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Recent studies of plastic deformation with the aid of acoustic emission techniques proved an intermittent,
scale-invariant character of plastic processes, as reected in power-law statistical distributions. In some cases,
the power-law exponents display close values leading to hypothesis of universality of scaling laws for various
mechanisms of plasticity. Nevertheless, the accurate determination of the power law may be impeded by some
sources of errors inevitable in real conditions, in particular, by superposition of individual acoustic emission
events. In the present work, the sensitivity of the apparent statistics to the variation of the parameters of
individualization of acoustic emission events is examined using Mg and Al based alloys. Both these alloys exhibit
a highly cooperative character of plastic deformation, leading to strong acoustic activity which is governed by
distinct microscopic mechanisms  mechanical twinning and the PortevinLe Chatelier eect, respectively.
PACS: 62.20.F−, 62.65.+k, 05.65.+b, 64.60.av
occur almost simultaneously in dierent locations in the

1. Introduction

Recent

studies

of

plastic

deformation

using

high-

-resolution experimental techniques, in particular the
acoustic emission (AE), proved an avalanche-like character of plastic processes, which is reected in critical-type power-law statistical distributions of the measured
variables.

The power-law statistics was found for dif-

ferent mechanisms of plasticity: during macroscopically
smooth plastic ow of pure materials controlled by the
dislocation glide [1, 2], under conditions of macroscopic
plastic instability caused by interaction of dislocations
with solute atoms  the PortevinLe Chatelier (PLC)
eect [3], or during mechanical twinning [1]. These observations imply an intrinsically intermittent and scale-invariant mechanism of plasticity on a mesoscopic scale
which is associated with the collective motion of crystal defects and manifests itself through the concomitant
AE. Moreover, similar values of the power-law exponents
found for dislocation glide and twinning in single crystals of various materials, including ice and a number of
metals, have led to a hypothesis of universality of the cor-

sample, and be recorded as a single event. It is not clear a
priori how such overlap of individual events would aect
the results of the statistical analysis. The other sources
of errors stem from insucient resolution of the individual events against noise, acoustic echo, and so on.

tify the events within the acoustic signal. Up to now, the
sensitivity of the apparent statistics to these criteria has
not been veried experimentally, although the problem is
general and concerns a vast range of dynamical systems
of dierent nature which are characterized by depinning
transitions and avalanche-like behavior [5].
In the present paper, the eect of the parameters of
individualization of acoustic events on their statistics is
examined using various materials the plastic deformation
of which is accompanied by strong acoustic activity and
controlled by dierent microscopic mechanisms: a combination of twinning and dislocation glide in hexagonal
Mg alloys and the PLC eect in face-centered cubic AlMg
alloys.

responding scaling laws. At the same time, the exponents

2. Experimental technique and data processing

determined for polycrystalline ice dier from this unique
value [4].

Considerably dierent power-law indices are

found for the PLC eect [3].

These observations bring

up a question of reliability of such data. Indeed, the apparent values of the critical exponents may dier from
their true values for several reasons [5, 6]. Particularly,
the avalanches may either closely follow each other or

Several materials were examined in the tests:

ivan.shashkov@univ-lorrain.fr

(i)

MgZr alloys with dierent Zr content which inuenced
on the grain size (material with 0.04 wt%, 0.15 wt%, and
0.35 wt% of Zr had the average grain size of 550
360

µm,

and 170

µm,

µm,

respectively); (ii) magnesium alloy

AZ31 (2.9 wt% Al, 0.98 wt% Zn, 0.29 wt% Mn) sub◦
jected to extrusion at dierent temperature, 100 C or
◦
300 C, in order to obtain ne-grained (about 3 µm) or
coarser-grained (16

∗ corresponding author; e-mail:

All

these factors are aected by the criteria utilized to iden-

µm)

polycrystalline structure; (iii)

cold-rolled AlMg alloys with 3% or 5% of Mg, which

(430)
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were either tested as-rolled or preliminarily subjected
◦
to solution annealing (400 C, 2 h) followed by water

curred to be insucient for careful analysis of the data

quenching.

obtained for AlMg samples.

All tests were carried out at room temper-

The sensitivity of the data stream measurements ocIn this case, a Physical

ature. Magnesium alloys were deformed both by tension

Acoustics LOCAN 320 system was utilized, which did

(AZ31 samples in the form of cylinders 35 mm long and

not provide data stream but recorded series of acoustic

6 mm in diameter; MgZr samples in the form of square
3
boxes 5 × 5 × 25 mm ) and compression (AZ31 cylinders

events using preset parameters.

16.5 mm long and 11 mm in diameter) with a constant
−4 −1
nominal strain rate ε̇a in the range from 1 × 10
s
−3 −1
to 1 × 10
s
. Since the PLC eect displays various

for the free-running deforming machine  and the eect

types of deformation curves which reect the occurrence

In these tests, U0 was
set at 27 dB  the value corresponding to the noise level
of changing the HDT and HLT by a factor of ten was
tested at dierent strain rates.
Usually, the peak amplitude

A

of the acoustic events,

of various spatiotemporal strain patterns depending on

which is believed to reect the magnitude of the corre-

ε̇a

[7], AlMg alloy (at specimens typically 30 mm long

sponding strain-rate bursts, is studied by the statistical

ε̇a -range

analysis [13]. In Ref. [9], it was argued that the distri2
butions of the squared amplitude A reect the statistics

The acoustic emission technique primarily used in the

of the energy dissipated by viscoplastic deformation dur-

and 7 mm wide) was tested by tension in a wide
−5 −1
−3 −1
from 2 × 10
s
to 6 × 10
s
.

present study was based on the DAKEL-CONTI-4 system which allows continuous sampling (with the fre-

ing an event. This approach was adopted in subsequent
works (e.g., [3]) and will be used in what follows.

quency of 2 MHz) of the AE signal arriving from a
piezoelectric transducer with a frequency band of 100

3. Experimental results and discussion

600 kHz [8]. This makes possible a comprehensive post-processing of the complete stored signal using various
parameters of individualization of the AE events.

Be-

During the last decade, the AE accompanying the plastic deformation of Mg and Al alloys was studied in de-

sides, the equipment allows for the standard procedure

tail.

of picking out acoustic events (hits) using preset param-

mechanisms of plasticity, the type of loading, the speci-

eters, i.e., without data streaming. Namely, the software

men geometry, the deformation stage, the strain rate, and

continuously detects the crossings of a threshold voltage

temperature (e.g., [10, 11]). In spite of this diversity, the

U0 and the local maxima of the signal.

An event is consid-

ered to start when the acoustic signal surpasses

U0 .

It has been shown to depend on the microscopic

investigation performed in the present study revealed a

The

persistent power-law character of the amplitude statistics

current maximum is recorded as the event's peak ampli-

of AE. Such robustness allowed analyzing the sensitivity

tude

A, provided it was not exceeded during the so-called

peak denition time (PDT). The end of the event is detected when the signal remains below

U0

of the experimental estimates to the event identication
criteria. A detailed analysis of the statistics of the ampli-

for a period ex-

tude and other characteristics of AE in relation with the

ceeding a hit denition time (HDT). Afterwards, no mea-

relevant deformation processes goes beyond the scope of

surement is performed during a hit lockout time (HLT) in

the present paper and will be published elsewhere. Be-

order to lter out sound reections. Obviously, the choice

low, the eect of the above-discussed parameters on the

of

U0 , HDT, and HLT may inuence on the identication

power-law exponents is analyzed using the examples of

of the AE events. The conventional AE studies apply the

MgZr and AlMg alloys.

following rules of thumb to set the time parameters. In

representing two distinct cases. Indeed, it is known that

one approach, a high value is chosen for HDT in order

both the wave forms of the individual acoustic events and

to include all sound reections into the event. HLT can

the overall AE behavior have dierent signatures in the

then be taken small. The disadvantage of this approach

case of twinning or dislocation glide [1, 12].

is that the event duration and the related parameters,
such as the AE energy, are loosely determined.

In the

opposite case, a small HDT is set in order to separate
the hit from the sound reections which are then cut o
by choosing a large HLT. This method is not free from
drawbacks either, because it results in a lost of a part
of the useful signal, particularly, the aftershocks that
may follow the initial plastic event [1]. In any case, the
criteria of smallness or largeness are approximate.

These materials are chosen as

For all samples, and similarly to other materials, high
nonstationary AE activity is observed at small strains, in
the region of the elastoplastic transition. It further decreases and displays roughly stationary behavior, which
allows performing the statistical analysis in a steady-state range. Figure 1 presents an example of an acoustic signal recorded during tension of a specimen of the
Mg0.35%Zr alloy for which the AE is known to be essentially governed by twinning [11].

The events identication in a continuously stored AE

The conformity of the statistics for the events which

signal mimicked this standard procedure in order to en-

are either extracted from the continuously recorded sig-

sure the conformity of the results obtained by dierent

nal or detected by the equipment using preset parame-

methods and for dierent datasets.

ters was rst veried as illustrated in Fig. 2. In this test,

range of magnitude while keeping the other parameters

U0 was chosen to be equal to 16.48 mV
in the former case of the continuously measured signal,

constant.

which corresponds to the logarithmic threshold of 45 dB

parameters,

U0 ,

Each of the three

HDT, and HLT, was varied in a wide

the threshold
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a wide

U0 -range

and the corresponding slopes are fairly

U0 consists
in the reduction of the number of events and the corre2
sponding limitation of the interval of A because of the
robust.

The main eect of the increase in

cuto of the low-amplitude events.
decrease in

U0 = 9

α

Nevertheless, some

α = −1.80 ± 0.05
α = −1.87 ± 0.02 for U0 = 60.1 mV.

can be also detected:

mV and

for

Fig. 1. Example of a series of AE recorded during tension of a Mg0.35 wt%Zr sample at ε̇a = 3.5 × 10−4 s−1 .
Intervals of stationary behavior where the statistical
analysis was performed were selected for t > 120 s.

in the latter case.

HDT = 800 µs

and

The time parameters were set at

HLT = 100 µs.

Despite the discrete-

ness of the logarithmic measure allowed by the standard
procedure, the series of events selected with the aid of
two dierent methods coincide with high accuracy. It can
be seen in Fig. 2 that both methods result in power-law

Fig. 3. Eect of the voltage threshold on the statistics
of the amplitudes of AE events for the same specimen.
1  U0 = 9 mV, 2  U0 = 15.3 mV, 3  U0 = 30.5 mV,
4  U0 = 60.1 mV.

dependences over more than three orders of magnitude
2
of A and give close values for the exponent α determined
as a least squares estimate of the slope of the dependences
in double-logarithmic coordinates:

α = −1.78 ± 0.03

α = −1.80 ± 0.03

and

for the continuous and discrete

methods, respectively.

Using families of such curves, the dependences of
on

U0 ,

α

HDT, and HLT were traced in large ranges of

variation of each parameter, as illustrated in Fig. 4. Fig-

α(U0 )-curves for three MgZr alloys and
for two choices of the time parameters. It can be recog-

ure 4a represents
nized that

α

narrow range

U0 only in a
U0 < 10 mV (even here, all changes in α do

relatively strongly depends on

not exceed 0.2). The rate of the dependence falls with in-

U0 . A weak or no dependence (within the error
bars) is observed for U0 in the range from 10 mV to the
maximum value of 90 mV, above which the amount of

creasing

data becomes too small for the statistical analysis. Most
probably, the initially lower absolute

α-value is explained
U0 is low,

by the merging of successive AE events when

so that the number of smaller events is decreased and
the apparent power law is atter than the true one. In-

U0 values if the
individual AE hits are linked to each other due to the

deed, such merging can take place for low

presence of a continuous background, e.g., noise.

This

suggestion is consistent with the changes observed when

Fig. 2. Comparison of statistical distributions for the
AE events either extracted from the continuously
recorded signal (1) or detected during the test using
preset parameters (2). Data for the same sample as
in Fig. 1.

HDT is reduced from 800

µs

to 50

µs:

since less eective

overlapping of successive hits is expected for the lower
HDT, the initial fall in the dependence becomes sharper
and

α

quickly saturates at an approximately constant

value. The weak dependences which can be detected in
Figure 3 shows examples of the probability functions

U0 for one particular choice
HDT = 50 µs and HLT = 100 µs.

the almost saturated region may also be due to the inu-

illustrating the eect of

of

ence of the statistics depletion. In any case, an important

time parameters,

It

conclusion following from this gure is that the eect ob-

can be recognized that the statistics obeys power laws in

served is weak in a wide

U0 -range.

Furthermore, for each
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Fig. 5. Probability density function for squared amplitude of AE events collected in the same strain range for
three dierent samples deformed at driving strain rate
ε̇a = 2 × 10−5 s−1 . 1 and 2  HDT = HLT = 300 µs;
3  HDT = HLT = 40 µs.
is concerned, no signicant dependence was found over
the whole range studied, from 0 to 1 ms.
Finally, Fig. 5 presents examples of AE amplitude
statistics for three AlMg samples. All samples were deformed in the same experimental conditions but the time
settings used to detect the AE events were dierent. The

Fig. 4. Eect of (a) U0 and (b) HDT settings on the
power-law index α for MgZr specimens deformed at ε̇a =
3.5×10−4 s−1 . 1 and 2  Mg0.35%Zr, 3  Mg0.15%Zr,
4  Mg0.04%Zr. (a) HLT = 100 µs; HDT = 800 µs
except for the case (2) where HDT = 50 µs. (b) HLT =
0 µs; U0 = 17 mV, except for the case (2) where U0 =
67 mV.

analyzed data are normalized with regard to the average
over the respective dataset and all three dependences fall
onto one master curve, probably except for some deviations from the power law for the largest events.
and similar results obtained for dierent

This

testify that

the power law observed for AlMg alloys is also robust
against the variation of HDT and HLT.
4. Conclusions

HDT, a threshold value can be found above where its
inuence is insignicant.

ε̇a

Power-law statistics is found for the amplitude of AE

Another interesting observation is that whereas two
of the three kinds of samples display close

α-values,

the

events accompanying plastic ow of various materials in
dierent experimental conditions.

The data obtained

curve obtained for the material with the largest grain

conrm the hypothesis that the plastic deformation is

size goes separately. In spite of this quantitative dier-

inherently intermittent, critical-type process at the scale

ence, all the curves have the same shape described above.

relevant to AE [14].

Thus, although the dierent power law indicates a dier-

study is that the criteria used to identify the individual

ent specic structure of the AE signal in Mg0.04%Zr,

AE events weakly inuence on the apparent AE statistics.

a similar eect of

U0

is found.

The major result of the present

Such robustness testi-

This conclusion has been veried using Mg and Al alloys

es that the quantitative dierence between the materials

which are characterized by distinct deformation mecha-

with dierent microstructure is not due to artifacts of the

nisms and display dierent AE behaviors. Not only this

AE method but reects physically sound changes in the

robustness justies the quantitative estimates of the crit-

correlation of the deformation processes (see, e.g., [11]).

ical indices, but also it provides an additional proof of

The companion Fig. 4b represents the eect of HDT

the above hypothesis. Indeed, one of the consequences of

U0 -levels: one selected just
α(U0 )-dependence (17 mV)

the variation of the event identication parameters is the

and another taken in the far saturation region (67 mV).

ple. The robustness of the statistics against such cuto

It can be recognized that the eect of HDT is weak in

is consistent with the scale invariance reected in the

for the same tests and for two
above the range of the sharp

both cases and almost negligible for
variation of

α

U0 = 17

mV. Some

in a narrow range of small HDT values

can be detected for

U0 = 67

to the statistics depletion.

cuto of a part of data from the entire statistical sam-

power-law dependences.
More specically, almost no eect was discerned when

mV and is most likely due

HDT and HLT were varied. Somewhat stronger, albeit

As a whole, the analysis is

a weak eect is observed in a wide range of the volt-

quite robust against HDT variation. As far as the HLT

age threshold

U0 .

The only case when a relatively strong
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inuence on the power-law is found corresponds to a narrow range of the lowest

U0

values and is most likely due

to aggregation of successive AE events.
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