ASYMMETRICAL COLD STRIP ROLLING.
A NEW ANALYTICAL APPROACH

RODICA IOAN®

In this paper is given a solution of asymmetrical strip rolling problem using a Bingham
type constitutive equation and the perturbation method. Rolling pressure distribution,
rolling force, rolling torque, front tension, position of neutral points, which are
affected by various rolling conditions are analyzed. The influence of the rolling speed
on the whole process was studied using a Bingham type constitutive equation.

1. INTRODUCTION

A uniform plastic model of symmetrical strip rolling in which peripheral
velocity and radius of the upper roll are equal to those of the lower roll was
proposed by Orowan [1]. Recently, the symmetrical strip rolling using a Bingham
type constitutive equation and the perturbation method was studied by N. Sandru
and G. Camenschi [2, 3].

Asymmetrical rolling process was used to manufacture plates and sheets. The
asymmetry is due to the rolls with different speeds or with different diameters. This
process improves productivity of the rolling operation-the rolling force, pressure,
torque is reducing, and the properties of the strip surface are improved.

An analytical solution for asymmetrical strip rolling process was proposed by
Y. M. Hwang and G.Y. Tzou, using the slab method [4] and the rolling pressure,
rolling force and torque were obtained.

In this paper is given a solution of asymmetrical strip rolling problem using
the method presented in [2, 3].

2. SOLUTION OF THE PROBLEM

In order to solve the problem of asymmetrical strip rolling the following
assumptions were made:

a) the roll is rigid; the strip being rolled is Bingham type viscoplastic,
incompressible material;

b) deformation is plain strain;

¢) the process takes place with high speed;
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d) the frictional factor between the roll and the material is constant over the
arc of contact;

e) the flow direction of the strip at the entrance and the exit of the roll bite are
horizontal.

R,

Fig. 1 — The geometry of asymmetrical cold rolling.

Fig. 1 is a schematic illustration of the asymmetrical strip rolling process.
The viscoplastic deformation region is bounded by two singular surfaces S; and S,.
This zone is divided in three regions by the surfaces S N, and S N, passing through

the neutral points N, for the upper roll, and N, for the lower roll. The position of the
neutral points N,, and N, and the equation of the surfaces S N, and S N, will be

determined.

Assuming that the angle of strip and the upper roll between the contact point
at the entrance in the deformation zone and the contact point at the exit from it
(o), also the radius of the upper roll (§,)are known, we get the following
conditions in order that the process to take place

2
5 (R1 — R, — 25, sin? al) +687 sin? 2a, 0
2 2(R1 — R, — 28, sin? al) ’
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1 . (0 .
o, = aresin [i sin ZOLIJ ,
which we have from the geometry of the figure.
Equations of the problem are
a) Cauchy equation

dv

divt=p=—
ivt=p- e, 2)
b) continuity equation
¢) deformation rate tensor equation
_1 T
d—E(Ver(Vv) ) (4)

d) Bingham type constitutive equation

t:—p1+[2n+L]d, I,>k?, (5)

In (2)—(5), tis Cauchy stress tensor, p pressure, 1, k — material constants,

d — deformation rate tensor, Il — the second invariant of deformation rate tensor,
I, — the second invariant of tension tensor deviator, v — velocity vector.

Writing equations (2)—(5) in polar coordinates and turning them into non
dimensional form by means of the relations

_ 0 .0 _ .0 _ o MV,
r=rR,, v.=vv,, V,=V,V,, p=p —. (6)

R

2

The following dimensionless combinations are put into evidence Bingham's
kR R
number — Bg=—2=, and Re= P2
nv, n
We shall suppose that Re << 1, therefore the inertial terms are neglected and
extending the method used in [2] for the symmetrical strip rolling, we get

— Reynolds number.

Wi (10)= Ry, ¥ +4r2%,(0)+ 0(Bg?). ™
where

W, (0)= a0+ %sin 20+ d; +-cos20,
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0;(8)=46 +%sin 20+ D; + %cos 20+ K,;(0)cos20+ K,; (6)sin 26

and

dK, (6 1 :
56( ) =—§fi (8)sin26,

©)
dK;—e(G)zéfl (6)cos26,

with

a2y, 40,

AC I d6? s do

do do a0 2 (@29 2 a0 2 (@0 2
2 - . S e
do 41 de? do 41 de?

Velocity vector components are given by

(10)

0
_ Rovy ¥, +%r2cp} (6)+0(Bg?),

i

Vr ST T de

(11)
v = —%r(pi (6)+ O(Bgz) .

The physical components of the stress tensor are

2sz2n( d\Pg' ] v,
22— —a; |-—=¢ —
do "I R

t o=
rr
7‘2

o
do Y G r 2
£ (0 + 2% 0;(6)+ 5 +2Ai1nR2 +O(Bg ), (12)

1

Z
00 }"2 ! R2 ! 2a- R2 2

1

JF (0 ;
i =2R2_V2na, _ _21{A+2Ai 1nL+(p;(e)+Q]+O(Bg2),
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P dz‘*’&
i = Rz"zﬂ 0i | 1 +0(0) |+0(Bg?),
2 02 5 /—
with
2 2
4, 1[ 4295,

Denoting by X, Y the stress resultants in directions Ox, Oy, acting on a
surface with the equation » = r(@) ,0e (—ocz,al) , we have

%4
X= I [(rtrr —r't,g)cosO—(rt.g —r'tee)sinejde,
",

(14)

o4
Y= j [(rtrr —r't,g)sin 0+ (rt,q —r'lee)cose}de.

—a,

So, we get

X/ _&[_ [sinOLl sinoch_b.[cosoclsin&xl cosazsinfzocz]_
J

= ~ +
4T]V2 2 a r((xl) r((xz) 1"((11) + r(az)
cosoy cos20y  COSTL, €08 20 1 . .
_ j( rl(ocl) L ,,Eaz) 2}— j 2R§(r(ocl)smoclJrr(ocz)smocz)}r

72 2
+Bg{Ajﬁ[r(ocl)sina{l In 1(:1)}+r(a2)sina2{l In——-= fgz)B+ (13

2 2

+B; ﬁ(r((xl)sinocl +r(0c2)sina2) -C; ﬁ(r(ocl)sinocl +r(0c2)sin0c2) +

r(ocl ) cosafy; —

+E, ((al)cosal—r(az)cosaz)—w
2

J 2R,
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1 1 .
_Zﬁ(r(al)smal\/ﬂ(intr o) smoc2\/7)

+RL2r(oc1)(K1/ cosay + K, sina }

where

o, .
. J» aj+bj0052t-ejsm2t
j

-, Fj (t)

with j=1, 2, 3 placed in regions 1, 2, 3 of the deformation zone and the vertical
stress resultants is

dr, (16)

Y/ R cosQ, C€OoSdl, sinoy sin20y  sino, sin2ay,
=—|a;| —— +b +
dnv, 2|7 r(oy) r(oy)

—sinoy cos20y  Sinoy, cos2a,

r(oy) r(oy)

+cjﬁ(r(ocl)cosal—r(ocz)cosocz) +

2 2
+Bg[-Ajﬁ[r(ocl)cosa1 (1—111 : ;{?I)J—r(az)cosocz [l—ln : 5;2)

2 2

Ne——
+

1 1 (17)
+B; 2—R2<r(ocl)cosa1 —r(ocz)cosocz) +C; 4—Rz(r(a1)cosocl —r(ocz)cosaz)—

r(o)

—E-L(r(ocl)s.inocl +r(a2)sina2)—#
2

sino [y ; +
J2R, Y

+ﬁjﬁ(’”(0‘1)0050ﬂ1 Fj(ocl)—r(ocz)coscx2 F( az))

_RLzr((xl)(Klj sinay — Ky cosal)} ,j=12.

We compute the stress resultants acting on surfaces 6 =, r € (er (ay).7 (o ))

and we obtain
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1_ ) 1 _ 1" R -R, 1 1
T = [ fooms, &r=Rovm®hy (on) g5 | =7 |+
”1\"1(0‘1) 1

(18)

and
(@) R —R
1 _ | __ 1“1 1|
Nl - I t69‘9=a1 dr= 2R2V2na1 81 Sinal (Rl RN ]
er(al) I
nv, 29;sinay ZIC G
_R_ZCIW(RI_RNI)_zk 2—al+(p1(0(,1)+7 (RI_RN1)+ (19)
28R si 2 20,Ry, sinal 2 28, si
| R [ DiRisinay || p (20 Rstnon 1 )| 26, sinay
Ry (R —Ry) : Ry (R —Ry) R -R,
In the same way we compute le, T13, Tzl, T22, T23, le, N13, N%, N22 and
N3
2.

3. THE DISCONTINUITY SURFACES

Considering surfaces S and S, as singular surfaces for the velocity and stress
field, the dynamical compatibility conditions are

[v.]=0,
2
[tklnk] =0 ( 0)
and we shall have
‘Pi(r,e)+vjrjsin9=ci, i=12. 1)

We impose that the discontinuity surface S passes through the point /| , for

0 =0, and we get the equation of surface S

Ryv, {al (0—0y)+ %(sin 20-sin20, )+ %(cos 20— cos2a, )} + (22)
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+%r12(p1 (0)+v (r1 (0)sin6 -7 (a; )sina ) =0.
We impose that the discontinuity surface S, passes through the point P, , for
0 =0, and we get the equation of surface 5,
b2 . . €

Ryv, {az (0—0y)+ 7(sm 20 —sin2a, )+ 7(cos 20— cos 20y, )} +

(23)
+ﬁr22(p2 (0)+vy(r,(0)sinO—ry (o )sina, ) =0.
On surfaces Sy and Sy we have satisfied [vn ] =0.

Imposing that Sy surface passes through N, (er (al),al), we will obtain

the equation of surface Sy in the form

Ryvy [T& (6) =¥, (o) - (T83 (6)=¥s (e ))} "

(24)
+%r1%,l [01(8)—5(6)]=0.
Similar, we get the equation of surface Sy
Ryvy [ng (0)—¥5y (-0z) - (ng (0)— ¥ (- ))} +
(25)

#3 [02(0)- 0 (6)]=0.

4. BOUNDARY CONDITIONS

The following conditions will be used:

a) vj(r.on) =0, vy (r,—02) =0, i=13;
b) the discontinuity surface S, passes through the point P (also, S, passes

through the point P, );

¢) we assume that X/ =0, where

x"=—x
(e o) o o )

”(0‘2 ):’1 (az) r(a2 ):”2 (az)

d) the following friction conditions are imposed

_ i 3 _ 3
0=a, = 741 ‘e:m s 1| 0=a, =M/ 1g ‘6=al ,

X'=x

1
tr9
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2 S 1 - m

1o 0=a, = M4/1l¢ ‘9=0,1 s Lo lo=—a, = Mo/l ‘e:—az ,

3 - 3 2 - 112 .
1o |6=—a, = —Ma 11} ‘9=—ch s o lo=—a,, = Ma/1l¢ ‘9:_% ;

e) on surfaces Sy and Sy we have [v.]=0, X'=x3,, X?=X3 ;

f) v! (er (al),al)z—mlé‘il, v (er (—az),—az)z—mzf)z.

From condition a) we have o, (al ) =0, respectively o; (—(xz) =0 and we

obtain

A0y + B; %sin 20 +D; + E, %cosZocl = —[KU cos2ay + Ky, cos2a1] ,

(26)

A, +B,%sinz@2 -D, —E,%coszoc2 =0, i=123.
Imposing that the discontinuity surface S, passes through the point P

(rzrl(—ocz),G:—ocz),we get

Ryv, [—al (o +05) —%(sin 20, +sin2a., ) —%(0052(11 —cos2a., )} -

27)
-V [rl (az)sinaz +7 (ocl )sinal ] =0.
Using the continuity equation R,v, = Rjv; and
1 (o )sina, +7 (o )sina, =R, (28)
we will have
a (ocl +a, ) + ﬁ(sin 20, —sin2a., ) + ﬁ(cos 20 —cos2a, ) =-1. (29)

2 2
In a similar way, imposing that the discontinuity surface S, passes through
the point P, we get

e
L&

ay (o + a2)+b72(sin20c1 +sin2a, ) 5 (cos2ay —cos2a, )=-1. (30)

From the friction condition ¢!, ‘9:(11 = —my |11}, ‘G:a, , we obtain

by sin20, + ¢ cos20, = my | F (al) , (31

where

\/alz +b2 +2a1b, cos2a, —2ae; sin2a, = \/Fl (o), (32)

SO
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m? 3 (b sin 20 + ¢ cos2a, )2 (33)
1—m} (a; + by cos2a, — e sin 20, )2
and with the notation
2
m 2
=71, 34
1— mlz Yi ( )
we get
by sin2a, + e cos20y =—y; (a + b cos 20, — ¢ sin2a ). (35)
We also obtain that
. WE (o)
(l—ml )(pl (Otl)—Zml 0l (pl (OLI)ZO, (36)
F(oy)
with
¥ (o
1_m12: 01( 1) (37)
F (o)
Replacing (37) in (36), we have
o1 (o) =-21101 (o). (38)
Using the expressions of ¢;(a;) and ¢ (a;), we get
247, + 2B, (y, cos 20 —sin2ay )+ 2E; (—y; sin2a,; —cos2a; ) =
. . (39)
=—fi(oy)+ 4[K11 (y,sin2a +cos2a, )+ Ky, (sin 20, —y; cos 20, )] .
From friction condition £}, |g_q, =my (/I ‘6=a1 , we have
247, + 2B, (7, cos20 —sin2ay )+ 2E; (—y; sin2a,; —cos2a; ) =
. . (40)
= bysin2a, +e3 cos 20 =7y, (a3 + by cos 20, — ey sin 2 )
and
03 (o) =215 () - 1)
From the expressions of ¢3 (o) and @3 (a;) we get
24y, +2B5 (v, cos2ay +sin2a )+ 2E;5 (—y; sin2a, + cos2a ) =
(42)

= f3(oy) —4[1(13 (cos2ay; —v;sin2a, )+ Ky; (sin2a, +7v, cos 2(11)] :

In a similar way, using that 2, ‘ 0=c, = M1+ /Hf. ‘6=a1 , we obtain
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b, sin2a, +e, cos2a, =7, (a2 +b, cos2a —e, sin20, ) . (43)

So, we have

b; sin2a; +¢; cos2ay =| + |y, (a; +b; cos2a,; —¢;sin2a,), i=1,3,

+
) (44)
o (o) =| + |21 (o), i=13
+
and also
b;sin2a, —e; cos2a,, =| + |y, (a; + b cos2a, +¢;sin2a, ), i=13
(45)
+
0 (—ay)=| - 27,0 (-a,), i=13.
+
From the condition v/ (er ((xl ), o4y ) =-8;, we get the equation for ry
g (00)r2 (a)+ R —2"2 w8 (ay) =~y
n‘Pl(OLI)”N1 (ar)+ R - (o) O (o) =-3,, (46)
which means
. ) '
Bgo, (‘11)’”1\2/l (0‘1)+w‘1_21R2”N] (o) +R3¥G, (o) =0, 47)
from where
2
_od OB g 0
R, v, +\/( vy j 4Bgo, (OLI)‘I’O1 (al) 48)
ry, (o) =

2Bgg; (o)
Similar, from condition v! (er (—ay),—o, ) =-m,0,, we get the equation for

er

. ) '
Bgo; (—a, )rszfz (o) + miz 2 Ryry, (o) +RI¥E; (—0t2) =0, (49)
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and from (49)

®,0 @,8, ) '
Ry| -2 2+\/( §2j 4Bl () WY (~as)

V2 2 (50)

v (o, )= -
. (02) 2Bggs (—a,)

Using that ¢) X/ =0, we have
8 +8, cos?a, cos’a,
1255, bl[ 5 8, )¢

e [ ctg2a cos2a;  ctg2a, cos2a, b R12 3

(51

and

4 ﬂsm al(l 2In MJ+52 sin az(l—Zlnmj +
Ry Ry(R-BR)) R Ry (R —R,)

R -R, R —-R, 1{ & o,
IR, iR, +E = 3 s1n2oc1 R, —Zsin2a, |-

o . o . S .
—%R—lzsm2(xll“ _2%21[R_125m2 o+ (ocl) +R—zsm2 oy B (—ocz)jJr

o . .
+2{R—1sm o, (Kjjcosoy + Ky sinoy )} =0.
2

+B,

— Cl
(52)

From condition e), X! =X 13\/1 , we get

2
5 +8, ., cos? o N cos? a, e Ry, 1 N
“5,5, 5 5, "R ) 2(R-R)
e [ ctga, cos2oy  ctga, cos2a, )
5 5, B

8 +8, cos>a, cos’a, Ry, Y 1
= +b + + : +
B85, 3|8 5 ) °\ R ) 2(R-R)

ey [ ctgo cos2oy  ctgo, cos2a,
+_ —
2 O d,

(53)

and

28Ry, sina 28,Ry sino
4 isinzocl ) R % —Zsin?a,| 1- p) I iy Y
Ry Ry (R —R,) R2 Ry(R —R,) (54)

Rl — R2
2R,

1~ R
4R,

+B, -G R 22 sin 2a2j—

2

+ £ é( 8 sin2o, +
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o . o . S .
—%R—lzsmonclI“ —%(R—lzsmz o/ F (ocl) +R—zsm2 0yq/F (—(X2)j +

1

o . .
+2{R—151n o (K;jcosay + Ky sinay )} =

28Ry sina 28,Ry sinal
=4 S —Lsin?ay|1- p I +82 sin? o, | 1- p) i iy
R, R(R-R) ) R Ry(R -Ry)

2

2R, 4R, R,

19 . 1 (9 . 5, .
—ER—lzsm?.oclIB —E(R—lzsmz 04/ 55 (0‘1) +R—zsm2 0y F5 (—az)j +
+2[18€—lzsin oy (K13 cosa +K,3sinq )} .

Using that X2 = X3, , we obtain
2

61+82 bz[cosza1+cos2a2]+ [RNJ 1 N

e, ( ctgo cos2a; ctga, cos2a,
+—= - =
2 o 5,
(56)
8 +8, ‘b, cos? o . cos? a, . RN 1 .
“3725,5, 3, 3, R, ) 2(R-Ry)
ey [ ctgay cos2a;  ctga, cos2a,
+_ j—
2 O d,
and
28,Ry sino 28,Ry sina
A4, isin2 oy ) R % —Zsin%a,|1- p) I - Sy
Ry Ry(R —Ry) R2 Ry(R —Ry)
R —R R —-R 1{ & . S, .
+B, 12R2 2_¢, 14R2 2 +E1—(R—1s1n2oc1 —R—zs1n20c2)—

19 . [ /
_ER_lzsnlzalIlz 2a ( sin? oy F2 OLl Sll’l Ay Fz —0ly J (57)

o . .
+2 {R—lsm o, (K, cosay + Ky, sinay )} =
2

28Ry sina. 28,Ry sina
=4, isin20L1 12l VN S ) 8y o ay|1-2mn =20 Ly
L Ry (R —R,) R2 Ry(R —R,)
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R -R R -R 1( 3 . 5y -

o . o . S, .
—%R—1251n20c1113 —i(R—lzmﬁ o/ F3 (ocl) JrR—zsm2 0+ F5 (—ocz)jJr

o . .
+2[R—lsmoc1 (Kj3coso, + Kyysinay )} :

5. THE ROLLING TORQUES, ROLLING STRESS
AND ROLLING PRESSURE

We will determine the rolling torque
My =8(5 -1} -T}). (58)

where

—L =y0 :
nv, ot (a1)261s1n(x1 Ry R

1 ‘Pgln(al) . 28,sina, [ R Ry,
_—+ —_— =,
F (o) oile) R-R \ R, R

— =y .
nv, 03 (a1)281 sinoy ( Ry, Ry

1 \1183" (al ) " 2’81 sin oy RN1 RNz
_—+ — ,
g2 7 (o) C R-R | R, R

(59)

7 " R —-R R
22 o 1=K | _ R |y
, 02 (a1)261 smal[ Ry,

1 ‘szn(al) \ 28, sina [ Ry
-~ 74 - | —2 1 ,
#2 Fy(oy) 02() R-R | R

SO
Ml :Til_]}}_TZI . (60)
O MV, nv,
Also, for the rolling torque of roll 2 we have
My =8, (T2 + 17 ~T7). (61)

Total rolling torque will have the expression
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Introducing the stress

X[[
Cx2 =g (63)
ando ), = k~/3 , is the mean yield stress of the material we obtain the relative rolling

stress the relation

o _ 1]  (8+8;)(R-Ry) ~ cos>a; cos’a,
{az 2.5, +by (R —Ry) 5, + 5 +

2 Bg

—F—0
\/gy

e, ctg o cos2a, ctg a,cos2a, ] cy
+—=(R —R - += |-
2 (R 2)( 3, 3, 2

3 2 . 9 1 20 sinoy
{Az —Rl ) {61 sin” o (1 2111—R1 R, )+

25, sina C (64)
+ 12 _ 2 2 _ 2
d,sin” a., (1 2ln—R1 ) ﬂ + B, > +

+E2 (81 Sin 2(1,1 — 62 Sin 2(12 ) -

1 1
R -R, R -R,

al2 R, 1R2 (81 sin’ O‘1\/T0l1)+52 sin? az\/m)_'_

sin2o 1}, —

4
R - R,

[61 sinay (Kiy cosay + Ky, sinay )]}

and the rolling pressure

thy 2R? JF(6) o
E:r—2ai—ci—Bg a—i+4A,-1nR—2+2(pl-(9)+Ci : (65)
R2

6. NUMERICAL RESULTS AND CONCLUSIONS

Were considered different cases:

A. Rolls with different diameters (geometrical asymmetry );

B. Rolls with same diameters, asymmetry given by different roll speed
Were studied different characteristics of the asymmetrical rolling process.
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|tee (r,(xl )|
nva

—_
(o)}

—_
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I

—_
-
I I
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o]
I

Rolling pressure

157 17 19 20 216 23 24 256

Contact length (mm)

Fig. 2 — Rolling pressure for various role speed ratios when R, = 2.5 mm, R,= 1.5 mm, o= 30,
a,=2.477°8,=100 mm, 8,= 121 mm, Bg = 0.5, y;= 0.1, y,=0.2.

We observe that the rolling pressure (Fig. 2 in case A and Fig. 3 in case B)
increases, with the decreasing of the roll speed ratio. When the roll speed ratio is 1
the neutral points become a single one. The process is taking place in better
conditions when roll speed ratio increases.

When the friction factor ratio increases, the rolling pressure increases
(Fig. 4).

The rolling pressure decreases with increasing strip speed (Fig. 5).

The rolling pressure decreases with decreasing of the reduction (Fig. 6).

The back force increases with the increasing of the friction factor;
fory=0.6027, the back force is zero, which allows us to conclude that the process

is taking place only by means of the friction forces, without aplling a back force
(Fig. 7).

The relative rolling stress increases with the increasing of the friction factor
and decreases with the increasing of the roll speed.

The back force decreases with the increasing of the roll speed ratio (Fig. 8).

The back force vertical resultant is small and increases with the increasing of
the friction factor (Fig. 9).
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1.6

1.4

—
\S]
]

Rolling pressure

0 T T T T T T T T T T T
91 1037 12 14 15 17

Contact length (mm)

Fig. 3 — Rolling pressure for various role speed ratios when R;= 1.5 mm, R,= 0.75 mm,
o= 0= 2366450, 61 = 62: 110 mm, Bg = 03, Y1=72= 02, V2: 0.91/2.

2.5

Y2/71=3

1.5 - Y2/11=2

Rolling pressure

0.5 1

0 2 4 6 8 10
Contact length (mm)

Fig. 4 — Rolling pressure for various friction factors ratios when R, = 2.3 mm, R,= 1.5 mm, o, = 30
ar=1.38° §;= 100 mm &,=217 mm, Bg = 0.8, V,= 0.65v,, V5= 0.8v,, y,;= 0.1.



28

Rodica Ioan 18

|t66(ra(x1 )| 2.5
nz 2
R, 2
g 1.5
o
R
z
0.5 -
0 T T T T T T T T T T T

0 2 4 6 8 10
Contact length (mm)

Fig. 5 — Rolling pressure for the strip speed when R;= 2.3 mm, R,= 1.5 mm, o, = 3% o, = 1.380,
81 =100 mm, 52: 217 mm, Vl = O.7V2, Vz: 0.8V2, Y= 01, V2= 0.2.

|Z99 (7‘,0(1 )| 137 1=40%
- — 0
nv 1.3
R, 2 =35%
8
£ 009 -
£
3 0.7
[
0.5 -
03 T T T T T T T T T T T 1

1 23 456 78 9101112

Contact length (mm)

Fig. 6 — Rolling pressure for various reductions when R, = 1.5 mm, a,; = 3% 8,=100 mm, Bg=0.5,
V] = 0.7V2, sz 0.8V2, Y11= 01, V2= 0.2.
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Fig. 7 — The back force for friction factor when R, = 1.5 mm, R, = 0.75 mm,
o= 0= 2366450, 61 = 62: 110 mm, Bg = 03, Vl = 0.6V2, V2: 0.9V2.
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Fig. 8 — The back force for various role speed ratios when R;=2.5 mm, R,= 1.5 mm, o, = 30,
o= 2.4770,6, =100 mm, §,= 121 mm, Bg=0.5,y;=0.1, y,=0.2.

The back force vertical resultant is small and remains constant with the
increasing of the roll speed ratio (Fig. 10).

The total rolling torque M decreases with the increasing of the roll speed ratio
(Fig. 11).

The total rolling torque M increases with the increasing of the friction factor
(Fig. 12).
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Fig. 9 — The back force vertical resultant for friction factor when R; = 1.5 mm, R,=0.75 mm,
o)== 2366450’81 = 62: 110 mm, Bg = 03, V] = 0.6V2, sz 0.9\)2,
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Fig. 10 — The back force vertical resultant for various roll speed ratios when R;=2.5 mm,
R,=1.5mm, o; = 3° o, = 2.477° 8, = 100 mm, 8,= 121 mm, Bg = 0.5, y;=0.1,7,= 0.2

The rolling pressure for the lower roll is smaller than the rolling pressure for
upper roll in deformation zone //I. In zones [ and I/, they are practically, equal
(Fig. 13).

The neutral point for upper roll is moving towards the exit of the viscoplastic
deformation zone, when the friction factor increases and is moving towards the
entrance in the viscoplastic deformation zone, when the rolling speed increases
(Figs. 14, 15).
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The neutral point for lower roll has an opposite variation then the neutral
point for upper roll.

=M My 40
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Fig. 11 — Variation of total rolling torque with the roll speed ratio when
Ri=25mm, R, =1.5mm,n=3 Nmm™s, k= 400 Nmm?, v,=400 mms™, o; = 30,
a,=2.477°,8,=100 mm, §,= 121 mm, Bg=0.5,y,=0.1,y,=0.2.
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Fig. 12 — Variation of the relative rolling torque versus friction factor when R;= 1.5 mm,
R,=0.75 mm, n = 3 Nmms, k = 400 Nmm?, v, = 250 mms™, o, = o, = 2.36645° §, = §,= 110 mm,
Bg = 09, V] = 0.6V2, V2: O.9V2.

The results obtained with perturbation method are in good agreement with the
results given in [4], where the problem was solved with slab method.
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Fig. 13 — Variation of rolling pressure for upper and lower roll when X "= 0, R, = 1.5 mm,
Rz =0.75 mm, ;= 0, = 2366450) 51 = 82 =110 mm, Bg = 09, Vl = 0.6V2, V2 = 0.9V2, Y1=72= 0.6027.
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Fig. 14 — Variation of the position of the neutral point 1 with friction factor for different speed ratios
when R;= 1.5 mm, R,=0.75 mm, o,; = o, = 2.366450, 8;=90,=110 mm,
Bg = 03, V] = 0.6V2, V2: 0.9\/2.
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Fig. 15 — Variation of the position of the neutral point 2 with friction factor for different speed ratios
when R;= 1.5 mm, R,=0.75 mm, o,; = o, = 2.366450, 5;=0,=110 mm, Bg=0.3,
V] = 0.6V2, VQZ 0.9\/2.

12 erK

107 Ker

0 T T T T T T T
0,1 02 03 04 05 06 07 0,8

Y

Fig. 16 — Variation of the position of the neutral points with friction factor when R;= 1.5 mm,
Rzz 0.75 mm, o= 0l = 2366450,61 = 62: 110 mm, Bg = 03, Vl = 0.6\/2, sz 0.9V2.

The influence of rolling speed on whole process was described using the
Bingham number.

Until now, using other methods to solve the asymmetrical rolling problem,
this influence cannot be described.

Received on March 3, 2005.
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