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INTRODUCTION

in finishing operations, is the roughness of their surface. It is known that in certain ranges of temperatures and

ﬁ n important characteristic determining the quality of products obtained by plastic deformation methods, especially
deformation rates, the Portevin-Le Chatelier effect (and further in the text — PLC) occurs in almost all alloys,
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causing localization of deformation, which manifests itself in the appearance of clearly distinguishable stripes on the surface
[1, 2]. As a result, the initially smooth surface becomes rough, which degrades the products performance and can cause their
premature corrosion and sudden destruction [3 - 7].

Taking into account the widespread use of Al-Mg alloys as structural materials for the automotive industry, in the aerospace
industry, where there are tight constraints on roughness tolerances for stampings, the issue of establishing areas in the space
of influencing characteristics (strain rates and temperatures) in which the Portevin-Le Chatelier effect is realized is relevant
in order to determine the technological process modes in which this effect does not occur [8].

To study the PLC effect in metallic materials, particularly in Al-Mg alloys, simple types of loading are most often used, for
example, uniaxial loading on flat specimens. Moreover, the great importance are optical methods and means of non-
destructive testing, which allow non-contact registration of spatial inhomogeneity of plastic flow, such us, the Digital Image
Correlation method (DIC) [9, 10], which allows fixing the evolution of deformations and displacement; digital statistical
speckle interferometry [10], which makes it possible to register foci of deformity localization “in situ”’; optical and electron
microscopy [11]; acoustic emission [12].

The methodology and results of experiments on uniaxial loading of flat specimens’ different thicknesses (0.5, 1.0, 1.5 mm
with a width of 4 mm) made of aluminum alloy AA5754 are presented in [13]. Digital image correlation method was used
for the measurements.

The article [10] considers an experimental, theoretical and numerical study of the effects of strain rate on the PLC
characteristics of the aluminium—magnesium alloy (AA5083-H116) specimens. Digital image correlation and digital infrared
thermography were used to determine the propagation velocity and width of the shear bands. The experiment was carried
out on a kinematic — type machine at deformation rates of 3.33X10-3 and 10-! s-1.

The spatiotemporal aspects of the Portevin-Le Chatelier instability, using infrared thermography, in an Al-4.5%Mg alloy
loaded at room temperature in simple tension are investigated in [14].

Experimental data and physical mechanism that cause the occurrence of discontinuous plasticity during deformation at
room temperature at different deformation rates of aluminum-magnesium alloy specimens (Al-2.6%Mg; Al-3%Mg;
4.8%Mg, etc.) discussed in [12]. The acoustic emission method was used for the study.

The aim of the work is to study the influence of effect of plastic flow localization on the surface morphology of Al-6% Mg
alloy specimens subjected to complex loading. The paper presents the results of a study of the deformation relief of the
surfaces of thin-walled tubular specimens of aluminum-magnesium alloy (Al-6% Mg) subjected to complex loading before
and after testing using a New View 5000 optical three-dimensional profilometer-interferometer. The surface of the
specimens was studied at different scale levels depending on the deformation program.

The specimens were loaded according to the following programs:

simple loading: a) uniaxial loading, b) shear, ¢) proportional loading by tension — shear;

complex (nonproportional) loading: d) shear — tension, e) proportional loading — tension.

The results obtained according to the simple loading programs were published eatlier [15], in this paper the results obtained
under complex loading are presented.

The data of scanning the surface profiles were obtained only in the initial (reference) configuration and at the moment of
completion of deformation; studies of the surface profile at intermediate moments were not contemplated. Diagrams of
dependency of the height profile on the coordinate along two selected directions (meridional and axial cross-section of the
specimen) of the selected sections of the specimen surfaces were obtained.

EXPERIMENTAL METHODS AND RESULTS

study PLC, in the overwhelming majority of studies experiments are carried out on uniaxial loading on solid flat or
cylindrical specimens, therefore, to study the influence of the nature of surface layers deformation on the quality of
parts (articles) surface, cylindrical tubular specimens were chosen, for which it is possible to conduct complex loading tests.

I n real technological processes, the material expetiences complex loading at the macro level; despite this, in order to

Mechanical testing

The specimens for mechanical testing (Fig. 1) were made from a tubular workpiece (outer diameter ¥28 mm, wall thickness
5 mm) of structural aluminum-magnesium alloy Al-6%Mg. The specimens wete annealed in a muffle furnace in air at 400°C
for 3 hours and cooled in the furnace to room temperature. The surface roughness after manufacturing and annealed was
Ra 0.05 mm. The cut out specimens were mechanically processed using sandpapers with a gradual decrease in abrasive grain
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from 600 to 2500 and subsequent polishing with GOI (chromium oxide) pastes to obtain a mirror-like working surface.
The surface roughness after polishing was Ra 0.2 pm.
The chemical composition of the alloy in mass fractions is presented in Tab. 1.

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: The chemical composition of the used alloy.
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Figure 1: Sketch of a thin-walled tubular test specimen.

Mechanical testing was implemented on the Instron 8850 two-axis servo-hydraulic testing system at room temperature of
21 °C. A more detailed desctiption of the methodology for experimental studying the mechanisms of initiation and
propagation of deformation bands of localized plastic flow, determining the boundaries of discontinuous plastic
deformation of the Al-6% Mg alloy under complex loading conditions are presented in [16].

Registration of inhomogeneous displacement and strain fields was carried out by using the Vic-3D digital image correlation
measurement system. The shooting of specimens was realized with a set of high-resolution cameras (Prosilica, 16 Mp), the
shooting speed was 3 frames per second, the dimension of the subset was 29x29 pixels, the subset distance was 3 pixels.
The criterion of the normalized sum of squared differences was used as the least sensitive to changes in illumination
(brightness) of the sample during deformation and providing the best combination of time costs and accuracy of results.

The trajectories changed at accumulated strains exceeding the critical strain for the manifestation of the PLC effect (ec).
The following complex loading programs were implemented: a) “shear (y) — tension (g)” at a strain rate of

7=9.35-10"1/sand &= 5.389107"1/s, b) “proportional loading (tension + shear) — tension” at a strain rate of: (
&= 538910"*1/s + Y= 0.675107*1/ §)— &= 53891071/ 5. Fig. 2 shows the complex loading trajectories in the

coordinates “axial strain e — shear strain y” for specimens No. 1 and 2. Fig. 3 show the resulting “equivalent stress—
accumulated equivalent strain” diagram for the corresponding trajectories “shear (y) — tension (g)”.

g, %

e, %
12
9
10
8
6
6
R 4
e |
2
0 0
0 5 10 15 20 V. % 0 2 4 6 g 1. %
(@) )

Figure 2: Deformation trajectories of specimens No. 1 (2), 2 () (specimens No. 8, 9, respectively, in [17]).

In tests for simple loading, the values of critical shear strains for shear and critical strains for uniaxial loading, as well as the
values of critical equivalent strain under proportional loading (shear combined with tension) were determined [18]. The
value of critical strain, which corresponds to the moment of the onset of discontinuous yielding and the formation of
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deformation bands of PLC effect, was 5.59% in the uniaxial tension test; in tests for proportional loading, the critical
equivalent strain was 5.43%. Based on the video system data, the critical value of shear strain under shear loading y.: was
determined to be 1.69%.

Three main types of the PLC effect manifestation are distinguished: 1) type A - characterized by repeated stress “jumps”
(hereinafter jumps) of small amplitude and average frequency of equivalent stress in relation to the smoothed curve; 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; 3) type C — bands appear (and disappear) randomly
along the length of the specimen with low frequency and high amplitude. In field experiments, various combinations of
these three types are observed.

Loading along the trajectory “shear — tension”
The test results for loading along the trajectory “shear — tension” (Fig. 2(a)) for specimen No. 1 are shown in Fig. 3. The

change in the loading mode was made after reaching the critical deformation of the manifestation of the PLC effect for
shear. The moment of changing the loading trajectory is highlighted by a dotted line.
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Figure 3: Diagram “equivalent stress — of accumulated equivalent strains” of specimen No. 1 under shear followed by tension.

s

The loading diagram of specimen No. 1 contains stress jumps of small amplitude, and the localization of plastic deformation
is weakly expressed. To assess the degree of nonuniformity (heterogeneity) of plastic deformation, the fields of local shear
and longitudinal deformation rates are presented. The picture of the fields illustrates the spread of values of the local shear
deformation rate (Fig. 4).

When loading the specimen with shear (before the fracture of the deformation trajectory, Fig. 2(a), A-type bands are
observed (Fig. 3). After the transition from shear to uniaxial tension, the effect of discontinuous yielding is not observed
for some time, therefore, the change in trajectory does not lead to the simultaneous occurrence of spatiotemporal
inhomogeneity of the stress-strain state. With further stretching of the specimen, bands of localized plastic flow are again
recorded on the material surface, characteristic of the implementation of PLC effect in the type B mode.

Plastic deformation at the initial stage (formation of deformation bands) occurs along the planes of action of maximum
tangential stresses. Consequently, the shear bands during shear are oriented perpendicular to the axis of specimen No. 1
(Fig. 4(a), 4(b)), after changing the loading trajectory from shear to tension, the pattern of distribution of bands in specimen
No. 1 changes (Fig. 4(c), 4(d)).

Loading along the trajectory ‘proportional loading — extension”
The test results for loading along the trajectory “proportional loading — extension” for specimen No. 2 are shown in Fig.
5. The loading trajectory was changed over after the onset of the PLC effect for proportional loading. The moment of
changing the loading trajectory is highlighted by a dotted line.
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Figure 4: Fields of shear deformation rates (@ — 7 sec, b — 17 sec) and longitudinal deformation rates (¢ — 229 sec, d — 238 sec), which
correspond to the values of the of accumulated equivalent strain (z — 4.21%, & — 10.11%, ¢ — 23.29%, 4 — 23.83%) for a specimen
subjected to shear followed by tension.
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Figure 5: Deformation diagram “equivalent stress— accumulated equivalent strain” under proportional biaxial loading followed by
stretching of specimen No. 2.

As an example, the fields of shear strain rates and longitudinal strain rates are given for both loading trajectories of specimen
No. 2: under proportional loading (Fig. 6 (4, b)) and uniaxial tension (Fig. 7 (¢, 4)).

The deformation diagram for loading followed by stretching of specimen No. 2 (Fig. 5) shows stress drops of small
amplitude before changing of the loading trajectory. The kinetics of band formation in this case corresponds to
discontinuous yield of type B. After the transition from proportional biaxial loading to uniaxial tension, the diagram shows
discontinuous yield, characteristic of the mixed type (B+C).

The distribution pattern of deformation bands in specimen No. 2 under proportional (before the trajectory change) and
uniaxial tension (after the trajectory change) is similar. However, different values of the angle between the PLC bands and
the loading axis are observed in the case of proportional and uniaxial loading,.
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Eyyjdt [15] Exyfit [1/s] Eyyjdt [15] Exy/dt [1/5]
0.00695 0.0041 0.00915 0.0052
0.00645 0.00375625 0.00853438 0.0048
0.00595 0.0034125 0.00781875 0.0044
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0.00245 0.00100625 0.00360937 0.0016
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Figure 6: Fields of longitudinal (z — 109 sec, ¢ — 112 sec) and shear (b — 109 sec, d— 112 sec) deformation rates, which correspond to the
values of the accumulated equivalent strain (a,6 — 8.59%, ¢, d— 8.78%) for a specimen subjected to proportional biaxial loading,.

Eyict (1] Epriot (1) Eprfit[15] Epviet [1f]
0.01145 0.00535 0.0041 0.00416
0.0106975 0.00499688 00032125 0.003875
0.009925 0.00464375 0.0035425 0.00353
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0.0084 0.0039375 0.002985 0.00302
0.0076375 0.00358438 0.00270625 0.002733
0.006875 0.00323125 0.0024275 0.00245
0.0061125 0.00287813 0.00214875 0.002165
0.00535 : 0.002525 0.00187 0.00188
0.0045875 0.00217188 0.00159125 0.001593
0.003825 0.00181873 0.0013125 0.00131
0.0030625 0.00146563 0.00103375 0.001025
00023 3o 00011125 0.000755 000074
0.0015375 | < 0.000759375 0.00047625 0.000455
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Figure 7: Fields of longitudinal strain rates (z — 214 sec, b — 216 sec, ¢ — 218 sec, d — 220 sec), which correspond to the values of the
accumulated equivalent strain (¢ — 15.01%, b — 15.11%%, ¢ — 15.22%%, d — 15.32%) for a specimen subjected to uniaxial tension.
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Studies using an optical profilometr-interferometr

The localization of plastic flow was studied by the structural analysis of the morphology of the surface using the optical
interferometer-profilometer New View-5010 (at x1000 magnification). Microstructural analysis of deformed and
undeformed specimens consisted of calculating the scale invariant (Hurst exponent) and the spatial scale of the region in
which correlated behavior of microshears is observed according to the interferometer-profilometer data in the areas of
plastic deformation localization, namely in three regions on the surface of the specimen: in the central region and near the
grippers (Fig. 8). Zone 1 is located near the end of the specimen, which was clamped in the upper collet gripper, zone 2 -
in the central part of the specimen, zone 3 - near the second gripper. To indicate the measurement atea, local coordinates
were set in the tangent plane to the cylindrical surface, one axis is located parallel to the sample axis, the second is orthogonal
to it, and the third axis is orthogonal to the tangent plane (Fig. 8). The specimen sections along the meridional direction are
highlighted in black in Fig. 8, and in the axial section of the specimen - in red.

0 25 50 75 100 125 y
e
0
HE H HE
10
rd s
20 1 2 3
X

Figure 8: Measurement area on the surface of a tubular specimen.

When using a contact profilometer, the maximum difference in height is determined based on which area gets into the
analysis zone (on the scanning line), the minimum value will correspond to the “troughs”, and the maximum - to the “peaks”
(heights).

Using a contact profilometer, a 3D map of the surface was created (Fig. 9(4)), then the results of surface roughness
measurements at the moment of completion of deformation (Fig. 9(a)) were analyzed using fractal analysis methods.
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Figure 9: Surface height map indicating the location of profile selection () and three-dimensional projection of the surface of specimen
No. 2 after deformation ().

The Hurst exponent is estimated by fitting the power law 7 to the experimental data on the measurement of the surface
roughness of the specimen:

(3, 03) > (b, 0''z) (1)

where z is the height, x and y are the coordinates in the plane perpendicular to g -direction, H is the roughness index or
Hurst exponent.

Eqn. (1) generally implies that the height K(r)ata point r = Jx*+ y7 is given by the function:
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where 7 is the length of the segment on which the difference in heights is located; K(7) is the averaged difference in values
(the number of interferometer step points) of the surface relief heights z (m+7) and z () on a window of size 7, g () is the

height at the initial pointry; g (+7) is the height at the point shifted by 7 The o signh denotes asymptotic equality (the

notation was introduced in articles [19; 20] on the Hurst exponent definition). To determine the length, the number of
points per interferometer step is multiplied by the set magnification value.

Within each “window” measuring 105x1040 um (in the region of maximum shear deformations), 13 one-dimensional
profiles were analyzed, with a vertical resolution of ~0.1 nm and a horizontal resolution of ~0.25 pm. The K(7) function
was calculated from one-dimensional profiles of the surface relief in the region of maximum shear deformations (Fig. 10(a)
—11(a)).

It is possible to determine the Hurst exponent by plotting the log2K(7) graph as a function of logz(r). The slope angle is
determined from the function graph by linear approximation using the least squares method of the longest straight section;
a straight line is drawn with a reliability of R2~0.99. The tangent of this angle is the Hurst exponent. The shape of the curve
changes with a change in the Hurst exponent; as it increases, the original profile becomes less noisy. As the Hurst exponent
approaches 1, the original profile approaches a straight line.

It has been theoretically proven that for a random process (Brownian motion) the Hurst exponent H = 0.5. Based on
extensive empirical material, it has been shown [21] that for many natural processes and phenomena the Hurst exponent
lies in the range H = 0.72 — 0.74, which is true for processes that have a trend component (the presence of memory and the
preservation of an existing trend). Anti-persistent systems that exhibit cyclicity (after growth there is a decline) yield values
of the exponent H< 0.5.

In the works of M. Zaiser and E. Bouchaud [19, 20], for the quantitative characteristic of self-similar surface structures (in
our case, after deformation, the Hurst exponent is greater than 0.5), formed during the deformation and destruction of
loaded solids, a method was proposed based on the concept of scale invariance of the deformed surface, allowing the
application of fractal theory for its description and quantitative assessment. The main method for studying the fractal
structure of the surface is the measurement of the fractal dimension and the Hurst exponent, invariant with respect to scale
transformation. Fractal dimension is a coefficient describing fractal structures or sets based on a quantitative assessment of
their complexity, as a coefficient of change in a part with a change in scale.

The Hurst exponent H takes on a value from 0 to 1 and is related to the fractal dimension D (“window dimension”) of the
entire structure by the relation:

D=D.-H ©)

where D is the fractal dimension; D is the Euclidean (topological) dimension of the object (2 for the profile and 3 for the
surface); H is the Hurst exponent. Research shows that the smaller H, the rougher the surface, and therefore the greater the
fractal dimension. Thus, the value of the fractal dimension can be used as a characteristic of surface roughness, since this
value adequately reflects changes in the profile structure and is associated with the degree of its irregularity.

The representation of the K(7) function in logarithmic coordinates in accordance with relation (1) allows to estimate the
Hurst exponent — H as a spatial invariant determined by the constancy of the slope of the log:K(7) dependence on logz(7) in
the range of scales (4, L), Fig. 9(5). The value of the lower boundary of the linear section of the K(7) function was taken as
the value of the critical scale /, — the minimum spatial scale in the vicinity of the deformation zone, on which scale-invariant
patterns of the relief begin to appear, the value of the upper boundary I, was taken as the value of the scale associated with
the maximum region of correlated behavior of shear bands generated by collective movements of dislocations along closely
spaced slip systems (Fig. 10(4)). The values of the lower 4 and upper L. scales are necessary to determine the spatial scales
that cause the correlated behavior of defects (dislocation arrays) in the region of deformation localization.

The Hurst exponent was determined by the boundaries of the longest straight section on the log2K(7) graph as a function of
loga(r) a straight line is drawn with confidence R?~0.99. Since the graphs in Fig. 10 and 11 are constructed in logarithmic
coordinates, the experimental points are located very close to the lower boundary and visually it seems that the lower
boundary can be shifted to the right, but for mathematical accuracy we chose the same confidence R?~0.99 for all graphs.
The graphs in Fig. 10 and 11 show only typical data for only two profiles, and 13 profiles were measured for each site and
averaging was performed.
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Figure 10: Characteristic one-dimensional profile after deformation (a); type of dependence of log>K(r) on log:(r) for the surface of
specimen No. 1 after deformation ().
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Figure 11: Characteristic one-dimensional profile after deformation (a); type of dependence of logxK(r) on log:(r) for the surface of
specimen No. 2 after deformation (b).

Tab. 2 shows the values of roughness after deformation, the Hurst exponent and the corresponding spatial scales for
specimens subjected to complex loading, in the initial and deformed state. The surface roughness value of all polished
specimens in the reference configuration (before conducting experiments on simple and complex loading) was Ra=0.2 pm.
Tab. 3 shows similar results for simple loading (uniaxial tension and shear loading) and proportional loading, considered in
the previously published article of the authors [15].

Comparative analysis of scale-invariant characteristics of specimens of Al-6%Mg alloy in the initial state and deformed by
complex loading allowed to establish a significant increase in the Hurst exponent to H~0.56-0.62 in a wide range of spatial
scales of 3.0-421.9 um, in contrast to undeformed specimens (H~0.18-0.32 in the range of spatial scales of 0.6-34.1 um).
On all specimens before deformation, the Hurst exponent was approximately equal to white noise, and after deformation,
correlations in the relief appeared. Considering that the Hurst exponent is estimated by measuring the roughness of the
specimen surface, there was an increase in the roughness of the specimen due to the occurrence and passage of slip bands
on the surface of the specimen.

Specimen Before deformation After deformation
o H Le pm Lz pm H L pm Lz pm Ra ym
1 0.18+0.02 0.6£01 34.1+12.8 0.56+0.01 4.1£2.6 421.9+17.1 0.28+0.02
2 0.32+0.02 0.6x0.1 3.310.2 0.62+0.02 3.0£1.1 242.6%20.1 0.24+0.02

Table 2: Values of the Hurst exponent and spatial scales for complex loading.
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Loading Before deformation After deformation
S
oP H L pm Ly pm H Lo pm Ly pm Rapm
iﬁ:ﬁf 0.21+0.01 0.5+0.1 2.9+0.1 0.59+0.01 17405 169.9+10.8 0.50+0.03
Shear 0.30+0.03 1.60.5 188.8+44.2 0.49+0.03 143155 136.1+10.1 0.29+0.02
Pri’f:;;‘;nal 0.44+0.01 2.940.7 176.9+7.8 0.64+0.03 8.4+4.6 162.1%15.2 0.54+0.05

Table 3: Values of the Hurst exponent and spatial scales for simple loading.

When comparing the results obtained under simple and complex loading, a significant increase (two times as much for
specimen No. 1) in the correlation of structural elements at large distances is observed, which can lead to the formation of
extensive areas of increased roughness.

In this case, a slight increase in the value of the Hurst exponent is observed; with simple loading, the value of the exponent
reaches H~0.49-0.59, for complex loading H~0.56-0.64. In this case, the Hurst exponent reaches the highest value of
H~0.64 with proportional loading.

Due to the fact that the patterns of shear bands on the specimen obtained using DIC at the final stage of deformation are
periodically repeated, the authors of the work attempted to relate the locations of roughness obtained on the profilometer
to the locations of shear bands on the specimens (Fig. 4, 6, 7). For this purpose, one-dimensional sections of the surface
relief along the tensile axis were analyzed in three areas: in the area of the left gripper, in the central area, in the area of the
right gripper. On both specimens No. 1, 2, waves running along the specimen were recorded in the central part, which are
localized deformation bands. Considering that the patterns of localized deformation bands on the specimens are periodically
repeated, further in the text one-dimensional surface profiles are described for different programs of complex loading
precisely in the central part of the specimens.

The surface profile data was obtained in the initial (reference configuration) and after the completion of deformation. The
graphs of the height profile dependencies on the coordinate were obtained as the value of the one-dimensional profile data
along the selected direction in the meridional and axial sections of the specimen.

Figs. 12-15 show the obtained one-dimensional section profiles. For the meridional sections, an assessment of the need to
exclude the main surface shape (cylindricity) was taken. The length of the line along which the measurements were made,
determined in the scanning area along the circular section is 0.5 mm. The calculated value of the chord length based on the
same central angle is 0.50011 mm, as a result of which the curvature of the surface in the meridional direction can be
neglected in the measured section and approximated by a section of the plane.

The surface roughness of polished specimens before testing was Ra=0.2 pum. After mechanical testing, the surface roughness
of the specimens increased (see Tabs. 2-3).
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Figure 12: Characteristic one-dimensional profile before deformation (a); after deformation () for the surface of specimen No. 1 in its
axial section.
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Figure 13: Characteristic one-dimensional profile before deformation (a); after deformation (4) for the surface of specimen No. 1 in its
meridional direction.
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Figure 14: Characteristic one-dimensional profile before deformation (a); after deformation (4) for the surface of specimen No. 2 in its
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In this case, the highest roughness Ra=0.5 um is observed under uniaxial tension and proportional loading, in contrast to
shear loading and complex loading (shear — tension; proportional loading — tension) for which the roughness did not
exceed Ra=0.29 um.

The roughness obtained in the reference configuration is the result of insufficiently thorough polishing of the specimen.
After mechanical testing, the profile patterns of the side surfaces change qualitatively, small roughness is “absorbed” in the
surface profiles of the loaded specimens. The profile is smoothed, but instead of small roughness, a wave grows, running
along the specimen. It is possible that small amplitude jumps are stretched together with the outer layers of the specimen
material.

Note: On the meridional one-dimensional profiles, the surface of the specimen seems cylindrical, despite the fact that during
the assessment it was accepted to neglect the curvature of the surface in the meridional direction on the measured section
and to approximate it with a section of the plane; this feature is possibly associated with the fact that the tip of the
profilometer indenter slides during the determination of the profile roughness along the real meridional direction, which is
a section of a circle.

In order to relate the location of the roughness obtained with the profilometer to the locations of the shear bands on the
specimen, scalograms of the surface profile of the specimens and scalograms of the graphs of the accumulated radial
deformations of the specimens were constructed using wavelet analysis. The results of the comparison of scalograms for
specimen No. 2 are presented in Fig. 18-19.

Analysis of profilograms using wavelet analysis

The obtained optical images of macro- and microrelief in the form of one-dimensional profiles (Fig. 12-15) of the sections
of the surface of aluminum alloy specimens before and after complex loading were processed using wavelet analysis for the
results of measurements along the meridional direction and the direction parallel to the specimen axis. The wavelet
transform [22; 23] is widely used for signal analysis, in particular, for filtering, compressing information, etc. 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 term “frequency” is used by analogy, since wavelet analysis is most often used for time series analysis.
Instead of physical time, a non-decreasing parameter is used here — the accumulated equivalent deformation (as is often
done in the theory of plasticity). The brighter the color of the area on the scalogram, the greater its contribution to the
overall signal.

Figs. 16a-164 present the results of the analysis of profilograms in the tensile axis direction and in the meridional direction
under complex loading of specimen No. 2 “proportional loading — stretching” during deformation of specimens in the
range of manifestation of the PLC effect. To study the original signal using a continuous wavelet transform, a family of
complex Morlet wavelets was used [24], which allows for good localization of signal “frequencies” that appear only in part
of it (as the effect of discontinuous plasticity also appears).
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Figure 16: Scalogram of the surface profile of specimen No. 2 along the loading axis: before deformation(a); after deformation (4).

The scalogram shown in Fig. 16 corresponds to the axial section in the central part of the specimen subjected to complex
loading “proportional loading — tension”. The results of the wavelet analysis provide an insight into the roughness
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“frequencies”. In Fig. 16(%), one can observe a significant increase in “frequencies” (by an order of magnitude) after
deformation compared to the data for the reference configuration, which is associated with an increase in roughness due to
the manifestation of the PLC effect and the formation of localized deformation bands on the specimen surface. The
locations of bursts (protrusions on one-dimensional profile of the specimen surface), depending on the longitudinal
coordinate, presumably correspond to the locations of localization of deformation bands that appear on the specimen
surface during loading.

To form a prognosis of the deformation bands effect on the roughness of the specimen, it is advisable to compare the
roughness profile along the loading axis with the dependence of radial deformations on the longitudinal (axial) coordinate.
For this purpose, scalograms of the accumulated radial deformation values dependence on the coordinate at the moment
of deformation completion and scalograms of one-dimensional surface profile in the central part of the axial section of the
specimen under complex loading “proportional loading — tension” (14(4)) were plotted. The obtained data is shown in the
form of scalograms in Fig. 18-19.

Roughness is determined by non-uniformity of radial deformations along the line on the surface parallel to the axial line.
The case of small deformations is considered. In this case, due to the smallness of elastic deformations, the incompressibility
condition can be adopted:

£ t+Eyte, =0 )

where e, are the components of radial deformation, gy are the components of tangential (circumferential) deformation, e,
are the components of axial (longitudinal) deformation.
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Figure 17: Axial direction and radial direction

The sector shown in Fig. 17 can be considered as a bar stretched in axial direction, the loading conditions of which in radial
and circumferential directions are approximately the same. Then it can be assumed that the deformations e; = &, and then
from (4) we obtain e, = —2¢,. The longitudinal deformation e, is measured directly in the experiment on complex loading.
The graph of the calculated radial deformations from the axial coordinate is shown in Fig. 18(a).
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Figure 18: Graph of the dependence of radial deformations of specimen No. 2 (2) and scalogram of the graph of radial deformations of
specimen No. 2 (4).
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To relate the location of the roughness obtained on the profilometer to the locations of the shear bands on the specimen,
scalograms of the surface profile of specimen No. 2, shown in Fig. 14(5), and scalograms of the graph of radial deformations
of specimen No. 2 were plotted; the results of the comparison of the scalograms are shown in Fig. 18 and 19. Fig. 18(a)
shows the graph of radial deformations of specimen No. 2, and the scalogram of the graph of accumulated radial
deformations is shown in Fig. 18(%).

The scalogram shown in Fig. 19(4) corresponds to one-dimensional surface profile in the central part of the axial section of
a specimen under complex loading “proportional loading — tension”.
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Figure 19: Characteristic one-dimensional surface profile of specimen No. 2 after its deformation along the loading axis () and scalogram
of the specimen surface profile after deformation (b).

The results of the wavelet analysis provide an insight into the roughness “frequencies”. The scalogram of the dependence
graph of specimen radial deformations and the scalogram of the specimen surface profile have a similar character. The
characteristic bursts in the second half of the ranges in Fig. 18(s) and Fig. 19(b) arise due to the formation of deformation
bands. Thus, the roughness leads to the formation of deformation bands on the specimen surface.

CONCLUSION

nsuring high quality of products made of Al-Mg alloys due to their wide application is the most important task of
organizing production at enterprises. The parameters used to assess the state of the surface layer are the geometric
characteristics of the surface irregularities; which are assessed by the parameters of roughness, regular microreliefs,
waviness [25].
The paper presents an analysis of the results of assessing the surface condition of thin-walled cylindrical specimens made
of aluminum alloy after complex loading. Profilometric analysis of the deformation relief of the surface of aluminum alloy
specimens after various programs of complex and simple loading made it possible to establish the presence of distinct
patterns of sliding traces of deformation bands on the specimens’ surface, which indicates the manifestation of the PLC
effect under both simple and complex loading.
When loaded, the surface layer is deformed. In the initial period of loading, the roughness growth on the initially smooth
surface is slow, but after the appearance of localized deformation bands, it increases. This can be explained by the increased
brittleness of the damaged surface layer due to the accumulation of microdeformations. Dislocations come to the specimen
surface, creating stress concentrators. Continuing loading causes the spread of deformation bands over the surface of the
specimen and an increase in roughness.
A comparative analysis of the scale-invariant characteristics of Al-6%Mg alloy specimens in the initial state and deformed
by complex loading allowed us to establish a significant increase in the Hurst exponent in a wide range of spatial scales, in
contrast to undeformed specimens
The obtained results confirm that the manifestation of the PLC effect worsens the surface quality of finished metal products.
At the same time, different loading programs worsen the surface quality to varying degrees (increase the surface roughness
value). It can be concluded that uniaxial loading, to which specimens are subjected in most cases in experimental studies
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[26, 27], is not sufficient for studying the properties of finished products and more diverse physical and mechanical tests are
required, including complex loading, since complex loading programs used in the manufacture of various parts worsen the
performance characteristics of products and can lead to sudden destruction.
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