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ABSTRACT

Waste recycling of both ferrous and non-ferrous metals is a useful process for the
economy of any country. This paper proposes a new technology for recycling bar scrap of
ferrous metals by rolling it in radial-shear rolling mills by producing a commercial product
in the form of bars with an ultrafine-grained gradient structure. Studies have shown that
the deformation of bar scrap in the form of pieces of reinforcement made of steel grade
18G2S in a radial-shear rolling mill makes it possible to significantly disperse its structure
by producing a gradient ultrafine-grained structure, and this, in turn, leads to the
elevating of the mechanical characteristics of this steel grade. Thus, the tensile limit of the
18G2S grade steel deformed on the radial-shear rolling mill was 620 MPa (at the initial
value of 365 MPa).

Keywords: recycling, bar scrap of ferrous metals, reinforcement, radial-shear rolling,
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Introduction

The environmental problem has been a hot
issue all over the world for more than a decade.
Conventional waste disposal does not always solve
this problem, since in many cases it also leads to
significant environmental pollution, for example, in
the case of waste disposal in a waste landfill or
waste incineration. Therefore, at present, much
attention is paid to the development of various
methods of waste processing, i.e. recycling,
including scrap metal, which is also the most
economically profitable.

For example, the “3R Initiative” in waste
management, based on three basic “coordinates”:
Reduce — reduction; Reuse — reuse of waste;
Recycle — use as secondary resources were
proposed in Japan as far back as 2004 [1].

In the present case, we shall consider the
problem of processing and using “iron waste”, a
special category of waste called scrap metal, as
secondary resources.

The sources of the formation of scrap metal can
be conditionally divided into three categories: parts
or mechanisms, as well as structures that have
exhausted their service life; deteriorated metal
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products; waste generated during the production
and processing of ferrous metals.

As is well known, the final stage of the life cycle
of most metal products is most often their disposal
in the form of scrap metal, followed by remelting
and further recycling.

At the same time, it is difficult to disagree that
this is one of the simplest ways to dispose of metal
products that have served their service life.

Although there has long been another way of
processing some metal products that have served
their service life by various methods of hot pressure
treatment to obtain a finished commercial product
[2-10].

But a qualitatively new level of possibilities for
the recycling of scrap metal processing, both in the
form of some long metal products, such as rods,
axles, shafts that have served their service life, and
ordinary bar scrap of ferrous metals, including
rebar, opens the radial-shear rolling process (RDR).

Radial-shear rolling is cross rolling of solid
rounds mainly on a three-high screw rolling mill
with large feed angles and high one-time draftings,
the main difference of which is the feed angle
increasing to a = 18° - 20° at a conventional rolling
angle B =5 "°[11].

During the radial-shear rolling, the metal
extrusion in the deformation zone along
programmed trajectories creates the effect of
volumetric macro-shear, which makes it possible to
pick up the metal efficiently and squeeze
throughout the volume. At the same time, the
blank is squeezed in two directions and tensiled in
one direction corresponding to the rolling progress
in the longitudinal direction in the deformation
zone during the RDR. In the transverse direction,
the blank is rolled in addition to the drafting itself.

As a result, after passing the deformation zone
in the rolls, the blank decreases in diameter
lengthens, and also twists around its axis by a
certain angle, which depends on the magnitude of
the torque, blank material, and its geometric
parameters. Such deformation conditions are
favorable for defect-free rolling of practically any
deformable materials.

Radial-shear rolling has currently found
application in the recycling of pump rods in
conditions of the Ocher Machine-Building Plant [12-
14] and has been tested in laboratory conditions in
the recycling of used railway axles [15]. We propose
to use the radial-shear rolling technology to process
common bar scrap of ferrous metals with producing
bars with an ultrafine-grained gradient structure.

Experimental Procedure

To confirm the possibility of recycling various
bar scrap of ferrous metals, a physical experiment
was conducted at the SVP-08 radial-shear rolling
mill, which allows deformation of blank with a
circular cross-section from a diameter of 40 mm to
a diameter of 8 mm. Pieces of reinforcement made
of 18G2S steel grade of class A-Il (A300) GOST
5781-82 with a diameter of 32 mm and a length of
250 mm were used as initial blanks, which were
previously subjected to homogenizing annealing
before deformation.

Deformation of the pieces of reinforcement
was performed in two stages: 1st stage — rolling out
of the reinforcing profile itself to obtain a common
cylindrical blank; 2nd stage — rolling of the
produced cylindrical blanks for producing ultrafine-
grained gradient structure.

At the first stage, pieces of reinforcement with
a 32 mm diameter were heated in a Nabertherm
R120/1000/13 tube furnace to a temperature of
1100°C with equalizing during 32 minutes before
deformation in the SVP-08 radial-shear rolling mill.
After that, the deformation of these pieces of
reinforcement was performed on the radial-shear
rolling mill to a diameter of 28 mm in two passes
with a step of absolute reduction in diameter of 2
mm according to the reverse scheme [16].

After producing blanks with a 28 mm diameter
with a cross-sectional shape close to cylindrical,
they were cooled at 700°C in a tube furnace
Nabertherm R120/1000/13 to equalize the
temperature over the blanks cross-section. At the
second stage, the deformation of blanks with 28
mm diameter was also performed with a step of
absolute reduction in 2 mm diameter according to a
reversible scheme to 16 mm diameter in six passes.

Polished micro specimens for optical
microscopy and TEM objects for studying the fine
structure as well as standard samples for
mechanical tests, were prepared from the initial
sample (after homogenizing annealing) and after
each pass. The microstructure was studied using an
OLIMPUSBX53M optical microscope; the fine
structure was studied using a JEM-2100
transmission electron microscope (JEOL, Japan) at
an accelerating 200 kV voltage. The microstructure
was investigated in the center and at the periphery
of the bar section.

Mechanical properties were determined by the
tensile strength test of standard cylindrical
specimens on an Instron 5966 testing machine. In
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this case, three duplicate specimens were taken for
tensile strength test for each point of the
experiment (after each pass), [17, 18, 19, 20].
Analysis of the microstructure evolution
showed that 18G2S grade low-alloy steel has a
ferrite-pearlite structure in the initial state (after
homogenizing annealing), secondary cementite is
located along the grain boundaries (Fig. 1), the
average grain size is 25 um.
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Picture 1 — Microstructure of 18G2S steel grade in
the initial state (after homogenizing annealing)

Results and Discussion

The analysis of the microstructure after 2
preliminary deformation passes at 1100°C on the
SVP-08 radial-shear rolling mill showed the
recrystallization in the structure of the deformed
18G2S grade steel.

Since the deformation temperature during
rolling was higher than the temperature of the steel
allotropic transformation upon heating, cementite
decompositions, and ferrite transition to austenite,
the steel had an austenite structure upon
deformation.

Austenite, on the other hand, is very plastic and
mobile at high temperatures; accordingly, during
rolling, the grains underwent a very significant
deformation, began to stretch and turn in the
direction of rolling. Besides, large grains began to
disintegrate into small grains. After cooling, the
blank has a ferrite-pearlite structure with 17-18
microns grain size.

Analysis of the microstructure after eight
deformation passes (2 preliminaries at a
deformation start temperature of 1100°C and 6
main ones at a deformation start temperature of
700°C)  deformation  showed that grain
fragmentation was observed as a result of the
formation of dislocation walls and the formation of
deformation cells in the peripheral part of the
18G2S steel bar.

Figure 2 — Microstructure of 18G2S steel grade after
2 preliminary deformation passes at 1100°C

Despite the high dislocation density, a large
number of dislocation-free subgrains were also
observed (Fig. 3a). Recrystallized regions with a low
dislocation density describing themselves as a sign
of the development of dynamic recrystallization
during deformation were also found in the
microstructure.

The detected recrystallized grains are
distinguished not only by the absence of
dislocations in the grain body but also by the close-
to-equilibrium structure of the disorientation
boundaries, as evidenced by the weak streaky
electron microscopic contrast at these boundaries.
The structure of the central zone consisted of long
and narrow grains elongated in the rolling direction
with a size ranging from 1 to 2 um (Fig. 3b).

Figure 3 - Microstructure of the peripheral (a) and
central (b) parts of the low-alloy 18G2S grade steel bar
after 6 passes of the RSP

After analyzing the microstructure evolution,
mechanical characteristics of bars made of 18G2S
grade steel, produced after 8 passes (2 preliminary
and 6 main) of reversible radial-shear rolling was
studied. The mechanical characteristics were also
determined for the initial non-deformable sample,
previously subjected to homogenizing annealing.

The average static value of properties was
determined and passes number-strength and
plastic properties charts were constructed
according to statistically processed results of
mechanical tests (Fig. 4).

The results of mechanical tests have shown that
the initial (averaged) values of mechanical
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properties are: ultimate strength is 365 MPa;
relative elongation is 36%.

After all 8 passes in the radial-shear rolling mill,
the mechanical properties of 18G2S grade steel
change as follows: the strength properties increase,
and the plastic ones fall.
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Figure 4 — Passes number-strength and plastic
properties chart of 18G2S grade steel

So the value of the ultimate strength (oB) after 8
passes increased to 620 MPa, and the relative
elongation, which is one of the indicators of the
plastic properties of any material, decreased to
10%. At the same time, it can be seen from the
charts that these changes do not occur
monotonously: after the first pass of deformation,
when the temperature of the beginning of
deformation of the reinforcing profile was 1100°C,
a sharp increase in the strength index and a drop in
the value of the relative elongation were observed,
while during the second pass these values did not
change significantly.

After cooling the blank obtained after 2 passes
at a temperature up to 700°C and the subsequent
3rd pass, we again observe the intensive change in
the mechanical properties of 18G2S steel (there is a
sharp increase in ultimate strength and a significant
drop of relative elongation). Later (after a sharp

spike in properties during the implementation of
the 3rd pass), a smooth change in the mechanical
characteristics of 18G2S steel is observed.

Conclusions

Thus, it may be concluded that deformation in
the SVP-08 radial-shear rolling mill makes it
possible to disperse significantly the structure of
bar scrap, and the degree of structure refinement is
the higher, the greater the degree of deformation.
Thus, eight passes of deformation made it possible
to reduce the average grain cross-sectional size by
almost 30 times (from 25 to 0.8 um) in comparison
with the initial state.

The change in the size of the initial grain led to
a significant change in the mechanical
characteristics of the bars obtained after
deformation in the radial-shear rolling mill.

So the tensile strength of 18G2S steel after
deformation increased by almost 1.7 times to a
value of 620 MPa. The relative elongation, which is
one of the indicators of the plasticity of the
material, decreased 2.6 times 10%, against the
initial 26%. Such a decrease in the plasticity index,
in this case, is within the normal range for materials
after severe plastic deformation.
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Kapa meTtanaapAapiH, WblbbIK CbIHbIKTapbiH KalTa eHaey 60MbIHLLA KaHa
TEXHONOTUANDIK, WeLliM - paananabl-XbUDKbIManbl XXYKapTy (npokaTtray) Typanbl
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TYWIHAEME

Kapa aHe TycTi meTangapaplH KanaplKTapblH KalTa eHAey Kes-KenreH enfiH SKOHOMMKAchl YLUiH
navgansl yaepic 6onbin Tabbinagpl. Byn }KymbicTa Kapa MeTangapabiH, WhlbbIK CbIHBIKTAPbIH paguanapl-
MKbUIXKbIMabl XYKapPTy OPHAKTapblHAQ NPOKaTTay apKbiAbl yAbTpa TYMipLWIKTi rpagueHT Kypblabimbl 6ap
WbIBbbIKTAp TypiHAE TayapAbl ©HIM anblHaTbiH KalTa eHAEeYAiH KaHa TEeXHOMOTUACbI YCbIHbIAFAH.
yprisinreH 3epTTeynep kepcetkeHaen, 18M2C mapkanbl 60naTTaH »acanfaH apmaTtypaHbiH, 6eniktepi
TYpiHAeri WbIbbIKTapAbl Paauanabl-*Kbl/KbIMazbl KYKApPTy OpHafblHAA Aedopmaumanay, rpagmeHTTi
YyNbTpa ycakK TYWipWiKTi KypblibiMabl anyfa MyMmKiHAiK 6epepi, 6yn e3 KeseriHoe 60naTTbiH, OCbI
MapKacbIHblH, MEXaHWKabIK cMnaTTamanapbiHbiH, ecyiHe aKenesi. CoHbimeH, 18M2C mapKanbl 60naTTbl
pagmangbl KblaXKbIManbl opHafbiHAa gedopmaumanaraHaa 6onatTbi, 6epikTik weri 620 MMMa Kypagpl
(6acTtankbl MmaHi 365 Mra).

TyiliiH ce30ep: KaiiTa eHAey (PEUMKAMHT), Kapa MeTangapAblH, WbIBbIK CbIHbIKTapbl, apmatypa,
pasvanabl-KblXKbIMabl XKYKaPTY, MUKPOKYPbINbIM, MEXaHWUKabIK KacueTTepi.
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AHHOTALUMUA

PeLUKAMHI 0TX0A0B, KaK YepPHbIX, TaK U LIBETHbIX METaN/I0B ABMAETCA NONE3HbIM NPOLECCOM ANA
3KOHOMUKM nto6oi cTpaHbl. B AaHHOW paboTe npeasioxeHa HOBas TEXHONOMMA PELUKAWHIa
MPYTKOBOrO /IOM@ YEpHbIX METa//IoB NMyTeM ero MPOKaTKM Ha CTaHax PaAnasbHO-CABUIOBOM
MPoOKaTKM € MOJlyYeHMEM TOBApPHOTO MPOAYKTa B BUAE MPYTKOB C Y/bTPamMesKO3epHUCTOM
rpagueHTHOW CTPYKTypoii. [lpoBefeHHble WCCNEAO0BaHWA MOKasanu, Yto aepopmupoBaHue
NPYTKOBOrO /IOMa B BMAE KYCKOB apmaTypbl M3 cTanu mapku 18M2C Ha cTaHe pagmanbHo-
CABMIOBOI MPOKaTKM MO3BOJ/IAET CYLLECTBEHHO AMCMEPrMpoBaTh €ro CTPYKTYpY C MoslydeHuem
rPaAVEHTHOW YNbTPAMEIKO3EPHUCTON CTPYKTYpbl, @ 3TO B CBOIO O4epedb NPUBOAWUT K POCTY
MEXaHMYECKUX  XapaKTePUCTMK  AaHHOM  Mapku  cTanu. Tak  npefden  MPOYHOCTM
npoaedopMMPOBaHHOI Ha CTaHe PaAnanbHO-CABUIOBOM NPOKATKM cTanu mapku 18M2C coctasun
620 MMa (npu ncxoaHom 3Ha4YeHun 365 Mra).
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