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INTRODUCTION

large number of studies have been devoted to the experimental study of spatiotemporal inhomogeneity during

plastic deformation of macrospecimens made of various alloys, which arises under monotonic loading. Effects such

as discontinuous yielding (the Portevin — Le Chatelier (PLC) effect) are of interest both from a fundamental point
of view and from the point of view of creating correct mathematical models to describe the materials behavior. The PLC
effect has a negative impact on the characteristics of finished products in the aircraft and motor industries: it reduces fatigue
strength, corrosion resistance, and aerodynamic characteristics.
The manifestation of the effect of discontinuous yielding under loading turns out to be sensitive to variations in such impact
parameters as strain rate, experimental temperature, and accumulated plastic strain. Discontinuous yielding as a
phenomenon of complex spatiotemporal dynamics, arising as a result of the collective moving of main deformation carriers
(dislocations) and their interaction with defects of various natures, manifests itself at various scale levels. For experimental
study and description of observed multi-scale processes, it is necessary to use methods that, in terms of resolution,
correspond to the considered scale of the supposed physical carriers of discontinuous yielding and the inhomogeneities
manifested during their activation.

Brief literature review

Various measurement methods are used to analyze the Portevin — Le Chatelier effect. Of great importance ate optical
methods and non-destructive testing tools that allow non-contact recording of spatial heterogeneity of plastic yielding at the
mesolevel, for example, the method of digital image correlation (DIC) [1-7]; digital speckle interferometry |2, 8, 9, 10], which
allows to record localized deformation areas “in situ”; digital infrared thermography [8, 11, 12].

Among research methods on a microscale, one of the most common is electron microscopy [13-17], which allows to observe
and analyze the structure of materials at the micro level. There are various microscopy techniques including optical
microscopy, electron microscopy, atomic force microscopy.

In work [18], a separate section is devoted to the consideration of experimental methods for studying the PLC effect,
classified into the following groups of methods: optical, thermographic, acoustic emission, measuring changes in magnetic
and electric fields, electrochemical. To analyze the PLC effect, X-ray diffraction [19] and spectral analysis [20], acoustic
emission [21-24], and laser strain measurement |3] are widely used.

In real technological processes, the material at macro level experiences complex loading; despite this, to study the PLC
effect, the vast majority of experiments are carried out under uniaxial loading (most often — tension or compression loading,
less often - simple shear loading), however, in recent years, works by domestic and foreign researchers have appeared, which
consider more complex loading paths [25, 26, 27]. Experimental studies on nonproportional elastoplastic deformation of
materials under complex stress-strain states is an important part of creating new and verifying existing mathematical models
of plasticity theory.

A number of authors [18] explain the formation of deformation bands by the collective motion of dislocations interacting
with long-range stress fields. Plastic deformation is concentrated mainly in shear bands, the occurrence of which precedes
the stress drops. After passing the shear band along the length of the specimen, a phase of rapid increase in stress and lattice
distortion begins (up to the moment of a new band nucleation). Based on the available experimental data on uniaxial loading,
three main types of the PLC effect manifestation are distinguished [28-34]: 1) type A - characterized by repeated stress
“jumps” (hereinafter jumps) of small amplitude and average frequency of stress intensity in relation to the smoothed curve
[12, 15, 35, 36]; 2) type B — deformation bands appear and disappear in an oscillating or intermittent mode with a high
frequency, propagating along the specimen (stop-and-go) with a greater amplitude than type A jumps [11, 37-39]; 3) type C
— bands appear (and disappear) randomly along the length of the specimen with low frequency and high amplitude [15, 40-
42]. In field experiments, various combinations of these three types are observed [43]. Type A is realized at relatively high
strain rates and low temperatures, type C is characteristic of relatively low strain rates and high temperatures, and for
intermediate ranges of strain rates and temperatures, type B of the PLS effect occurs. Fig. 1 shows a schematic representation
of the «uniaxial stress ¢ — uniaxial strain e» diagrams in the range of the PLC effect manifestation.

This paper presents the results of the experimental study of the Portevin—Le Chatelier effect, obtained in experiments with
thin-walled tubular specimens made of aluminum alloy AMg6M at room temperature. Deformation diagrams were obtained
during uniaxial tension, shear, proportional and nonproportional loading of specimens, the inhomogeneity of strain fields
and their rates was shown, illustrating the manifestation of the Portevin — Le Chatelier effect under conditions of complex
loading of thin-walled tubular specimens.
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The using of wavelet analysis for processing experimental data allows to qualitatively and quantitatively present the obtained
results in a compact form and to analyze them.

Figure 1: Schematic representation of the stress-strain diagram, depending on the type of the PLC effect manifestation.

METHODOLOGY FOR CONDUCTING FULL-SCALE EXPERIMENTS

Sample material and geometry
tructural aluminum-magnesium alloy in as-supplied state (tube workpiece with outer diameter (28 mm, wall thickness
S 5 mm) was selected as the test material. Tab. 1 presents the alloy chemical composition by weight, according to
National State Standard GOST 4784-97.

Al Mg Mn Fe Si 7Zn Ti Cu Be

92.55 6.12 0.84 0.27 0.17 0.005 0.039 0.001 0.005

Table 1: Chemical composition of the alloy used (in %).

The choice of AMg6M alloy was determined by the importance of the problem of studying its deformation behavior stability
in connection with its widespread use in aircraft engineering, shipbuilding, the chemical industry and transport engineering.
Cutting out of thin-walled tubular test specimens was carried out on CNC-controlled chuck-and-center lathe with numerical
control as per GOST Standart 25.505-85 according to the sketch shown in Fig. 2. The surface roughness after specimens
fabrication was Ra 2.5. To achieve the microstructure homogeneity and relieve residual stresses, AMg6M alloy specimens
were annealed in a PM-14 muffle furnace at 400°C for 3 hours and cooled in the furnace to room temperature.
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Figure 2: Sketch of a thin-walled tubular test specimen.

Equipment and means of registration

Mechanical testing was implemented on the Instron 8850 two-axis servo-hydraulic testing system. The maximum loads were
100 kN under tension/compression and 1000 Nm under torsion. The range of allowed displacement # was = 75 mm along
the tension/compression axis, and for torsion angles ¢ it was £ 45°. Hydraulic collet-type grippers were used to fixate the
specimens in the testing machine. The test was controlled according to kinematic parameters using a two-axis mounted
extensometer.
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The displacement and deformation fields were recorded using the Vic 3D Correlated Solutions video system; the
mathematical apparatus for processing the recorded signals is based on the method of Digital Image Correlation, with a set
of high-resolution cameras (16 MP). The shooting speed was 3 frames per second.

Mechanical tests of thin-walled cylindrical specimens of aluminum-magnesium alloy AMg6M were carried out according to
the loading program given in Tab. 2.

Discontinuous yielding type observed (A, B,  Specimen

No. Test type Test parameters C; see Fig. 1) No.
Simple loading
é=5410"*1/5 .
1 Uniaxial tension _ Type B
¢, = 5410 41/ P 2
7=935"%1/5
. Ill-defined discontinuous yielding 3
2 Torsion 4
te= 5410 "1/s Type A 4
é= 58510 "1/
. —4
3 Proportional loading y=0.67510 "1/s Type B 2
ép= 5410 %1/
Combined loading (Changing of path when e> e, )
. —4
&= 538910 "1/
before elongation 5.05 mm
. . . _ Didn’t manifest itself —
4 Uniaxial tension — totsion 7
. —4 Type A+C
v=935 "1/s
7=935"41/;
—
5 Torsion — Uniaxial tension _ Type A — Type B 8
é= 538910 %1/ P P
é= 5380104 1/5+
6 Proportional loading — 7=0.67510"*1/5 Type B — Type C with the transition to a 9
tension N mixed type (B+C)
= 53891041/

Table 2: Mechanical testing program.

The tests wete carried out at room temperature 21.2°C. Figs. 3-12 show the resulting diagrams (cutrves). Part of the data on
specimens loading (during tensile and torsion tests) was presented in [44].

EXPERIMENTAL RESULTS

Simple loading
train-stress diagrams for thin-walled cylindrical specimens under uniaxial tension, plotted using data obtained from
the video system “virtual extensometer”, are shown in Fig. 3.
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Figure 3: Stress-strain diagram (deformation curve) (/ff) and an enlarged fragment of the curve (righ?) of specimen No. 1 under uniaxial

tension.
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Figure 4: Torsional deformation curve (%f) and an enlarged fragment of the curve (righ?) (No. 3).
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Figure 5: Inhomogeneous fields of local strain rates (@ — 13 sec, b — 14 sec, ¢ — 16.5 sec, d— 17 sec), corresponding to the intensity values
of the accumulated strain (z — 8.03%, & — 8.2%, ¢— 10.2%, d— 10.3%) for specimen No. 4 under torsion.
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A similar graph was obtained for specimen No. 2 (specimen numbering is given in Tab. 2), while the values of the critical
strain, which correspond to the onset of discontinuous yielding and initiation of deformation bands of the PLC effect of
specimens No. 1 and No. 2 during a uniaxial tensile test, are equal to 5.59 % and 5.91%, respectively. Until this value is
reached, areas of localized plastic yielding of the material are not detected on the surface of the specimens. The relative
difference of these values, related to the maximum value of the critical deformation (in specimen No. 2), was about 5.4%.
On the stress-strain diagram of specimen No. 1, one can note a single stress drop (at strain value of 5.59%), characterizing
the beginning of the PLC effect manifestation.

In torsion tests (specimen No. 3) determining the value of critical deformation (e;) is difficult due to the small amplitude of
jumps on the diagram (Fig. 4, 5). Based on the video system data, there was definitely a critical value of shear strain yer equal

to 1.69%, corresponding to a stress intensity of 104 MPa.
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Figure 6: Deformation curve “stress intensity o, — accumulated strain intensity e, during combined tension with torsion of specimens

No. 5 (a) and No. 6 (6), respectively.

Figure 7: Inhomogeneous fields of local rates of longitudinal strain and longitudinal deformations (¢ — 121 sec, & — 250 sec),
corresponding to the intensity values of the accumulated strain (@ — 9.62%, & — 19.88%) for specimen No. 5 under proportional load.
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For specimen No. 4, a similar graph was obtained for a pure shear test with remounting the specimen, when maximum
torsion angle of the test system was reached, and with repeated loading. As an example, inhomogeneous fields of local rates
of longitudinal deformation are given (Fig. 5), illustrating the manifestation of the Portevin — Le Chatelier effect under
conditions of torsion of a thin-walled tubular specimen made of AMg6M alloy.

Proportional loading (tension with torsion) was implemented on specimens No. 5 and No. 6, the deformation diagrams are
presented in Fig. 6. Inhomogeneous fields of local rates of longitudinal strain and longitudinal strains for specimen No. 5
are presented in Fig. 7.

Analysis of the shear band patterns revealed significant differences in the distribution of shear bands all over the specimen
under torsion (see Fig. 5) compared to uniaxial tension [44] and proportional loading (see Fig. 7). Plastic deformation at the
initial stage (nucleation of deformation bands) occurs along the action planes of maximum tangential stresses. The pattern
of propagation of deformation bands in the specimen under proportional and uniaxial loading has a similar character. It
should be noted, that the angle between the Portevin-Le Chatelier band and the uniaxial tension axis in case of proportional
loading takes the value £56°. The shear bands during torsion are otiented perpendicular to the axis of the specimen;
accordingly, the shear bands propagate along the axis of the specimen.

Complex loading

For specimens No. 7, 8, 9, complex loading tests were carried out: a) uniaxial tension with a further torsion; b) torsion
followed by tension; c) proportional loading (tension + torsion) followed by tension, respectively. The change in strain paths
(deformation trajectories) occurred with accumulated strains exceeding ... Fig. 8 shows strain paths under complex loading
in the coordinates “axial strain - shear strain” for all specimens.

0,
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a b ¢

Figure 8: Strain paths for specimens No. 7 (@), 8 (b), 9 (o).

Deformation curve of specimen No. 7 in the coordinates “stress intensity — accumulated strain intensity” is presented in
Fig. 9.
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Figure 9: Diagram “stress intensity — accumulated strain intensity” (/f7) and an enlarged fragment of the curve (7igh?) for complex loading
of specimen No. 7 under uniaxial tension followed by torsion. Dashed line indicates the moment of the loading path changing.

The critical strain for the onset of manifestation of the Portevin — Le Chatelier effect in uniaxial tensile tests for specimens
No. 1 (Fig. 3) and No. 2 was 5.59% and 5.91%, respectively. The loading path changing of specimen No. 7 realized at strain
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level greater than critical strain value (e'= e (tension) +1%= 6.31%). However, the PLC effect did not appear until the
deformation mode changed, which indirectly indicates the dependence of critical strain on strain history.

Fig. 10 shows a set of longitudinal deformation profiles for specimen No. 7; the deformation profile, which was plotted at
the moment of the loading path changing from uniaxial tension to torsion, is highlighted in red.

a1

—— il 1] - Lagrange e ¥ ] fube-085004 5 71 |

Figure 10: A set of longitudinal strain profiles for specimen No. 7 under uniaxial tension followed by totsion.

Thus, the change of loading mode was completed before the initiation of the discontinuous yield effect, which is confirmed
by the absence of load drops (waves) on the loading diagram (Fig. 9). Based on these profiles (Fig. 10), we can conclude
that path changing did not lead to the simultaneous emergence of spatiotemporal inhomogeneity during loading. The
deformation diagram of specimen No. 7 (Fig. 9) cleatly shows single stress drops (kinks), characteristic of type C of the
PLC effect manifestation, up to strain value of 9.46%; with further twisting of the traverse and increasing the applied torque
in the specimen, single load (stress) jumps characteristic of type A of the PLC effect are recorded on the curve, alternating
with stress drops of type C of the PLC effect. Consequently, under complex loading, implemented according to the program
of uniaxial tension with subsequent torsion, a mixed type of discontinuous yield appears (A+C).

The area of sharp strengthening (Fig. 9) with a change in the deformation mode is probably associated with the intensive
formation of Lomer — Cottrell barriers.

Test results for loading with “torsion — tension” path for specimen No. 8 are presented in Fig. 11. The moment of loading
path changing is highlighted by the dashed line. The loading mode changed at strain level exceeding the critical strain values
for the onset of the Portevin — Le Chatelier effect manifestation for torsion. The deformation profile shows bands of A-
type of the PLC effect, which arose before the moment of the kink on the strain path (Fig. 11). It should be noted that after
the transition from torsion to uniaxial tension, the effect of discontinuous yielding is not observed for some time. With
further stretching of the specimen, processes of localization of plastic yielding are again recorded on the surface of the
material under conditions of manifestation of the PLC effect, characteristic of type B.

Test results for loading with “proportional loading — tension” path (Fig. 8¢) for specimen No. 9 are presented in Fig.12.
The loading path changed after reaching the critical strain of the discontinuous yield effect manifestation for proportional
tension. The moment of changing the loading path is indicated by the dashed line.

The deformation diagram of specimen No. 9 under proportional loading followed by tension (Fig. 12) before changing the
loading path has stress drops of small amplitude. The kinetics of band formation in this case corresponds to discontinuous
yielding of type B. After the transition from proportional biaxial loading to uniaxial tension, discontinuous yielding
characteristic of mixed type (B+C) is observed on the diagram. In this case, discontinuous deformation under conditions
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of uniaxial tension after proportional loading differs in the frequency and amplitude of jumps from the diagram obtained
under simple loading (under uniaxial tension in Fig. 3).
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Figure 11: Diagram “stress intensity — accumulated strain intensity” for specimen No. 8 under torsion with subsequent tension.
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Figure 12: Deformation diagram “stress intensity — accumulated strain intensity” for specimen No. 9 under proportional biaxial loading
with subsequent tension.

On all deformation curves, the moments of the beginning of unstable deformation or of the first stress drop occurrence
were found. Under uniaxial loading (Fig. 3), a single jump is observed, characterizing the occurrence of plastic yielding
instability associated with the occurrence of collective separation of dislocations from clouds of impurity atoms, followed
by a transition to the discontinuous deformation mode of type B. Proportional loading is also characterized by type B of
the PLC effect, while the jumps amplitude on the diagram is approximately two times higher than jumps amplitude under
uniaxial loading (Fig. 6). Determining the type of the PLC effect during torsion (Fig. 4) is complicated by small amplitude
of jumps on the deformation diagram; based on the nature of the diagram, this case can be classified as type A.

WAVELET TRANSFORM FOR EXPERIMENTAL DATA ANALYSIS

wavelet is a function ¥ defined on the entire numerical axis, having zero average and a fairly rapid decrease at

infinity. Transforms performed using wavelets are called wavelet transforms (WT) [45, 46]. WT is widely used for

signal analysis, in particular, for filtering, information compression, etc. [47, 48]. Compared to the Fourier

transform (FT), which decomposes the signal into a basis of sines and cosines, i.e. functions localized in Fourier
space, WT is basis decomposition, which is formed from a function with certain properties, called the mother wavelet, using
its scale changes and transfers. Each wavelet basis function is characterized by a certain scale (frequency) and localization in
time. WT allows to obtain a sweep of the original signal simultaneously in both time and frequency, which cannot be
obtained using FT.
To perform the WT, the researcher needs to determine the base (mother) wavelet - function (1), which is the prototype for
the entire family of wavelets (2):

v=v() <1>
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v, (f)=j;w(f;bj ©

where 7is time (or another non-decreasing parameter), a is the scale parameter, b is the time shift parameter.
To select the most suitable mother wavelet for wavelet analysis, several factors need to be considered:
* Signal shape: If the signal has a rapidly changing shape, then short wavelets such as Daubechies or Haar wavelets should
be used [46].
* Special information: if it is necessary to select certain frequencies in a signal, then it is advisable to use wavelets that
approximate these frequencies well.
* Wavelet resolution also plays an important role. If it is necessary to identify informative features of a signal, then a high-
resolution wavelet should be selected, for example, the Mexican wavelet (“Hat”) or the Morlet wavelet [47].
* Signal-to-noise ratio: if the signal has a high noise level, then a wavelet with good noise suppression ability should be
selected, such as Dongo or Shenon wavelets.
* Tolerable computational complexity: the choice of mother wavelet may also depend on computational constraints. For
example, the Haar wavelet requires less computational resources than Daubechies or “Mexican hat” wavelets [49].

72
Examples of functions from the “Mexican Hat” wavelet family with a mother wavelet ¢ 2 (1 - 12) and various coefficients

a and b are shown in Fig. 13:

2
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Figure13: An example of the family of wavelets “Mexican Hat”, obtained from the mother wavelet.

Each wavelet of the family is specified by the shift parameter of & and scale parameter z on the time axis, thereby defining
a “window” of a certain width and height in relation to the analyzed signal at a specific timepoint. Shift 4 controls the

window moving along the signal timescale. The height of the wavelet changes by the normalizing coefficient YI .
a

The main difference between the WT and the Fourier transform (FT) is that the FT gives only averaged presentations of
the analyzed signal frequencies, while the WT, due to its properties, allows to successfully and with high accuracy analyze
signals in local areas, which intrinsically, in general, are nonstationary. This opportunity, when using WT, occurs because
the scale a changing allows to adjust the frequency domain width, and by means of the shift 4 - to study the signal properties
at different points.

It is known that when the effect of discontinuous plastic deformation manifests itself, sawtooth or stepped “protrusions”
appear on the curve of the stress dependence on monotonically increasing strain. This paper presents some of the capabilities
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of the discrete wavelet transform used to temporally filter certain types of waves on the stress-strain diagram for aluminum
alloy.

Analysis of the source signal using WT is often performed using scalograms — diagrams of the WT signal coefficients
absolute values depending on the wavelet scale (frequencies) and an independent parameter of the source signal (time). On
wavelet transform scalograms, the values reflect the level of contribution of a component with a certain frequency and scale
to the overall signal. The frequency and scale are determined by the selected wavelet. The brighter the color of the area on
the scalogram, the greater its contribution to the overall signal. If the value is zero, then the corresponding component is
not included in the overall signal. Using wavelet analysis, signal processing from field experiments was carried out in order
to study the mechanisms of discontinuous plastic deformation. When studying the original signal using a continuous wavelet
transform, a family of complex Motlet wavelets was used, which allow for good localization of signal frequencies.

EXPERIMENTAL DATA ANALYSIS INVOLVING WAVELET ANALYSIS

uniaxial loading tests (Fig. 3) are presented in Fig. 14. Based on the scalogram analysis it is clear that the PLC effect
begins to manifest itself with an accumulated strain of 5.59% and 5.91% for specimens No. 1 and No. 2., respectively.
The oscillations appearing on the diagram have a frequency from 2 to 6.5 Hz.
The highest signal power is reflected at frequency of 4 - 4.5 Hz over the entire range of deformations over which the PLC
effect is realized, which allows to conclude about the most preferable frequency of jumps. The type of the PLC effect
manifestation on the diagrams corresponds to type B, in which deformation bands appear and disappear in an oscillating or
intermittent mode with a high frequency.

: ; calograms of loading diagrams for thin-walled specimens No. 1 and No. 2 made of aluminum alloy AMg6M during

T 5
., WG, b)l, MPa . [W(a, b)|, MPa .
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Figure 14: Loading diagram scalogram of specimen No. 1 (uniaxial tension) (/ff) and loading diagram scalogram of specimen No. 2
(uniaxial tension) (righ).

For specimens No. 3 and No. 4, deformed by torsion (Fig. 4), a small amplitude of jumps was observed on the loading
diagrams. Due to ill-defined manifestation of the PLC effect during torsion of the specimens, the scalograms did not show
amplitude bursts (stress jumps on the loading diagrams are comparable to noise that is filtered out (Fig. 15)). However,
using wavelet analysis, based on the analysis of the scalogram it is possible to identify a region, starting from a twist angle
of 0.1 rad, where the energy of the wavelet transform increases relative to the previous region, which indicates a more
obvious manifestation of the PLC effect. Note that the scale range of the scalogram for these experiments is reduced to a
value of 1, since due to the smaller amplitudes of the occurring jumps, the energy of the wavelet transform in the region of
the PLC effect is less than at large amplitudes (Fig. 3-5).

More intense amplitude bursts in the graph (compared to uniaxial loading, Fig. 3) are observed for the results of experiments
with specimens subjected to proportional loading (specimens No. 5 and No. 6 (Fig. 6)), however, on the scalograms for
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these data (Fig. 10) the signal power is less compared to that shown on the scale diagram in Fig. 14. In this case, the most
pronounced frequencies of stress jumps are observed in the range of 3 — 3.75 Hz.
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Figure 15: Loading diagram scalogram of specimen No. 3 (/f}) and No. 4 (righ?) (torsion).
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Figure 16: Loading diagram scalogram of specimen No. 5 (/f?) and No. 6 (righ?) (proportional loading).
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Figure 17: Loading diagram scalogram of specimen No. 7 (tension followed by torsion) (%f?) and loading diagram scalogram of specimen

No. 8 (torsion followed by tension) (right).
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For complex loading (tension followed by torsion, specimen No. 7 (Fig. 9)), the scalogram is presented in Fig. 17 (/f?). The
scalogram shows that until the initial curve kinks, the PLC effect does not occur (no bursts in the initial part of the
scalogram). The type of the PLC effect that appears belongs to the mixed type A + C and it is observed in the right part of
the diagram, corresponding to the moment of the kink on the original curve.

For complex loading of specimen No. 8 (torsion followed by tension (Fig. 11)), scalograms were also plotted (Fig. 17 (righ?)).
Type A of the PLC effect that appears, with a frequency of 3.5 Hz (in the initial section of loading, up to the deformation
of 4.77%), transforms into type B with a characteristic jumps frequency of 4.3 — 8.0 Hz, which is clearly presented on the
resulting scalogram.

For complex loading test (proportional tension + torsion — tension, specimen No. 9 (Fig. 12)), scalogram is presented in
Fig. 18. Type B of the PLC effect that appears, with a frequency of 3.2 Hz (up to the strain of 7%), transforms into a mixed
type B + C.
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Figure 18: Loading diagram scalogram of specimen No. 9 (proportional tension + torsion followed by tension).

The using of wavelet analysis allows to identify, which frequencies in the initial sighal data are most significant for this effect
analyzing. High-frequency regions on the scalograms, where large values of signal power are recorded with some periodicity,
are associated with the effect of discontinuous plastic deformation and indicate collective separation of dislocations from
impurity atoms at times when the wavelet spectra are maximum.

Scalograms allow to carry out frequency analysis of specific dependencies and assessment of frequency changes depending
on deformation. In addition, wavelet analysis of mechanical tests results makes it possible to analyze the amplitudes of
individual bands depending on the deformation, since individual types of strain jumps have different frequencies. For
example, type B bands are characterized by the presence of one pronounced frequency on the scalogram; type A bands, due
to their lower frequency, appear as noise (low-frequency oscillations) with smaller amplitudes.

CONCLUSION

1. Mechanical tests of thin-walled cylindrical specimens made of aluminum-magnesium alloy AMgoM were carried out on
the Instron 8850 testing system to study the PLC effect during uniaxial tension, torsion, proportional loading, as well as
complex loading experiments: uniaxial tension accompanied by torsion, torsion followed by tension, proportional biaxial
loading (tension - torsion) followed by tension. The fields of displacement and deformation were recorded using the Vic
3D Correlated Solutions video system, the mathematical apparatus of which is based on the method of Digital Image
Correlation, with a set of high-resolution cameras (16 MP).

2. The types of the PLC effect manifestation for each type of simple loading and complex loading are determined.
Proportional and uniaxial loading are also characterized by type B of the PLC effect, in this case, the amplitude of jumps in
the proportional loading diagram is approximately twice as large as the amplitude of jumps under uniaxial loading. During
torsion A type of the PLC effect is realized, with a small amplitude of jumps.

3. It was revealed that path changing did not lead to the simultaneous emergence of spatiotemporal inhomogeneity during
loading, and the critical strain depends on the strain history.
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4. Depending on the type of complex loading, various types of the PLC effect manifestation are realized. Under complex
loading, implemented according to the program of uniaxial tension with subsequent torsion and “proportional loading —
tension”, a mixed type of discontinuous yield appears (A+C) and (B+C), respectively. Under complex loading “torsion —
tension” appear type B of the PLC effect.

5. Using wavelet analysis, a compact presentation of field experiments data was obtained in the form of amplitude-frequency
characteristics, which provides the possibility of qualitative and quantitative analysis of the discontinuous yield. Type B
bands are characterized by the presence of one pronounced frequency on the scalogram and appear at characteristic jumps
frequency of 2.0 — 8.0 Hz, type A bands, due to their lower frequency (3.5 Hz), appear as noise (low-frequency oscillations)
with smaller amplitudes. The presented results of processing experimental data using wavelet analysis indicate the
effectiveness of this mathematical apparatus for the qualitative and quantitative analysis of the Portevin—Le Chatelier effect.
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