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Abstract: Modern requirements for aluminum alloys used in mechanical engineering and
aviation include increased strength characteristics and refined microstructure. One of
the promising methods for improving the properties of aluminum alloys is rolling on a
three-high skew rolling mill, which provides intense plastic deformation and a fine-grained
structure. This study describes the results of numerical modeling of the rolling process of
aluminum alloy 6082 rods in a three-high skew-type mill. Numerical modeling of alloy
6082 was conducted using the ForgeNxT 2.1 software designed to simulate metal-forming
processes, including rolling. The rheological behavior of the material under study was
investigated by compression tests using a Gleeble 3800 plastometer (“DSI”, Austin, TX,
USA), which enabled the determination of the main parameters of material flow under
specified conditions. The process of rolling bars of alloy 6082 on a three-high skew mill
was numerically analyzed in the temperature range of 350-400 °C. This allowed for the
study of the distribution of stresses, temperatures, and strain rates from the rolling mode.
A physical experiment was conducted to validate the results of numerical modeling. The
obtained results enabled the identification of rolling modes that promote microstructure
refinement and enhance the mechanical properties of the alloy.

Keywords: aluminum alloy 6082; physical modeling; three-high skew rolling mill; rod
rolling; numerical modeling; strength; plasticity

1. Introduction

Aluminum alloys find widespread application in the fields of mechanical engineering,
aviation, shipbuilding, and energy owing to their high strength, corrosion resistance, and
favorable processability. In particular, alloy 6082 is in high demand for the production of
load-bearing components in vehicles, power plant components, and building construc-
tions [1-3]. However, conventional plastic processing techniques do not consistently yield a
refined microstructure and superior mechanical properties, which may result in a reduced
service life of these products.

Developing technological processes to obtain aluminum alloy 6082 products with pre-
dictable mechanical properties and a refined microstructure is an important task in modern
metallurgy. This is particularly relevant given the growing requirements for materials
used in critical structures, which demand a combination of high strength, plasticity, and
corrosion resistance [4].
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Fine-grained alloys meet these requirements and exhibit enhanced static and cyclic
strength, hardness, and wear resistance. Such a microstructure can be achieved through
severe plastic deformation (SPD) [5,6].

A key factor determining the application of severe plastic deformation in the manu-
facturing process is the ability to provide large deformations of the metal without failure.
Several SPD methods exist, including equal channel angular pressing (ECAP) [7-10]. This
method was developed by V. M. Segal in the early 1970s and further refined by R. Z. Valiev
et al. in the early 1990s as a way to form ultrafine-grained structures [11,12].

The ECAP method involves deformation by forcing the workpiece through two inter-
secting channels at an angle ¢, typically 90°, 120°, or 135°. This is a preferred approach for
producing homogeneous ultrafine-grained structures with desirable mechanical properties
across various materials [13,14]. The primary advantage of this method is the preserva-
tion of the original sample shape, enabling multiple pressing cycles. However, the ECAP
method has limitations, such as restrictions on sample size (the sample length is typically
limited to 150 mm or less) and difficulties in processing materials with low deformation
capacity. For such materials with low deformation capacity, this problem was addressed
by increasing the channel conjugation angle from 90° to 120° and elevating the pressing
temperature [15].

An alternative method to SPD is the high-pressure torsion (HPT) technique. In HPT,
the sample is compressed between Bridgman anvils under applied pressure (5-10 GPa). By
rotating the movable anvil, a significant true logarithmic strain (e > 5) is generated through
elementary shear. Depending on the material and the strain value (¢), HPT can be used
to obtain integral disk-shaped samples up to 20 mm in diameter with nanocrystalline or
amorphous structures [15-17]. However, the small size of the produced samples limits
the industrial relevance of this method, though it remains valuable for obtaining model
materials to study nanocrystalline structures.

One of the SPD methods is accumulative roll bonding (ARB), a process that involves
repeatedly gluing and rolling metal sheets to achieve an ultrafine-grained structure [18]. De-
spite their advantages, the industrial application of these severe plastic deformation meth-
ods (ECAP, HPT, and ARB) is limited by their high complexity of implementation, the
restricted size of the resulting workpieces, and the inherent low productivity.

One effective technique for achieving a refined grain structure is the KOBO method,
which involves the cold extrusion of metals through a die twisted on both sides. This
process was developed at the AGH University of Science and Technology and can deform
even materials produced via powder metallurgy [19]. Additionally, other industrial-scale
approaches, such as all-round forging [20] and twist extrusion [21], have demonstrated the
capability to fabricate ultrafine-grained materials under production conditions.

However, as we mentioned, these methods are limited by their complexity of im-
plementation, the restricted size of the workpieces (which can limit their suitability for
large-scale production), and other drawbacks. The KOBO method has high requirements
for the quality of the source material, while all-round forging suffers from high energy
costs and intense deformation that can lead to structural heterogeneity. In contrast, the
method of deformation treatment on a three-high skew rolling mill (SRM) using significant
roll inclination angles is promising and relevant from economic and technological perspec-
tives. During three-high SRM rolling, a stress state close to all-round compression with
pronounced shear deformation is formed in the metal. Optimizing the roll inclination angle
can increase technological plasticity by over 300%. This method is employed in a wide
range of processes, including the rolling of both steel and non-ferrous rods, and provides
the necessary fine-grained structure.

Scientific novelty of the work:
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e  The conditions for intensive deformation treatment via the skew-type (radial-shear)
rolling method to create a fine-grained structure in alloy 6082 rods have been determined;

e  The rheological behavior of alloy 6082 has been studied for the first time to create a
digital twin of the skew-type rolling process.

This study investigated the rolling of aluminum alloy 6082 on a three-high skew-type
rolling mill, a process that belongs to the methods of severe plastic deformation. Optimizing
and predicting the properties and structure of the final product through numerical mod-
eling is crucial, as it helps to save time and resources for conducting expensive full-scale
experiments. This study aims to identify the optimal parameters for rolling aluminum alloy
6082 rods on a three-high skew-type rolling mill, with the objective of refining the structure
and enhancing the mechanical properties of the final product.

In order to accomplish the objective, the following research activities were performed:

e Rheological studies were conducted to investigate the flow behavior of the specified
alloy, process the research results, and establish the relationship between deformation
resistance and the parameters of thermomechanical deformation;

e  Anumerical model was developed and utilized to simulate the deformation processing
of an aluminum alloy 6082 rod on a three-high skew rolling mill;

e  The simulation results were experimentally verified in laboratory conditions with
subsequent analysis of the structure and properties of the rolled material.

2. Materials and Methods

Aluminum alloy 6082 was selected as the subject material for this study. The chemical
composition of this alloy is presented in Table 1, and its mechanical property characteristics
are detailed in Table 2.

Table 1. Chemical composition of the studied aluminum alloy (%).

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al
6082 0.95 <0.18  <0.02 0.50 0.95 <0.03 <0.02 <0.02 R

Table 2. Initial parameters of the workpiece.

Parameter Value

Alloy (aluminum) 6082
Diameter, mm 45
Length, mm 200
Rolling temperature, °C 350

To conduct numerical modeling, in addition to the chemical composition, it is necessary
to gather data on the material’s behavior during plastic deformation. This can only be
achieved through physical modeling on test facilities under conditions as close to reality as
possible. These tests are essential to determine the influence of temperature, speed, and
degree of deformation on the deformation resistance (o), as well as the changes in the
structure of the studied aluminum alloy 6082.

The metal’s resistance to plastic deformation, denoted as the flow stress (o},), represents
the stress required to initiate and sustain the plastic flow of the material. In the context of
metal-forming processes, the current value of the flow stress (o},) for a plastically deformed
material is primarily influenced by the prevailing thermomechanical parameters (T, ¢, and
€). The effects of these parameters on the flow stress (o)) are interrelated and should be
evaluated collectively [22].

Determining the flow stress, denoted as o}, of the material under study is crucial
when designing new plastic processing methods, employed in both hot and cold form-
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ing [23-27]. Accurately characterizing the material properties through stress—strain curves,
accounting for the influences of temperature and strain rate, ensures enhanced precision
in calculations using empirical formulas, as well as numerical simulations employing the
finite element method.

In the available computer programs designed for modeling metal plastic processing
using the finite element method, the flow stress values (o) are determined based on the
adopted constitutive model. The metal’s resistance to plastic deformation, oy, is most often
described by a functional relationship op = (e, ¢, and T). Various mathematical functions
have been proposed to model the changes in o}, as a function of strain (¢), temperature (T),
and strain rate (¢) in the published literature [13-16].

The changes in the flow stress, op, are typically described using a function in the
form of a constitutive Equation (1). This relationship is commonly employed to determine
the value of op in computer programs used for numerical modeling of plastic processing
operations [28]:

. my . e -m3 -my-T
0 = AT T2 e (1 4 )5 T Mot ™" (1)

where Gp—metal resistance to plastic deformation (MPa), T—temperature of the de-
formed material (K), e—deformation, é&—strain rate (s '), A—material constant (MPa), and
m1 -+ m8—coefficients (dimensionless).

In this work, the deformation resistance, denoted as op, of the alloy under study was
determined through uniaxial compression tests of cylindrical specimens with a diameter of
10 mm and a length of 12 mm. These tests were conducted using a Gleeble 3800 plastometer
located in the laboratory of physical simulation of plastic processing at the Czestochowa
University of Technology, Poland, Czestochowa. The Gleeble 3800 plastometer enables test-
ing under thermomechanical conditions representative of actual industrial processes. The
experiments were carried out in a vacuum chamber (vacuum level of atleast 1 x 10 mm Hg)
while maintaining a constant temperature of the deformed sample.

The rheological studies were planned to determine the coefficients (A, m1 <+ m9) of
the constitutive Equation (1) for the rolling conditions of 6082 aluminum alloy rods on a
three-high skew rolling mill.

The plastometric tests were conducted under the following conditions:

e  Temperature: 350 °C, 450 °C, 500 °C;
e Strainrate: 0.1s71,1s71,10s71;
e  Actual deformation: max. 1.1.

The selected temperature range was intended to optimize the alloy’s machinabil-
ity. Within the temperature interval of 0.5 to 0.7 times the alloy’s melting temperature
(Ttest = 0.5 + 0.7-Tipelt), the metal experiences dynamic polygonization and dynamic recrystal-
lization processes, which enables the processing of the material with high shear deformations.

The numerical simulation was conducted with the following parameters: an initial
material temperature of 350 °C; a roll rotation speed of 100 rpm; a roll surface trajectory
inclination angle of 15°; a friction coefficient of 0.4; and a thermal conductivity in the contact
zone between the workpiece and the rolls of 20,000 W/ m?2-K. The initial rod diameter was
reduced from 45 mm to 30 mm, with the process occurring in three successive stages: the
first stage involved a change from 45 mm to 40 mm, the second stage from 40 mm to 35 mm,
and the third stage from 35 mm to 30 mm.

A triangular finite element mesh was used to spatially discretize the studied volume of
material and tool. The geometric characteristics of the working rolls were also considered
(Figure 1). The rolling mill parameters were set as follows: the tangential displacement of
the roll axes relative to the rolling axis was 18 mm, the roll inclination angle to the rolling
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axis was 15°, and the roll drive power was 11 kW (for each roll). The analysis of the stress
and deformation distributions within the rolled rod was performed for cross-sections I, II,
and III (corresponding to the entrance, middle, and exit of the deformation zone).

Figure 1. Geometrical parameters of the rolls (a) and their positioning within the working space of
the rolling mill (b).

The rolling process was conducted in three consecutive passes, reducing the workpiece
diameter by 5 mm per pass. This enabled producing a final product with a diameter of
30 mm. The actual dimensions of the workpieces were measured after each pass using
a caliper and a micrometer with an accuracy of £0.01 mm. Following the rolling oper-
ation, samples were selected for microstructural analysis, hardness measurement, and
comparative evaluation before and after the plastic deformation.

Hardness measurements were conducted at the Engineering Center (Shakarim Univer-
sity, Semey, Kazakhstan) using the HLV-1DT device (Shanghai Hualong Test Instruments
Corporation, Shanghai, China), which operated according to the Vickers method. The
measurements involved an indenter load of 1 N and a hold time of 10 s, in compliance with
GOST 9450-76. The final hardness value was calculated as the average of ten measurements
for each sample. The material exhibited stable hardness characteristics typical of 6082-series
aluminum alloys in the initial state.

For the analysis, the samples were cut transversely using a G5012W band saw machine
(“Tengzhou Uni-Tech Co”, Tengzhou, China) to a size of 15 mm. After cutting, the end
surfaces of the samples were pre-ground and polished on a GP-1A single-disc grinding
and polishing machine (“Trojan Material Technology Co.”, Suzhou, China). Sandpaper
with a grain size ranging from P600 to P2500 was utilized for processing, enabling the
achievement of an initial average surface roughness of 0.45 um.

To reveal the microstructure, the surface was etched in a solution containing 15%
concentrated sulfuric acid and 85% distilled water, following the method presented in the
literature [29]. The etching was performed at a temperature between 60 and 70 °C for 30 s.
Temperature control was maintained using a GM1500 infrared thermometer (“Benetech”,
Shenzhen, China).

The microstructure of aluminum alloy 6082 before and after plastic deformation
was analyzed at the Radioecological Research Laboratory of Shakarim University (Semey,
Kazakhstan) using a low-vacuum scanning electron microscope JSM-6390 LV JEOL (Tokyo,
Japan) (Figure 2).
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Figure 2. Scanning electron microscope JSM-6390 LV JEOL (Tokyo, Japan).

3. Results and Discussion

The deformation resistance flow curves (o}, — ¢) for the Al 6082 alloy, both actual and
approximated, are presented in Figure 3. These curves depict the deformation resistance
characteristics within a temperature range of 350 °C to 500 °C and a strain-rate range of
0.1s'to10s7 1.
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Figure 3. Flow curves op — ¢ of Al 6082 alloy within the temperature range of 350 °C to 500 °C: (a) at
a strain rate of 0.1 s~ (b) at a strain rate of 1 51, (c) at a strain rate of 10 s~!; filled symbols are
experimental curves, and empty symbols are approximated curves.

The analysis of the flow curves o}, — ¢ reveals that increasing the deformation tem-
perature from 350 °C to 500 °C results in a reduction in the metal’s resistance to plastic
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deformation op. As shown in Figure 3, at low strain rates (Figure 3a) of 0.1 571, the material
exhibits intensive strengthening, but it eventually reaches a “plateau” on the o, — ¢ flow
curves within the studied deformation range. Conversely, at higher strain rates of 157!
(Figure 3b) and 10 s ! (Figure 3c), the rapid strain rate does not allow the recovery processes
to counterbalance the strengthening processes, leading to a slight monotonic increase in
some of the op — ¢ flow curves.

As the temperature T increases, the influence of the strain rate becomes more pro-
nounced due to an increase in the strain-rate sensitivity coefficient. This effect is particularly
noticeable in the temperature range of 450 °C to 500 °C. Within this temperature range, an
increase in the strain rate from 0.1 s~! to 1.0 s~! leads to a rise in the deformation resistance
by approximately 35%, while an increase from 0.1 s~! to 10 s~! results in a 50% increase in
the deformation resistance. In contrast, in the temperature range from 350 °C to 450 °C,
an increase in the strain rate from 0.1 s~ to 1.0 s~! causes a 25% rise in the deformation
resistance op. Furthermore, within the strain-rate range of 0.1 s 11010 s, the increase in
the deformation resistance o}, was around 40%.

The approximation of the flow curves for the studied material has achieved an av-
erage error of no more than 10%. Assuming the function coefficients (A and m1-m8)
are sufficiently well chosen such that the average approximation error does not exceed
15% [7], it can be concluded that the results obtained from this approximation process can
be utilized in the numerical modeling of the SRM rolling operation under the specified
thermomechanical processing conditions.

The coefficients of the function describing the metal’s resistance to plastic deformation
were determined for the studied range of strain rates (0.1 s 1,151, and 10 s7!) and
temperatures from 350 °C to 500 °C. The obtained coefficient values of the function (1) are
presented in Table 3.

Table 3. Parameters A and m;-mg used to determine the op value of Al 6082 alloy.

A

m2 m3 m4 m5 me6 m7 m8

1.041582 x 1072

—0.01578 0.3425125 —0.0116075 —0.0002532 —0.000226  —0.12197 0.000312 5.295665

The obtained data provide the basis for conducting numerical modeling of the rolling
process on a three-high RSP mill using the specified initial conditions. Numerical modeling
of alloy 6082 was performed using the ForgeNxT 2.1 software package [30], and the results
are presented in Figures 4-7.

ForgeNxT 2.1, a finite element-based commercial software, was utilized for simulating
metal-forming processes. The analysis of metal flow during three-high skew rolling was
performed using this software at the Faculty of Production Engineering and Materials
Technology of the Czestochowa University of Technology (Poland).

The analysis of the data presented in Figure 4 reveals a gradual increase in the degree
of deformation with each rolling pass. During the first pass (Figure 4a), the deformation
was minimal, not exceeding five units, and concentrated primarily in the surface layers
of the material. In the second pass (Figure 4b), the deformation increased to seven units,
with its distribution becoming more uniform along the entire length of the rod. In the
third pass (Figure 4c), the maximum deformation values were reached, up to nine units,
and the distribution became even more uniform. Notably, the internal areas of the metal
demonstrated a significantly lower degree of deformation, indicating a less intense impact
on the central part of the material.
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Figure 4. Distribution of accumulated plastic deformation in the longitudinal and transverse sections
of a deformed rod at a temperature of 350 °C: (a) first pass (from 45 mm to 40 mm); (b) second pass
(from 40 mm to 35 mm); (c) third pass (from 35 mm to 30 mm).
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Figure 5. Distribution of equivalent stresses according to von Mises in the longitudinal section of a
deformed rod at a temperature of 350 °C: (a) first pass (from 45 mm to 40 mm); (b) second pass (from
40 mm to 35 mm); (c) third pass (from 35 mm to 30 mm).

The near-surface layers of the rod (areas of the material adjacent to the surface) exhib-
ited a higher maximum equivalent von Mises stress of approximately 80 MPa compared
to the central part, where the equivalent stress averaged around 60 MPa, as shown in
Figure 5a,b. This indicated a greater intensity of compressive stresses in the near-surface
layers compared to the central part, where tensile stresses were present.

Specifically, Figure 5c reveals that the stress in the near-surface layers reached about
120 MPa, while in the central part of the rod, it ranged from 80 to 100 MPa. Generally, the
near-surface layers of the rod demonstrate a higher degree of strain hardening compared to
the central part, which can be attributed to the redistribution of plastic deformation during
the process.
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Figure 6. Temperature distribution across longitudinal and cross-sectional planes of the deformed

rods at a temperature of 350 °C: (a) first pass (from 45 mm to 40 mm); (b) second pass (from 40 mm to
35 mm); (c) third pass (from 35 mm to 30 mm).



Materials 2025, 18, 2618

110f 16

Latham Cockroft Normalized Criterion
Frin, Cut

0.238111
0.211654
0.185198
0.158741
0.132284
0.105827
0.0793706
0.0529138
0.026457
3.04279e-007

()

Latham Cockroft Normalized Criterion
Frin, Cut

0.438825
0.395636
0.352448
0.30926
0.266072
0.222884
0.179696
0.136508
0.0933199
0.0501318

(b)

Latham Cockroft Normalized Criterion
Frin, Cut

0.603958
0.552064

0.50017

0.448276 | -
gy A
0.344488

0.292594
0.2407

0.188806
0.136913

A3
b

()

Figure 7. Distribution of the normalized Latham-Cockcroft criterion obtained as a result of numerical
modeling in longitudinal sections of a deformed bar at a temperature of 350 °C: (a) first pass (from
45 mm to 40 mm); (b) second pass (from 40 mm to 35 mm); (c) third pass (from 35 mm to 30 mm).

The analysis of the temperature fields revealed a gradual increase in the metal tem-
perature throughout the rolling process. During the first pass (Figure 6a), the surface
temperature of the bar reached approximately 374 °C, representing a 24 °C rise from the
initial value. The second pass (Figure 6b) resulted in a further temperature increase to
approximately 391 °C, 17 °C higher than the first pass. In the third pass (Figure 6c¢), the
temperature reached approximately 405 °C, a 14 °C increment compared to the second
pass. Consequently, the material temperature consistently increased with each subsequent
rolling pass. The findings regarding the thermal effects of plastic deformation during the
rolling process align with the data acquired through compression testing of samples using
a Gleeble 3800 plastometer.

As shown in Figure 7, the normalized Latham—-Cockcroft criterion values reached
higher levels in the near-surface layers (zones adjacent to the surface of the material) of
the longitudinal section compared to the central part of the rod. During the first rolling
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pass (Figure 7a), the Latham—Cockcroft criterion exhibited its highest values in the surface
layers, reaching approximately 0.26, while its level was considerably lower in the central
part, not exceeding 0.13. This suggests the presence of significant shear deformations and a
higher strain rate in the peripheral zone.

In the second pass (Figure 7b), the Latham-Cockcroft criterion exhibited a rise in
its value, and its distribution pattern became more pronounced. Specifically, within the
near-surface layers, the criterion values escalated to 0.48, while in the central zone they re-
mained within the range of 0.22-0.26. This suggests an enhanced degree of microstructural
refinement on the surface of the rod.

During the third pass (Figure 7c), the process of damage accumulation attained its
peak levels. Within the near-surface regions, the criterion values ranged from 0.55 to 0.60.
Concurrently, in the central parts of the rod, the criterion values fell within the 0.44 to
0.50 range. Consequently, the dynamics of the normalized Latham-Cockcroft criterion
corroborate the tendency for stress concentration in the near-surface layers, with the stresses
intensifying as the degree of plastic deformation increases.

An experiment on rolling alloy 6082 was conducted under laboratory conditions on a
three-roll skew rolling mill, with parameters identical to those of the numerical simulation.
The experiment was carried out at Kalsha LLC (Kazakhstan, Almaty). The appearance of
the blanks is shown in Figure 8.

(b)

Figure 8. External appearance of blanks fabricated from aluminum alloy 6082: (a)—blank before
rolling, (b)—blank after three-pass rolling.

Before rolling, the blanks were preheated to 350 °C in a temperature-controlled muffle
furnace. Temperature monitoring was performed using a thermocouple with an accuracy
of £5 °C. The roll rotation speed was kept constant throughout the deformation process.

During the deformation treatment, the geometric characteristics and surface quality of
the workpieces were examined after each rolling pass. Analysis of the geometric dimensions
revealed that the actual rod diameter was accurate to within +0.25 mm. After the rolling
process, a slight curvature was observed, which was then corrected using a bending press.
The rod surface exhibited a trace characteristic of the screw movement of the metal from
contact with the rollers. No cavities, folds, or other discontinuity defects were observed.
A comparative analysis of the geometric parameters of rolled samples, obtained through
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empirical means and computational modeling, confirms that the employed simulation
methodology was accurate and reliable.

Microstructural studies revealed that the initial material had a uniform recrystallized
structure with a grain size of no more than 80 pm (Figure 9a). After rolling, grain refinement
was observed.

Figure 9. (a) Initial structure of alloy 6082; (b) structure after SRM processing in the central part;
(c) structure on the periphery of the rod.

The analysis of Figure 9b,c confirms the findings of the numerical modeling, indicating
more intense processing of the near-surface regions and the presence of tensile stresses
in the central portion of the rod. In the central area, the grains exhibit a more elongated
morphology (Figure 9b). Conversely, at the periphery, the grains are less elongated due
to the combined effects of high deformations and elevated temperatures, accounting for
the thermal influence (T ~ 400 °C). In certain locations, single equiaxed grains with a
maximum size of 10 um are observed.

As a result of SPD process, a single heating and three rolling passes enabled signif-
icant refinement of the alloy’s microstructure, achieving the desired geometry without
compromising continuity.

During the rolling process, the temperature was monitored in real time using a Flir
T540 thermovisor (“Teledyne FLIR”, Wilsonville, OR, USA), which recorded temperature
changes on the rod surface (Figure 10). The analysis of the results showed acceptable
convergence with the computer model calculations. The initial temperature differences
can be attributed to the time required to transfer the workpiece from the furnace to the
rolling mill line. A more pronounced thermal effect was observed after rolling, with the
temperature difference between the experimental and calculated values being no more
than 10%.
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Initial blank
336 .
Blank after SRM
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387
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Figure 10. Results of temperature monitoring using a Flir T540 thermovisor during the first pass of
rolling an alloy 6082 rod.

Hardness measurements were conducted in the initial state and after rolling at 350 °C.
The measurement results are presented in Table 4.

Table 4. Results of hardness measurements of 6082 alloy rods in the initial state and after three-high
SRM processing.

Measurement No. Initial State (HV) After Plastic Deformation at 350 °C (HV)
1 92.7 +2.7 98.1 +2.9
2 90.1 £ 2.7 964+ 1.9
3 89.7 £ 2.6 95.8 +£2.8
4 84.44+25 874 +17
5 81.8+24 85.8 25
6 81.7+24 87.6 2.6
7 845+ 1.6 86.8 1.7
8 895+ 17 88.8 2.6
9 90.0 + 2.6 939 + 2.8
10 92.8 +2.7 948 + 2.8
Average value 87.7 91.5

After rolling at 350 °C, an increase in hardness was observed, which can be attributed
to grain refinement and an elevated density of crystal lattice defects. However, the hardness
values exhibited slight variations. This can be explained by the occurrence of dynamic
recrystallization within the metal structure during the rolling process, which led to the for-
mation of single equiaxed grains in the surface layers of the rolled metal. The measurements
revealed an uneven hardness distribution, correlating with the degree of accumulated de-
formation. Specifically, the surface layers exhibited slightly higher hardness compared to
the central region of the rod.

In general, it can be noted that the selected rolling temperature regime allowed for
continued rolling with large stretches in appropriate cases, without the need for additional
heating. This is due to the technological reserve, as indicated by the analysis of the structure
and hardness.

4. Conclusions

Based on the results of the work carried out, the following conclusions can be drawn:
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1.  Rheological studies were conducted on alloy 6082 using the uniaxial compression
method on a Gleeble 3800 plastometer. For the first time, the influence of the
deformation-velocity parameters of the SRM processing on the resistance to deforma-
tion of alloy 6082 in the temperature range of 350 + 500 °C was established;

2. Anumerical model of rolling was developed and verified with the results of a physical
experiment in laboratory conditions. The verification results indicated acceptable
convergence between the calculation results and the structure and properties of the
rolled metal;

3. Numerical and real experiments were performed on rolling rods made of aluminum
alloy 6082 on a three-high SRM, followed by analysis of the structure and properties
of the rolled material,;

4. From the perspective of the technological effectiveness of the alloy and the costs of
heating the metal, it was noted that SPD at a heating temperature of T = 350 °C is
advisable. Considering the intensive processing of the metal and the thermal effect of
plastic deformation, dynamic softening processes occur in the metal, allowing up to
three rolling passes to be carried out without additional heating;

5. The selected rolling modes enable significant refinement of the metal structure, ensur-
ing the required geometry of the rod without compromising continuity;

6. The material and time efficiency of using modern means of substantiating the TMO of
alloy 6082 through physical and numerical modeling methods was noted.
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