hexagonal and cubic crystal structure.
The value otx* = 1.35 was found for the amplitude distribution of AEige polycrystals, which
corresponds ta,; = (a* +1)/2 = 1.2 for the energy distribution [33]. The lower valokea,; in
ice polycrystals, which implies a larger fractioihbig events, was attributed to a dual role of grai
boundaries. Namely, although grain boundaries &stacles to the propagation of slip, large
internal stresses generated by dislocation pilepspmote the activation of dislocation sources in
neighboring grains, which may lead to an enhancecbgbility for large avalanches. A
guantitatively different situation is observed Ire tpresent work. First, the exponen} found for
AlMg polycrystals exceeds 1.5 throughout the defmtion, suggesting a significantly larger
fraction of low-amplitude AE events. Moreover,; increases with strain, except for the latest
stage of deformation associated with necking. Tiserdpancy with the above result [33] can be
explained by strong differences in the hardeninghmaisms between ice and AIMg polycrystals.
Indeed, the virtual absence of forest hardeningthedcomplete absence of solute hardening in ice
[59] contrast with the increasing forest dislocataensity in AIMg. Forest dislocations contribute
to a rather limited size of dislocation avalanchggseducing their free flight distance and leveling
off the role of internal stresses. This effect doaeven be stronger in dynamically strain aging
materials owing to the increased strength of olstadhis conjecture is confirmed by the results
presented in Figs. 8 and 9, which illustrate the @Blution during one test and show that after
some strain, the AE events become smaller but fdemse merging sequences. The proposed

explanation may also account for the decrease,jnobserved in the vicinity of necking, as
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resulting from strain localization. Indeed, thedatenhances simultaneity of slip, which results in
the superposition of AE events and a higher prdibabi large amplitude events.

4.2.  Synchronization of dislocation avalanches

The occurrence of power-law statistics in the olegrbehavior is reminiscent of similar
features in numerous nonlinear systems of vari@isras. Well known examples include physical
objects, such as the Barkhausen noise in magnetiterials [60] or vortex avalanches in
superconductors [61], as well as mechanical or ageystems, e.g. fracture [42,62], martensitic
transformations [63], dry friction [6] or earthquek[54], and plastic instability due to mechanisms
other than the PLC effect [26,64]. Several modetsewproposed in the literature to explain such
critical-like behavior, including self-organizeditaality, i.e. transition to criticality withoutifie-
tuning of a control parameter [3], fluctuations meacritical point [65], sweeping of a control
parameter of instability [66], etc.

At the same time, the joint occurrence in type B &pe C of stress drops with a relatively
regular character and of scale-invariant burstafactivity prompts us to suggest synchronization
of small-scale bursts of plastic activity, a pracege see as able to merge the latter into more
regular jerks of a macroscopic size. From a gerpoiot of view, synchronization phenomena are
observed in large assemblies of coupled oscillatord may lead to periodic coherent activity of all
or part of the oscillators [4]. It is generally apted that the oscillatory character of each elénsen
a necessary condition for synchronization. In thgecof plastic deformation, the latter is warranted
by the stick-slip behavior of the thermally acte@tmotion of dislocations through an array of
obstacles. It is natural to suggest that the symthation of plastic activity occurs via elastic
waves. Indeed, a burst of plastic activity in sqrag of the sample results in the emission of gfron
elastic waves, which transmit the information thestdislocation groups, possibly triggering their
activity. In the meantime, the mechanism is resetih a state where it can be fired again.

Of special interest for the substantiation of thewe interpretation are models allowing for a
transition between scale-free and synchronized\befsa The generic models studied in Ref. [67]
exhibit avalanches with all possible sizes (SO@hchronization, and coexistence of SOC and
synchronization when the strength of the spatialpting and the degree of nonlinearity of the
driving force are varied. Specifically, these madéhd themselves in a SOC state when the
nonlinearity of the driving force (more to the pipithe downward convexity at threshold) is small
and the coupling strength is high. Moving away frdmese conditions leads to a transition to
synchronized behavior. These criteria are condistgtihh the above interpretation, and with the

understanding of the crossover mechanisms betweetypes A, B, C of PLC behavior, proposed
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qualitatively in Refs. [10,16,18] and quantitativéh Ref. [13]. In these papers, the strength ef th
coupling is controlled by the plastic relaxationtio¢ internal elastic stresses generated by thestr
incompatibilities in the vicinity of the bands. Hewer, the following arguments are general and can
be extended to other coupling mechanisms, bechesetle also consists in strain homogenization
in the specimen [2]. At large driving strain ratds reloading time between stress drops is much
smaller than the plastic relaxation time. The ratepn of internal stresses is therefore insignifica
and strength of the spatial coupling is high. FertitheN-shaped characteristic functieris),
reflecting the nonlinearity of the driving forces shallowed at high driving rate [2], which also
promotes SOC because the dislocation ensemblesaotigsfind themselves near the threshold of
instability. As a result, avalanches of any sizeatowed and SOC is obserdedhus, although the
merging of the dislocation processes is strong umaof their high overall activity, the
synchronization plays a minor role in these condgi (cf. Ref. [40]). At low strain rates, both
factors change. The internal stress field is eiffett relaxed during the reloading time between
stress drops, which weakens spatial coupling. @69 function now shows sharp downward
convexity at threshold, and hence the threshoksstrs reached nearly simultaneously in various
parts of the specimen. As a result, the nucleatfoavalanches occurs at any point, which implies
absence of correlation with the previous PLC bamnd|, large avalanches of a typical size are likely.
As the loading proceeds, this mechanism repeaH @ad gives rise to relaxation oscillations. In
concluding this section, we note that the presatd dualify the PLC effect as a rare candidate for

laboratory illustration of the predictions of maslér SOC and synchronization.

5. Concluding remarks

The above picture provides new insights into treeess of PLC band formation. On the sample
surface, the bands are seen as markings resutong dislocation glide along a bunch of parallel
slip planes. The present interpretation, basedhennterger of AE events during a stress drop,
suggests that slip initiation at different sitesn@® simultaneous, at the time scale of AE, but is
instead a sequential process. In particular, iviges a natural explanation to the puzzlingly small
number of AE hits recorded during the hopping pgap@n of type B bands, when each band gives

rise to one long avalanche, compared with the gtB activity observed between bands, when

ZIn order to avoid confusion, it should be remarkeat high driving strain rate conditions do nonhtadict the “slow
driving” assumption of SOC models [3,6]. Indeede thighest applied strain rate &% 1073 s™! is negligible in
comparison with the local plastic strain rateloef 102 s~! corresponding to the fast time scale associatehdl thie
motion of dislocations unpinned from the solutenado
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isolated avalanches generate many short AE hitdduabt produce sharp stress drops (Fig. 11) (see
also Ref. [36]).

Observation of a similar statistical behavior of AEjerky flow and macroscopically smooth
plastic flow suggests a general nature of the @gj&nization processes in dislocation ensembles in
various materials. Nevertheless, the solute allgsent a special case due to the occurrence of
dynamic strain aging. The insensitivity of the Afensity to the occurrence of the PLC instability,
as well as the presence of small but noticeabésstiluctuations before its onset, suggest that DSA
acts throughout the deformation process and apfdigéastic events at all scales. This conjecture
renews the interrogations on the critical condsidor the occurrence of a macroscopic instability,
the nature of the small stress fluctuations, ared reationship between these distinct scales. In
particular, it can be suggested that DSA promdtessiynchronization of dislocation avalanches by
increasing the resistance to dislocation motioniclvhs likely to be essential for the onset of
macroscopic serrations. More specifically, thisjeoture particularly concerns the range of low
and intermediate driving strain-rate values, wh&cknown to be characterized by peculiar behavior
of e, [38,39].
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