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Abstract. The article describes the features of grain structure formation and mechanical properties of low-alloy steel 10G2FBYu after rolling in flat
and embossed rolls under the conditions of ordinary and electroplastic deformation. When rolling in embossed rolls, a significant non-uniformity of
deformation is achieved over the rolling cross-section, expressed in localized macroshifts directed at an angle of 45° to the rolling plane. It is shown
that local shear deformation during rolling in embossed rolls leads to an increase in the ultimate strength of the steel under study with a decrease
in plasticity of the rolled material. Rolling 10G2FBYu steel in embossed rolls under conditions of electroplasticity provides maximum strength
characteristics with a high hardening coefficient at the stage of macrodeformation. At the same time, the plasticity is maintained at a level sufficient for
technological purposes. Structural metallographic and electron microscopic studies showed that increase in strength of steel when rolling in embossed
rolls under conditions of electroplastic effect is caused by the refinement of ferrite grains to sizes less than 0.5 pm. Fractographic studies revealed
changes in the nature of fracture in steel during rolling in embossed rolls, which is expressed in appearance of areas of brittle fracture in the rolled
samples. Rolling under conditions of electroplasticity increases the proportion of ductile fracture and ductility of 10G2FBYu steel.
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AnHomayus. VccnenoBanbl 0COOEHHOCTH (OPMUPOBAHUS 36PEHHOM CTPYKTYpbl U MEXaHMYECKHE CBOMCTBA MasojieruposanHoi cranu 10I2DBIO
MoCJIe TMPOKATKU B IUIOCKUX M Pebe(HBIX BAJKaX B YCIOBUIX OOBIYHOI M 3ieKTporutacTuueckoi nedopmanuu. [Ipu mpokarke B penabeHbIX
BaJIKax JIOCTUIAeTCsl CyLIeCTBEHHAs HEPABHOMEPHOCTh Ae(OpMALIMH 110 CEYEHHIO MPOKATa, YTO BhIPAKAETCs B JIOKAIN30BAHHBIX MAaKPOC/ABUTaXx,
HAIpaBICHHBIX 1MOA yrmIoM 45° K IUIOCKOCTH Tpokata. JlokanbHas ciBUroBast aedopmanysi MpH NPOKaTKe B pelibe(HbIX BajKaxX HPHUBOAUT
K BO3pAcTaHUIO IIpejesia IMPOYHOCTH HCCIEYyeMON CTali IpU CHW)KEHUM IUIACTUYHOCTH IIpoKaTaHHoro Marepuana. IIpokarka cramu
10I"2DBIO B penbedHbIX BalKkax B YCIOBHSIX 3JEKTPOIUTACTUYHOCTH 00SCIIEUHBACT MAKCUMAJIbHBIC MPOYHOCTHBIC XaPAKTEPUCTUKH C BHICOKHUM
K03 HULUEHTOM YIIPOUHEHHUS Ha CTaJuu Makpoaedopmaiuu. [1I1acTHIHOCT TP HTOM COXPAHAETCS HA IOCTATOYHOM JUISl TEXHOJIOTUUECKUX LIeNei
ypoBHe. CTpyKTypHbIe MeTaIuIorpaduueckue 1 SIEKTPOHHO-MUKPOCKOITMYECKHE UCCIIEIOBAHMS MTOKA3aJI1, YTO MOBBIIICHNUE TPOYHOCTH CTAJIN IPH
MIPOKATKe B pesibe(PHBIX BAJIKaX B YCIOBUSX HJIEKTPOINIACTHYECKOro A dexra 00yCcIOBISHbI U3MENBIEHHEM 3epeH (eppHTa 10 pa3MEepOB MEHee
0,5 Mxm. dpakrorpaduueckue UCCleJOBAHNS BBISBIIN H3MEHEHUSI XapaKkTepa pa3pyIleHus B CTAJIN IIPU NPOKATKe B pesibePHBIX BaJIKax, KOTOpOe
BBIPAXKACTCSI B TOSBICHUM 00JIACTEll XPYIKOTro pa3pylIeHus B IPOKaTaHHBIX oOpa3uax. [lepexoxn k mpokaTke B yCIOBHAX IEKTPOIUIACTHYHOCTH
TIOBBIIIAET JIOJTIO BSI3KOTO pa3pyLICHHUs U MIaCTUIHOCTH ctanu 10 2DBLO.
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[ INTRODUCTION

Improving the quality of rolled sheets stands as
the paramount objective in rolling production. Attain-
ing enhanced strength in low-alloy steels, crucial for
construction, oil and gas equipment manufacturing,
and oil and gas pipeline production, can be achieved
through various methods: targeted alloying [1], cont-
rolled rolling [1; 2], asymmetric rolling [3], and other
techniques [4 — 6]. To produce high-strength fine-grained
rolled products, the suggestion is to employ deforma-
tion rolling processes featuring local macroshifts. These
macroshifts are facilitated by rolling sheet material in
rolls with annular grooves [7 — 9]. In [10], it is demon-
strated that rolling 09G2BT steel in such rolls results in
a 10 % increase in tensile strength and a 17 — 47 MJ/m?
boost in impact strength, while decreasing anisotropy (»)
from 2.8, observed during rolling in smooth rolls, to 1.9
when using rolls with annular grooves.

In [11 — 13], the study explores rolling in rolls with
a corrugated or wavy surface as a form of intense plas-
tic deformation. This induces local macroshifts, influ-
encing the rolled metal through localized deformation
effects. Such macroshifts play a crucial role in process-
ing the entire thickness of the sheet, refining the grain
structure, and forming a fine-crystalline grain structure.
This overall enhancement leads to improved strength
characteristics in the rolled metal, including an increase
in impact strength.

The quality of rolled metal can undergo substan-
tial improvement through the application of specia-
lized rolling methods combined with additional impact
on the metal via low-duty impulses of high-density elect-
ric current (up to 1000 A/mm?) [14 — 16]. This approach
is grounded in the electroplastic effect, which entails an
augmentation in the plasticity of materials under the influ-
ence of an electric current. Notably, higher deformations
have been achieved through rolling in the electroplastic
deformation mode, eliminating the need for intermedi-
ate high-temperature annealing [17 — 19]. In a related
study [20], it was demonstrated that rolling with current
could lead to the formation of a nanocrystalline structure
in titanium-based alloys and titanium nitride, signifi-
cantly enhancing their strength characteristics.

The current investigation encompasses an exami-
nation of the combined method involving rolling in
embossed rolls with the additional impact of electric cur-
rent pulses on the structure and mechanical properties
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of low-alloy steel 10G2FBYu. This is compared to rolling
in flat rolls, encompassing the electroplastic deformation
(EPD) mode.

[l MATERIALS AND METHODS

This study focused on low-alloy low-carbon steel
10G2FBYu. The steel composition includes, wt. %:
C0.10; Mn 1.58; Si0.38; S 0.005; P0.015; Ti0.019;
A10.034; V 0.076; Nb 0.048; N, 0.008.

The investigation involved steel in its as-delivered
state, specifically a 56 mm thick sheet after hot rolling.
Billets for rolling, in the form of rectangular section rods
measuring 15x10 mm with a length of 200 mm, were
cut from the original sheet along the rolling direction.
Four rolling modes were employed. Mode /: rolling bil-
lets in flat rolls, reducing thickness from 10 mm to 1 mm
without intermediate annealing in multiple passes with
a reduction per pass of 0.2 mm (referred to as rolling in
flat rolls). Mode 2: rolling samples from 10 mm to 3 mm
in flat rolls, from 3 mm to 1.6 mm in embossed rolls,
and from 1.6 mm to 1 mm in flat rolls without interme-
diate annealing in multiple passes with a reduction per
pass of 0.2 mm (referred to as rolling in embossed rolls).
Modes 3 and 4 differed from modes / and 2 by applying
electrical current pulses, with a frequency of 4 kHz and
a duration of 100 ps, from a specialized pulse generator
with a power of 600 W (referred to as rolling with EPD).

The rolling of steel samples took place on a VEM 3
laboratory mill.

Mechanical tests for uniaxial tension were conducted
using an Instron-5582 universal testing machine at a speed
of 10 s7! at room temperature. Samples of 10G2FBYu
steel for mechanical testing were cut into double-sided
blades with a working length of 25 mm and a cross-sec-
tion of 1x5 mm.

Metallographic studies utilized a Zeiss Axiovert 25
CA optical microscope.

Fractographic studies of the destroyed samples were
carried out using the raster electron microscopy with
a Tesla BS-300 scanning microscope.

Electron microscopic analysis was conducted utili-
zing a JEM—100 CXII transmission electron microscope
operating at an accelerating voltage of 100 kV. To pre-
pare samples for this analysis, sections were precisely cut
using an electrical discharge machine, ground to a thick-
ness of 100 um, and discs with a diameter of 3 mm were
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Fig. 1. Structure of 10G2FBYu steel in the state of delivery and after
rolling under different conditions:
a — in the state of delivery; b — after rolling in flat rolls;
¢, d — after rolling in embossed rolls;
e — after rolling in flat rolls with eloctroplastic deformation (EPD);
f— after rolling in embossed rolls with EPD

Puc. 1. Crpykrypa cranu 10I"2DBIO B cocTosiHIM OCTaBKA
U 110CJIe MTPOKATKHU B Pa3HBIX YCIOBHSAX:
a — B COCTOSIHMH MTOCTAaBKHU; b — MOCIIe MPOKATKH B IUNIOCKUX BaJIKaXx;
¢, d — 110c1e IPOKaTKU B pelibe(PHbIX BaJIKax;
e — TocTie MPOKATKH B IUIOCKUX Bajkax ¢ DI1/I;
f— mocie npokartky B perabedHbIX Bajkax ¢ DI1J]

subsequently cut. The samples were further polished until
a hole emerged through jet electropolishing in an electro-
lyte composed of 125 ml CH,COOH, 25 g GrO,, and
5 ml H,0.

[l RESULTS AND DISCUSSION

In Fig. 1, a, the structure of 10G2FBYu steel is
depicted in its as-delivered state after pickling in a 4 %
nitric acid solution.

The steel exhibits a typical two-phase grain structure
characterized by grains elongated along the rolling direc-
tion, displaying ferrite-pearlite banding (Fig. 1, a). Ferrite
grain sizes range from 5 to 15 pm, and the width of pear-
lite strips is 3 —7 pm. The tensile diagram of the steel
in its as-delivered state is illustrated in Fig. 2, curve /,
with a tensile strength of 563 + 12 MPa and a ductility
of approximately 15 % (refer to the Table).

Following rolling in flat rolls, 10G2FBYu steel deve-
lops a structure with grains elongated along the rolling
direction (Fig. 1, b). During the rolling process, pear-
lite colonies undergo substantial crushing and transfor-
mation into small particles, measuring 3 —5 pm in size
and exhibiting irregular shapes. The ultimate strength
of the steel experiences a notable increase (Fig. 2, Table).
However, concurrently, the ductility undergoes a signifi-
cant reduction, almost halving in comparison.

The structure of 10G2FBYu steel after rolling in
embossed rolls is presented in Fig. 1, ¢, d. Notably, roll-
ing in embossed rolls achieves significant, uneven defor-
mation across the cross-section of the rolled product, evi-
dent in localized macroshifts directed at a 45° angle to the
plane of the rolled product (Fig. 1, ¢). These shifts result
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Fig. 2. Stretching diagrams of 10G2FBYu steel:
1 — in the state of delivery; 2 — after rolling;
3 — after rolling in embossed rolls; 4 — after rolling with EPD;
5 — after rolling in embossed rolls with EPD

Puc. 2. lnarpammel pactsixenus cranu 10I2DBIO:
1 — B COCTOSIHUHM IOCTaBKH; 2 — HOCJIE MPOKATKH;
3 — mociie IPOKaTKH B peIbeHBIX Bajlkax; 4 — Hocie mpokarku ¢ DI1/1;
5 — mocse npokaTku B penbedHbIx Bankax ¢ DI1/]
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Mechanical properties of 10G2FBYu steel samples in the state of delivery
and after rolling without and with EPD

MexaHnuueckne cBoiictea 00pa3uos crajau 10I'2@BIO B cocTossHHN OCTAaBKU
u nocJjie npokarku 6e3 DI/ u ¢ I/

State Elastic strength | Yield strength | Ultimate strength Relative

(type of treatment) c,, MPa G,,> MPa c,, MPa elongation, %
As delivered 265 +22 353+£2 563 £12 15.0+2
After rolling 307 £27 502 +47 934+ 14 7.5+0.1
After rolling in embossed rolls 321+15 540 +29 938 +4 6.8+0.1
After rolling with EPD 278+9 423 +£24 958 £2 83+0.1
After rolling in embossed rolls with EPD 511+ 16 905 £ 17 1024 + 12 5.0=£0.1

from local shear deformation during the rolling process
in embossed rolls. Post-rolling, the grain structure under-
goes significant refinement, and a less pronounced banded
ferrite—pearlite structure is formed (Fig. 1, d) compared
to the original steel sample (Fig. 1, a). Strength charac-
teristics after rolling in embossed rolls are nearly identi-
cal to those of 10G2FBYu steel rolled in flat rolls (Fig. 2,
Table). Notably, there is a noticeable increase in the elas-
tic limit, the hardening coefficient at the macrodeforma-
tion stage, and, consequently, an elevation in the condi-
tional yield strength 6, .

Rolling in flat rolls in the electroplasticity mode
marginally enhances the tensile strength and ductility
of the steel compared to conventional rolling (Fig. 2,
Table). The structure of the steel rolled in the electroplas-
ticity mode remains consistent with that observed during
conventional rolling in flat rolls.

The structures of 10G2FBYu steel after rolling in
flat and embossed rolls in the electroplastic deformation
mode are depicted in Fig. 1, d, . Notably, the size and
morphology of cementite particles exhibit marked varia-
tions depending on the rolling method applied. Cemen-
tite particles in 10G2FBYu steel after rolling in flat rolls
with EPD (Fig. 1, e) are larger in size, with an average
width of 3.5 um, compared to rolling in embossed rolls
with EPD (Fig. 1, /) where the average width of cemen-
tite plates is 2.2 pm. In both rolling scenarios, highly
dispersed carbide particles are observed inside the ferrite
grains (Fig. 1, e, /).

The aforementioned mechanical test results for
10G2FBYu steel, following various rolling schemes,
underscore the significant influence of the rolling
scheme and additional impact on the strength proper-
ties of the rolled material. During rolling in embossed
rolls, where plastic flow occurs in both longitudinal and
transverse directions with significant local macroshifts,
the strength of 10G2FBYu steel surpasses that achieved
through conventional rolling in flat rolls. Rolling the steel
samples with the application of powerful electric current
pulses in the electroplastic deformation mode also leads
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to an increase in its strength characteristics. The peak
strength for 10G2FBYu steel is achieved after rolling
in embossed rolls while simultaneously subjecting it
to shear deformation and electric current pulses. In this
scenario, the tensile strength reaches 1000 MPa, accom-
panied by a substantial increase in the hardening coeffi-
cient at the macrodeformation stage, rising from 200 MPa
during conventional rolling to 500 MPa when rolling in
embossed rolls in the EPD mode.

An examination of the microstructure of 10G2FBYu
steel through transmission electron microscopy reveals
that in the as-delivered state, the predominant com-
ponent is ferrite (Fig. 3, a), with an average grain size
of 5~ 10 um. Deposits of iron carbide Fe,C of lamellar
or spherical type are observed inside and along the grain
boundaries. After rolling, a fine-grained structure with
an average grain size of 5 — 7 um forms in the steel, fea-
turing a cellular dislocation structure with misorientation
between cells ranging from 2 to 10°. It’s worth noting that
the post-rolling structure is highly heterogeneous.

Following rolling in embossed rolls, the average
grain size further decreases to 2 — 3 pum, and the grains
become fragmented into cells with sizes less than 0.5 pm.
This reduction in grain size during embossed roll roll-
ing is attributed to shear stresses, contributing to grain
refinement. Rolling under conditions of electroplastic
deformation, influenced by electric current pulses, leads
to an even more significant reduction in the average grain
size (less than 1 um) and the formation of a cellular struc-
ture with dimensions less than 0.3 um. This rolling mode
corresponds to the highest strength achieved for the stu-
died steel.

Similar findings were reported in [21], where it was
observed that rolling L80 brass in rolls with grooves led to
a reduction in the average size of the initial grain from 22
to 3 um. In contrast, traditional rolling only resulted in a
decrease in grain size to 9 um. The formation of a fine-
crystalline structure, as demonstrated in both studies,
contributes to an enhancement in the strength properties
of the rolled material.
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Fig. 3. Electron microscopic images of structure of 10G2FBY steel:
a — in the state of delivery; b — after rolling in embossed rolls

Puc. 3. DnekTpoHHO-MHKPOCKOIIMYECKHE U300paXeHus CTPYKTypbl cranu 10I2DBHO:
a — B COCTOSIHUHM IOCTaBKHU; b — MOCJIe MPOKATKU B pebedHBIX BalKax

The analysis of fracture patterns in 10G2FBYu steel
samples subjected to active tension reveals distinctive
characteristics. In the as-delivered state, fractures result
in knife-like patterns, with the fracture surface characte-
rized by plastic materials featuring a cup-shaped appear-
ance (Fig. 4, a, ¢). The size of pits on the fracture sur-
face ranges from 0.5 to 15 pm. Some pits contain small
(=2 pm) non-metallic inclusions. Tensile testing in this
state demonstrates the maximum ductility of 10G2FBYu

steel. The elongation of fracture pits indicates the pres-
ence of a shear stress component during fracture.

Following rolling in flat rolls, fractures in 10G2FBYu
steel exhibit delaminations along the rolled planes, signifi-
cantly elongated fracture pits, and the emergence of quasi-
cleavage areas (Fig. 4, b, d). The ductility of the steel
sharply decreases after rolling. These fracture features
persist during rolling in relief rolls and in the electro-
plastic deformation mode. After rolling in embossed

Fig. 4. Fracture factors of 10G2FBYu steel samples:
a, ¢ — in the state of delivery; b, d — after rolling in flat rolls; e — after rolling in embossed rolls;
f— after rolling in flat rolls with EPD; g — after rolling in embossed rolls with EPD

Puc. 4. ®pakrypsl pazpyienns oopasuos cranu 102DBIO:
a, ¢ — B COCTOSIHUH MTOCTABKH; b, d — MOCIIe IPOKATKH B IUIOCKUX BAJIKaX; € — MOCJIE IPOKATKH B peIbe(HBIX BaJIKAX;
f— mocie mpokaTku B IIOCKHX Bakax ¢ DI1J]; g — mocie mpokatku B peabedHbIX Bajkax ¢ DI/
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rolls, the proportion of quasi-cleavage increases, and
the fractograms of the fracture surface show large areas
with a quasi-brittle type of fracture (Fig. 4, e). Samples
rolled in the electroplastic deformation mode exhibit
a decrease in the proportion of brittle fracture. Fig. 4, f, g
display fractograms of the destruction of samples rolled
in flat and embossed rolls in the electroplastic deforma-
tion mode.

- CONCLUSIONS

The local shear plastic deformation occurring during
rolling in embossed rolls induces the formation of loca-
lized deformation bands. These bands play a crucial role in
effectively refining the grain structure and pearlite plates.
Structural investigations have demonstrated that, par-
ticularly during such rolling under conditions of electro-
plastic deformation, a submicrocrystalline structure with
a grain size of less than 0.5 um is established.

The development of a submicrocrystalline struc-
ture results in a significant enhancement of the strength
characteristics of the studied steel, including an increase
in the hardening coefficient at the stage of macrodefor-
mation. In this scenario, ductility experiences a reduc-
tion but remains at a sufficient level for practical appli-
cations. Fractographic studies have revealed alterations
in the nature of fracture in the steel during rolling,
manifested in the emergence of areas featuring brittle
fracture in the rolled samples. The shift to rolling under
electroplastic deformation conditions increases the pro-
portion of ductile fracture and enhances the ductility
of 10G2FBYu steel.
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