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Abstract—Formation of macrolocalized deformation bands under conditions of serrated creep is studied by
methods of acoustic emission (AE) and high-speed video recording. It is established that the fastest stages of
the deformation band formation, which are related to the emergence of a band on the surface with subsequent
accelerated expansion, are accompanied by generating a burst of an AE signal in the band of ∼0.05–1 MHz.
Hidden correlations in the complex structure of the acoustic burst were studied by methods of statistical and
fractal analysis. The relation between the acoustic burst envelope and variation rate of the force response
caused by the formation of an individual deformation band is established.
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INTRODUCTION

It is well known that acoustic emission (AE) in
deformed crystalline materials is generated by sharp
relaxation of internal stresses, which is related to the
dynamics of dislocation ensembles (slip lines and
bands), twins, cracks, etc., reflecting the so-called
“mesoscopic structure level” of plastic deformation of
crystals [1–3]. In spite of intense analytical studies
that have carried out of mechanisms of AE signal gen-
eration at this level [4–7], a convincing experimental
proof of the dislocation nature of AE was obtained by
filming the twin growth in a calcite crystal with simul-
taneous record of an acoustic signal [8]. Studying plas-
tic instabilities by the AE method at the macroscopic
level was carried out mainly under the conditions of
the Portevin–Le Chatelier (PLC) effect—i.e., the
appearance of repeating stress jumps under deforma-
tion with a given rate  = const or deformation jumps
under loading with a constant rate  = const [9–18].
It is found that every jump of stress or deformation is
accompanied by a discrete AE burst [10] which,
according to visual observations, correlates with the
formation of PLC deformation bands. In [11, 12], the
AE method was combined with laser extensometry of
the surface of deformed alloys of the Al–Mg system.
The last, however, has an insufficient spatial resolu-
tion (~1–2 mm) and response time (∼20 ms) for
studying features of the dynamics of PLC deformation
bands of different types A, B, and C. At the same time,
present-day digital video cameras permit one to record
propagating localized deformation bands with a reso-
lution of ∼10 μm/pixel and speed of up to several ten
thousand frames per second [19–23], which allows

one to record the early, fastest stage of the band forma-
tion, namely, the growth of the band nucleus—the
incomplete band which intersects the sample cross
section during the time of about 1 ms.

In our previous works [22, 23], the dynamics of
deformation bands was studied by the AE method in
the low-frequency region of ∼10 Hz–10 kHz and, syn-
chronously, by video recording of the surface with a
time resolution of 40–50 μs under conditions of ser-
rated creep of the AlMg6 aluminum–magnesium
alloy. It is established that the main contribution to the
acoustic signal is made by the formation of the com-
pleted band, which corroborates the mechanism of AE
generation by dislocations emerging on the sample
surface and the first peak in the AE burst with the
growth time of ∼1 ms well correlates with the jump of
the stress drop rate. The aim of this work is to study the
information carried by a high-frequency (in the band
of ∼0.05–1 MHz) discrete AE around the dynamics of
an individual deformation band.

1. TECHNIQUE
We studied a polycrystalline AlMg6 aluminum–

magnesium alloy. The alloy composition, thermal
treatment, and technique of measuring jumps of
deformation and load under conditions of serrated
creep were expounded in [22–25]. The specificity of
this work is using a Zetlab BC 601 high-frequency AE
sensor with an almost plane amplitude–frequency
characteristic (AFC) in a frequency range of ∼100–
800 kHz and a smooth decrease in the region of lower
frequencies of <100 kHz. The AE signals were ampli-
fied by 40 dB with an AEP5 preamplifier (Vallen Sys-
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Fig. 1. Formation of the primary deformation band which
is a trigger for the development of the deformation jump in
the AlMg6 alloy under conditions of serrated creep at σ0 ≈
285 MPa. The shooting speed is 5000 fps. The numerals
indicate the numbers of video recording frames.

1 mm
teme) and continuously recorded without a threshold
with an amplitude resolution of 16 bit and recorded
frequency of 5 MHz. The low-frequency spectrum
range studied earlier in [22, 23] was suppressed by a
low-frequency filter (up to 50 kHz). The video record-
ing rate with a Fastcam Mini UX 500/100 digital cam-
era (Photron) was 5000 fps. To enhance the image
contrast, as earlier, the technique of subtractions of
time-consecutive digital images was used [24].

2. RESULTS AND DISCUSSION

2.1. Correlation of the AE Signal Envelope
with the Kinetics of the Deformation Band Growth

and Force Response

Samples of the AlMg6 alloy in the form of two-
sided blades with the working part dimensions of 6 × 3 ×
0.25 mm were loaded in two stages. First, this was
done at a constant rate of the applied stress  =
0.1 MPa/s to a fixed creep stress σ0 = const (270–
310 MPa) considerably exceeding the conventional
yield strength σ0.2 = 160 MPa. After some time (incu-
bation time) depending on the creep stress, a localized
plastic deformation band is spontaneously generated
and grows on the sample surface; the band is a trigger
for the development of the deformation step with an
amplitude of ∼1–5% on the creep curve. The band is
usually generated in a random position on the surface
of the working part of the sample or near one of the
blades. Such a case is presented in Fig. 1, which shows
a fragment of the record of generation and growth of
the incomplete arc-shaped band.

The results of image processing in the form of the
kinetic curve of the length growth Lb, speed of the ver-
tex , band area S, and band growth rate , as well as
acoustic signal ϕAE(t), are presented in Fig. 2. The
time dependences of geometric parameters of an
incomplete band exhibit a typical nonlinear dynamics
with an abrupt acceleration at the final stage of the
growth. Note that, due to the decrease in the stress
level in the region of the blade, the growth rate of the
incomplete arc-shaped band is somewhat less than the
growth rate of the band in the central region of the
working part where the band grows in the direction of
maximum tangential stresses. The direction makes an
angle of 58°–60° with the axis of tension [19–24]. The
time of emergence of the band on the opposite lateral
surface coincides with the peaks of the AE signal, tip
velocity , and growth rate of the band area . In
[22, 23], the signal of low-frequency discrete AE in
the band of 10 Hz–10 kHz was obtained and studied;
in contrast to that signal, the high-frequency signal has
a more complicated structure in a wide frequency
band (Fig. 3) from the lower 50-kHz frequency related
to filtration of low frequencies to ∼1 MHz, which is
caused mainly by the upper AFC frequency of the used
sensor.
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Thus, formation of the deformation band is accom-
panied by a broadband acoustic burst, power spectrum
P(f) of which contains in fact all frequencies of the
range under study with the main peak near 100 kHz
(Fig. 3) and median frequency fm ≈ 300 kHz deter-
mined, according to [26], from the condition

and the envelope of the AE signal is bell-shaped with a
maximum at the time of the formation of the complete
band (Fig. 2).
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Fig. 2. Time dependences of different characteristics of the
primary deformation band: (1) band length Lb(t), (2) speed of
tip velocity (t), (3) band area S(t), (4) growth rate of band
area (t), and (5) AE signal ϕAE.

4
L

b,
 m

m
v

t, 
m

/s
S b

, m
m

2
ϕ A

E
, m

V
3
2
1
0

3
2
1
0

1.2
0.8
0.4

0

1.2

0.8

0.4

0

40
20

0
−20
−40

180 188 196 204 212
t, ms

S b
, c

m
2 /s

.

vt
S

Fig. 3. Power spectrum P( f ) of the AE signal presented in
Fig. 2, curve 5.
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It follows from Fig. 2 that the main contribution to
the acoustic burst is made by the stage of accelerated
growth of the incomplete band before its emergence
on the opposite surface of the sample, i.e., the time of
the formation of the complete band. This stage corre-
sponds approximately to the second half of the band
length growth (frames 970–988 in Fig. 1). The preced-
ing stage with the tip velocity  < 0.5 m/s, including
the band generation time itself, yields a relatively weak
AE signal not exceeding the level of the continuous
component of the acoustic signal. The stage of the
acoustic burst decay after the time of the formation of
the complete band (frame 988 in Fig. 1) approximately
coincides with the stage at which the growth rate of the
band area (t) decays; the duration of the latter is
∼1 ms. The corresponding stage of the acoustic burst
is apparently characterized by the dynamics of dislo-
cation avalanches inside the band and, probably,
effects of acoustic wave reflection from the sample
surface. The latter, however, are possible only at fre-
quencies f > 1 MHz, when the length of the acoustic

vt
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wave λ turns out to be comparable with the sample size d
or less than it: λ = c/fmax ≈ 5 mm, where c ≈ 5 × 103 m/s
is the speed of sound. As seen from Fig. 3, this spec-
trum region (“the high-frequency tail”) constitutes
only a small part (<10%) of the power spectrum. For
this reason, possible effects of acoustic wave reflection
at frequencies of ∼1 MHz cannot explain the complex
broadband structure of the AE burst generated during
the formation of the deformation band.

Since the typical duration of a high-frequency AE
signal burst is ∼3–10 ms, i.e., is commensurable with
the duration of the stress drop front, it is interesting to
study the correlation of the averaged AE burst enve-
lope with the force response (more exactly, with the
shape of function ψ(t) = |dσ(t)/dt|). Figure 4 presents
the force and acoustic responses to the formation of an
individual deformation band in the form of unload
jump σ(t) and acoustic burst ϕAE(t) for comparison
with the shape of function ψ(t). The averaged envelope
of the acoustic burst was calculated in the form

(1)

where Δt and |ϕAE(t)| are the averaging time and abso-
lute value of the AE signal, respectively. Since the load
was recorded at a rate of 2 kHz, the averaging time was
chosen to be Δt = 0.5 ms. Bell-shaped time depen-
dences ξ(t) and ψ(ξ) averaged at the same time Δt
(=0.5 ms) are presented in Fig. 4 (curves 4, 5, respec-
tively). According to calculations using the Mathcad
software package, coefficient of correlation between
these dependences k ≈ 0.9316.

Another indicator of the correlation between func-
tions ξ(t) and ψ(ξ) is the approximately linear depen-
dence between their amplitudes Δξm and Δψm (Fig. 5).
Therefore, the averaged envelope of the high-fre-
quency acoustic signal modulus carries information
about the variation rate of the force response | |. This
result coincides with conclusions of [23] devoted to
correlations between the function ψ(t) and amplitude
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Fig. 4. (1) Jump of unloading σ and (2) acoustic burst ϕAE
caused by the formation of an individual deformation
band, (3) absolute value of the AE signal |ϕAE|, (4) its enve-
lope ξ, and (5) absolute stress variation rate φ = | |. Δξm
and Δψm are the amplitudes of the envelope of the acoustic
burst and jump of the stress variation rate, respectively.
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Fig. 5. Amplitude of the envelope Δξm of an AE burst
caused by the formation of the individual deformation
band as a function of the amplitude of the variation rate of
the force response Δψm.
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of a low-frequency (in the band of 10 Hz–10 kHz) AE
signal caused by the formation of individual deforma-
tion bands.

It is seen from Fig. 5 that the acoustic burst accom-
panying the formation of an individual deformation
band has a complex fractal-like structure consisting of
a large number of short (with a duration of ∼1–10 μs)
discrete pulses with different amplitudes. It is natural
to hypothesize that these AE pulses are related to the
dynamics of different-scale dislocation avalanches
taking part in the evolution of the complex spatiotem-
poral structure of the macrolocalized deformation
band. Therefore, it is of interest to study the temporal
structure of the acoustic burst by methods of statisti-
cal, correlation, and fractal analysis.

2.2. Statistical and Fractal Analysis
of the Acoustic Response Structure

First, the lower threshold of the signal amplitude in
the structure of the acoustic burst twice exceeding the
root-mean-square value of the AE signal several sec-
TECHNICAL PHYSICS  Vol. 65  No. 10  2020
onds before the time of generation of the primary
deformation band was established (approximately in
the middle of the plateau between steps on the creep
curve). Then, total number N of AE pulses above this
threshold was counted (in the example presented in
Fig. 6, N = 2643) and statistical distribution function
D(s) = N–1dN/ds of the normalized energy of acoustic
pulses s = A2/  was constructed. Here, A = ϕm is the
amplitude of the AE pulse, A2 (= E) is the energy char-
acteristic of an individual AE pulse in the AE burst
structure,  is the average value of the squared ampli-
tude of AE signals, and dN is the number of AE pulses
the amplitude of which falls within the narrow interval
(s – δs/2, s + δs/2).

The statistical distribution function of squared
amplitudes D(s) presented in Fig. 7 has a hyperbolic
shape, i.e., differs greatly from the normal distribution
peculiar to a random process. In double logarithmic
coordinates, the dependence of logD on logs is
approximately linear with a slope to the s-axis equal to
–2.23. This means that amplitude distribution D(s)
obeys the power law

(2)
with exponent α = 2.23. The power distribution of
squared amplitudes of AE pulses indicates self-simi-
larity of the acoustic signal, i.e., the absence of the dis-
tinguished scale of events (scale invariance) peculiar to
fractal time series [27, 28].

The obtained result agrees with results of numerical
simulation of self-organizing dislocation avalanches at
the second and third creep stages [29], as well as with

2A

2A

−α( ) ~D s s



1626 SHIBKOV et al.

Fig. 6. Temporal structure at different time scales of an AE
burst caused by the formation of an individual deformation
band in the AlMg6 alloy.
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data of AE signal measurement of during the creep
deformation of single crystals of ice [30, 31] and
acoustic bursts under conditions of the PLC effect
manifestation in metals [32–35]. Numerical investi-
Fig. 7. Amplitude distribution of discrete AE signals in the struct
deformation band: (a) in the D–s coordinates and (b) in double
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gation on ice single crystals characterized by slip in the
basal plane demonstrates the formation of dislocation
dipoles and walls during the creep. They form the
structure of holding forces, which leads to the forma-
tion of dislocation avalanches of different scales, and
the amplitude distribution of AE signals is demon-
strated by a power law [29]. For pure single crystals of
ice, Cu, Zn, and Cd, power exponent α ≈ 1.8–2.15
[36, 37]. Experimental studies of the discrete AE
under conditions of the PLC effect on polycrystalline
Al–Mg alloys with a magnesium content of 3–6%
yield α within the interval from 2 to 3 [32–35]. Large
values of α are caused, as believed in [32], by multiple
slip, presence of precipitates, grain boundaries, forest
dislocations, and impurity atoms as effective obstacles
of the dislocation motion, which increases the fraction
of small dislocation avalanches and decreases the frac-
tion of large ones and, therefore, increases power
exponent α.

Note that a classical example of self-organization
of collective dynamic processes is earthquakes. The
earthquake magnitude is usually measured in terms of
energy E released during a slip of tectonic plates and
the statistical distribution of magnitudes D(E) follows
the power law D(E) ∼ E–α, where exponent α depends
on earthquake geography and lies within the range
from 1.8 to 2.2 [27].

Thus, spontaneous formation of deformation
bands at a creep stress considerably exceeding the yield
strength is similar to earthquakes and corresponding
seismic signals in the threshold dynamics and statisti-
cal distribution of the energy of acoustic signals in the
structure of the AE burst. They are characterized by
slow accumulation of internal stresses with subsequent
TECHNICAL PHYSICS  Vol. 65  No. 10  2020
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Fig. 8. Results of Hurst R/S analysis: dependence of the
normalized R/S range on τ in double logarithmic coordi-
nates; the slope of the dashed line yields the Hurst expo-
nent H = 0.304.
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spontaneous rapid relaxation in the form of collective
self-organizing avalanches. This is indicated by the
power law of the amplitude distribution of AE signals,
which is one of the attributes of long-range correla-
tions covering the whole system or a considerable part
of it.

Another attribute of self-similarity and presence of
hidden correlations of an acoustic signal is its monof-
ractality. The fractal dimension of the signal was cal-
culated using the Hurst R/S-analysis by the normal-
ized range method [28] be means of the expression

(3)
where R(τ) = Ymax – Ymin is the accumulated deviation
(range) of signal ϕAE(t) from the mean value on
time interval τ and the accumulated deviation is deter-
mined as

(4)

where

and

are the mean value and standard deviation of time
series ϕAE(t) on interval τ, H is the Hurst exponent,

τ/ ~ ,HR S

ττ = ϕ − ϕ  AE AE
0

( , ) [ ( ') ] ',
t

Y t t dt

τ
−

τϕ  = τ ϕ
1

AE AE
0

( )t dt

τ
−

τ

  τ = τ ϕ − ϕ  
  


1/2

1 2
AE AE

0

( ) [ ( ) ] 'S t dt
TECHNICAL PHYSICS  Vol. 65  No. 10  2020
and the fractal dimension of the time series is deter-
mined as Df  = 2 – H [28].

Figure 8 shows the dependence of quantity R/S on
time interval τ in double logarithmic coordinates. The
linear approximation of this dependence yields the
Hurst exponent H = 0.304. It is seen that the acoustic
burst caused by the formation of an individual defor-
mation band is of monofractal nature with dimension
Df  = 1.696 and scaling of about one-and-a-half orders
in the normalized range R/S. Note that, for white
noise (noncorrelated process), H = 0.5, while the
value H = 0.5 indicates signal antipersistence. This
means that, if the signal amplitude increases on a cer-
tain time interval, one should expect that it will
decrease on the next time interval with approximately
the same duration; conversely, if the signal amplitude
decreases on interval τ, then, as a result of internal cor-
relation of the signal, its amplitude will increase on the
next time interval with the same duration.

This property of the acoustic signal can reflect
alternation of acoustic activity related to the dynamics
of comparatively large dislocation avalanches in the
structure of the deformation band and periods of its
decay due to relaxation of internal stresses and, con-
versely, during the time of relatively low activity of the
AE signal, the material accumulates internal stresses.
Their subsequent relaxation produces a burst of acous-
tic activity, and so on.

CONCLUSIONS
The dynamics of the formation of macrolocalized

deformation bands has been studied in situ using syn-
chronous registering of data of the force response,
high-speed video recording with a speed of 5000 fps,
and acoustic response in the frequency band from
∼50 kHz to ∼1 MHz under conditions of serrated
creep of the AlMg6 aluminum–magnesium alloy. It
has been established that the earliest and fastest stage
of the deformation band formation having a duration
of several milliseconds and related to the generation
and growth of the band nucleus, emergence on the
surface, and subsequent fast expansion of the band, is
accompanied by generation of an AE burst with a
duration of ∼3–10 ms.

The complex structure of this burst includes ∼103

discrete AE pulses with a duration of ∼1–10 μs and
different amplitudes. The shape and amplitude of the
acoustic burst envelope are the most informative char-
acteristics of the AE burst caused by the formation of
an individual deformation band. It is established that
they well correlate with the shape and amplitude of the
growth rate of the unload jump of the machine–sam-
ple system.

The power distribution functions of amplitudes of
discrete AE signals in the acoustic burst structure
during the formation of the band, as well as monofrac-
tality of the temporal structure of the AE burst with
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fractal dimension Df ≈ 1.7 calculated using the Hurst
R/S analysis, have been revealed. The obtained results
testify to the collective self-organizing dynamics of
dislocation avalanches in the structure of the forming
macrolocalized deformation band.

The results obtained in [22, 23] and in this work
give a direct experimental proof of the dislocation
nature of AE signals accompanying the serrated defor-
mation of metals and alloys. The proof is based on the
established relation between the AE signal burst and
the dynamics of deformation bands. In addition, in
those works, the information content of the low-fre-
quency (in the audio range) and high-frequency
(ultrasonic) component of the acoustic signal gener-
ated during the formation of deformation bands in the
aluminum–magnesium alloy was revealed.
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