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The paper proposes a radial shear mill
(RSM) of a new design, which allows man-
ufacturing metal rods of small diameters
or wires with a fine-grained structure. The
paper presents the results of modeling the
evolution of the structure during hot rolling-
pressing of aluminum alloy 7075 on the
RSM. Mathematical modeling of the tech-
nological process was carried out using
the MSC.SuperForge, and the empirical
Johnson-Mehl-Avrami-Kolmogorov equa-
tion was used to predict the passage of soft-
ening processes. Due to the absence of the
coefficients of the Avrami equation, a series
of experiments on physical modeling of the
rolling-pressing technological process were
conducted on an STD 812 torsion rheom-
eter. The experiments were conducted at
the temperature range of 250-450 °C and
a strain rate of 1.0-20 s™'. By using phys-
ical modeling, it was proved that during
processing on the RSM, it is necessary to
develop a torsional deformation over the
entire section of the workpiece, which leads
to effective refinement of the structure. The
derived formulas and simulation modeling
of the obtained values of the stress-strain
state (SSS) were used to simulate the tech-
nology of the combined process. Moreover,
rational temperature-rate conditions were
determined to deform the workpiece on
the RSM. It was proved by mathematical
modeling that shear deformations develop
along the entire section of the workpiece
during processing on the RSM, which leads
to effective refinement of the structure and
the formation of a fine-grained structure in
the rods, i. e. products of the required qual-
ity are manufactured
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1. Introduction

Today, the quality of any metal product, including rods
and wires, is associated with the change in shape, deter-
mined by the change in the linear and angular components
of the strain tensor [1, 2]. Structural changes in a material
depend not only on the linear component of the deformation
tensor, but also on the development of macroshear defor-
mations. Macroshear deformations significantly refine the
metal structure. For this reason, they must be taken into
account when choosing the types of processing and develop-
ing technology.
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According to [3], it can be seen that the drawing corre-
sponds to triaxial opposite schemes of the stress-strain state
(SSS). In this case, the workpiece metal is drawn along the
drawing direction. The rotation of the principal axis of the
strain tensor relative to this direction is small. All this al-
lows drawing to be attributed to a quasi-monotonic process.
During drawing, the subgrains are deformed in a plane flow,
i.e. in the direction of drawing, the subgrains lengthen, and
in the radial direction, their sizes decrease by almost five
times at the true degree of deformation <6. However, mac-
ro-shear deformations do not develop along the section of the
workpiece. As a result, subgrains acquire an elongated shape,



which leads to an increase in the anisotropy of the properties
of bar products and wire.

In this regard, the development of a technology for roll-
ing rods on the RSM of a new design is an urgent task of
rolling production, as the development of shear deformations
along the entire section of the workpiece leads to effective re-
finement of the structure and the formation of a fine-grained
structure in rods from 7075 aluminum alloys.

2. Literature review and problem statement

At present, the main method for the production of rods
and wires is drawing in monolithic dies [1]. This method is
well studied theoretically. Reliable equipment is used for
its implementation. The undoubted advantages of drawing
round wire in monolithic drags are the simple deformation
scheme according to the “circle-circle” system and the design
of the tool.

It is known [2] that drawing in roller die increases the
uniformity of deformation over the section of the workpiece
and thereby increases the plastic properties of the wire,
especially if deformation is carried out according to the
“circle-circle” system. However, the “circle — shaped sec-
tion — circle” gauge systems, used in practice, significantly
complicate the design and increase the number of roller dies.

In [4-6], various variants of equal channel angular
broach (ECAProt) are proposed. These methods are carried
out by repeatedly pulling the wire through a special tool
having 2 channels intersecting at an angle. Continuous de-
formation is carried out by installing the required number
of tools on the drawing mill. ECAP method ensures the
non-monotonicity of the deformation process of the work-
piece, while large accumulated degrees of shear deformation
in the metal are achieved.

The authors of the works [7—9] have developed a method
in which the workpiece is alternately deformed in intersect-
ing channels. It should be noted that the dies have the form
of disks of the same diameter with eccentrically located
channels and the possibility of rotation. In addition, Contin-
uous Shear Drawing (CSD), based on equal channel angular
pressing principles, can be used to obtain a homogeneous
microstructure with fine globular cementite.

In the papers [10—12], shear drawing technologies are
presented. In these works, the research was carried out in a
special device, where the drawing of rods and wires is carried
out by macro shear. The dies of the device have a special
geometrical shape, they rotate around the drawing axis. This
method provides a high degree of shear deformation, which
leads to the formation of a fine-grained structure and can
be used on the existing drawing equipment. However, its
implementation requires a tool with a rather complex geom-
etry. This method is quite promising and it is at the stage of
laboratory research.

Experimental studies of the kinematics of the radial-shear
broach (RSB) were first carried out in [13]. In that paper, it is
shown that, at all other things being equal, the drawing force
on the RSB installation is approximately 30 % lower than
when drawing through a monolithic die. A laboratory study
carried out on a wire made of steel grade U12A showed that
the use of RSB makes it possible to increase the depth of pen-
etration of deformation along the cross-section of the wire, to
increase the deformability of the wire and to reduce the cycle
of the technological process of manufacturing the wire.

The prototype of RSB is RSR, which has become wide-
spread for the production of round bars, wires, etc. [14, 15].
It should be noted that RSR mills are the main equipment for
the production of the above products [16, 17]. The productiv-
ity of the units and the quality of the manufactured products
depend on these mills. In the known RSR mills, bar billets
are processed in the deformation zone formed by three work
rolls deployed at the feed and rolling angles and located at
120° around the deformable billet. These mills are relatively
complex rolling equipment. This is due to the fact that, due
to the rotation of the rolls at the feed angle, the rotational
motion of the rolls is transmitted to the workpiece as a ro-
tational-translational motion through the deformation zone.

In the case of RSR, two mechanisms of metal flow are
realized simultaneously: longitudinal and rotational metal
flows, providing a “helicoidal” metal flow, which leads to the
formation of a “spiral” microstructure in the metal. In this
case, the degree of shear deformation increases significantly.

Most of the above processes use mini-mills [18]. In mini-
mills, unique technological processes are used, where prod-
ucts of solid section from alloys of more than 300 brands are
obtained by radial-shear deformation (RSD). When rolling
in mini-mills, macro-shear displacements of metal particles
dominate in the deformation zone. These movements deeply
work out the structure at all levels of the metal physical
structure. The properties of the metal are practically reach-
ing their potential limit. In particular, plastic characteristics
and many service properties increase by 1.5...2.0 times, com-
pared to traditional methods of pressure treatment.

In [19], it is noted that by monitoring and controlling
the formation of structures and properties of rods in the
technological line of known mills, it is possible to obtain
high-quality products. However, in order to determine the
optimal temperature-deformation intervals for processing in
such lines, leading to the formation of a fine-grained struc-
ture, a complex of experimental and industrial research is re-
quired. It should be noted that such research takes a certain
amount of time and material consumption. Therefore, for the
development of technological processes that allow obtain-
ing high-quality products, it is necessary to study various
processing modes by physical and computer modeling of the
process and find rational modes that allow the manufacture
of products with a fine-grained structure and high mechani-
cal properties. The use of such modeling methods can signifi-
cantly minimize the resource and time costs of conducting a
study. Consequently, physical and computer modeling makes
it possible to determine the rational temperature-deforma-
tion modes of rolling and pressing in a resource-saving way.

In this work, a radial shear mill (RSM) of a new design
is proposed [20]. In this mill, by combining hot screw rolling
and pressing, metal rods of small diameters or wires with a
fine-grained structure are obtained.

The RSM for pressing bars and wires contains a main
drive, a working stand, a roll unit and a press die. The
three-roll working stand RSM consists of a bed, in the bores
of which the work roll assemblies are mounted at 120° in-
tervals. The work rolls are mounted on chocks. The torque
is transmitted to the rolls through the spindles from the
electric motors. The rolls of this mill have wavy-cone-shaped
gripping and reduction sections and a sizing section. Note
that the projections and valleys of the wavy-cone-shaped
sections are made along a helical line. In this case, the geo-
metric dimensions of the protrusions and valleys gradually
decrease in the rolling direction.



To study the evolution of the microstructure, the
Johnson-Mehl-Avrami-Kolmogorov model of grain refine-
ment of metals and alloys was used [21, 22]. In this model,
to describe changes in the microstructure of metal during
hot working by pressure, a number of dependencies are
used that describe the change in microstructure during
static, metadynamic and dynamic recrystallization, as
well as an equation for describing grain growth without
recrystallization. It should be noted that these dependen-
cies are difficult to use to predict the structure of the 7075
aluminum alloy during hot deformation on the RSM. This
is due to the absence of the coefficients of the equation for
this alloy under the conditions of processing on the RSM
of a new design.

3. The aim and objectives of the study

In connection with the above, the aim of the work was: to
develop a rational technology for hot pressing of aluminum
alloy rods on a radial shear mill of a new design by using
physical and computer modeling.

To achieve the aim, the following objectives were defined:

—to determine the coefficients and by the obtained
Avrami equation to predict the structure of the aluminum
alloy 7075 during hot deformation on the RSM of a new
design;

— to calculate the stress-strain state (SSS) of the work-
piece when pressing the bars on the new RSM by using
computer simulation;

— to determine the rational temperature-rate conditions
for deformation of the workpiece on the RSM of a new design
by using the obtained Avrami equation and the SSS of the
workpiece;

— to prove that during processing on the RSM, the ro-
tational and translational deformation of the workpiece en-
sures the development of shear deformations along the entire
section of the workpiece, which leads to effective refinement
of the structure and the formation of a fine-grained structure
in rods made of 7075 aluminum alloys.

4. Materials and methods of the research

To determine the coefficients of the Johnson-Mehl-Avra-
mi-Kolmogorov equation, a series of experiments were car-
ried out on the STD 812 torsion plastometer.

To determine the aforementioned coefficients of the
equation, a series of experiments were carried out on a tor-
sional plastometer STD 812 [23]. This plastometer allows
testing samples at temperatures up to 1,500 °C with heating
and cooling rates up to 100 K/s, at deformation rates up to
50 s in torsion and up to 1.0 s™! in tension and compression.
During testing, continuous or fractional torsion, compres-
sion, or tension is realized with a given degree and rate of
deformation at each pass. The plastometer is equipped with
a control unit and computer software that automatically
generates curves of resistance of metals and alloys to defor-
mation, while easily determining the initial, intermediate
and final geometric parameters of the samples.

Heating is carried out in an electric furnace or inductor,
the heating and testing environment is air, argon, vacu-
um (104 MPa). The sample temperature before testing,
during and after testing is set according to any real law, as a

function of time. The sample is hardened in water, including
instant quenching.

Aluminum alloy 7075 was selected as the workpiece ma-
terial (chemical composition: Zn — 5.7; Mg — 2.5; Cu — 1.5;
Cr - 0.19; Fe — 0.18; Si — 0.05; Ti — 0.06; Al — the rest). For
the manufacture of samples with a homogeneous and rela-
tively coarse-grained structure, the original bar stock 10 mm
in diameter was subjected to homogenization annealing at a
temperature of 470 °C for 30 hours.

Cylindrical specimens with a diameter of D=8 mm and
a base length of L=20 mm were prepared from the annealed
rods. A type K thermocouple was used to measure and con-
trol temperature changes. A type K thermocouple was weld-
ed onto the lateral surface of the samples. The samples were
tested in a vacuum at a constant strain rate. The samples
were heated to temperatures of 250, 300, 350, 400, 450 °C
at a rate of 5°C/s, held at this temperature for 250 s, and
tested by torsion at a strain rate of 1.0, 10 and 20 s. In this
case, the testing of the samples was carried out with a true
degree of deformation of 1.0 and more with a deformation
interval of 0.1.

In the proposed mill, the production of rods is carried
out sequentially by applying the operation of rolling and
pressing. Therefore, some samples were tested in two stages
of deformation with a total degree of deformation of 0.6, 0.7,
0.8, 0.9. The pause duration between test stages was varied
from 1 to 5.

After deformation of the samples to a given degree of
deformation, they were quenched to fix the resulting metal
structure. It should be noted that some of the samples were
deformed to a strain of 0.6, 0.7, 0.8, and 0.9 and slowly cooled
in an oven. Slow cooling was necessary to study the effect of
static recrystallization on the metal structure.

To assess the effect of torsion on the structure of al-
loy 7075, metallographic studies were carried out. Sections
for metallographic research were prepared according to the
traditional method of grinding and polishing wheels.

The metallographic analysis was performed using a
NEOPHOT 32 universal microscope (Karl Zeiss, Jena)
(Germany). The Neophot 32 microscope is designed for
metallographic microscopy and photographing. Observation
can be carried out by the method of bright and dark fields,
in polarized light, with a change in the magnification ratio.
Magnification of the microscope, factor: from 10 to 2,000.
The microscope is equipped with a digital SLR camera
Olimpus (Germany) with the output of the obtained image
and saving the images to the computer.

To quantify the relative softening (RS), we calculated
the dynamic softening of the 7075 aluminum alloy [24, 25]:

6, —0
RS =—2 103 )

S,

where o, — the value of the peak of the strain, and o)+9.25 —
the value of the strain, obtained at the deformation of 0.25
out of the limits of the strain peak. Dynamic hardening oc-
curs at RS<0, and dynamic softening occurs at R§>0.

The work determined the volume fraction of recrystal-
lized grains, the average size of the ground grains, the value
of critical deformation, as well as the time and degree of de-
formation at which 50 % of recrystallization occurs. Further,
using these data, the coefficients of the Avrami equation
were calculated. To determine the unknown parameters of
the Avrami equation, the method of least squares was used.



After finding the coefficients of the equation, Avrami esti-
mated the accuracy of their approximation by the coefficient
of determination R2.

The MSC.SuperForge software was used to calculate
the force and stress-strain state of rolled and then pressed
rods [26]. A three-dimensional geometric model of the
workpiece, rolls and matrix was built in the CAD program
Inventor and imported into the CAE program of MSC.
SuperForge. When creating a finite element model of the
workpiece, rolls and matrix, a three-dimensional volumetric
element CTETRA (four-node tetrahedron) was used, which
is used to model three-dimensional bodies.

To study the process of rolling and pressing in the RSM
of a new design, a round billet of 7075 aluminum alloy with
a size of 40x150 mm was used. The blanks were pressed at
temperatures of 200, 300, and 400 °C up to @9 mm. The
Johnson-Cook elastoplastic model was chosen to model the
plasticity of the workpiece material. The rheological prop-
erties were set from the database of the MSC.SuperForge
software. The contact between the tool and the rod was
modeled by the Coulomb friction law, the friction coefficient
was taken as 0.3.

The MSC.SuperForge was launched, and the contact
pressure, contact area, stress-strain state and temperature
distribution over the volume of the pressed workpiece were
calculated by the stepwise method.

3. Results of microstructures at various temperature-
deformation modes of bar processing on the RSM

5. 1. Calculation of coefficients of the Avrami equa-
tion for predicting the structure of 7075 aluminum alloy
during hot deformation of workpieces on the RSM of
a new design

Deformation resistance curve (G, — €, stress — current —
true degree of deformation) of 7075 aluminum alloy obtained
by testing specimens by torsion at temperatures of 250, 300,
350 °C shows that the stress flow at the beginning of the
test of each specimen increases intensively and then slowly
decreases. Deformation of specimens by torsion at tempera-
tures of 400, 450 °C also leads to a rapid increase in the flow
stress at the beginning of testing, but further testing leads to
a sharp drop in flow stresses.

Investigation of the initial structure of aluminum al-
loy 7075 showed that the structure of the sample contains
relatively large grains with an average size of ~142 um. The
grains are unevenly distributed.

Deformation of specimens by torsion at a deformation
rate of 20 s at temperatures of 250 and 300 °C led to a
slight decrease in grain size. The average grain size varied
from 82 pm to 97 um. The grain size decreased comparative-
ly more when testing samples under the same temperature
conditions, but with a strain rate of 1.0 and 10 s!. In these
cases, the average grain size varied in the range of 63—76 um.
At the same time, the grain size was especially intensively
refined at the first stage of testing.

It should be noted that the testing of samples by torsion
at a speed of 1.0 and 10 s! and at temperatures of 350 and
400 °C led to a significant refinement of the grain sizes in
comparison with the original grain size. Thus, the samples
tested under these temperature-deformation and velocity
conditions had a relatively fine-grained structure with
an average grain size of 29 and 34 um, respectively. A

comparatively coarser-grained structure was obtained in
specimens tested under the same temperature conditions,
but at deformation rates of 20 s, In this case, the average
grain size was 47 um. However, here the fragmentation of
grains also occurred more intensively at the first stage of
deformation.

Analysis of the microstructures of the samples deformed
at a temperature of 450 °C with a deformation rate of 20 s
showed that processing at a high temperature and deforma-
tion rate leads to a relatively fine-grained structure with
an average grain size of 56 pm. It should be noted that the
samples deformed at a strain rate of 1.0 and 10 s received a
relatively large fragmentation of grains. Their grain sizes are
39 and 43 microns, respectively. In this case, as at other test
temperatures, the greatest grain size reduction occurs at the
first test stage.

Table 1 demonstrates a certain volume fraction of re-
crystallized grains in the microstructures of the samples.
This table shows that with an increase in temperature and
a decrease in the deformation rate, the volume fraction of
recrystallized grains increases.

Table 1
Volume fraction of recrystallized grains
Deformation Test temperature, °C
rate, s°! 250 | 300 | 350 | 400 | 450
1 0.46 0.76 0.83 0.96 1.0
10 0.37 0.64 0.7 0.87 0.95
20 0.31 0.56 0.66 0.81 0.87

It should be noted that, using the above data and the
method of least squares, the coefficients of the Johnson-
Mehl-Avrami-Kolmogorov equation were determined (see
below). At the same time, to determine the volume fraction
of recrystallized grains, the following Avrami equations
were used [31, 32]:

— dynamic recrystallization:

€5
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— metadynamic recrystallization:
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— static recrystallization:
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where €,; — true degree of deformation at 50 % recrystal-
lization; ¢y 5 — time during which 50 % of recrystallization
occurs; € — true degree of deformation; ¢ — deformation
temperature.

The magnitude of the critical deformation, as well as the
time and degree of deformation at which 50 % of recrystalli-
zation occurs, were determined by the formula:
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where R — universal gas constant; T — absolute temperature;
d, — initial average grain size.

The average grain size was determined by the following
formula:

— average size of the dynamic recrystallized grains:

= 76.962-d°% &9 0% exp(~1,902.72/RT),  (8)
— average size of the metadynamic recrystallized grains:
dypy =23.34-d)% €776 exp(-1,902.72/RT),  (9)
— average size of the static recrystallized grains:

dgpy =31.08-d)* - £"%6 7 exp(-1,902.72/RT).  (10)
The average grain size for the entire deformation process
was calculated using the equation:

davq =X SRXdSRX +X MRXdMRX +
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After finding the coefficients of the equations, the calcu-
lation of the volume fraction of recrystallized grains and the
average size showed that the determination value R? changes
in the range 0.67—0.91.

5. 2. Calculation of the SSS of the billet when pressing
on the new RSM using computer simulation

On the basis of the obtained results of numerical mod-
eling, it was found that when processing a billet from an
aluminum alloy 7075 on the new RSM:

— at the initial stage of deformation, the contact pressure
is localized in the gripping zones of the workpiece with the
working surfaces of the rolls, and then increases throughout
the deformation zone;

— at the final stage of deformation, the contact pressure
increases in the matrix, which is characteristic of the ex-
trusion process, while the contact pressure on the rolls also
increases (Fig. 1, a). All this is associated with an increase in
the back-up pressure in the deformation zone from the action
of the extrusion force;

— the contact pressure on the rolls is greater than the
contact pressure on the die. The reason for this is an increase
in the contact surface of the billet during rolling with three
rolls and an increase in the back pressure in the deformation
zone from the action of extrusion forces;

— the temperature of deformation in the zones of contact of
the workpiece metal with the roll and the matrix increases in-
tensively (Fig. 1, b), i. e. with an increase in drawing, a gradual
increase in temperature occurs on the surface of the workpiece;

— small tensile principal stresses o1 appear on the surface
of the workpiece, while the outer layer of each element is
subjected to compressive principal stresses oy and o3.

5. 3. Rational temperature and rate modes of defor-
mation of the workpiece on the RSM of a new design

When rolling in helical rolls and pressing in a die in-
stalled on the RSM of a new design, the metal flows along
a helical path with different speeds of the outer and inner
layers. The movement of metal flows with different speeds,
causes intense shear displacements in the volume of the
workpiece, which leads to a significant increase in the
intensity of stress and strain, as well as the rate of deforma-
tion (Fig. 1, c—e). It should be noted that with an increase
in the elongation ratio, angles of feed and rolling, a gradual
increase in the intensity of deformation and the rate of defor-
mation over the section of the workpiece occurs.

The calculation of the volume fraction of recrystallized
grains and the average grain size for the stages of deforma-
tion and for the entire period of pressing the bars on the new
mill showed that:

— during rolling of the billet in helical rolls at tempera-
tures of 200, 300 and 400 °C, the volume fraction of recrys-
tallized grains in the central layers of the billet is less than in
the surface zones of the billet;

— deformation in helical rolls at a temperature of 200,
300 and 400 °C leads to a volume fraction of recrystallized
grains in the peripheral and adjacent to the periphery zones
of the workpiece equal to 0.4, 0.7, 0.8, respectively. This
means partial and complete passage of dynamic polygoniza-
tion and recrystallization in the studied zones;

—rolling in helical rolls at temperatures of 200, 300 and
400 °C leads to obtaining the volume fraction of recrystal-
lized grains equal to 0.1, 0.3, 0.4, respectively in the central
regions of the workpiece;

— during pressing rods in a matrix at temperatures of
200, 300 and 400 °C, the volume fraction of recrystallized
particles in the areas of contact with the matrix varies in the
range of 0.4, 0.8, and 0.9, and in the central zones — 0.3, 0.6
and 0.7, respectively;

— after the end of pressing at temperatures of 300 and
400 °C, the volume fraction of recrystallized grains over the
cross-section of the workpiece is leveled and reaches values
equal to 0.9, 1.0, while pressing at a temperature of 200 °C
leads to the formation of a different-grain structure (the
volume fraction of recrystallized grains changes in the range
of 0.3-0.5).

Evaluation of the microstructure of aluminum alloy 7075
showed that when rolling billets in helical rolls at tempera-
tures of 200, 300, and 400 °C, the grain size in its peripheral
part is 95, 42 and 31 pm, and in the center is 112, 84 and
76 um, respectively. At the same time, further pressing of the
billets in the matrix at temperatures of 200, 300 and 400 °C
leads to the formation of grains with an average size of 84, 39
and 31 pum in the peripheral region of the rod and 76, 32 and
27 um in the central zone of the rod, respectively. It should
be noted that further passage of static recrystallization in
the metal structure at temperatures of 300 and 400 °C leads
to the formation of a homogeneous microstructure with a
grain size of 27 and 21 um, respectively. However, pressing
the billet on the RSM at a temperature of 200 °C leads to the
formation of a structure of different grains with an average
grain size of 63 um.

In the work, according to the developed rational tech-
nology, rods were manufactured using the new RSM. Roll-
ing-pressing of the bars was carried out in the following
modes: heating up to 300 °C °C (mode 1) and up to 400 °C
(mode 2) and rolling the initial rod with a diameter of



40 mm on helical rolls to a diameter of 14 mm and further
pressing of the transitional rod in the matrix to a diameter
of 9 mm.

5. 4. Regularities of refinement of the structure of
aluminum alloy 7075 during rolling-pressing on the RSM
of a new design

In the work, according to the developed rational tech-
nology, rods were manufactured using the new RSM. The
rolling-pressing of the bars was carried out in the follow-
ing modes: heating to 300 °C (mode 1) and up to 400 °C
(mode 2) and rolling the initial rod with a diameter of 40 mm
on helical rolls to a diameter of 14 mm and further pressing
the intermediate rod in the matrix to a diameter of 9 mm.

Based on the study of the microstructure of the 7075
aluminum alloy, it was found that the initial rods have rela-
tively unevenly distributed large grains with an average size
of ~147 pm.

The study of the structural states of the 7075 alumi-
num alloy rolled in helical rolls at a temperature of 300 °C
showed that a microstrip structural state is formed over a
section parallel to the rolling plane. In this case, thin shear
bands are formed at the boundaries of the original grains. It
should be noted that after such rolling, in the central zone
of the longitudinal section of the bar, a pronounced strip
structure is formed with the distance between the boundar-
ies not exceeding 32—62 pm with the most probable values
of 42-56 um. The width of microbands with low-angle
boundaries can vary from 10 um to 16 um, with the most
probable value being about 14 um. A relatively fine-grained
structure with a grain size of 21-28 microns is formed in the
surface zone of this rod.

Pressing in a matrix of the new RSM leads to the
formation of a structure with a fine-grained size. As a re-
sult of the passage of softening processes throughout the
volume of the pressed rods, a fine-grained structure with
a size from 12 to 22 microns is formed. The resulting fine-
grained structure is characterized by grain size uniformity
throughout the material. A clear image of grain boundaries
was observed in the images of the microstructure after
rolling-pressing on the RSM. The type of microstructure
indicated the formation of grains with predominantly
high-angle boundaries.

A different picture is observed in billets rolled in helical
rolls at a temperature of 400 °C. It was found that when
rolling in helical rolls, the strip structure is divided into
deformation, transit and microstrips, consisting of subgrains
separated by high-angle and low-angle boundaries. In this
case, shear bands with a width of up to 12—46 microns are
formed throughout the section. Deformation in the form
of shear bands occurs predominantly inside large grains.
The most probable values of the width of microbands with
high-angle boundaries are in the range from 26 to 46 um,
with the maximum value of this value being ~52 um. The
width of microbands with low-angle boundaries can vary
from 12 um to 18 pm, with the most probable value being
about 16 pm.

It was found in this work that the final pressing of the
blanks in the RSM matrix leads to the formation of a fine-
grained structure with a grain size of 8—12 um. Fragmenta-
tion of the structure to a fine-grained level occurs due to the
subgrain structure breaking up and the transformation of
low-angle boundaries separating the original subgrains into

high-angle boundaries.

The formation of a fine-grained structure in the 7075
aluminum alloy was reflected in their properties.

It was found that in the 7075 alloy, the ultimate ten-
sile strength increases by 30 %, and the yield strength
increases by about 1.5 times compared to the initial sta-
te (Table 2).

Table 2

Mechanical properties of alloy 7075 (at room temperature)
after rolling on a new RSS

Ag;yl 3‘51;(51" 602 MPa o1, MPa 8, %
Initial state 398 541 7
Along the rolling direction
Mode 1 492 682 10.0
Mode 2 496 691 11.8
Across the rolling direction
Mode 1 491 679 11.2
Mode 2 321 688 10.8

6. Discussion of experimental results

It should be noted that regardless of the test tem-
perature and deformation rate, the metal flow curves
during the test acquire an approximately parabolic shape.
This kind of curves allows assuming that at the initial
stage of deformation, the metal of the sample is intensely
hardened, and in the subsequent stages, it is actively or
passively softened.

Based on the analysis of the deformation resistance
diagrams, it was concluded that the application of torsional
deformation to the sample at temperatures of 250, 300,
350 °C leads to the formation of sections with steady metal
flows on the curves (cs=0y,). The presence of such areas
indicates the passage of dynamic recovery and polygoniza-
tion, provided that the increment in the flow stress from
the true deformation is equal to zero (do, /de=0) [27].
It is known that the passage of dynamic polygonization
leads to the formation of a stable homogeneous, but coars-
er-grained structure with a high level of physical and me-
chanical properties in the metal. In this case, the constancy
of the size of the subgrains will be ensured due to the pas-
sage of the metal structure through the repolygonization
process.

Furthermore, the measured RS values (2.1 %, 2.8 % and
3.4 %) prove that at temperatures of 250, 300, 350 °C, dy-
namic recovery and polygonization take place in the metal
structure. At the same time, the obtained stress — true de-
formation curves under all test conditions are single-peak.
Therefore, during testing, softening processes such as dy-
namic recovery and polygonization are continuously un-
dergoing in the structure of the studied metal [28, 29]. In
addition, the RS values at the second stage of deformation
are less than at the first.

In our opinion, the presence of a pronounced maximum
on the o,—€ curves tested by torsion at temperatures of
400, 450 °C, and a rapid drop in the flow stress is a fairly
reliable indicator of dynamic recrystallization process-
es in the metal [27]. This means that torsion testing at
temperatures of 400, 450 °C with large values of the true
degree of deformation leads to intensive dynamic recrys-



tallization. This is associated with a significant increase
in the rate of diffusion processes at the temperature range
of 400-450 °C. It should be noted that the obtained RS
values (6.2 % and 7.4 %) also prove that the torsion of the
samples at temperatures of 400 and 450 °C leads to dynam-
ic recrystallization.

Consequently, the processes of dynamic softening pre-
vail over the process of hot work-hardening when twisting
samples in the temperature range of 250—450 °C. There-
fore, the curves of the deformation resistance ((53 —€)
have a corresponding strain hardening coefficient (the
stress increment from true strain is greater than zero
(do, /de20)) at the test temperature. With this type of
deformation, the dislocation structure of the metal chang-
es. The number of dislocations increases strongly with the
growth of €, which allows for further dynamic processes
in the structure of 7075 aluminum alloy. This contributes
to the formation of a fine-grained stable structure in the
area of large deformations.

It should be noted that with an increase in the deforma-
tion temperature and a decrease in the deformation rate, the
stress values decrease, in comparison with a low temperature
and a high deformation rate, while the maximum of the de-
formation resistance curves (o, —€) more and more shifts to
the region of lower deformation.

Thus, at the initial stage of torsion, strain hardening of
the 7075 aluminum sample occurs with different intensi-
ties, the density of dislocations increases, their non-linear
interweaving, and then a cellular structure of hot work
hardening are formed. In this case, the critical dislocation
density is reached, corresponding to the critical degree of
deformation €. The g, value is usually 0.8-0.9 of the &,
value. It should be noted that the ¢, value characterizes
the degree of deformation when a stage of stress increment
from true strain greater than zero (do,/de>0)passes
into a stage of stress increment from true strain less than
zero (do, /de<0), i.e. when the softening processes are
intensified and prevail over the strain hardening process.
With an increase in the degree of deformation in the met-
al, the processes of dynamic softening are more and more
pronounced, the process of dislocations creeping develops
and the required number of point defects accumulates.
Subgrains of various types are formed in the structure, and
the hot work hardening structure is gradually replaced by
a polygonized and recrystallized structure. The share of
equiaxed subgrains and grains is more and more growing.
Such subgrains and grains are formed by “crawling” of
primary subgrains by the subboundaries of another system,
and/or by improving the cellular structure of the metal,
and also by the passage of primary recrystallization in the
metal structure.

However, we have not found the data on deformation
resistance and structural studies for 7075 aluminum alloy
at temperatures of 250, 300, 350, 400, 450 °C and strain
rates within 1.0, 10 and 20 s, that is, at temperature-
deformation and rate modes of pressing on the new RSM.
In [30], a partial study of the deformation resistance
and structure of aluminum alloy 7075 was carried out.
However, with these data it is difficult to determine the
coefficients of the Avrami equation and to predict the
structural change of this alloy during pressing rods on the
RSM of a new design.

On the basis of the data obtained, it can be concluded
that when rolling billets in helical rolls, dynamic recrys-

tallization in the peripheral region of the billet is much
easier than in its central regions. We believe that the
reason for the good passage of such a softening process is
an increase in the magnitude of the strain intensity and
strain rate, as well as the temperature in the peripheral
zones of the rolled billets. At the same time, the value of
these parameters is much higher than the critical degree
of deformation.

Further pressing of the billet, pre-deformed in helical
rolls, leads to a less intensive passage of metadynamic and
dynamic recrystallization in the peripheral zones of the
billet. The reason for such a relatively slow passage of recrys-
tallization is an increase in the friction force in the contact
zones of the metal of the workpiece and the tool.

Thus, during rolling of the billet in helical rolls, the
average grain size in the central layers of the billet is bigger
than in the surface zones of the billet. However, after press-
ing the workpiece through the die, the grain sizes along the
cross-section of the bar are aligned.

It was found that during rolling-pressing on the RSM
according to mode 1, due to the passage of high solid solution
hardening of the initial Al matrix in the metal structure and
the presence of dispersed hardening phases, fragmentation
is the dominant mechanism of elastic energy relaxation with
an increase in the degree of deformation, while the small
mechanism is dynamic recrystallization.

In our opinion, when rolling in an RSR mill according to
mode 2, a gradual evolution of the structure occurs, name-
ly, the number of lattice and grain-boundary dislocations
decreases, clear extinction contours appear at grain bound-
aries, i. e. all signs of dynamic recovery and dynamic recrys-
tallization are manifested by a continuous mechanism. As a
result of these processes, a fine-grained structure is formed
in the material.

Thus, during rolling in mode 2, the relaxation of elastic
energy in alloy 7075 is carried out by two mechanisms — low
fragmentation and dominant dynamic recrystallization.

It should be noted that our research is limited to ob-
taining an improved Johnson-Mehl-Avrami-Kolmogorov
equation for aluminum alloy 7075. These equations can
only approximately predict the change in structure when
extruding rods from other aluminum alloys on the new
design RSM. Therefore, for manufacturing rods from
other alloys on the new RSM, it is necessary to carry
out research for other non-ferrous alloys. When carrying
out such studies, difficulties may arise due to the need
to carry out a large amount of experimental work on a
plastometer.

7. Conclusions

1. The coefficients of the Avrami equation for aluminum
alloy 7075 were determined by carrying out plastometric
torsion tests of samples at temperatures of 250, 300, 350,
400, 450 °C with a strain rate of 1.0, 10 and 20 s™! and metal-
lographic analysis of their structure.

2. The derived formulas and simulation modeling of the
obtained values of the stress-strain state are used to simulate
the technology of the combined process and to determine the
rational temperature-rate conditions of deformation of the
workpiece on the RSM. In the simulation, the technology
of the combined process was used and rational tempera-
ture-deformation modes for processing the workpieces were



determined (heating the workpieces to temperatures of 300
and 400 °C and rolling-pressing of rods on the RSM from
@40 mm to @9 mm).

3. The rational temperature-rate conditions of deforma-
tion of the workpiece on the new design of RSM are deter-
mined by using the obtained Avrami equation and the SSS
of the workpiece.

4.1t is shown that the rotational-translational deforma-
tion of the workpiece arising during processing on the RSM
ensures the development of shear deformations along the
entire section of the workpiece, which leads to effective re-

finement of the structure and the formation of a fine-grained
structure in the rods of aluminum alloys 7075.
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