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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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SPECIAL FEATURES OF STRUCTURE FORMATION DURING
ROLLING STRIPS IN THE HELICAL ROLLS
AND LONGITUDINAL WEDGE MILL

Abstract. In this paper, a new technology for the production of sheet products with an ultrafine-grained struc-
tureis presented. The ultrafine-grained structure is obtained by applying an intense plastic deformation, developed by
the screw-like rolls. In thework the stress-strain state (SSS) of a workpiece at rolling in helical rolls and a longitudi-
nal-wedge mill is investigated. Quantitative datawere yielded by using the finite element method, the ANSYS-
LS/DYNA and MSC.SuperForgesoftware and the main regularities of SSS and temperature distribution during
rolling blanks in helical rolls with a different number of passes and on a longitudinal-wedge millare established. A
rational technology for rolling brass L63 was developed and tested under the laboratory conditions. Particular
attention is paid to the analysis of the effect of rolling regimes in helical-shaped rolls and longitudinal-wedge mill on
the formation of an ultrafine-grained structure in brass L63. It is established that rolling in screw-like rolls and lon-
gitudinal-wedge-shaped mill of brass 163 leads to an increase in the strength and plastic properties of sheet metal.

Key words: brass L63, ultrafine-grained structure, rolling, stress-strain state, numerical modeling, intensity of
stresses and deformations, strength, plasticity.

Introduction. Creation of metals and alloys with ultrafine-grained(UFG) structure, i.e. having grain
size in submicrocrystalline (grain size in the range of 100-1000 nm) or nanocrystalline (less than 100 nm)
ranges is an actual task of modern materials science [1-4]. This is due to the unique physical and mecha-
nical properties and the possibility of wide practical use of such materials. Properties of UFG materials
and their behavior usually differ significantly from both the characteristics of large-crystal materials and
the properties of materials subjected to conventional deformation processing (rolling, drawing, etc.). For
example, it was shown in [5, 6] that UFG materials can have unusual mechanical properties, very high
strength and ductility, considerable fatigue and viscosity, increased diffusion properties and the ability to
form, as well as improved magnetic properties and a number of other attractive functional and structural
properties.

In recent years, methods of intensive plastic deformation (IPD), such as torsion under hydrostatic
pressure (THP), equal-channel angular pressing (ECAP), multi-axis deformation, screw extrusion, accu-
mulated rolling with compound and others, which are based on the application of large shear strains under
high pressure and low homological temperatures [7, §].

However, samples after many methods of IPD have small dimensions, for example, after THP sam-
ples are obtained in the form of discs with a thickness of less than 1 mm and a diameter of up to 20 mm,
and after ECAP - volume billets in the form of cylinders up to 50 mm in diameter and up to 200 mm in
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length. Therefore, the IPD methods have been further developed, the ECAP methods withcounterpressure,
continuous ECA pressing, etc. have been developed, which make it possible to obtain rod samples with a
UFG or a dimensionally different structure with different sizes [9, 10].

It should be noted that the above-described IPD methods make it difficult to produce sheet metal with
an ultrafine-grained or nanogranular structure.

According to the authors of [11], sheet rolling with an ultrafine-grained structure can be obtained by
various technological and constructive methods: the use of blanks and rolls with a wavy or corrugated
surface, asymmetric rolling, uneven setting of the rolling in its thickness and width, the use of crossed
rolls, and rolls with a ledge on the surface, etc. The authors of [11] note that in all these cases, intense
macro-shear is achieved as a result of a local deformation effect on the rolled metal.

The Japanese firm JFE Steel proposed a method for multiple consecutive alternating bending of the
steel strip after hot rolling (the method of deformation accumulation by bending) [12]. It can be seen from
the materials of the work that, in contrast to conventional rolling, the use of alternating bending makes it
possible to roll a sheet blank without changing its thickness. Therefore, this method allows the blank to be
deformed by cyclic bending unlimited number of times. This makes it possible to obtain hot-rolled strips
with an ultrafine-grained structure. According to the authors of [12], this method of rolling can be used in
industry to improve the quality of rolled metal. This is due to the fact that rolling by cyclic bending led to
the production of hot-rolled strips with a grain size of ferrite of 1 pm or less.

Thus, many new designs of rolls have been proposed to improve the quality of sheet metal. However,
many rolls have not found their wide application in production for the following reasons: the complexity
of their manufacture; the difficulty of installing them on rolling mills.

It is important to note that for the production of strips with nanocrystalline structure from known IPD
methods, foil rolling has been widely used in practice. However, due to the small size of the foil, it is of
little use for subsequent shaping operations.

In connection with the foregoing, the development of new IPD methods that make it possible to
produce sheet metal with an ultrafine-grained or nanogranular structure is an urgent task.

Numerous studies show that the use of the IPD method can significantly grind the microstructure and,
as a result, increase the strength of the metals and alloys. However, an increase in the strength of metallic
materials usually leads to a decrease in their ductility. Achieving the high strength and plasticity, required
to create new promising structural and functional materials, is one of the fundamental problems in
materials science. In the case of UFG metals and alloys, this problem can be solved by controlling their
microstructure. The fact is that the structure of materials subjected to the IPD is very complex and is
characterized not only by the presence of ultra-fine grains, but also by their shape and distribution, the
special structure of the boundaries, high dislocation density and other parameters. The formation of such a
structure, determining the level of mechanical properties of metals and alloys, essentially depends on the
treatment modes and, first of all, on the values of the applied pressure, the degree of deformation, and the
temperature. In addition, the microstructure and, accordingly, the properties of metals, of course, also
depend on the combination of different IPD schemes and subsequent annealing.

Recently, much attention has been paid to the study of the structure and properties of copper alloys
after the IPD for the purpose of using them in the electrical industry. But practically all works were devo-
ted to equal-channel angular pressing (ECAP) of copper alloys [13-22], and only a few - to torsion under
hydrostatic pressure (THP) [23-25]. ECAP makes it possible to obtain relatively large bar stock with a
submicrocrystalline structure. However, it is not possible to obtain sheet materials with a UFG structure

Therefore, the implementation of new opportunities and the development of IPD methods for produ-
cing strips of metals and alloys with a UFG structure and increased mechanical properties is very relevant,
and is of scientific and practical interest and is the subject of this work.

Equipment, materials and the method of the experiment. In [26] a tool with rolls, which have
screw working surfaces, was developed (figure 1). This tool is designed to produce semi-finished products
with a fine-grained structure. The developed tool implements the IPD without significant changes in the
initial shape and dimensions of the workpiece. It should be noted that for rolling thin strips from a
workpiece with a fine-grained structure, a multifunctional longitudinal-wedge mill (LWM) of a new
design was used (figure 2) [27].
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a —mill; b — scheme of rolling

Figure 1 — Rolling mill DUO with screw rolls: 1 - billet; 2 - the upper roll; 3 - lower roll

The multifunctional LWM contains working stands, an electric motor, a coupling, supporting non-
driven rolls, working drive rollers, a frame, a base plate. The cage drive motors, which are provided by the
AC motor, contain working and supporting rolls of constant diameter, and in successive cages the dia-
meter of the working rolls decreases, and the diameter of the supporting rolls increases in the rolling
direction. In this case, the rolls are rotated through an individual coupling, reducer, gear wheel and
spindles.

a b

Figure 2 — Multifunctional LWM («) and the structure of its working stands (b):
1 - motor-reducer; 2 - coupling; 3 - shaft; 4 - pinion cage; 5 and 6 - spindles; 7 - bearing cage;
8 - working rolls (Dp; = 180 mm, Dp,=150 mm, Dp3 = 125 mm, Dp4 = 106 mm, Dps = 94 mm);
9 - supporting rolls (Dop = 220 mm); 11 - stand; 12 - base plate; 13 and 14 - pressure mechanisms

Tool for hot rolling of steel and alloys, contains upper and lower rolls with screw working surfaces.
In this case, the protrusions and hollows of the upper roll are made along the helical lines opposite to the
depressions and protrusions of the lower roll. It should be noted that the protrusions and valleys of the
upper and lower rolls have the same width and, correspondingly, height or depth.

When rolling the workpiece in this tool, the protrusions of the working surface on one side of the
rolls are opposite to the valleys of the working surface on the other side of the rolls. Rolling in the first

and subsequent pass is carried out with a single reduction £=Ah,/H, and £=2Ny/H (where 4h is the

height of the protrusion or the depth of the hollow of the undulating working surface; H, — the height of
the workpiece before rolling), respectively. Such rolling provides an effective grinding of the metal
structure of the billet by developing an alternating bending deformation in the longitudinal and cross
sections of the billet.
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For the development of the technological process, allowing, without disrupting the continuity of the
workpiecematerial, to evenly distribute the accumulated deformation, i.e. to obtain a high-quality billet
L63, the stress-strain state (SSS) of the billet was examined for rolling in helical rolls (HR) and LWM.
The mathematical modeling of the rolling process in the HR and LWM is a complex process, because of
the very large number of determining parameters and the ambiguous nature of their influence. The correct
formulation of the problem leads to a system of integral-differential equations even for simple rolling
cases. It is not possible to solve this problem analytically. The finite element method can be used to solve
such problems [28-31].

Studies of SSS of the billet in the rolling process is contact, elastoplastic, nonlinear. When rolling in
HR and LWM, there are large displacements, deformations and stresses, as well as a temperature gradient.
Therefore, using the «ANSYS-LS/DYNA» and «MSC.SuperForge» software products, a mathematical
simulation of the rolling processbythe finite element method was produced [29, 31], i.e.the SSS and the
temperature field of the deformed billetwere investigated.

To determine the SSS of the billet during rolling in HR, the ANSYS-LS/DYNA software product was
used [29]. Simulation began with the construction of a helical tool with a rolled workpiece. The geometry
of the helical tool and the rolled workpiecewas built in the CAD system SIEMENSNX6 and subsequently
imported into «KANSYS/LS-DYNA.

The required type of the final element was selected from the element's feature library in
«ANSYS/LS-DYNAy. The literature review has shown that Solid 164 or Shell 163 are usually used as the
types of elementin determining the volumetric SSS of metal working with pressure [29]. The final element
SHELL 163was selected to simulate the rolled product. This type of element reduces the calculation time
and is resistant to the action of large deformations. Shell 163 is a 3 or 4-node three-dimensional shell
element, which is able to bend and spring. The element has 12 degrees of freedom in each node.

To determine the SSS of the billets, the rectangular shape samples were used with a size of
6x100%200 mm. The deformation was carried out according to the following mode: heating to a tem-
perature of 700 °C, rolling by four passes in the HR to a thickness of 5.9 mm. When modeling the rolling
process in the HR for the workpiece, a hardened transversely anisotropic material — Transverse Aniso-
tropic Material, was used [29]. The Lencford coefficient R was assumed to be equal to unity, that is, the
isotropic material was used for the initial billet. An isotropic material model is used to describe elasto-
plastic deformations. The strain hardening of the metal in the process of deformation in HRis found from
the hardening curves obtained when the specimen is subjected to uniaxial tension. The curve of the model
had an elastic and plastic component. A solid material was usedas the material model of theHR.

It should be noted that the deforming HR had a restriction from all displacements. These rollerscan
only be rotated in the rolling direction. The initial flat blank did not have a restriction on movement. The
angular velocities corresponding to the rolling direction were set for the HR. The movement of the initial
workpiece through the gap between the rolls was due to the effect of frictional forces arising during the
bending of the workpiece by the protrusions and valleys of the rolls, which fully corresponds to the
process being studied.

When Shell element 163 was used, the following contact conditions were adopted: the initial blank —
rollingrolls — forming surface-to-surface contact (ASTS). It is known [29] that surface-to-surface contact
is used for arbitrarily located bodies that have significant contact areas.

The contact friction between the initial billet and the HRwas taken equal to 0.39, which corresponds
to the hot rolling of brass L63 [30].

«ANSYS-LS/DYNA»was launched. The movements U, the components of the strain tensors g, the
strain rate £ and the stress o, the strain and stress intensity (equivalent strain and stresses), the temperature
distribution by the volume of the workpiece were calculated by the step-by-step method.

Software product — «MSC.SuperForge» was usedto determine the SSS of the billet during rolling in
the LWM][31]. Simulation began from the construction of LWM with rolling workpiece. The geometry of
the LWM and the rolling billetwas built in the CAD program of Inventor and subsequently imported into
«MSC.SuperForge». To create a finite element model of the billet, three-dimensional (3D) elements were
used, which are used to model the flow of metal under bulk strain conditions, i.e. 3D element CTETRA
(a four-node tetrahedron) was used to model 3D bodies. For the workpiece and tool model 2,600 elements
and 3,200 nodes were required.
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To study the rolling process in the HR, a rectangular billet with the dimensions of 6x100x200 mm
was used. Brass L63 with a deformation temperature range of 750—880 °C and with mechanical properties:
elastic modulus 1.16x10> MPa, Poisson's ratio 0.364 and density 8.44 g/cm’ was selected as the billet
material. The workpiecewas rolled at a temperature of 650 °C. In modeling, the workpiece material was
considered as an isotropic elastoplastic with nonlinear hardening (BISO). At the same time, for modeling
the plasticity of the material of the billet, a Johnson-Cook elasticity and plasticity model was chosen.

The contact conditions between the roll surfaces and the surface of the rolled sheet are simulated by
the interaction of the surfaces between the rigid roll and the deformable workpiece material. Reflecting the
movement of the roll and the deformation of the material during the rolling process, the contact conditions
are constantly updated. This makes it possible to simulate the sliding between the rolls and the material of
the workpiece to be deformed. Using Coulomb's law, the modeling of contact conditions between the tool
and the workpiece was carried out, the coefficient of friction was adopted as 0.39 [30].

After entering all the initial data and technological parameters of the rolling process, the program
started calculation. The calculation time of the process was 20 minutes on a Pentium Duo computer with a
clock speed of 3.4 GHz and 2 GB RAM.

The «MSC.SuperForge» system automatically performs all calculations. Given the geometric feature
of the complex flow of metal, the program generates a grid of elements. At each step of the solution, the
grid of elements is automatically rebuilt. This makes it possible to investigate such features of the rolling
process as broadening and elongation during deformation, and also to predict the formation of folds and
clamps.

«MSC.SuperForge» software was launched and step by step SSS and the temperature field of the
workpiece were calculated

According to the developed method, a graph of the limiting plasticity was constructed, and the
methodology of [32] was exploredtocalculate the degree of the plasticity resource use (DPRU).

Under laboratory conditions, a series of experiments was carried out. The brass L63 with a size of
6x150%400 mm was chosen as the material of the billet. Rolling in the mill with HR and on the LWMwas
carried out according to the following regimes:

- heating to 700 °C, holding for 2 hours, rolling two passes in screw rolls to a thickness of 5.4 mm,
heating at 700 °C, holding for 30 minutes, rolling by two passes in HR to a thickness of 5.0 mm, heating at
a temperature of 100°C, aging 30 min, rolling on a five-standsLWM to a thickness of 1.5 mm;

- heating to 700 °C, holding for 2 hours, rolling by four passes in HR to a thickness of 5.4 mm, hea-
ting at 700 °C, holding for 30 minutes, rolling by four passes in HR to a thickness of 5.0 mm, heating at a
temperature of 100°C, aging for 30 minutes, rolling on a five-standsSLWM to a thickness of 1.5 mm.

- heating to 700 °C, holding for 2 hours, rolling by six passes in HR to a thickness of 5.4 mm, heating
at 700 °C, holding for 30 minutes, rolling by six passes in HR to a thickness of 5.0 mm, heating at a tem-
perature of 100°C, aging for 30 minutes, rolling on a five-standsLWM to a thickness of 1.5 mm.

The metallographic analysis was carried out using an JNCAENERGY dispersive spectrometer
(England) mounted on a JEOL electron microprobe analyzer (Geol) at an accelerating voltage of 25 kV.
The range of the JEOL device increases from 40 to 40,000 times. Structural features of the deformed
samples were also investigatedby using the JEM-2100CX transmission electron microscope (TEM) at
accelerating voltages of 200 kV.

Quantitative analysis of the parameters of the defective substructure was carried out by standard
methods. The grids for metallographic analysis were prepared according to the traditional method on grin-
ding and polishing circles. To identify the grain, etching was used in a 3% solution of ferric chloride in
10% hydrochloric acid, with an exposure of 15-20 sec. The grain size (D,, um) was determined by the
method of secants (by measuring ~ 300 grains) under the assumption that the grains are spherical, based
on the average chord (X) value by the formula: D, = 4/1" X,yg.

The mechanical properties of the samples at room temperature were determined on an Instron 5882.
The samples were cut in such a way that the direction of extension coincided with the rolling direction and
was located at an angle of 45 and 90 degrees to the rolling direction. The tests were carried out at room
temperature on flat specimens with a working length equal to 6 mm and 10 mm and a cross-sectional area
of 1.4x3 mm”.

— 90 ——
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Before the tensile tests, the samples were subjected to heat treatment (HT) consisting of quenching
and subsequent aging. The heating temperature for quenching was 850 °C, holding at this temperature for
2 hours, cooling in oil. Aging was carried out at a temperature of 250 °C for 5 hours.

Results and discussion. Figures 3 and 4 show patterns of stress intensity and deformation distribu-
tion in the workpiece during rolling in HR by four passes. The workpiece heating temperature is 700 °C.

Based on the results of numerical simulation, it is established that:

- at the initial moment of rolling in HR, the intensities of stresses and deformations are localized in
the contact zones of the workpiece with the working surfaces of the projections of the rolls;

- an increase in single reduction leads to a shift in the stress intensity and deformation stress from the
contact zones to the band zones located under the inclined working surfaces of the protrusions and hollows
of the rolls (figures 3 and 4);

- in the process of rolling in HR, the contact zone of the tool with the strip is cooled, while in the
areas of action of bending deformation the temperature rises;

- in the second, third and fourth passes of rolling in the HR, the values of stress and deformation
intensities increase under the arc-shaped portions of the protrusions and valleys of the rolls;
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Figure 3 — The pattern of stress intensity distribution in the workpiece during rolling in HR (rolling temperature 700 °C):
a — firstpass; b — secondpass; ¢ — third pass; d — fourth pass
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a — firstpass; b — secondpass; ¢ — third pass; d — fourth pass
Figure 4 — The picture of the distribution of the deformation intensity in the workpiece during rolling in the HR
(rolling temperature 700 °C)

- rolling in the proposed tool, having the same dimensions of the protrusions and valleys of the
working surface of the rolls, as well as the protrusions or hollows of the upper roll located opposite to the
troughs and projections of the lower roll, respectively, with the aforementioned single reductions, allows
the billet of small thickness to be deformed multiple times without changing its dimensions;

- the developed method for rolling a strip in HR ensures an intensive alternating deformation of the
strip. The maximum possible shift is realized with a ratio of the width of the protrusion to the width of the
cavity equal to 0.8 ... 0.9;

- multiple bending allows to increase the value of the degree of shear deformation. All this makes it
possible to achieve an effective grinding of the structure of the alloys, i.e. improve the quality of the
sheets;

- the use of a small thickness blank and alternating bending deformation lead to an increase in pro-
ductivity and a reduction in the laboriousness of the produced sheets, while the energy-strength para-
meters of the processdecrease;

- when rolling in rolls with screw working surfaces, the projections and valleys formed during rolling
are shifted along the width of the rolled strip, which creates additional macroswings along the section of
the workpiece and promotes an increase in the intensity of deformation;

- the increase in the intensity of deformation in the case of rolling in rolls with screw working sur-
faces is twice as high as when rolling in cylindrical rolls;

— 92 ——
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- an increase in the deformation intensity will lead to the formation of an equiaxial homogeneous
fine-grained structure along the section of the strip.

Figures 5 and 6 show the distribution of the stress intensity and deformation during rolling strips in
the LWM. The temperature of workpiece heating is 100°C.
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Figure 5 — The pattern of stress intensity distribution in the workpiece during rolling in LWM (rolling temperature 100 °C):
a — 1stand; b — 2stand; ¢ — 3stand; d — 4stand; e — Sstand
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Calculation and analysis of the SSSshow that:

- the capture of the workpiece by the LWM’s stands leads to the appearance of minimal tensile
stresses )1, 0 and compressive stress o33 in the deformation zone, and further rolling to the opposite
stress states, values ofwhich vary in the range: 6, — from 123,460 to 250,205 MPa; 6335 — from - 70,643 to
- 150,842 MPa; 65, — from 134,405 to - 11,978 MPa;

- when rolling the workpiece in the first stand of the LWM, the intensities of stresses and deforma-
tions are localized in the zones of metal capture by the rollers, and with increasing compression, the values
of these parameters increase in the center and along the edges of the deformed workpiece;

- deformation of the billet in the following stands of theLWM allow to gradually concentrate the
intensity of stresses and deformations from the surface zone to the central layers of the billet, and then
evenly deform the strip along its entire length (figures 5 and 6);

- a uniform distribution of the strain intensity leads to a uniform distribution of the accumulated
deformation along the sections of the strip, with the most uniform distribution of the sheardegree defor-
mation along sections of the strip obtained by rolling with a single reduction in the first stand 20%, in the
second stand 20%, in the third stand 20%, in the fourth stand 15%, in the fifth stand 10%;

- rolling in the LWM leads to intensive cooling of the strip sections located in the areas of contact of
the metal with the roller;

- in the process of rolling blanks from L63 brass in LWM, the maximum value of the stiffness
coefficient of the stress state circuit and DPRU occurs along the edges of the strips;

- under any conditions of rolling in the LWM, the major part of the plastic zone is under a compre-
hensive uneven compression, also under some conditions, insignificant tensile stresses appear on the edges
of the bands;

- when rolling strips, made of brass L63 in LWM, the degree of the use of the plasticity resource does
not exceed one, which shows the absence of a discontinuity in the continuity of the workpiece material.

Using the obtained results of the SSS distribution along the cross section of the billet during rolling in
HR and LWM, a technology for manufacturing strips withUFG structure was developed.

A study of the microstructure showed that in the initial state the preform of brass of L63 has an
inhomogeneous coarse-grained microstructure. This structure consists of grains with an average size of
~ 86 um in the longitudinal and ~ 91 um in transverse directions.

Investigation of the structural state of the L63 brass after rolling in the HR and LWM showed that:

- after rolling the workpiece by four passes in sections, which are perpendicular and parallel to the
rolling plane, grains are formed with a size range from 28 pm to 76 pum;

- rolling the strips by four passes in HR leads to a mixed microstructure consisting of large initial
grains with a strip structure and areas with new small grains of ~ 13-19 microns in size with a volume
fraction up to ~ 60%;

- the width of the above-noted microbands with large-angle boundaries varies within 23 = 29 um at a
maximum value of ~ 32 um, and microbands with small-angle boundaries vary from 12 to 16 um at the
most probable values of about 18 pm;

- further deformation of the billet in HR by eight passes led to the formation in its sections of a
crushed, uniform and equiaxed grain-subgrain structure with an average grain size of about 12 to 57 um,
with the formation of large-angle boundaries in the border regions of grains;

- subsequent rolling of the billet in HR leads to the formation of a more uniform structure consisting
entirely of crystallites separated by large-angle boundaries, the average size being reduced to 8-37 um;

- after rolling by twelve passes, there are single grains with a maximum size of 38 um. The appea-
rance of single relatively large grains can be explained by the passage of therecrystallization processes in
the material at a given degree of deformation;

- the microstructure of the L63 brass after rolling by four, eight and twelve passes in the HR and
subsequent rolling on the LWM at 100 °C is characterized by the presence of a uniform UFG structure
with a grain size of 8-12 pm, 2-6 um and 640-770 nm, respectively (figure 7);

- on the images of the microstructure after rolling in the HR and LWM, a clear image of the grain
boundaries was observed. The type of microstructure indicated the formation of grains with large-angle
boundaries;
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Figure7 — The microstructure of the L63 brass after heating and rolling by four (a), eight (b) and twelve (c¢) passes
in the HR and LWM

- when deformed by twelve passes in HR and LWM, the appearance of the UFG structure is clearly
determined from the electron diffraction pattern taken from the area of 1.4 um”. The electron diffraction
patterns for these structures are quasi-circular (figure 7c¢, insert). On the rings, individual reflexes are
clearly distinguishable, their distribution along the ring indicates the presence of high-angle misorien-
tations between the fragments. This kind of electron diffraction pattern is typical for ultrafine-grained
metal materials obtained by the IPD method and indicates a significant number of elements per unit
volume, the presence of large-angle misorientations between them and the presence of elastic stresses in
individual elements [5, 6].

According to electron-microscopic images of the structure, the scalar dislocation density, fragment
size and misorientation at their boundaries at different grain sizes were measured. It was found that the
density of dislocations in a fragmented substructure increases with the number of passes at all grain sizes.
The size of fragments with increasing number of passes decreases.

It should be noted that the UFG structure with the above dimensions practically does not contain
dislocations in the body of grains. Dislocations are located only on the grain boundaries. The density of
dislocations at the grain boundaries is very high, and therefore it was not possible to calculate the magni-
tude of the dislocations at the grain boundaries.
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Metallographic studies have shown that fragmentation of the structure in brass L63 occurs already at
the first stages of rolling in HR by sliding and predominantly by twinning. With the increase in the num-
ber of passes, further refinement of the microstructure is due to the intersection and crushing of twins, the
formation of dislocation subgrains, the dislocation slip, and the gradual increase in misorientation of the
subgrains.

It is known [33] that during the plastic deformation of a polycrystal in local sections inside the grains,
the deformation can be either plastic or elastic-plastic. Internal stresses are characterized by a stress tensor.
Contributions of the stress tensor components, arising during the rollingin HR, to the plastic and elastic
components of internal stresses are advantageous. Therefore, by using the methods of metallography, the
evolution of the contributions of the components of bending and torsional stresses, which occurs during
the rolling in HR, into the plastic component of internal stresses of a deformed copper alloy was inves-
tigated.

Many studies have shown that the deformation of steels and alloys is accomplished by two me-
chanisms of sliding and twinning [33]. Slip occurs at the first stages of plastic deformation. Starting from
€ = 5%, fine-scale twining appears. In the range of deformation degrees € = (5 - 10)%, there is one system
of fine-scale twining. As the degree of deformation increases, so does the number of fine-scale twining
systems. Thus, at a degree of deformation € = 10%, the second system of fine-scale twinging appears.
Starting with a degree of deformation of 25%, the number of fine-scale twinning systems increases to
three, and at € = 30% the fourth fine-scale twinning system appears.

It is established that the rolling in the HR the magnitude of the components of the bending and
twisting stressesvaries. With increasingdraft, the bending value decreases and the amount of twisting
stress increases.This leads to an increaseoffine-scale twisting systems in the material of theworkpiece.
Consequently, when rolling in an HR, first the bending stresses o; increases, which leads to the appea-
rance of the first and second fine-scale twisting systems. This stress leads to an increase in the plastic
component of internal stressescp.s. Further deformation of the workpiece in the HR leads to an increase in
the twisting stress c1,. Under the influence of this component of the stress tensor, the plastic component of
the internal stresses also increasesc,.s. Under the action of the twisting stress ,, a third system of fine-
scale twining appears in the metal structure. In the subsequent passes, the values of the components o,
61, gradually increase in turn, which leads to an increase in the plastic component G,y Over the entire
section of the workpiece.

With an increase in the number of rolling passes in HR, the values of the bending stress components
and the torsional stress of the crystal lattice in each pass gradually increase or decrease, but the plastic
component of the internal stresses and the average stress throughout the material gradually increase. All
this leads to the appearance and development of the fourth twinning system

It should be emphasized that during rolling of explosives, an increase or decrease in the components
of the bending and torsional stresses of the crystal lattice makes a large contribution to the plastic
component of internal stresses, which leads to an increase in the number of sliding systems and fine-scale
twining in the process of deformation of brass L63.

Consequently, with the increase of deformation degree in each rolling pass in the HR, the grinding of
the structure occurs not only by twinning, but also by the formation of cellular substructures as a result of
the development of slip dislocation processes. At large degrees of accumulated deformation, the
boundaries of the former twins and subgrainsare transformed into large-angle boundaries.

It is well known [34] that in any crystal the slip and twinning are possible only along certain crys-
tallographic planes determined by the geometry of the structure and in certain directions lying in these
planes. Despite a significant number of similar slip systems (or twinning), at each moment of deformation,
only one system operates, but different sliding systems can act at different stages of deformation

In the first approximation, it is believed that at first, the deformation proceeds along the system most
favorably oriented toward the direction of maximum stress [35]. The plastic shear begins usually along a
slip system, where the greatest shear stress acts, and the slip itself occurs at a critical value of the Schmid-
stress. According to Schmidt's law, slip begins on one or several surfaces on which the tangential stress
has reached a critical value, and the remaining planes are inactive. Then, as a result of the shift, the axes of
the crystal are rotated, and a double shift, i.e., can occur. simultaneous sliding in two systems. As the
stress increases, the deformation begins along less favorably oriented planes. Consequently, various slip




N E W S of the Academy of Sciences of the Republic of Kazakhstan

systems successively enter the process of plastic flow, which can be fixed by phenomenological study of
the process of metal deformation.

Thus, when rolling in the HR, intergranular and intragranular deformation is facilitated, and a large
number of sliding systems are involved in plastic deformation for the following reasons:

- during rolling in the HR, due to the consequent occurrence of the bendingo; and twisting o, stres-
ses, the orientations of the favorably oriented to the direction of action of the maximum tangential stresses
of the planes change, which leads to dislocation movement in various close-packed slip planes. Conse-
quently, dislocations of all close-packed planes are involved in deformation and motion;

- when rolling in the HR due to the rotation of the deformation center, the ratio between the number
of edge and screw dislocations of close-packed planes is well regulated. This makes it possible to form the
optimal combination of dislocation components in such a way that at the first moment of rolling the
deformation is provided by edge dislocations with a low Peierls barrier, and further development of plastic
deformation is occurred by screw dislocations;

- during deformation in the HR at the initial moment of rolling, average by the value compressive
stresses arise. It is known [35], that these stresses contribute to the creation of a dislocation structure with
predominance of helical orientation. Under the action of large normal compressive stresses on the slip
plane, the mobility of screw dislocations decreases. However, in the subsequent stages of rolling in HR,
tangential stresses 61, and shear deformations are significant in magnitude. These stresses favorably affect
the mobility of the screw components of the dislocations. Since they allow split dislocations to be easier
(from the energy point of view) to change the slip plane, if more favorable, from the Schmid law point of
view, are blocked. Thus, the use of shear deformation schemes for the rolling in HR ensures, at the initial
moment, plastic deformation in the main by the edge dislocations. However, further development of
plastic deformation is due to the motion of screw dislocations;

- when rolling in HR, screw dislocations have a greater degree of freedom, changing the plane of
their sliding depending on the local stress field in a given region. It should be noted that when rolling in
these rolls, the metal is in a complex loading field. Therefore, one of the elements of stress relaxation is
the motion of screw dislocations;

- when rolling in the HR, the motion of the screw dislocations allows the metal to dissipate the sup-
plied energy. This means that their movement is one of the mechanisms of energy dissipation. Undoub-
tedly, only under certain conditions can he make a significant contribution to the process of deformation
along with other mechanisms of dissipation (twinning, pore formation, fragmentation, diffusion mass
transfer, intragranular slip, grain-boundary slippage, etc.). All this leads to a rapid passage in the defor-
mable metal of softening processes and a rapid grinding of the metal structure[36].

Thus, when rolling in HR, the action of alternating strain mechanisms ensures fragmentation and
reorientation of the crystal lattice. In this case, the grinding of grains along the section of the billet with a
fairly high probability occurs much earlier than in the conventional metal processing processes. In this
case, large-angle boundaries form in the transverse and longitudinal directions of the billet with high
density[36].

Tensile tests of the workpieceshowed that sheets of brass of L63 had high mechanical properties at
room temperature. The most important feature is the isotropy of strength and sufficiently high ductility
(table).

Mechanical properties of brass L63 (at room temperature) after rolling in HR and on LWM

Angle to the axis of extension, deg Go2, MPa oy, MPa S, %
Rolling in HR — LWM — Heat Treatment
0 620 750 9.8
45 612 740 9.6
90 607 730 9.4
Rolling on the DUO mill — Heat Treatment
0 490 540 7.6
45 485 530 7.2
90 480 525 6.8
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Conclusions.

1. The rolling by the lower left-screw and upper right-screw rollers with opposite projections and
depressions leads to the localization of the intensity of deformation:

a) at the initial stage of rolling in the contact zones with the workpiece, and

b) at subsequent stages - in the zones under the inclined sections of the protrusions and hollows of the
rolls.

2. The concentration of the intensity of deformations in the contact zones and under the inclined
sections of the protrusions and valleys of the rolls facilitates the selection of rational deformation modes of
rolling to obtain strips with a UFG structure.

3. It is shown that a two-step deformation consisting of rolling in the HR and LWM ensures the for-
mation of a homogeneous UFG structure in brass L63 with an average size of 640 to 770 nm, which will
lead to an increase in strength and plastic bands.
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JKOJAKTAP/IBI dKANMAJIAFAHJIA KYPBLILIMHBIH
KAJIBIIITACY EPEKIIEJIKTEPI

AHHoTauus. Makanana KaHBUITBIPIIBI jKaliMala yIbTPayCaKTYHIpIIKTI KyphUIBIMBIABI allyJbIH JKaHa TEXHO-
JIOTHSCHI YCBHIHBUIFAH. YIIBTPAYCAKTYHIPIIIKTI KYPBUIBIM, OypaHAaNbl MIMIiHOUTIKIIEH AaMBITHUIATBIH KAPKBIHIIBI
IUTACTHKAIBIK Ae(QOopMaIusIHbl KOJIJaHy XKOJIBIMEH anblHFaH. JKyMpicTa OypaHmanbsl mimiHOUTIK meH GOMIBIK-ChIHATA
OpHaKTa JaiipIHIaMaHBl jKaliMajlaraHaa, ofa maiiia OomaTeiH KepHeywi-medopmanusisl kyd (KAK) 3epremmi.
Bypannansl minnaOLIIKTE 9pTYpil ©TIMMEH KoHE OOMIIBIK-ChIHAIBI OpHAKTa JalbIHIaMaHbl KaiMallaraHaa maina
6oxarer KJIK MeH TeMriepaTypaHbIH CaHABIK MOHICP] JKOHETapKATyBIHBIH HET13T1 3aHABUIBIKTAPHI, MIETKI 3JI€MEHT
onicremecimer xoHe «ANSYS-LS/DYNA» xone «MSC.SuperForge» OarnapiamacbiMeH aHbIKTaIIbl. Makaiazia
JI63 >xe3iH »kaliMasay/blH YTHIMIbl TEXHOJIOTHSCHI JKacasblll, 3epTXaHANBIK JKaraaiga TekcepiireH. bypaHnais
MIIIHOUTIK TeH OOMIBIK-ChIHANBI OpHaKTa JI63 jxe3iH jkaiiMalaraHAa, yIbTPAayCaKTYHIPIIKTI KYPBUIBIMBIHBIH Ka-
JIBINTACYbIHA KAHIIAIBIKTHI HIEMICY PEKIMI ocep eTETIHIr )KYMbICTa TaIJaHbII, TAIJay HOTEKECIHE epeKIle KOHLT
OeninreH. bypannanel mimiHOLTIK 1eH OOWNBIK-ChIHANBI OpHakTa JI63 >ke3iH jkaliMayiay, KaHBUITBIPJBI jKaiiMa
METaJIBIHBIH OEPIKTIK MEeH WIEMAUTIK KaCHEiH )KOFapiaTyFa aJlblll KeIEeTIHAIr MaKaiaaa TaObIIIbL.

Tyiiin cesmep: xe3 JI63, ynpTpaycakTyHipiIikTi KypbUIbIM, XKalimanay, KepHeyJi-aedopManusiibl Kyi, CaHIbIK
MOJIECTIbIEY, KEPHEY MEH Je(opMalivsi KapKbIHABLUIBIFbI, OEPIKTIK, HISMALTIK.

C. A. Mamexkos', A. C. Mamekosa®, P. E. yPa36aeBa3, JI. P. KusinGexoBa’,
J. A. Tycynkammesa', , I'. A. Cmaniosa’, K. K. Hypaxmerosa®

'Satbayev University, Anmmarer, Kasaxcran,
*Nazarbayev University, Acrana, Kazaxcran,
3Kblprl)13CKHﬁrocyuapCTBeHHmﬁ TexHH4Yeckuil yHuBepcutet uM. U. Pa33akosa, bumkek, Keipreizcras,
*Kasax yJITTHIK arpapiibik yHHBepcHTeTi, AnMatel, Kasakcras,
M. ThiHblGaeB aThiHarbl Kaszak etk %oHe KOMMYHHKAIMAIAP aKaAeMHICHIHbIH, AnMatsl, Kazakcran

OCOBEHHOCTH ®OPMHWPOBAHUE CTPYKTYP IIPH ITPOKATKE I10JIOC
B BUHTOOBPA3HBIX BAJIKAX U ITPOJ1OJIbBHO-KJINMHOBOM CTAHE

AHHoTanus. B HacTosmel cTaThe npeAcTaBiIeHa HOBas TEXHOJIOTH MOIydYeHHe JIUCTOBOTO IIPOKaTa C ylIbTpa-
MEJIKO3EPHUCTON CTPYKTYpOH. YIIbTPaMEJIKO3€pHHUCTas CTPYKTypa IIOJNyYeHa IIyTeM MPUMEHEHUE UHTCHCUBHOMU
IUIaCTHYECKOH JedopMaiuu, pa3BUBaeMoil BUHTOOOpa3HbIM BajlKkoM. B paboTe uccienoBaHo HampspkeHHO-aedop-
mupoBaHHoe coctossiue (HJIC) 3aroroBku npu npokaTke B BHHTOOOPA3HBIX BaJIKaX M MPOIOJIbHO-KIMHOBOM CTaHe.
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Merogaom koHeuHbIX dneMeHToB U nporpamMamu ANSYS-LS/DYNA u «MSC.SuperForge» mnonyueHbl KOnu4ecT-
BEHHbIC JIaHHbIE M YCTAHOBJICHBI OCHOBHbIE 3aKOHOMepHOCTH pacmpezneienus HJC, temmepaTypbl Ipu npokarke
3aroTOBOK B BHHTOOOpPAa3HBIX BalIKaX C Pa3lIMUuHbIM KOJIMYECTBOM MNPOXOAa M Ha IPOMOJbHO-KJIMHOBOM CTaHE.
Pazpaborana u B m1abopaTOPHBIX YCIOBHAX ONMPOOOBAHO palMOHAIbHAS TEXHOIOTHS MpoKaTku Jatyan JI63. Ocoboe
BHUMaHHE yJIEJICHO aHaIN3y BIIUSHUS PEKUMOB [TPOKATKYA B BUHTOOOPA3HBIX BAJIKaX M MPOJOJIbHO-KIMHOBOM CTaHE
Ha (HOpPMUPOBAHUE YIBTPAMENIKO3EPHHUCTOM CTPYKTYphI B narynu JI63. YcraHOBJIE€HO, YTO MPOKAaTKa B BUHTOOOpa3-
HBIX BaJKax U MPOOJIbHO-KIIMHOBOM cTaHenaryHu JI63 NpUBOAMT K yBEIMYCHUIO MPOYHOCTHBIX U IUIACTUYECKHX
CBOWCTB MeTaJIa JINCTOBOTO MPOKaTa.

KuaroueBsble ciaoBa: matyHp JI63, ympTpamMenKo3epHUCTas CTPYKTypa, MPOKATKa, HAMPSKEHHO-AEPOPMHPO-
BAaHHOE COCTOSIHME, YMCICHHOE MOJEIMPOBaHNe, MHTEHCHUBHOCTh HANpsDKeHUi U aedopmanuii, TpoYHOCTH, IUIac-
TUYHOCTbD.
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