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The formation and change in the structure of microdamages during successive deforma-
tions by tension and compression in the sheets of low-carbon single-phase steel DCO04
(0.06 % C, up to 0.35 % Mn, up to 0.40 % Si, ~0.025 % S and P) during alternating
sign variable bending (SVB) were studied. The deformation of the annealed bands at the
initial stage (0.25 cycles) leads to the formation of a structure with microdamages in the
form of pores in the stretched region, to decreasing in the frequency (v) of natural
vibrations of rectangular samples and normal elastic modulus (E). Straightening of the
steel strips (deformation of the 0.5 cycle SVB) leads to the "degradation” of damages
formed at the previous stage of the SVB in the stretched region of the strips, which is
repeated with each straightening of the samples. The damage coefficient (D) increases with
bending and returns to a value close to the previous one after straightening the strips.
Changes in D with a change in the "tension — compression” strain occur intensively in the
initial stages of SVB (0.25 1 cycles). With an increase in the SVB deformation to 10 or
more cycles, the level of "degradation™ of damage during straightening of the samples
decreases, and the damage coefficient decreases slightly. Damages accumulate in the form
of pores that do not undergo changes when the type of deformation changes.

Keywords: deformation, alternating bending, damage, structure, Young’s modulus,
degradation.

Brniine 3HAKO03MiHHOTO BUTMHY HAa CTPYKTYDPHI NOIIKOIKEHHS HU3BKOBYTJEIEBOI CTaJi.
A.A.Bpioxanos, HA.Boauox, C.I.Iosues, [J.A ]auox, I'.I'epwumeiin, 3.A.Bpoxarnosa

BuBueno yTBopeHHdA i 3MiHY CTPYKTYPHM MiKPONOMIKOAMKEHL HNPU MOCHiZOBHUX AedopMa-
IiAX PO3TATYBAHHAM 1 CTUCHEHHAM Y JIMCTAX HUBBKOBYTJIeleBoi ommodasmoi crami DCO4
(0.06 % C, mo 0.35 % Mn, mo 0.40 % Si, ~0.025 % S i P), axi mogesroBanm 3HAKO3MiH-
HuM BuruHoM (3B). Hdedopwmaris sixnmamenux cmyr Ha mouyatkoBomy erami (0.25 mukay)
TPU3BOAUTEL A0 (POPMYBAHHA CTPYKTYPH 3 MiKPOTONIKOM/KEHb Yy BUTVIAAL TP V PO3TATHYTIH
obmacTi, M0 3MeHIIeHHA uacTOTU (V) BJIACHUX KOJWBAHL TPAMOKYTHUX B3paskKiB i Moxyns
HOpMaJbHOI Tpy:KHOCTI (K). Bunpamaenua cmyr (medopmaria 3B 0.5 nuknay) crani mpusso-
JUATEL 10  Aerpagariii’ MOITKOMMKeHHs, [0 YTBOPUINCA HA Tonepeaubomy etamni 3B y postar-
HYTi#i obsacTi cMyr i MOBTOPIOETHCA TPM KOMKHOMY BUNpaAMJeHHI 3paskis. KoedimienT mo-
mromKeHocTi (D) 36iabITyeThes MPUM BUTHMHAX 1 TOBEPTAETLCA IO 3HAUEHHS, OJMUBLKOTO M0
TTOTIePEHLOTO, TiCAA BUNPAMIEHHA cMyr. 3minu D mpu smini medopmanii "posTtaranus —
CTUCKAHHSA TPOTiKac IHTEHCHMBHO Ha TMOYATKOBUX CTAmifAX sHaKoaMiummoro suruny (0.25—
1 nuriay). Ipu s6inpmenui gedopmarnii 8B go 10 i Giablile MUKIIB BeauuyuHa — Aerpajarii’
TIOMIKOMKEeHHS NPW BUNPAMJIEHHI 3pasKiB 3MeHMYyeThes, KoedillieHT MOMIKOAIKEHOCTI ITo-
BiTbHO 306idbITyeThcsa. BinbyBaeThcs HaKOMWUEHHSA MONUTKOM:KEHL Yy BUTJIALL Tip, AKI He
3a3HAIOTH 3MiH Ipu 3MiHax BuUmy medopwmarlii. Anizorponia D noBropioe anizorponiio E.
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HUccnenosano o6pazoBaHne U U3MEHEHHE CTPYKTYPhI MUKPOIIOBPEXKIEHUI IPU MOCIeL0Ba-
TeIbLHBIX JePopManuAX PacTSKeHHeM U CoKaThueM B JUCTAaX HU3KOYIJIEPOAMCTOH ofHodasHoil
crasimu DCO4 (0.06 % C, mo 0.835 % Mn, mo 0.40 % Si, ~0.025 % S u P), xoTopnie
MOEeNUPOBAIN 3HAKoNepeMeHHBIM usrubom (3U). HdedopMalus OTOMMKEHHBIX MOJOC Ha HAa-
yagbHoM stane (0.25 nuKaa) IpUBOAUT K (POPMHUPOBAHUIO CTPYKTYPLI ¢ MUKPOIIOBPEKIEH-
HOCTAMHU B BUJE IIOP B PACTAHYTOM 00JIaCTH, K YMEHBLIIEHHI0 4acTOThI (V) COBCTBEHHEIX
KoJIeGaHUI MIpPAMOYTOJLHBIX 00pasioB U MOIYJIS HOpMaJIbHOI/I ympyrocTu (E). Buinpamie-
nue mojoc (gedopmanusa 3U 0.5 nuKiIa) cTanud NPUBOAUT K  AeTPajaluy  IIOBPeXKJeHHOCTeN,
00pasoBaBIINXCA Ha MpesbIAyIneM starne SV B pacTAHYTOH 0O6JIACTH IOJOC U HOBTOPSETCS IIPU
KasKJIOM BEINIpAMJIeHHH o6pasios. Kospdunuent nospesxgentoctu (D) yBeIuyuBaeTcs IpPU U3-
rubax U BO3BpalllaeTcsa K 3HAUYEHHIO, OJU3KOMY K IIPeALIAYIIeMY, IIOC]e BLIIPAMJEHUS II0JIOC.
Usmenenuss D npu cmeHe aedopMallii — PAaCTSKeHUe — CKaThe IPOTeKaeT WHTEeHCHBHO Ha
HAYAJLHBEIX CTAAUAX 3HAKOIEPEeMEHHOTO 1/13r1/16a (0.25— 1 nukJaa). Ilpu yeeaudenuu geopMaliiu
81 g0 10 u Gojee IUKJIOB BEIWUYMHA — AeTrPajalluyd  ITOBPEKIEHHOCTEH IpU BLIIPAMJIEHUAX
006pasIoB yMeHbIaeTes, Koo()PUIMeHT MOBPe:KAeHHOCTH MeIJeHHO yBeJMuuBaercsa. IIpoucxo-
IUT HAKOILIEHMUE TOBPesKeHHoCcTel B BUe II0p, He IIpeTepIeBaIoNUX U3MeHeHUH IIpu usMeHe-

HUAX Buaa Aeopmanun. AHU30Tponusa D MOBTOpsSeT aHU30Tponmoo K.

1. Introduction

The phenomenological models of fracture
of solids currently being developed use data
on the accumulation of damage during plas-
tic deformation [1]. Damage D(n) (damage
coefficient) of the material is characterized
by the ratio of the area of an element
dS*(n) (n is normal to the plane) of the
cross section of the body damaged by micro-
pores, microcracks, piles of dislocations, to
the total area dS(mn) without taking into ac-
count any microdamage:

dS*(n) €h)
dS(n)

The production of parts from coiled steel
by stamping methods requires preliminary
straightening on rollers with successive
multiple alternating bending (SVB), which
means a violation of the straightness of the
main axis of the sheet [2].

With the AB of flat objects, metal layers
spaced apart from the median plane at a
distance dy alternately experience compres-
sion and tensile deformations [3]. In this
case, defects in the form of micro damages
appear in the bulk of the metal subjected to
tension, and their appearance changes when
the type of deformation changes.

The aim of this work was to study the
formation and changes in the structure of
microdamage during successive tension and
compression deformations in connection a
change in the moduli of normal elasticity in
single-phase low-carbon steel sheets.

D(n) =

2. Experimental

Determination of differential damage at
different points of samples according to Eq.
(1) by direct measurements of dS(m) and
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dS*(n) requires cutting out the samples and
special surface treatment for electron mi-
croscopy [4]. Integral damage distributed
over the entire volume of a solid affects the
characteristics of the interaction between
its parts. This affects a number of proper-
ties of bodies, for example, the electrical
conductivity of the body in the direction
(n), the speed of propagation of sound
waves, density, hardness, elasticity, etc.
[5]. Therefore, D(n) can be estimated by the
change in these values relative to some
standard which is considered undamaged.
For viscoelastic materials, the most accept-
able property for such purposes is the nor-
mal modulus (Young’s modulus E(n)).
Young’s modulus is determined from the
stress-strain diagrams in the elastic region
(static or isothermal modulus) and substan-
tially depends on the density of defects in a
plane perpendicular to the direction of ten-
sion. According to [5], the damage coeffi-
cient is determined by the ratio of the de-

fective Young’s modulus (Ey, — E) to its
value in a defect-free state
Ey,-E 2)

where E; is Young’s modulus in the intact
state, i.e. in the linear part of the tensile
curve; E is Young’s modulus of the sample
in a damaged state.

This approach is destructive, involves
cutting and sample preparation according to
a special standard, for example [6].

In [7], the nucleation and development of
damage in sheets of two-phase steel DP600
during tensile deformation was studied
based on measurements of Young’s modulus
by the dynamic method. A satisfactory cor-

Functional materials, 27, 4, 2020



A.A.Briukhanov et al. /| The effect of sign variable ...

Fig. 1. Microstructure of steel sheets DC0O4. RD — rolling direction, TD — transverse direction,

ND — normal direction.

relation of the level of damage was observed
between the results obtained by measure-
ments of Young’s modulus and the data of
direct measurements by electron micros-
copy.

Young’s modulus is determined with
high accuracy by measuring the frequency
of natural vibrations of cylindrical or rec-
tangular samples [8]. The method is based
on solving the equation of transverse vibra-
tions of a rod of constant cross section,
obtained in the form [9]:

02y oty (3)
a2 H U= 0

where b2 = E/p is the velocity of longitudi-
nal vibrations in the rod, ) is the radius of
inertia relative to the line passing through
the axis and perpendicular to the plane of
bending.

Solution of Eq. (3) is mainly determined
by the border conditions. For a rod with
free ends, the solution has the form [9]:

4 4
E=1.108548-p-%-v2, )

where v is the natural frequency of the

plate; p is the density of the substance; [ is
the rod length; d is the thickness of the rod
in the plane of bending.

It is essential that the natural frequency
of the rod does not depend on its thickness in
the direction perpendicular to the bending
plane. For plates, only the length and thick-
ness affect the accuracy of determining E.

For curved rods, the boundary conditions
remain the same as for straight bars [9].
The ratio of the thickness of the samples to
the radius of curvature of their bending is
small; therefore, the corresponding correc-
tions for an increase in length can be ne-
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glected [9] and for plates bent by rolling on
rollers (in the absence of sharp bends) for-
mula (4) can be quite acceptable.

When various discontinuities appear in
the metal bulk, not only E changes, but also
its density due to an increase in the sample
volume. Therefore, to assess the level of
damage to a polycrystalline sample, it is
logical to use the parameter E/p in (1).
Then (1) will take the form:

p=1-L .20

Ey o

BN
EO V’

where V) is the volume of the sample in an
undamaged state; V is its volume in a dam-
aged state.

Using the methods at our disposal, we
did not find changes in V during bending
deformations due to their smallness. There-
fore, to estimate D, we used (2).

3. Results and discussion

The research material was steel sheets
DCO04 (0.06 % C, up to 0.35 % Mn, up to
0.40 % Si, ~0.025 % S and P) with a sin-
gle-phase ferrite structure, 2 mm thick
under delivery conditions from “Salzgitter
Flachstahl™ (Fig. 1a). Point contrasts within
and along the boundaries of ferrite (Fe)
grains are probably due to the presence of
pearlite inclusions (Fe + Fe3C). Their volu-
metric amount in steel with 0.06 % carbon
is 5 %. This amount of pearlite (88 % fer-
rite + 12 % Fe3C) does not significantly af-
fect the properties of steel. Within the
framework of these studies, steel can be
considered single-phase.

Scanning electron microscopy with mag-
nification (x5000) reveals the presence of
damages in the form of pores distributed
over the grains and their boundaries (Fig.
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Fig. 2. Changes in the natural transverse vibrations of flat samples (A) and in the damage
coefficient (B) for DCO4 steel after deformation by a different number of alternating bending cycles

in the directions: O — RD, O — RD + 45°, A — TD.

1b). The company declares a guaranteed
yield point (0 9) < 210 MPa, ultimate ten-
sile strength (o,) in the range of 270-
850 MPa, density — 7870 kg/m3 [10].
Cards 120x120 mm?2 in size were cut
from the sheets and were annealed at a tem-
perature of 275°C in a neutral gas atmos-
phere for 24 h to obtain the maximum pos-
sible intact structure [7, 11]. Rectangular
samples (strips) 12x80 mm? in size were cut
from the cards in the rolling direction (RD,
RD + 45°) of the sheet and the transverse
direction (TD), respectively (see Fig. la).
Samples were processed in a bag, achieving
the same size. In this case, equation (2)
taking into account (4) takes the form:
V2
-

D-1 ()

where Vv, v are the vibration frequencies of
samples with damaged and undamaged (an-
nealed) structures, respectively.

The samples were subjected to deforma-
tion by alternating bending (SVB) with
0.25, 0.5, 0.75, 1, 3, 6, 9, and 12 cycles on
the rollers with a diameter of 50 mm. An
installation for bending by rolling ensured
uniform deformation along the entire length
of the sample.

One deformation cycle included bending
to one and the opposite sides and returning
the sample to a straightened state. The
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plates were straightened by hand using
clamps and a correction tool. Thus, 0.25
deformation cycle implies deformation of
opposite sides of the samples by compres-
sion and tension. Surface layers to a depth
of 0.2 mm were deformed by ~ 8—4 %.

The samples were placed on resonator
prisms, one of which was moved by means
of a "screw-nut” pair. To achieve a stable
sound, the positions of the nodes of the
standing wave were found according to the
condition of 22.43 % of the distance from
the ends of the plate [9]. The natural vibra-
tions of the plate were excited by the im-
pact of a graphite rod on its central part.
The frequency of the natural vibrations was
measured by the resonance method with the
Spectra PLUS computer program [12]. The
level of damage was evaluated according to
(5) relative to the annealed state. The meas-
urement results are shown in Fig. 2.

The vibration frequency of the annealed
steel samples is higher than that of those
cut from sheets directly on delivery. The
frequency and Young’s modulus in RD +
45° are higher than in TD and RD.

A 0.25 cycle bend reduces the vibration
frequency in all measuring directions.
Straightening, i.e., opposite deformation,
leads to an increase in the vibration fre-
quency of the samples and, consequently, to
an increase in Young’s modulus. Since the
samples had the same linear dimensions, the

Functional materials, 27, 4, 2020
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Fig. 3. Microstructure of DCO04 steel sheets
after pre-crystallization annealing.

change in v2 characterizes the changes in
elastic moduli in the case of SVB. This, in
turn, makes it possible to estimate the density
of damages D in steel during SVB (Fig. 2b).

The most dramatic changes in the fre-
quency during bending are observed at the
initial stages of SVB (0.25-1 cycles). Ac-
cordingly, for these cycles, a greater de-
crease in Young’s modulus and an increase
in D are observed. With an increase in the
number of SVB cycles, a decrease in the
amplitudes of frequency vibrations and D
coefficients was observed. The frequency
curves show slight declines in all directions,
and the damage curves show deceleration.

Microstructures were studied on a SUPRY
40VP electron microscope. To study the mi-
crostructure, samples 5x5 mm?2 in size were
cut from the central part of the strips after
annealing and after SVB deformation.

To reliably distinguish between damage
in the form of pores and other discontinui-
ties, as well as to exclude the effect of me-
chanical damage in the form of grinding
and polishing on the morphology of the
sample surfaces, they were subjected to ion
polishing. For this, the surface was treated
with an ion beam on a GATAN Met Etch 683
3 kV installation for 90 min at an angle of
inclination of 30°. Cross-sectional images of
the samples were obtained from areas without
cracks close to surfaces (~ 0.1 mm). The area
of the electron spot on the sample surface
was about (75x110) um. In the annealed
strips, damage in the form of pores is clearly
not visible (Fig. 3). Their condition is close to
a quasi-undamaged state [13].

After 0.25 cycle bending of the steel
strips, on the side subjected to tensile defor-
mation, damage was observed in the form of
pores, predominantly spherical, inside the
grains and at their boundaries (Fig. 4a). No
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obvious damage of the surface subjected to
compression was observed (Fig. 4b).

After further deformations "bending —
straightening”™, on microstructures against
the general background of an increase in
the number of damages and their sizes,
their periodic decrease is observed when
passing from tension to compression defor-
mation (Fig. 5).

Microdamages are almost always present
in technical materials even before an exter-
nal load is applied [1]. In the field of viscoe-
lastic deformation, they become provo-
cateurs of the appearance and development
of larger damages. Pre-crystallization an-
nealing reduces the level of damage in the
material. We see this in Fig. 8, where mi-
crodamages are not clearly observed, al-
though the images of the microstructure
contain darkened areas, which can be inter-
preted as remnants of microdamages of
steel in its as-delivered state. Natural vibra-
tion frequencies and moduli of normal elas-
ticity of samples increase. This is expressed
in a decrease in the integral damage coeffi-
cient. The D changes are opposite and agree
with E changes.

Bending up to 0.25 cycles initiates the
formation of new damages in the region of
elastic-viscous tension and the restoration
of old ones left after factory processing.
Electron-microscopic images show damages
in the form of micropores, mostly spherical,
in the stretching zone of the sample. Natu-
ral vibration frequencies and Young’s
moduli decrease in all measured directions
(Fig. 2a). Damage factors increase in all
three directions (Fig. 2b).

After straightening the samples, i.e.
after deformation for 0.5 cycles, the natu-
ral vibration frequencies of the samples in-
crease, and respectively, the coefficients D
decrease. A change in the type of deforma-
tion at this stage of alternating bending
leads to "degradation” of the microdamaged
structure formed after bending 0.25 cycles
in the tension region; this determines the
frequency of natural vibrations of the sam-
ples and elastic moduli. The next bending
(0.75 cycles of SVB) again leads to a de-
crease in the vibration frequencies of the
samples and Young’s moduli and to an in-
crease in the damage coefficients. Thus, at
this stage of SVB, the number of damages
per unit of cross-sectional area not only in-
creases, but also their morphology changes
(Fig. 5b). If at the first stage of SVB the
damages are mostly spherical, now they
have a shape close to elliptical. This indi-

727



A.A.Briukhanov et al. /| The effect of sign variable ...

Fig. 4. Microstructure of steel sheets DC04: a) — in the field of tension, b) — in the field of

compression.

Fig. 5. Microstructure of DC04 steel sheets after deformation by 12 cycles of alternating bending:

a) — x 5000, b) — x 20000.

cates the tendency to the formation of an-
isotropy in D. Scanning electron microscopy
confirms this fact in the papers on the ef-
fect of tensile and compressive loads on the
microstructure of low-carbon steels [14].
One complete SVB cycle again leads to
"degradation” of the damaged structure in
the area of change in tensile-compression
deformation; however, the "degradation”
does not reach the level corresponding to
the previous stage in the straightened state
(0.5 cycle). That is, there is a process of
accumulation of damage in the sample bulk.
It was shown in [15] that the texture of
industrial steel sheets of DCO04 is charac-
terized by a set of orientations: {111}<123>
and {111}<112>, as well as close to them
{654}<225> and {10 8 7}<135>. The scatter-
ing region includes the orientations
{835}<712 3> and {112}<681>. The orienta-
tion {100}<001> is clearly present. The
scattering region also includes {100}<012>.
These observations are consistent with gen-
erally accepted data on the texture of re-
crystallization of bee metals [16]. There-
fore, the test steel is subjected to process-
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ing during the production process by means
of final or intermediate recrystallization an-
nealing. The main orientations of the {111}
<UVW>type and those close to them are
isotropic, but increase the average modulus
of elasticity in the plane of the sheet. They
act in the opposite direction to the actions
of the damage.

The main contribution to the anisotropy
of the elastic properties of the initial sheets
is made by sharply anisotropic orientations
{112}<110>, {100}<011>. For these orienta-
tions, the value of E in TD is higher than
in RD. However, in representing the anisot-
ropy of the elastic properties of these orien-
tations in the form of Fourier series, the
amplitudes of their fourth harmonics (A4,)
have opposite signs and |A4|{100} > |A4|{112}
(see Table 1 in [14]). The total effect of
these orientations leads to a decrease in the
value of E in RD + 45°.

At the initial stages, deformation occurs
in systems of maximum atomic density. For
steels with a bec lattice, these are {011},
{112}, {128} <111>. Stress as a charac-
teristic of a tensor of the second dimension

Functional materials, 27, 4, 2020
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for a cubic crystal is isotropic. Therefore,
the damages also occur in the form of pores
with high symmetry. With multiple "ten-
sile-compression” deformations, the accu-
mulation of residual stresses and the activa-
tion of other, more rigid crystallographic
deformation systems are possible. This leads
to a violation of the symmetry of the shape
of the damages.

4. Conclusions

The changes in the dynamic elastic
modulus (E) of steel, measured by the fre-
quency (v) of natural vibrations of flat sam-
ples, make it possible to assess the level of
integral damage (D) of a polycrystal at each
stage of deformation by compression and
tension.

When straightening DC04 steel (0.06 %
C, up to 0.35 % Mn, up to 0.40 % Si, ~
0.025 % S, P) on rollers, the strips were
deformed by alternating bending (SVB). At
the initial stage (0.25 cycles), this leads to
a decrease in the frequency of natural vi-
brations and the modulus of normal elastic-
ity of rectangular samples which is caused
by the formation of a structure with micro-
damages in the form of pores in the
stretched region. The level of integral dam-
age is estimated by the ratio of the decrease
in the elastic modulus to the modulus of the
defect-free standard.

At the stage of 0.5 cycle (straightening
of the strips), the deformation with SVB
also leads to an increase in v and E for
three directions (RD — rolling direction,
TD — transverse direction, and RD + 45°);
according to the results of scanning electron
microscopy, this is caused by the "degrada-
tion” of damage during deformation by
compression of metal regions previously
damaged by tensile deformation. The dam-
age coefficient increases with bending and
returns to a value close to the previous one
in a straightened state.

Changes of D during the alternating
"tension — compression” deformation are
more intensive in the initial stages of the
sign variable bending (0.25-1 cycles).

With an increase in the SVB deformation
to 10 or more cycles, the value of "degrada-
tion” of damage during straightening of the
samples decreases, and the damage coeffi-
cient increases slightly. Damages are accu-

Functional materials, 27, 4, 2020

mulated in the form of pores, which are
preserved by changes in the type of defor-
mation. The character of the anisotropy of
D is similar to the anisotropy of E for steel
sheets and remains the same for the SVB
with a large number of cycles.
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