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PHENOMENON OF THE SOFTENING COLD-DEFORMED LOW-CARBON STEEL
DURING ALTERNATING BENDING

For cold-rolled low-carbon steel, detected softening during alternating bending is accompa-
nied by an increase in ductility and ability to strain hardening. The softening process is accompanied
by a change at morphology of ferrite grains. Elongated grains after cold rolling acquire a shape close
to a polyhedron after alternating bending. Compared to the strength properties, for which a maximum
decrease corresponds to four bending cycles, the ductility and strain hardening ability of the metal
continue to increase even after eight cycles. The non-monotonic nature of change in dislocation densi-
ty depending on the number of bending cycles indicates complex substructural changes in cold-rolled
metal, which has a dislocation cellular structure varying degrees of the perfection.

Keywords: steel; dislocation density, ferrite; strength; strain hardening, elongation.

Jlna xonooHoxamanoi HU3bKo8yeneyegoi Cmaii GUAGLEHO NOM SIKULEHHS NPU 3HAKOZMIHHOMY 32U-
Hi, 5IKe CYNPOBOOAHCYEMBCSL 3POCHAHHAM NAACMUYHOCIE A 30aMHOCTHE 00 0ehopMAYItHO20 3MIYHEHHSL.
IIpoyec nom’ aKuwenHs cynpo8ooAiCcyemuvCs 3miHo Mopghonoeii 3epen gpepumy. Bumsznymi 3epHa nicis
X0I00HOI npokamku Habysarms opmu, HabIUICEHOT 00 noaiedpy nicis pesepcusHozo eucury. Ilopi-
BHAHO 3 GIACMUBOCHAMU MIYHOCMI, OIS IKUX MAKCUMATbHE SHUIICCHHS 8i0N08i0ac YOMuUpbom YuKiam
BUSUHY, NAACMUYHICMb I 30aMHICMb Memany 00 0e)OpMAYiliHO20 3MIYHEHH NPOOOBICYIOMb 3POC-
mamu Hagimv Nicas 860CoMU YUKIie. HeMOHOMOHHUL Xapakmep 3MIHU 2YCMUHU OUCTOKAYIL 8I0 YUCid
YUKIII@ GUSUHY CBIOUUMb NPO CKIAOHT CYOCPYKIMYPHI 3MIHU XOTOOHOKAMAHO020 MEMAy, wo Mac Ouc-
JIOKAYIUHOK KOMIPYACTIOW CIMPYKMYPOIO PI3HO20 CHYNeHsi O0OCKOHANOCHI.

Knrouoei cnosa: cmanv, winbHicme oucioxayii, epum,; miynicms, dedhopmayitine 3miyHeH-
Hsl, BIOHOCHE 8UO0BIICEHHS.

Problem’s formulation
The use of plastic deformation as a tool for controlling set properties of cold-worked low-
carbon steel is an urgent problem. Based on this, purpose of the work was to assess degree of softening
cold-rolled low-carbon steel during alternating bending.
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Analysis of recent research and publications

The intensive development of mechanical engineering is accompanied by increasing require-
ments for products made of the metal materials. Considering production volumes, rolled carbon steels
are the most popular type of metallurgical products. Against the background of most characteristics,
the ratio of strength and plastic properties deserves special attention [1—3]. For most metal materials,
the increase in strength properties is limited by the level of ductility. In general, development of phase
transformations leads to the formation of the required structural state and associated set of the proper-
ties metal [4—6]. Considering that most types of rolled products have a complex cross-sectional shape
and are the long products, it is not possible to achieve simultaneous development of phase transforma-
tions both at cross section and along the length. As a result, in proportion of the degree heterogeneity
of temperature distribution, plastic deformation along the cross-section and length, and the non-
simultaneous development of phase transformation processes, decrease at straightness of rolled prod-
ucts is observed. The use of alternating bending to level a long product should influence a set of prop-
erties, especially resistance to small plastic deformations [7—9]. In this case, one should expect an
increase in effect of influence in proportion to the degree deviation of the metal structure from the
equilibrium state. Based on this, process of leveling a product may be of some interest as a technology
for changing properties of the cold-deformed metal [3, 6, 10].

Formulation of the study purpose

The purpose of the work was to assess degree of softening cold-rolled low-carbon steel under
alternating bending.

Presenting main material

The material for study was hot-rolled sheet metal 2 mm thick, made of low-carbon steel with a
carbon content of 0.07 %. The remaining chemical elements were within the 08ps steel grade compo-
sition. At the cold rolling mill, the strip was reduced in thickness by 20, 40 and 60 %.

The cold-rolled strip was subjected to alternating bending in a special installation [10], with
the number of bending cycles (m) being calculated. One cycle of alternating bending corresponded to
one movement along metal strip of a special stand with two rollers for bending.

The mechanical properties of the samples were determined by tensile tests at room tempera-
ture and a strain rate of /0~ s”'. The microstructure of steel was examined under a light microscope.
The dislocation density (p110) was estimated from broadening (f) of X-ray interference (/10) [11]:

pro=m-p>ctg’ /b, (1)
where O is interference angle of the (1/70) line, b is the Burgers vector.

Compared to the hot-rolled state, an increase at degree of cold deformation by rolling is ac-
companied by the quite expected hardening of the metal (Fig. 1).
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Fig. 1. The influence degree of deformation on the increase in yield stress (/) and strength (2)
(a), decrease in relative elongation (b) and n (c) of steel after hot rolling

Strength characteristics increase, and plasticity and strain hardening coefficient decrease (Fig.
1, b, ¢). The difference at rate increase in yield stress (4oy) and strength (dos) after different degrees of
plastic deformation is due to qualitative changes at structure of cold-rolled steel. One of the reasons
should be considered a change at nature of accumulation and distribution defects of the crystal struc-
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ture depending on degree of deformation [6—12]. Indeed, a difference at rate of increase in o, and 4a;
from magnitude of deformation during rolling is primarily due to the influence of strain hardening
processes on the internal structure of the metal.

From comparative analysis it follows that if the value of ¢, corresponds to the state of metal
when the first signs of plastic deformation appear, then at o5 the structure has already undergone sig-
nificant qualitative changes. Changes in the structure begin from appearance first acts propagation of
plastic deformation, through formation and improvement of the dislocation cellular structure and end
with formation of the first submicrocracks. Simultaneously with increase in strength characteristics, a
sharp decrease at ductility of the metal is observed (Fig. 1, b). Already after deformation of 20 %,
there is a sharp decrease at relative elongation, approximately 5 times (from 30% after hot rolling to
5.4 %). This nature of the change in d, is due to substructural changes internal structure of the cold-
deformed metal.

After all, at 20...25 % plastic deformation, the beginning formation of a dislocation cellular
structure is observed [3, 12, 13]. Compared to deformations up to 10...15 %, when the increase in quan-
tity dislocations is accompanied by a relatively uniform distribution, the certain probability development
of dislocation annihilation during deformation itself is quite high. In this case, even minor recombination
of dislocations at low degrees of deformation will ensure preservation of a certain level of plasticity.
During decay of a uniform distribution of dislocations [14], cells with a rather imperfect structure are
first formed [7]. A characteristic feature of such a structure is the formation large cells, with dislocation
concentrations inside them and at subboundaries practically no different from each other [10].

In this case, mutual blocking of dislocations that are located in different crystallographic slip
systems will lead to rapid exhaustion resource of their accumulation by metal until maximum permiss-
ible value. This is confirmed by a sharp decrease at ductility and ability of the metal to strain harden-
ing (estimated by the value n = (65— 0y)/0y [7]), Fig. 1 b, c. To subjected a cold-deformed metal to on-
ly two cycles of alternating bending, significant softening is observed (Fig. 2, a), the plasticity and
ability of the metal to strain hardening increase several times (Fig. 2, b, c).
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Fig. 2. The influence number of bending cycles on the yield stress (/) and strength (2) — (a),
relative elongation (b) and the value of # (c) of 20 % cold-rolled steel

Considering that relative elongation values are 5.4 % after 20 % deformation, an increase to
13 % after two bending cycles (Fig. 2, b) should be considered significant. A similar increase was
found for ability of the metal to undergo strain hardening (Fig. 2, ¢). Compared to a deformation of
20 %, alternating bending of steel after 40 and 60 %, in addition to reducing the temp of change prop-
erties is not accompanied by qualitative changes at dependencies (Fig. 3). The decrease in strength
properties and increase in ductility and the ability of the metal to strain hardening also continue.

Moreover, as follows from at nature dependence of the strength properties, four cycles are al-
ready sufficient to achieve 90 % of the total softening effect (Fig. 2 a and 3 a). However, achievement
maximum values of d4, as shown in Fig. 2b and 3b and n (Fig. 2 ¢ and 3 ¢), should be expected after
more than 8 number of cycles. In general, the nature dependence strength and plastic properties after
alternating bending indicates a fairly stable effect softening of the cold-rolled steel.
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Fig. 3. The influence number of bending cycles on the yield stress (1) and strength (2) — (a),
relative elongation (b) and the value of # (c) of cold-rolled 60 % steel

The results microstructure study should be considered as confirmation observed effect of the
softening (Fig. 4).

After cold deformation, for example, 40 %, equiaxial ferrite grains structure after hot rolling
(Fig. 4 a), turns into elongated, with a predominant orientation at direction of the main plastic
deformation during rolling (Fig. 4 b). The subsequent 8 cycles of alternate bending lead to qualitative
changes. The elongated grains of cold-rolled steel after alternating bending become more equiaxed
(Fig. 4 ¢), and their average size approaches grain size of the hot-rolled state.

Considering absence heating of the cold-rolled steel, it is of some interest to explain
phenomenon of changes at morphology of the ferrite grains as a result of alternate bending. Estimating
the dislocation density (p110) using relation (1) indicates its proportional increase depending on the
degree of cold deformation (Fig. 5 a). As follows from the analysis of above relationships (Fig. 5 b),
decrease at total dislocation density as a result of alternated bending should be considered as one of
the reasons for decrease at strength properties of cold-rolled steel (Fig. 2 a, 3 a).

Fig. 4. Microstructure of the steel after hot rolling (a), cold reduction 40 % (b) and eight bend-
ing cycles (c). Magnification 800
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Fig. 5. Influence of the degree deformation (a), deformation of rolling (1—20; 2—40; 3—
60 %) and m on (p;10) (b) and the mutual of change n and d; (¢)
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However, this is not enough to explain effect softening of metal with a qualitatively different
structural state. Compared to unidirectional deformation, especially at region of small plastic
deformations, when the distribution of dislocations corresponds to an almost uniform distribution, the
softening of metal when the sign of loading changes is explained by the annihilation of dislocations
from the initial deformation [6, 7]. In this case, the maximum softening for different steels appears at a
certain degree of preliminary deformation, which is 3...8 %. Exceeding the indicated values is
accompanied by a gradual decrease in the effect and, after deformation, 6...10 % it almost disappear.

The observed phenomenon of soften after alternate bending of cold deformed steel by
20...60 % (Fig. 2, 3), is quite difficult to explain only by the development annihilation of the
dislocations. The main difficulty is the replacement of uniform distribution of dislocations by the
dislocation cell structure. Indeed, in proportion to the degree of plastic deformation, ranging from
deformations of 20...25 %, the uniform distribution of dislocations turns into periodic structures, of
varying degrees of the perfection [10, 12].

Moreover, already starting from the deformation of about 10 %, the observed appearance of
first signs formation of structural elements with a predominant crystallographic orientation is
accompanied by significant changes at complex of properties. The effect of softening from alternate
bending at steel studied should be considered as corresponding to a developed cellular structure of the
dislocation, which has an acute texture after cold rolling. Therefore, conduct of additional studies
changes of the substructure of cold deformed metal after alternate bend will allow, to a certain extent,
to approach the explanation of the soften mechanism. In addition, the execution of the ratio ds~f(n)
(Fig. 5 c) deserves a certain attention. If the previously indicated ratio was observed mainly for low -
carbon steels with a relatively equilibrium structural state [10, 12] and polyhedral form of ferrite
grains, then for cold deformed steel, its implementation is unexpected.

Indeed, as follows from Fig. 5 c, regardless of the structural state, starting from the hot-rolled
structure, cold-rolled textured metal and after alternate bending, the strain hardening coefficient and
the ductility of low-carbon steel are directly proportional.

Conclusions

1. Soften during alternating bending of cold-rolled low-carbon steel is accompanied by an in-
crease in ductility and ability to strain hardening.

2. The number of alternating bending cycles has a different effect on the change at strength
and plastic properties of cold-rolled steel. Almost the maximum reduction in strength properties is
achieved after 4 cycles, and the increase in relative elongation and strain hardening coefficient contin-
ues even after 8 cycles.

3. Alternating bending of cold-rolled low-carbon steel is accompanied by a change at mor-
phology of the ferrite structure. Ferrite grains elongated in the rolling direction, after 8 cycles of alter-
nating bending, become close in shape to a polyhedron.

4. The non-monotonic nature of the change in dislocation density depending on the number of
bending cycles indicates complex substructural changes in cold-rolled metal.

5. For low-carbon steel, regardless of the degree of cold reduction and the number of bending
cycles, the strain hardening coefficient and ductility are directly proportional.
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SABUIIE NOM’SIKINEHHSA XOJIOJJHOJJE®OPMOBAHOI HU3bKOBYTJIEIIEBOI
CTAJII ITPM 3BHAKO3MIHHOMY 3I'MHI

Pedepar

Bukopucranusi macTh4HOi nedopmamii B SKOCTI IHCTPYMEHTY KEpyBaHHS KOMILIEKCOM
BJIACTUBOCTEH XOJNOAHOAE(POPMOBAHOI HHU3BKOBYIJIELEBOI CTali € aKTyaJbHOIO mpobmemoro. Ha
mifcTaBi LbOTO, METOI0 POOOTH CTaja OIHKAa CTYNEHS IIOM SIKIIEHHS XOJOJHOKATaHOol
HU3bKOBYTJICLIEBOI CTaji MPU 3HAKO3MIHHOMY 3THHI. [IJis MOCSATHEHHS METH HEOOXiAHO BHUPIIMTH
HACTYIHI 3aBJaHHS:

— JIOCTITUTH BIUIUB CTYIEHS XONOMHOI JedopMallii MpOKaTKOK Ha MOEJHAHHS MIIHICTHUX,
MJTACTHYHMX BIACTUBOCTEH, 3AaTHOCTI CTaJI 10 e OpMAaIlifHOTO 3MIlTHEHHS;

— OWIHUTH e(eKT BIUIMBY 3HAaKO3MIHHOIO BHUTHHY Ha CTPYKTypy Ta BJIAacTHUBOCTI
xononHoaedopMoBaHoi cTai;

— OWLIHWTU 3MIiHM TYCTUHH Ae(EeKTiB KpUCTaJIiuyHOi OyIOBH XOJIOAHOAE(HOPMOBAHOIO METAIy
iCIsl BUKOPUCTaHHsI 3HAKO3MIHHOT'O BUTHHY.

VY pe3ynbTaTi BUKOHaHHS poOOTH OyJO BHSIBICHO, IO: MOM’SIKIICHHS MPH 3HAKO3MIHHOMY
BUTHMHI XOJOAHOKATAHOI HU3BKOBYIJICHEBOI CTalli CyMPOBOKYETHCS 3POCTAHHAM IUIACTUYHOCTI Ta
3IATHOCTI 10 fedopMaliiiHoro sMinHeHHs. Yncno HUKIiB peBEpCUBHOTO BUTHHY MO-Pi3HOMY BILIHBAE
Ha 3MiHy MIIHICTHHX Ta IUIACTHYHHUX BJIACTUBOCTEH XOJOAHOKaTaHoi cTami. [IpakThaHO MakcumanbHe
3HIDKEHHS. MIMHICTHUX BIIACTUBOCTEM OCATAECTLCA BIKE IMiCiaA 4 LUKIIB, a 30UIbIIEHHS BIIHOCHOI'O
MOJOBXEHHSI Ta Koedimienta aedopMalifHOrO 3MIIHEHHS TpPUBA€ HAaBiTh MicAsS § MMKIIB.
PeBepcuBHMIT BUTHH XOJOAHOKATAHOI HU3BKOBYIJIELIEBOI CTaJIl CYNPOBOLKYETHCS 3MiHOI0 MOposorii
CTPYKTYpH (GepuTy. BUTATHYTI B HampsMKy IpOKaTKH 3epHa (GepuTy micis 8 LUKIIB peBEepCHBHOTO
BUTHHY 3a (POpMOIO CTaroTh OMM3BKUMHU A0 moiieapa. HeMOHOTOHHME XapakTep 3MiHHM LIUTBHOCTI
JUCTIOKALiH Bi YKcia UMKIIIB BUTHHY CBIUUTH MPO CKIAIHI CyOCTPYKTYpHI 3MiHH XOJIOJHOKATAHOT O
Merany. s HHU3BKOBYIJIENEBOI CTalli, HE3aJeKHO BiJ CTYNEHS XOJOZHOrO OOTHCHEHHs Ta yucia
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LOUKITIB PEBEPCUBHOIO BUTHHY, KOe(ilieHT IedopMaliifHOro 3MiHEHHs Ta IJIACTUYHICTH IOB'S3aHi
MPSIMO MPOMOPLIHUM CHIiBBiIHOLICHHSIM.

OTpumaHi pe3yiabTaTH MOXYTh CTAHOBUTH NEBHUH MPAaKTUYHUH 1HTEpEC — MOXKIMBICTH, 03

3MiHH (popMH X0JIOIHOASPOPMOBAHOTO MPOKATy Ta BHKOPUCTAHHS HarpiBy, MHiIBUIIYBaTH HOro
TUTACTUYHI XapaKTEePUCTUKH.
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