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Crossover in the scale-free statistics of acoustic emission associated with the Portevin-Le Chatelier instability

The Portevin-Le Catelier (PLC) effect is a striking example of self-organization of dislocations giving rise to a macroscopic instability of plastic flow [1]. The phenomenon manifests itself through stress serrations caused by a repetitive abrupt strain localization within deformation bands. Since the 1990s, various approaches to the statistical analysis of jerky flow revealed some characteristic dynamical regimes of plastic deformation on the scale of stress serrations [2][3][4][5][6][7]. The occurrence of a specific regime was found to depend on the deformation conditions. So, scale-free power-law distributions of serration amplitudes and durations, implying avalanche-like dynamics, are usually observed at high strain rates [2,3,7]. At slower deformation, this behavior was found to change to deterministic chaos that gave rise to complex-shaped histograms [3]. Near-Gaussian histograms corresponding to randomly perturbed relaxation oscillations characterize low strain-rate behavior [7]. Similar and even more complex changes in statistical behavior were observed upon temperature variation [8]. It should be noticed for clarity that the relaxation-oscillation instability was predicted in early theories of the PLC effect considering the microscopic mechanism of dynamic strain aging (DSA) of dislocations by solute atoms ant tacitly suggesting that all dislocations perform the same movements [9,[START_REF] Estrin | Continuum Models for Materials with Microstructure[END_REF].

Only scale-free statistics was found on the mesoscopic scale relevant to acoustic emission (AE) accompanying plastic deformation in the conditions of the PLC effect [START_REF] Lebyodkin | [END_REF][12][13]. This persistence of avalanche-like behavior qualitatively agrees with the predictions of the dynamical model [14][15][16] developing a unique framework to explain both the PLC serrations and the concomitant AE. Moreover, such a scale invariance was observed for numerous materials in the absence of the PLC effect [17][18], albeit the PLC effect displays a larger range of experimental values of the power-law exponent. The power-law statistics is indicative of a critical dynamics and is often attributed to the phenomenon of self-organized criticality [19,20], notably in the case of smooth plastic flow. An alternative mechanism akin to a turbulent flow at high Reynolds numbers was suggested for the PLC effect [21,22].

The smoothness of the macroscopic deformation curves of most materials bears evidence that the maximum avalanche size is generally confined to mesoscopic length scales most likely related to the microstructure and crystallography of the dislocation glide [23]. Surprisingly, the amplitude of AE events accompanying jerky flow was found to vary in the same range at the instants of stress drops and during smooth loading [START_REF] Lebyodkin | [END_REF][12][13]. Therefore, the same limitations should apply to the macroscopically unstable deformation. It is noteworthy that the multifractal analysis [24] rendered similar spectra of generalized dimensions for the series of PLC serrations and the AE signals recorded within the same time interval [START_REF] Lebyodkin | [END_REF], thus leading to a conjecture of a similar nature of dislocation avalanches during smooth and jerky regimes. To justify these hypotheses and explain the occurrence of intrinsic scales of stress serrations at low and intermediate strain rates, such serrations were supposed to result from synchronization of many dislocation avalanches in the conditions when plastic relaxation during slow reloading result in efficient uniformization of the internal stress field before the next serration. The synchronization phenomena (a striking example is given by synchronous fireflies [25]) refer to repetitive collective movements of either a part or the whole system composed of many coupled elements [26]. The observation of bursts in the duration of AE events led to a suggestion that the synchronization of dislocations is realized through consecutive triggering (chaining) of dislocation avalanches in neighboring sites, notably, polycrystalline grains. This conjecture agrees with the literature data on the complex nature of individual AE events [27,28] and high-speed video filming of the formation of deformation bands [29]. The possibility of a quasi-simultaneous breakthrough of several avalanches was not explored because of the lack of experimental bases. However, the superposition of the corresponding AE events may bias the power-law exponents and prevent from the quantitative description of the PLC instability in terms of the collective dislocation dynamics [30]. In the present work, statistical analysis of various AE subsets is performed with the aim of identifying the mechanisms underlying the AE events in jerky and smooth regimes of the PLC effect and investigating the relative contribution of chaining and superposition of dislocation avalanches during the macroscopic plastic instability.

Details of mechanical testing and AE measurements were described elsewhere [START_REF] Lebyodkin | [END_REF]12] and will be briefly presented here. Tensile specimens with equiaxed grains ~30 μm in size and a gage part of 25 × 6.8 × 2.5 mm were cut from a cold-rolled sheet of a polycrystalline Al-3%Mg alloy, annealed at 400°C for 2 h, and quenched into water. The tests were performed at room temperature with a constant pulling velocity corresponding to the strain rate from 2 × 10 s and 6 × 10 s . The AE was recorded using a piezoelectric transducer fixed to the large specimen end above its gage length. The events detection threshold was set at = 27 dB. Conventionally, the AE event is considered to terminate if starting from this instant the signal remains below during the so-called hit definition time (HDT). The HDT was varied between 30 μs and 300 μs to check that the results were not influenced by the choice of this parameter within the range commonly used for metals (cf. [12,13,30]). An additional precaution aimed at filtering out echo signals is that the recording system remains in an idle state during a hit lockout time that was taken equal to HDT. For the sake of comparison with earlier studies [START_REF] Lebyodkin | [END_REF][12][13], the statistics was calculated for the squared peak amplitude of AE hits, = , which characterizes the energy dissipated in the deformation process. More precisely, a rescaled variable, = 〈 〉 ⁄ , was analyzed to facilitate the comparison of histograms for different data subsets. As the objective of the study was to uncover qualitative trends, a direct method based on the calculation of the probability density function (PDF) from the histograms was applied. It was verified (cf. [30,31]) that it renders relatively good estimates of power-law exponents, close to the values obtained by rigorous approaches based on the maximum-likeihood estimation with goodness-of-fit tests [32,33]. The histograms were calculated using equal bin sizes. Since the probability of large events is poor in the case of power-law statistics, the PDF was calculated using the method of variable bin sizes, i.e., the bins with an insufficient number of events were grouped by adding the right-hand neighbours until gathering at least 5 events.

The overall relationship between unstable plastic deformation and AE was described in detail in [START_REF] Lebyodkin | [END_REF][12][13]. It is briefly outlined in Fig. 1 for the low strain rate case characterized by abrupt stress serrations known as type C behavior [START_REF] Estrin | Continuum Models for Materials with Microstructure[END_REF]. Chart 1(a) shows a portion of the stress-time curve, #$%&, recorded at = 2 × 10 s . The selected interval illustrates the onset of type C serrations that are caused by brief strain-rate bursts within deformation bands spatially almost uncorrelated with each other [34,35]. The curve presents three regimes of deformation processes: smooth plastic flow, deep type C stress drops occurring at a critical strain '( [35], and low-amplitude drops developing before '( but also observed during smooth reloading between deep serrations [36,37].

These small fluctuations are often disregarded in the literature on the PLC effect, but detailed investigations indicate that they are also caused by the DSA mechanism [36]. Like in various materials, the AE is strong at the beginning of the test, as usually explained by the intense multiplication and long free path of dislocations in the unhardened material [14,[START_REF] Mathis | Acoustic Emission[END_REF]. It diminishes and quickly stabilizes after the elastoplastic transition. The overall validity of this hypothesis is evidenced by , -)*+ crossplots representing the entire series of AE events recorded during a test. In the conditions of type C behavior illustrated in Fig. 2(a), the events measured after '( (dots) are clearly split into two clouds, the upper of which corresponds to the long-duration hits detected during type C serrations. Another important observation is that the lower cloud coincides with the events gathered before '( (circles), in agreement with the suggestion of the same nature of dislocation avalanches during smooth and jerky flow. In a more general sense, regardless the PLC effect, they are governed by the same mechanism at different deformation stages, despite the microstructure evolution reflected in the material work hardening. Besides the physical meaning, this observation justifies the application of statistical analysis to various AE subsets. When is increased, the corresponding increase in the plastic strain rate is translated through a growing AE activity [12,13]. Consequently, the clustering of AE events is globally enhanced, leading to some increase in the average , value. However, the correlation between stress serrations and , bursts, which reflects the repetitive clustering caused by the synchronization phenomenon, degrades progressively and becomes indiscernible in the fastest tests. Fig. 2 gives a quantitative meaning to these observations. The separation of two clouds becomes less pronounced at an intermediate in Fig. 2(b) and vanishes at the highest in Fig. 2(c). The latter figure also displays a qualitative change consisting in the occurrence of a clear power-law relationship between

)*+ and ,. This regime of the PLC effect corresponds to critical type dynamics characterized by power-law statistics of amplitudes and durations of both AE events and stress serrations [2,3,21,22]. This weakening of the correlation between , bursts and stress serrations is consistent with the known changes in the stress serration patterns and kinematics of the deformation bands [2,3,[START_REF] Estrin | Continuum Models for Materials with Microstructure[END_REF]34]. The powerlaw statistics of jerky flow at high strain rates is translated through irregular stress fluctuations that cannot be attributed to individual short-duration deformation bands but are associated with quasi continuous propagation of deformation bands along the specimen gage length (type A behavior). The intermediate strain rate range is characterized by transitional patterns (type B behavior) associated with a "relay-race" propagation of deformation bands and regular sequences of stress drops with size varying about a characteristic value. The gradual transition between the three regimes corroborates the continuous character of changes between the , -)*+ cross-plots and is consistent with theoretical predictions [2,7,14,21,22,[START_REF] Kok | [END_REF].

Although the totality of data of Figs. 1 and2 provide evidence of synchronization of dislocation avalanches at low enough strain rates, they do not allow for judging on the specific mechanism of synchronization. Duration bursts testify to an important role of the avalanches chaining. Nevertheless, the stationary range of amplitudes is not sufficient for rejecting the possibility of superposition of AE events from (almost) simultaneous avalanches. To reveal the contribution of such processes, it is necessary to compare the probabilities of different events. Fig. 3 presents examples of such analysis for type C and type B conditions. In each case, the series of AE events was gathered in a time interval corresponding to stabilized jerky flow and AE. Using entire AE sets (dots), power-law PDF, /$ & ∝1 , were found for all samples and all deformation conditions (cf. [12,30]). The statistical samples were then subdivided into subsets corresponding to either stress drops (intervals from stress maxima to the subsequent minima) or reloading portions.

Moreover, in the type C case, amplitudes ∆# of type C serrations varied about the level of 10 MPa and were clearly separated from the small serrations having amplitudes well below 5 MPa.

Consequently, it was possible to examine separately the statistics of the AE hits corresponding to two families of stress drops. Fig. 3(a) shows that the PDF obtained for the smooth plastic flow (circles) and small serrations (stars) coincide with the overall dependence. In contrast, the subset gathered during type C serrations (triangles) reveals more complex behavior. The PDF follows the main dependence, corresponding to 3 ≈ 3.0 ± 0.1 , in the range of low-amplitude AE hits 1 .

However, a crossover to a shallower power-law dependence with 3 ≈ 2.4 ± 0.1 is clearly observed in a range of higher amplitudes (indicated by arrow). It can be concluded that although neither the AE amplitude range nor the avalanche nature of the dislocation dynamics are affected by the macroscopic plastic instability, deep stress serrations are characterized by an increase in the relative probability of high-energy AE events. Moreover, some tendency of this kind features the counterpart curves. Indeed, it should be reminded that the power law statistics observed in many real systems often manifest a cut-off at the large scale of the analyzed variable, generally caused by the finite system size limiting the avalanche size and the finite test duration limiting the available statistics of the rare large events. In contrast, the present data show persistent power-law behavior without any cut-off. This observation concerns even the PDF obtained for smooth plastic flow, thus confirming the uniqueness of the deformation processes during smooth and jerky flow in the aging alloy.

Fig. 3(b) represents similar analysis for type B behavior. In this case, the stress serrations form a single and undivided subset, so that the partial PDF correspond to either smooth plastic flow or stress serrations. The crossover is not observed in this case, in agreement with the suggested weakening of the effect of synchronization with increasing . However, the trend to higher probabilities of larger events is confirmed by the absence of a cut-off in the high-amplitude limit.

Moreover, the largest AE events manifest an increased probability for jerky flow and, consequently, for the entire set. In summary, the data presented allow for the following conclusions:

-The scale-free statistics is found for different subsets of AE events corresponding to either smooth plastic flow or stress serrations, thus testifying that dislocation avalanches are the main deformation processes controlling both smooth and jerky flow of aging alloys.

-Although the power-law exponents are known to depend on the strain rate and the material microstructure [12,13], the statistics of different subsets extracted from the same sample coincide. It can thus be suggested that the elementary avalanches corresponding to smooth and jerky flow are essentially the same.

-Bursts in duration of AE events at the instants of deep stress serrations at low enough strain rate are likely to be due to consecutive triggering of many dislocation avalanches. Such chaining should be warranted by a highly uniform internal stress field formed due to plastic relaxation during slow reloading between stress drops (cf. [12,13]).

-The crossover observed in the statistics of AE events accompanying type C serrations testifies to an increase in the relative probability of the largest dislocations avalanches. This observation confirms the synchronization hypothesis, on the one hand, and, on the other hand, specifies the approximate character of the model of consecutive triggering. The observed crossover can be explained by (quasi) simultaneous breakthrough of several avalanches due to fast propagation of elastic waves in the material. Nevertheless, since the fraction of such events in the entire statistical sample is low, such a superposition effect does not noticeably bias the overall statistical behavior. 

Fig. 1

 1 illustrates behavior in such a steady state. Dots in Fig.1(b) and (c) respectively display series of logarithmic amplitudes )*+ and durations , of the detected AE hits. Plot 1(d) shows the entire AE signal in a shorter time interval with only two type C serrations. On the time scale of this plot, noise appears as a black horizontal band, while the signal exceeding the noise level has an intermittent, discrete character, so that individual AE hits correspond to vertical bars. An example of the waveform, corresponding to the hit accompanying the second stress drop, is presented in Fig.1(e)(more examples can be found in[13,27,28]). The totality of data presented in Fig.1testify that while amplitudes vary in the same range in all the above-defined regimes, , demonstrates bursts at the instants of type C serrations, thus confirming the hypothesis of clustering (chaining) of dislocation avalanches as the mechanism of formation of the deformation band giving rise to a macroscopic stress drop.

Fig. 1 .

 1 Fig. 1.(a-c) Example of a portion of a stress-time curve #$%& at = 2 × 10 s and parameters of the accompanying AE events: the values of logarithmic amplitude )*+ and duration , are represented by dots (lines drawn as a guide for eye). HDT = 300μs. An order of magnitude decrease in the HDT reduces the , bursts about twice and does not affect the A range. (d) Comparison of the evolution of # with the as-recorded AE signal. (e) Waveform of the AE hit indicated by an arrow in Chart (d).

Fig. 2 .

 2 Fig. 2. Examples of , -)*+ cross-plots for the AE gathered before (circles) and after (dots) '( . (a) = 2 × 10 s , (b) = 2 × 10 . s ;(c) = 6 × 10 s .

Fig. 3 .

 3 Fig. 3. Examples of PDF of normalized squared amplitudes . for different AE subsets: entire sets (dots), smooth plastic flow (circles), and stress serrations (triangles). In chart (a), triangles designate deep type C drops and stars stand for low-amplitude serrations; arrow indicates the crossover. (a) = 2 × 10 s , (b) = 2 × 10 . s .
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In the case of the PLC effect, 3 values may depend on the initial microstructure, deformation stage, and strain rate[12]. Consequently, the present estimates do not have a general meaning.