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Abstract. Materials with ultrafine grain structure and unique physical and mechanical properties can be obtained by
severe plastic deformation methods including the asymmetric rolling processes. Asymmetric rolling is a very effective
way to generate ultrafine grain structures in steels, magnesium alloys and other materials. Since the asymmetric rolling
is a continuous process, it has great potential for industrial production of ultrafine grain structure sheets and bars. Basic
principles of asymmetric rolling are described in detail in scientific literature. Focus in the well-known works is on the
possibility to control the structure of metal sheets. This study reflects the investigation findings regarding the impact of
speed asymmetry on shear strain during rolling of sheet and bars in the three-roll passes. Numerical comparison of shear
strain ratios in case of symmetric and asymmetric rolling is made in this study. Adequacy of the developed models is
demonstrated. The results of this research work will be useful for the analysis of ultrafine grain structure evolution of

metals in various asymmetric cold rolling processes.
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1. Introduction

Materials with ultrafine grain structure and unique
physical and mechanical properties can be obtained
by methods of severe plastic deformation (SPD), with
asymmetric rolling processes among them. The basic
principles of asymmetric rolling are studied and pre-
sented extensively in academic literature (Pesin et al.,
2000, 2002, 2003). Asymmetric rolling is a very ef-
fective way to generate ultrafine grain (UFG) struc-
tures in steels (Lee et. al., 2010), magnesium alloys
(Chang et al., 2011) and other materials. Since the
asymmetric rolling is a continuous process, it has
great potential for industrial production of ultrafine
grain structure materials (Weijun Xia et. al., 2009).

It is well known that the mechanism of SPD comes
from its large equivalent strain, which is composed of
compressive strain and additional shear strain. Zuo et
al. (2008) experimentally observed the shear strain dur-
ing asymmetric rolling. Effects of reduction ratio and
speed ratio on the shear strain have been studied. It has
been found out that with speed ratio of 1.5 the shear
strain ratio is the lowest one, and the shear deformation
ratios of 1.27 and 2.1 are comparable.

Many works have studied the shear strain during
asymmetric rolling by using finite element method
(FEM). Ji et al. (2007) investigated deformation me-
chanics of differential-speed rolling with a high speed
ratio between the top and the bottom rolls by rigid-
plastic FEM. It has been found out that the shear strain
takes a great portion of the total effective strain (~3.5)
in average. Sverdlik et al. (2013) has demonstrated that
during asymmetric rolling shear strain along the strip
cross-section increase more than 9 times in comparison
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with symmetric rolling. Ji and Park (2009) have ana-
lyzed various asymmetric rolling processes by the rig-
id-viscoplastic FEM. The findings of the numerical
simulation have revealed that differences in size, rota-
tional speed or friction condition between the top and
the bottom rolls can cause asymmetric deformation in
the sheet. Shear strain is more severe in the lower lay-
er, where the diameter, rotational speed or friction fac-
tor is greater than in the upper layer. Kim et al. (2011)
has analyzed the effect of speed ratio on the develop-
ment of shear deformation and texture during differen-
tial speed rolling. FEM simulation results have shown
that the effective strain accumulated during asymmet-
ric rolling increases with high speed ratio. Angella et
al. (2013) has researched the strain distribution devel-
oped during asymmetric and symmetric rolling with a
large number of passes. FEM results have demonstrat-
ed that surface strain effects related to local friction
between working rolls and sample surface regions
promote an additional deformation leading to a signifi-
cant contribution at large plastic strain and generate
discrepancies between equivalent strain values as-
sessed by continuum theories and those evaluated by
FEM models. Saced Tamimi et al. (2014) have investi-
gated the impact of process parameters on the onset
and growth of shear strain throughout the thickness of
sheet samples by finite element simulations. In accord-
ance with the FEM predictions, the experimental re-
sults have shown that the shear strain spread through-
out the thickness of sheet samples during asymmetric
rolling and developed the shear texture.

This study reflects the investigation findings re-
garding the impact of speed asymmetry on shear strain
during rolling of sheet and bars in three-roll passes.
Shear strain values in case of symmetric and asymmet-
ric rolling are numerically compared in this work. Ad-
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equacy of the developed
models is demonstrated.
The results of this research
work will be useful for the
analysis of ultrafine grain structure evolution of metal
in various asymmetric cold rolling processes.

2. Simulation of asymmetric rolling

2.1. Asymmetric sheet rolling

Fig. 1 shows the scheme of asymmetric sheet roll-
ing process. The circumferential speed of bottom roll

V, is higher than that of the top roll. The sheet is rolled

throughout the gap between the top and bottom rolls
and as a result the thickness is reduced from hy down to
h;. The deformation zone is defined by the area be-
tween the entrance and the exit. On the one hand the
asymmetry factor results in reduction of negative influ-
ence of Coulomb friction forces and consequently in a
possible increase of compression deformation during
rolling; on the other hand additional shear strains are
generated in the deformation zone. Speed asymmetry
coefficient during the sheet rolling process:

v
K, =—1, where V, >V, (D)
V,

where K| — speed asymmetry coefficient between

the top and the bottom rolls; V,, V, — circumferential
speed of the rolls.

Fig. 1. Schematic illustration
of asymmetric sheet rolling

Equivalent strain €, can be calculated by the
following equation:
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As asymmetric sheet rolling is the plane-strain,
that is
e, =—¢,¢,=0,v,=0,y,=0. (5)

X

Then Eq. (3) can be refined as

1
g =$1/48§, +75y- (6)

Fig. 2 shows a schematic illustration of change in a
single grid before and after asymmetric sheet rolling.
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Fig. 2. Change in a single grid before and after
asymmetric sheet rolling

Square ABCD becomes shape A’B’C’D’ after
asymmetric rolling. The thickness of the square is
reduced in “y” direction and the length is elongated
towards “x” direction. In addition angle Z/BAD,
which was originally 90 degrees, is decreased by a

shear stress by ¢ angle. The shear strain component

(Yxy) can be calculated, respectively, as follows,

Eq. (7) represents the shear strain during asym-
metric sheet rolling. More detailed analyses of irreg-
ular distribution of shear strain across sheet thick-
ness have been carried out by FEM simulation.

2.2. Finite element simulation
of asymmetric sheet rolling

Commercial software DEFORM 2D/3D, based on
FEM, was used to analyze asymmetric sheet rolling
process. In the course of simulation the following as-
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sumptions were made: 1) plane strain of metal; 2)
material under deformation — hardened rigid-plastic
material; 3) work rolls — absolutely rigid; 4) condi-
tions of deformation — isothermal. A Coulomb fric-
tion model was used between rolls and metal bar
which assumes that no relative motion occurred if the
equivalent frictional stress was less than a critical val-
ue. The friction coefficient was calibrated by experi-
mental tests and FEM simulations. Friction coeffi-
cient p was equal to 0.24.

The material of the sheet was CuZn5 and the
yield stress at 20°C was set by

6 =109+26.7¢"%, (8)
where o was the yield stress and € was the effective
strain.

Rolling was carried out with rolls of 100 mm in di-
ameter. The circumferential speed of the rolls was set
at V,=0.2 m/sec. Speed asymmetry coefficient was set
at K, = 1.0; 1.16; 2.0. In the course of simulation of
asymmetric sheet rolling process the influence of the
speed asymmetry coefficient on distribution of shear

strain Y, throughout the sheet thickness was studied.

The strip was cold rolled to achieve final 70% thick-
ness reduction in three passes (Table 1).

Table 1
Pass schedule
Pass No. 0 1 2 3
Thickness, mm 0.80 0.42 0.32 0.24
Reduction, % 0 47.5 23.8 25.0

Fig. 3 shows the flow net and distribution of
shear strain throughout the strip thickness after
cold rolling to 70% of thickness reduction with the
different values of the speed asymmetry coeffi-
cient K,. Shear strain is distributed irregularly
throughout the cross section of the strip in all cas-
es of rolling. In case of symmetric rolling
(Ky=1.0) the shear strain is maximum (~0.9) on
the top and bottom surfaces of the strip. In the
middle of the strip the shear strain during symmet-
ric rolling is zero (Fig. 3d). The larger the speed
asymmetry coefficient the higher the shear strain
is, particularly on the bottom surface of the strip
where the roll has faster circumferential speed.
With K,=1.16 the shear strain of the bottom sur-
face of the strip is ~1.6, and with K,=2.0 the shear
strain is equal to ~3.1 (Fig. 3d). For verification of
the numeric modeling results the following exper-
imental analysis has been carried out.

Top
N M": ’:'\‘._ 43— \ ) :
Bottom R.d. g Tt
‘ \
(a) _ A
_25
iy & K,=2.0
: ‘ : : ——Tg =20
= e —— . e
g —< k\ - = — - :% 5 s C»—’j—iﬁ—i\<’: \
Bottom Rd = \ o \
— Lo & :
(b) o \%/u
0.5 0 : :

Top ~ e \fg
= = > a7 B ~ :
—=Middle P="=——=—— ——— Bottom Middle Top
= TNottom "~ 7 Rd -

—

(c)

(d)

Fig. 3. Flow net after cold rolling to 70% of thickness reduction with the value
of speed asymmetry coefficient K, = 1.0 (a), Ky = 1.16 (b), K, = 2.0 (¢)
and distribution of shear strain throughout the strip thickness (d) (R.d. - rolling direction)
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2.3. Experimental details and discussion

The study was carried out on CuZn5 samples
with dimensions of 0.8x30x150 mm (thick-
nessxwidthxlength). The material was cold rolled to
a final 70% thickness reduction in three passes (Ta-
ble 1). Rolling was performed on a laboratory mill
(Fig. 4a), in which the working rolls had equal diam-
eters of 100 mm. Rolling was carried out at constant
circumferential speed of the bottom roll maintained
at 0.2 m/sec, and with the variable velocity of the
top one. No lubrication was introduced to the rolls.
The following values of the speed asymmetry coef-
ficient R, were applied: R, = 1.0 — symmetric rolling
with equal speed of both rolls; R, = 1.16 and R, =
2.0 — asymmetric rolling, in which the circumferen-
tial speed of the bottom roll is, respectively 1.16 and
2.0 — times more than the speed of the top one.

Speed asymmetry was generated by means of
replaceable gear wheels (Fig. 4b) of the pinion stand
of the rolling mill main line. The drive pinion gear
having 25 teeth was mounted on the driving shaft.
The replaceable gear wheels having 29 and 50 teeth
were mounted on the driven idle shaft.

The microstructures of the samples before
(Fig. 5) and after cold rolling (Fig. 6) were examined

with a scanning electron microscope (SEM, JSM-
6490LV) at accelerating voltage of 20 kV. The re-
search was carried out with microslices used for op-
tical microscopy in secondary and reflected electron
modes with 5000 magnification.

Examination of the structure throughout the
cross section of the strip was carried out in accord-
ance with the scheme (Fig. 3). The analysis showed
that the metal structure throughout the cross section
of the strip is inhomogeneous. It was explained by
irregular distribution of shear strain across the thick-
ness. In case of symmetric rolling (K, = 1.0) in the
middle of the strip there were no signs of UFG struc-
ture formation (Fig. 6b) due to the absence of shear
strain in this zone. In its turn in case of asymmetric
rolling the grain fragmentation took place down to
~1.0 um along with speed asymmetry coefficient
increase, in particular at K, = 2.0 At that the greatest
effect was achieved on the bottom surface of the
strip (Fig. 6i), i.e. in that part of the strip where the
shear strains were maximum (Fig. 3¢). Thus the mi-
crostructure modification throughout the cross sec-
tion of the strip was in accordance with the results of
the numerical modeling of shear strain distribution
across the thickness.

(a)

(b)

Fig. 5. SEM micrographs of bottom surface (a) and middle (b) of the sample CuZn5 at the annealed condition
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Fig. 6. SEM micrographs of CuZn5 after rolling to 70% of thickness reduction with the value
of the speed asymmetry coefficient K, =1.0 (a, b, ¢), Ky =1.16 (d, e, f), Ky =2.0 (g, h, i)

The mechanical properties of the samples before
and after cold rolling were investigated by uniaxial
tensile test using an AG IC Shimadzu universal testing
machine equipped with a 50 kN load cell. The tests
were computer controlled registering strain and stress

(Fig. 7). Tensile samples with a gauge
section measuring 30 mm in width and
100 mm in length were cut from the
strips along the rolling direction. Ten-
sile tests were carried out at room tem-
perature and a constant cross-head
speed of 2 mm/min, which was equiva-
lent to a strain rate of 3.3x10™s™.

The quantitative characteristics of
the curves in Fig. 7 are described in Ta-
ble 2. The analysis of the mechanical
test results revealed that with augmen-
tation of speed asymmetry coefficient
K, from 1.0 up to 2.0 the strength prop-
erties of CuZn5 got better and plastic
properties remained unchanged (Table
2). In particular the yield strength (YS)
increased from 478 MPa (at K, = 1.0)
up to 567 MPa (at K, = 2.0), and the
ultimate tensile strength (UTS) in-
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creased from 509 MPa (at K, = 1.0) up to 603 MPa (at
K, =2.0). In case of symmetric and asymmetric rolling
with total reduction of 70% the uniform elongation and
elongation to failure were extremely low and did not
exceed 2% (Table 2).
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Fig. 7. Engineering stress-strain curves
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Quantitative characteristics
of the tensile stress-strain curves in Fig. 7

Table 2

Mechanical properties
Conditions uts | ys | Jnform |Elongation
elongation | to failure

(MPa) | (MPa) (%) (%)
At the annealed condition 273 109 41 45
After symmetric cold rolling
to 70% of thickness reduc-
tion with the value of the 509 478 1.30 1.99
speed asymmetry coeffi-
cient Kv=1.0
After asymmetric cold roll-
ing to 70% of thickness
reduction with the value of 603 567 1.36 1.88
the speed asymmetry coef-
ficient Ky = 2.0

Therefore the results of calculation and of the
experiment show that the suggested mathematical
model is appropriate.

2.4. New method of asymmetric rolling of metal bars
in the three-roll pass

In order to get high-strength metal materials with
ultrafine grain structure there has been developed an
original way of asymmetric rolling in the three-roll
pass with additional shear strain due to work roll

/™ _—1 Y 4 1200

speed asymmetry (Fig. 8). Speed asymmetry coeffi-
cient in the three-roll pass:

KI\;Z = l’ KV
VZ VS

2-3 Vz

2

©)
K’ :i, where V, =V, >V,,
V.

3

where K2, K22, K — speed asymmetry coeffi-
cient between work rolls 1 and 2, 2 and 3, 1 and 3,
correspondingly; V|, V,, V3 — circumferential speeds
of rolls.

At the indicated conditions in the contact areas
between the metal bar and rolls 1 and 2 the back-
ward creep zone gets longer where the direction of
tangential friction forces is along the metal bar
movement. In its turn in the contact area between the
metal bar and roll 3 the forward creep zone gets
longer where the direction of tangential friction
forces is opposite the metal bar movement. Thus in
the deformation zone the oppositely directed tangen-
tial friction forces generate additional shear strains
with shear angle ¢ (Fig. 9). The tangent of this angle
is the characteristic of shear strain.

Ny, “ \ 2
- ; _1

(a)

[7%}
=l

(b)

Fig. 8. Arrangement of rolls (a) and the scheme of asymmetric rolling
in the three-roll pass (b) (1, 2, 3 - work rolls; 4 — original bar; 5 — resulting triangle section)

Flownet

Initial
cross-section

sy .
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= after first pass
_ " Flownet
.~ after first
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Fig. 9. Schematic illustration of shear angle ¢ during asymmetric rolling in the three-roll pass
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2.5. Finite element simulation of asymmetric rolling
in the three-roll pass

A commercial software DEFORM 2D/3D was
used to analyze asymmetrical rolling process in the
three-roll pass. A CuZn5 round bar with radius of
r=2mm (Fig. 10) (see formula 8) was used as an origi-
nal bar. Rolling was performed with smooth rolls
having the roll body of R=180 mm. The circumferen-
tial speed of roll 3 was set equal to V5=1.0 m/sec.
Speed asymmetry coefficient were set equal:

K!?=10, KI=K!I*=10..17.

friction law was used. The friction coefficient p
when the metal bar contacted the work rolls varied
within the range of 0.12...0.36. The front tension
T, = 60 MPa, the back tension T, = 30 MPa. To
approximate the geometric parameters of the bar,
tetrahedral elements were used. Rolling process
was carried out with high elongation ratio per pass:

S

= =1.7, where S, 1s the cross section area of the
1

Coulomb

bar prior to deformation; S, is the cross section
area of the bar after the deformation. This elonga-
tion ratio corresponds to the reduction ratio 41.2%.
In the course of simulation the impact of speed
asymmetry on shear strain was assessed during
rolling of the bar in the three-roll pass as per round-
triangle scheme. The shear strain was assessed as
per the value of shear angle .

In case of symmetric rolling (Klv’3=1.0) of the

bar in the three-roll pass the shear angle ¢ is zero
(Fig. 11a). In its turn during asymmetric rolling

1.2 mm

(a)

38

the material undergoes significant shear strain.
The maximum value of the shear angle ¢ = 48°
(Fig. 11b) is achieved with the speed asymmetry

coefficient of KIV_3=1.7 and high value of the fric-

tion coefficient p = 0.36. The explanation is that
the additional shear strain during asymmetric roll-
ing in the three-roll pass is generated by opposite-
ly directed tangential friction forces in the defor-
mation zone. That is why the ratio of the shear
strain significantly increases along with simulta-
neous augmentation of the speed asymmetry coef-
ficient and contact friction coefficient. However it
should be noted that distribution of shear strain
throughout the cross section of the bar is irregu-
lar. The maximum shear strain appears on the
contact surface between the bar and roll 3 having
the lowest circumferential speed. The value of
shear angle ¢ = 48° achieved during the asym-
metric rolling in three-roll pass by one defor-
mation pass with reduction ratio of 41.2% is well
in accordance with the values achieved during
equal-channel angular pressing per one pass (Fu-
rukawa et al., 2001).

Fig. 12 illustrates interrelation between the

shear angle ¢, speed asymmetry coefficient KIJ3

and contact friction coefficient p. During asym-
metric rolling in the three-roll pass the shear strain
¢ increases from 0 up to 48 degrees that is equiva-
lent to shear strain 1.1. Thus the findings of the
research carry inference that the asymmetric roll-
ing process in the three-roll pass can be utilized as
an SPD method for manufacturing of plain long
bars with UFG structure.

(b)

Fig. 10. Dimensions of the bar and rolls (a) and finite element model (b)
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Fig. 11. Shear angle ¢ during symmetric (a) and asymmetric (b) rolling in three-roll pass
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Fig. 12. Influence of the speed asymmetry coefficient Klf
on the shear angle ¢ during asymmetric rolling in the three-roll pass

One of the problems of asymmetric rolling in the
three-roll pass is bending of the bar at the exit from
the deformation zone what makes its threading into
the next pass more difficult. The solution of this
problem can be utilization of special twin stands
with individual work roll drive enabling installation
of subsequent three-roll passes as close to each other
as possible (Tkachenko et al., 2012). Further inves-
tigation of the shear strain and microstructure evolu-
tion during deformation of metal in the three-roll
pass is required.

3. Conclusions

In case of symmetric rolling (K, = 1.0) with total
reduction of 70% the shear strain is zero in the mid-
dle of the strip and maximum (~0.9) on the bottom
and top surfaces of the strip. The larger the speed
asymmetry coefficient the higher the shear strain is,
particularly on the bottom surface of the strip where
the roll has faster circumferential speed. With
K,=1.16 the shear strain on the bottom surface is

www.vestnik.magtu.ru

~1.6, and with K,=2.0 the shear strain is ~3.1. After
cold rolling CuZn5 structure throughout the cross
section of the strip is irregular what is explained by
irregular distribution of shear strain across the thick-
ness. In case of symmetric rolling there are no signs
of UFG structure formation in the middle of the strip
due to the absence of shear strain in this zone. Dur-
ing asymmetric rolling the grain fragmentation takes
place down to ~1.0 um along with speed asymmetry
coefficient increase. A new method of asymmetric
rolling of bars in the three-roll pass is suggested. On
the basis of the finite element simulation it is stated
that with reduction ratio of 41.2% in the course of

. . 1-3
increase of speed asymmetry coefficient K|~ from

1.0 up to 1.7 and along with the friction coefficient
increase from 0.12 up to 0.36 the shear angle
¢ grows from 0 up to 48 degrees what is equivalent
to shear strain 1.1. This new method can be utilized
as an SPD method for manufacturing of plain long
bars with UFG structure.
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HHDOOPMALHA O CTATBE HA PYCCKOM A3bIKE

KOHEYHO-3NTIEMEHTHOE MOAENUPOBAHWUE CABUIrOBbIX AE®OPMALIMIA
B PA3JIMYHbIX NPOLIECCAX ACUMMETPUYHOWU NPOKATKHW

[lecun A.M., IlycroBoiitoB 1.0., Kopuynos A.T"., Banr K., Taunr /1., Mu XK.

Anunomayun. Matepuansl ¢ yJIbTpaMeIKO3€PHUCTON
CTPYKTYpOH ¥  YHUKAIGHBIMH  (PH3HYECCKUMH U
MEXaHUYEeCKUMH CBOMCTBAMU MOTYT OBITH MOIYUYCHBI C
WCIIOJIb30BaHUEM METOJIOB MHTEHCHBHOW IUIACTUYECKOM
nedopManuy. ACHMMETPUYHAs TPOKaTKa SBIISIETCS OJHUM
n3 Hambosee 3P (EKTUBHBIX CHOCOOOB TONYYaTh TAKYIO
CTPYKTYpy B CTajslX, CIUIaBaX MarHus W B JpPYTUX

Marepuanax. B HacTosmeit paboTe npuBeIeHBI pe3yIbTaThl
HUCCIICAOBAHUA BJIIUSAHUA CKOpOCTHOﬁ ACUMMETPUU Ha
CIBUrOBbIE JedopManuy TpW JIMCTOBOIM IpOKaTKe |
MPOKaTKe B MHOTOBAJIKOBBIX KaJIHOpax.

Kniouesnle cnoga: acuMMeTpudHas IPOKaTKa, KOHEYHO-
SIIEMEHTHOE MOJICTIMPOBAaHME, CIOBHTOBAs  nedopmarys,
MHTCHCUBHAS IUIaCTHYECKas TeopMarysl.

Becmuuk MITY um. I. N. Hocoea. 2014. No4

40



