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Stress Analysis of Asymmetrical Cold Rolling 
of Clad Sheet Using the Slab Method 

Y.M. Hwang and G, Y. Tzou 

An analytical model for general asymmetrical cold rolling of  clad sheet bonded before rolling was 
proposed to explore the plastic deformation behavior of the clad sheet using the slab method. The 
model allowed easy calculation of the neutral points between the upper and lower rolls and the clad 
sheet; rolling pressure distribution along the contact interface of the roll, horizontal stresses in the 
component layers of the clad sheet, shear stresses at the interface of the clad sheet, and rolling force. 
These characteristics as affected by various rolling conditions (e.g., thickness ratio and shear yield 
stress ratio of the raw clad sheet, roll speed ratio, reduction, frictional coefficient, roll radius ratio, 
etc.) were analyzed systematically. This approach yielded complete forms for the rolling pressure 
distribution, rolling force, and rolling torque. Moreover, the computational time required by this 
analytical model is about l/~0 to 1/25 of that required by the RUNGE KUTTA numerical method under the 
same rolling conditions. 
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1. Introduction 

CLAD SHEETS with good anticorrosion, antirattling, or anti- 
friction properties are now widely used in various industries. 
The production of clad sheets by rolling, which is more effi- 
cient and economical compared to other types of processes, has 
become an increasingly important subject of study. Due to the 
difference between the flow stresses of sheets, clad sheet roll- 
ing essentially belongs to the category of asymmetrical sheet 
rolling. Studies of clad sheet rolling rely largely on experimen- 
tal approaches (Ref 1-6). Analyses using the upper-bound theo- 
rem have been proposed by one of the present authors (Ref 
7-10) to investigate the characteristics of asymmetrical rolling 
of clad metal. The major disadvantage of the upper-bound theo- 
rem is that the rolling pressure distribution cannot be obtained. 
Suzuki et al. (Ref 11, 12) used the slab method and the RUNGE 
KUTTA numerical method to analyze the stress distribution at 
the roll gap during cold rolling of clad sheet. However, a 
lengthy computer calculation time is required by the numerical 
method, and rolling conditions are limited to identical radii or 
speeds of the upper and lower rolls. 

An analytical model for asymmetrical cold strip rolling 
has been developed by the present authors (Ref 13). In this 
paper, the approach proposed earlier will be extended to 
simulate the plastic deformation mechanism of the clad 
sheet at the roll gap. Rolling pressure distributions, rolling 
forces, rolling torques, stress distributions at the roll gap un- 
der different roll radii and speeds, and so forth, will be sys- 
tematically discussed. 

2. Mathematical Model 

Figure 1 schematically illustrates asymmetrical rolling of 
clad sheet bonded before rolling. The radius and speed of the 
upper roll are different from those of the lower roll. The plastic 
deformation region at the roll gap is divided into three distinct 
regions, as in the case of single sheet rolling (Ref 13). These re- 
gions are denoted as zone I for the entrance region, zone II for 
the cross-shear region, and zone III for the exit region. The sub- 
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scripts 1 and 2 in all variables represent the upper and lower 
rolls or layers, respectively. 

2.1 Assumptions 

To simplify the formulation involved in developing the 
analysis of stresses in cold clad sheet rolling based on the slab 
method, the following assumptions are made: 

�9 The rolls are rigid; the sheets being rolled are rigid-plastic. 
�9 The plastic deformation is plane strain. 
�9 Stresses are uniformly distributed within elements. The 

vertical stress (p) and horizontal stresses (ql and q2) are re- 
garded as principal stresses. 

�9 Frictional coefficients (gl and g2) between the rolls and 
sheet are constant over the contact arc, but the frictional co- 
efficient at the upper roll (gl) may be different from that at 
the lower roll (112). The coulomb friction is assumed; that 

is, zl = glPl andz2 = g2P2. 
�9 The flow directions of sheets at the entrance and exit of the 

roll gap are horizontal. 
�9 The total contact arc of the roll is much smaller than the cir- 

cumference of the roll. 
�9 There is no sliding between the interface of the clad sheet; 

that is, the clad sheet is bonded firmly before rolling. 

2.2 Formulation 

Figure 2 shows the element geometry at the roll gap. Figure 
3 illustrates the stress state of the clad sheet in zone I, in which 
the directions of the upper and lower frictional forces are both 
forward; that is, the velocities of the upper and lower rolls are 
both greater than that of the clad sheet. 
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Fig. 2 Element geometry at the roll gap 
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The mathematical expressions for the horizontal and verti- 
cal force equilibriums in layer 1 (upper layer) and layer 2 
(lower layer) can be summarized as: 

d(hlql) 
dx +Pl  tan 01 -P3  tan 03 - "~1 + "E~ = 0 ( E q l )  

P =P l  + "[1 tan 01 =P3 + "[o tan 03 (Eq 2) 

and 

d(h2q2) 
dx + P2 tan 02 + P3 tan 03 - x 2 - x o = 0 (Eq 3) 

P = P2 + '~2 tan 02 = P3 + Xo tan 03 (Eq 4) 

where q, p, and h denote horizontal stress, vertical stress, and 
thickness, respectively; 01 and 02 are variable contact angles; 
x o is the shear stress at the interface of the clad sheet; x t = glPl  
and x 2 = 11,2/72 are frictional stresses along the upper and lower 
roll boundaries, respectively; P l and P2 are rolling pressures of  ds1 
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the upper and lower rolls; and P3 is the contact pressure at the 
bonded interface. 

Combining Eq 1 and 2 and Eq 3 and 4 gives: 

d(hlql) 
dx + Olp + O3x~ = 0 (Eq 5) 

d(h2q2) 
dx - -  + O 2 p  --  O31;  o = 0 ( E q  6 )  

where 

tan 01 - Ix 1 
O 1 = tan 03 

1 + 111 tan 01 

tan 02 - ILl 2 
0 2 - + tan 03 

1 + IX 2 tan 02 

O 3 = 1 + tan 2 0 3 

Combining Eq 5 and 6 then yields: 

d(hq) 
y + (O 1 + O2) p = 0 (Eq 7) 

where hq = hlq 1 + h2q 2. Equation 7 is the differential equation 
derived from the force equilibrium for a clad sheet at the roll 
gap. 

The von Mises yield criterion for plane strain within layers 
1 and 2 can be expressed, respectively, as: 

P + ql = 2kl (Eq 8) 

and 

P + q2 = 2k2 (Eq 9) 

where 

k 1 - a~pl 
- 4 '  

k2 = (Jyp2 

The terms a 1 and (Yyp2 are the mean uniaxial yield stresses of y 
the upper an~Plower layers, respectively. Complying with hq = 
h lql + h2q2, the yield criterion for the clad sheet can be derived 
as: 

p + q = 2kl~ + 2k2(1 - ~) (Eq 10) 

where 

hi hil hol 

where [3 is the thickness ratio of  the upper layer to the clad 
sheet, and h o and h i are the thicknesses of  the clad sheet at the 
exit and entrance at the roll gap, respectively. From Fig. 2, 
some geometry relationships at the roll gap can be obtained: 

x 2 dh 2x tan 0 t x t an  02 X 
h = h I + h 2 = h o + ' d"-x" = Req RI'  ~2 

(Eq 11) 

where Req is the effective roll radius: 

2R1R 2 

Req = RI + R 2 

The relationships among 03, 02, and 01 can be obtained from the 
conception of  the same thickness ratio at the roll gap as: 

tan 0 3 = (1 - 13) tan 01 - 13 tan 0 2 (Eq 12) 

Because the roll radius is much larger than the thickness of the 
clad sheet, 1 + 111 tan 01 and 1 + 112 tan 02 in Eq 7 are approxi- 
mately eqttal to 1, which indicates p - Pl  '-- P2. Thus, combining 
the previous geometry relations, Eq 7 becomes: 

dd'•x dh 
h + (P + q) ~ =  11eP (Eq 13) 

where Be = 111 + 112 is the equivalent frictional coefficient. 
Substituting Eq 10 into Eq 13 and rearranging it produces: 

(1 + z 2) df  + af= 2ty, z (Eq 14) 
dz 

where 

~ o '  k2 x p a=11e -'eel t~=~+_~l ( l _ ~ ) , z =  ~ . , f = 2 k l  

Introducing parameter co as: 

z = tan r (Eq 15) 

Equation 14 becomes: 

df + af-- 2~t tan to 
dto 

(Eq 16) 
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Conventionally,  when to is small ,  tan to in Eq 15 can be approxi-  
mately expressed as: 

tan to=. o) (Eq 17) 

However,  more precisely,  one adopts:  

O) 3 
tan o)'-. to + - -  (Eq 18) 

3 

The solution of  Eq 16 is: 

2cx (o)3 s 
f =  ce-aOJ +--~--L"~'-----~- + so)-- t ] 

where 

2 1 2 
s 1 ~ = - - + - -  = + a2, t a a 3 

(Eq 19) 

where c in Eq 19 is the integral  constant  de te rmined  by the 
boundary condit ion.  Equat ion 19, val id for zones I, II, and III, 
is a general  form for specif ic  rol l ing pressure.  The shear stress 
(%) at the interface of  the clad sheet can be obta ined by combin-  
ing Eq 5 and 6 as: 

d(h2q 2) d(hlql) 
Ol dx 02 dx 

(Eq 20) 
'go - 03(01  + O2 ) 

In zone JEll, because the directions of frictional force are back- 
ward (i.e., the strip velocity is greater than that of  the upper and 
lower rolls), the form of  the differential equation in zone III is the 
same as that in zone I, except that the equivalent frictional coeffi- 
cient Ixe is replaced by Ixe = -!  xl - IX2" In zone II, because the direc- 
tions of  frictional force are opposite to each other (i.e., the strip 
velocity is greater than that of the upper roll and less than that of the 
lower roll, if V 2 > V 1 is assumed), then Ixe = -~tl+ix2" 

2.3  Boundary Conditions 

Assuming  that  the veloci ty  o f  the lower  roll  is greater  than 
that of  the upper  roll ,  and that the neutral point  of  the upper  roll 
is denoted by Xnl and the neutral  point  of  the lower  roll  by Xn2 , 
the boundary condi t ions  for the three dist inct  regions can be ex- 
pressed as shown in the fol lowing sections. 

2.3.1 Zone  I I I  (0 <_x -<xn2), lie -- - l i l  - li2 

At  x = 0 (or o) = 0): 

qo 
fo = Ot 2kl 

where qo is the front tension exer ted  on the clad sheet. F rom this 
boundary  condition, integral  constant  c 3 in Eq 19 can be ob-  
ta ined as: 

2r 3 
c3 =fo  + ~ (Eq 21) 

a 3 

where 

1 2 2 
t3 = - - + - [ ~ - ,  s3 = 1 + - -  

a 3 a 3 a 2 

Hence, the specific rolling pressure (fIII) in zone III is expressed as: 

/ f in  = c3e-ar176 + 20~a3 - ~-3 + s3o) - t3 (Eq 22) 

The specific shear stress (Xo/k 1) in zone III can be obta ined  
as: 

"~(__~ 01043 -- O 2 053 
06 

i - (Eq 23) 

where 

O1 = ~e~ + ~tl' O2 = 2(1Req- [~)x + li2, 

2D x3 _ D ~t e x 2 + R~q - lie O 6 = Re---- ~ 

_ Icsa3e-a3 ~~ - _ _  _ 043 = Req L a3 ~ Z + s3 

2 0  - lS)x 
+ (2k2 - Pul) Reqk 1 

053 = Req r _ __a3 ~2 _ __a3 + s3 

2~x 

+ (2kl - PUI) Reqk I 

D =  1 ] _  2~1~ 2 /R1 Ron) 
2.3.2 Z o n e  I (Xnl < x  _< L),  lie -- l i l  + li2 

A t x  = L (or to = o)i=tan-lL / x/-Reqh o ): 

qi 
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where qi is the back tension exer ted on the clad sheet, and L is 
the contact  length at the roll  gap.  F rom this boundary condit ion,  
c 1 in Eq 19 is expressed as: 

Cl a-a~ll T - - - a l l  +Sl tol-- t l] l  ealtO, (Eq 24) 

Therefore,  the specific rol l ing pressure0el) in  zone I can be ex- 
pressed as: 

- 1 [ .  22~--~tO3 - t o 2 3  a I ) + - -  tO-- l 1 f l  = Cle-att~ ~ , + Sl (Eq 25) 

where 

1 2 2 
tl - - -  + ~11, Sl = -  a l  1 +--a21 

The specific shear stress (Xo/k l )  in zone I can be obta ined as: 

"~/~l I = Ol 04106-- 02 051 (Eq 26) 

where 

2l~x 2(1 - 13)x 
o ,  = ~-~q - ~t,, o 2 -  ,%----~ ~t2 

Cla le -a l to___  2 _ _ _ + s  l 
O41 = Re q ~ a l  a 1 

2 0  - I~ )x  

+ ( 2 k 2 - P t )  Reqk 1 

- - ~ 1 7 6  /] O51 = +S 1 Req [ c l a l e ~ - a l ~  a 1 

2flx 
+ (2kl - PI) Reqk 1 

W h e n  the pe r iphera l  ve loc i ty  of  the upper  rol l  (V1) is less 
than that  of  the l ower  roll  (V2), the region o f x  for  zone II is 
Xn2 < x _< Xnl and Ix e = -I.t 1+~2 . 

2 . 3 . 3  Z o n e  II  (Xn2 < x < x n l ) ,  It3 = -~tl  + p:~ 

The specific rol l ing pressure (fIl) in zone II is expressed  as: 

a to 2IX(tO3 0)2 ] 
fn  = c2e-  2 + _-?-] --~- - - -  + s2to - t 2 ) a 2 

(Eq 27) 

where 

1 2 2 
t2 = - -  +-~-~-, s2 = 1 + - -  

a 2 a 2 a 2 

Due to the continuity of  boundary  condi t ions at x = Xn2 (or to 
= ton~), the specific rolling pressure in zone III (flII) at x = xn2 
must be identical  to that in zone II (fn), that is, fl i t  = f ly  There-  
fore, c 3 and c 2 have the fo l lowing relat ionship:  

C 2 = c3eBt%2 + C~e %%2 (B2to32 - B3tO22 + B4tOn2 - BS) 

(Eq 28) 

where 

2 2 2  
B l = a  2 - a 3 , B  2 - 3 a  3 ' B  3 = a 2  a 2 

2s 3 2s 2 2t 3 2t 2 Xn2 
B4 = ", B5 = - - - - - , t o n 2  = t a n - l ~  

a3 a2 a3 a2 X/-Reqh o 

S imi la r ly ,  in l ight  of  the con t inu i ty  o f  bounda ry  cond i t ions  
a t x  = Xnl, ( i .e . , f [  = fu ) ,  c l  and c 2 have  the fo l lowing  re la t ion-  
ship: 

C 2 = C 1 e B6t%l + OL e a~t%l (B 7 0)31 -- B 8 ton21 + B9tonl - BI0 ) 

, (Eq 29) 

where 

2 2 2 2 
B6 = a2 - a l '  B7 3al  3a2'  B8 = i a-'3" - ~ a'-5- 

2s 1 2s 2 2t 1 2t 2 Xnl 
B 9 = - -  , BI0 = , tOni = tan -1 - -  

a 1 a2 a 1 a2 ~/Reqho 

Combining  Eq 28 and 29 provides:  

3 2 c3 eBlt%2 + otea2t%2 (B2 ton2 - B3ton2 + B4 ton2 - B5) 

= cleB6%l + o~e a2%t (B7to3nl - B8to21 + B9tonl - BI0 ) 

(Eq 30) 

From the constancy of  volume,  the posi t ions of  the upper  and 
lower  neutral  points Xnl and Xn2 have the fol lowing relat ion-  
ship: 

h o 
(Eq 31) 

where 
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1 h o V2 RA = - -  
V A = V'- T, Req 2R2q 

Substituting Eq 31 into Eq 30, the solution of the neutral 
point xn2 can easily be found using the bisection numerical 
method. Once Xn2 is known, Xnl and c 2 can be obtained from Eq 
31 and 28. The specific shear stress (Xo/kl) in zone II can be ob- 
tained as: 

Z(' ~ O 1 O 4 2 - - O  2052  

06 
(Eq 32) 

where 

213x . 2(1 - 13)x 
01 = - - + ] . t  1 , 0  2 -  _ _  

Req Req 
~t2 

042 = 2(1-~)Ra[-------eqh~176 L a2 ~ a2 

2(1 - Ibx 
+ (2k2 - PlI) Reqk I 

R Vk  qhor 2 ~ (  2 20) ]] 
Ic2a2e-a2t~ - - -  10) - - -  + s 2 

O52= Req L a2~  a2 J-J 

213x 
+ (2kl - Pn) Reqk I 

2.4 Rolling Force 

Once the mean shear yield stresses and frictional coeffi- 
cients are known, the rolling force can be found by integrating 
the normal rolling pressure over the arc length of contact. Thus, 
the rolling force per unit width, P, is given by: 

P = elII + PII + PI (Eq 33) 

where 

PIII = 2kl ; . z  fill dx  = 2k I ~/geqho (III 1 + II12) 
0 

(Eq 34) 

III 1 = 

a 0 ~  
--c3e 3 n2 

a 3 

(1 + 0)22 + 2 o)n2 2 .  c 3 C3 
a 3 +~])  + ~3 + 2 ~  3 

1/3 232a__   G III 2 = -]_ 9a 3 5a32 + ~ 0)42 - 

+ s3 0)22 2t3 _0)n2] 

a 3 a 3 

PII = 2kl ; " '  fII dx = 2k 1 "~eqho (II 1 + II 2) 
Xn2 

(Eq 35) 

II 1 = 
--r 20)nl 2 / j0)61 20)51 

+ + as ) + -L9a2 5a22 a2 ~ a2 

2,2 ] 
_ _  4 2 (la--~ 0)31+S20)21--~-. o)nl| 1[3 + S 2 toni - ~ + t2 

+ 2a2 ~.L a2 2 J 

c2e-%~ 0)2nE+20)n2 2)_50)62 2o)52 
112 = + +a2J 29a  

1/3 + s 2 _ ~a2 + t2 a2 + 2a"----'~ r 2 1 0)32 + s2 fl122 - -~2 0)n2 

PI = 2kl ~L fI dx = 2k 1 ~/Reqh o (I 1 + 12) 
Xal 

(Eq 36) 

11 
--cle-a,~ 205 

al k al a l )  -k9al 5a2 

1/'3 + $1 4 2 ( 1 "~ 3 S10)i2 2t10)i] 
+ 2a-~ --0)i --~al[~l l+l lJ o)i+ a-~-- a-~ j 

I2 = m 
cle-al~ 20)nl a~) ~0)6nl 20)51 

al [ + al + _ _ / - - L 9 a l  5al 2 

1/3 + Sl _ 2_.~_( 1 "~ 3 s10)21 2/l---~nl 1 
+ 2a-----~ 0)41 3 a l l a l + t l l 0 ) n l +  a----(- a l J  

2.5. Rolling Torque 
The rolling torques, T 1 and T 2, exerted by the clad sheet on 

the upper and lower rolls, respectively, can be calculated by in- 
tegrating the moment of the frictional force along the arc of 
contact about the roll axis. Therefore: 

TI = RI(~tlPI - B1PII - I-tlPlll) = B1RI(PI - PII -P l l l )  
(Eq 37) 

T2 = R2(B2PI + B2Ptl - I-t2Plll) = B2R2(PI + Pll -PIII)  

(Eq 38) 

and the total rolling torque required, T, is 

T = T 1 + T 2 (Eq 39) 

2.6 S p e c i a l  C a s e  

When the frictional coefficient between the upper roll and 
layer 1 (I.t 1) equals that between the lower roll and layer 2 (~t2), 
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the formulations given for zone II are no longer applied, be- 
cause !1 e (or a 2) is zero in zone II. Thus, the equations derived 
previously for pressure distributions become meaningless, and 
modifications must be made. 

From Eq 13, if ge is zero, the specific rolling pressure in 
zone II can be expressed as: 

r = (x In h + c 2 (Eq 40) 

where c 2 is the integral constant determined by boundary con- 
ditions. Following the same procedures with the same bound- 
ary conditions as described earlier, the equation used to find the 
neutral point Xn2 can be expressed as:  

2 ~ n 3 1  r + S 1 ) c3e-a3%2 
c l e - a l ~ n l  + al ~ 5 a T ~rl l  - 

/ - - - - + S  3 (On2 - F = 0  
a 3 a 3 

(Eq 41) 

where 

( hn l  2t3 I F = a/ In  + 2tl 
/ a 1 a 3 J 

Combining Eq 31 and 41, the neutral points Xn2 and Xnl can be 
obtained, and c 2 is expressed as: 

+ 2o~ l(03n2 
c2=c3e-%%2 -~31"" ~ 

0022 ] -  ot In - -  +S 3 (tln2--t 3 hn2 
a 3 ) 

(Eq 42) 

The rolling force per unit width in zone II can be derived as: 

PII = 2kl ; . i  flI dx = 2kl[OtlI n + c2(Xnl - x,2)] 
Xn2 

(Eq 43) 

where 

II n = Xnl In hnl - 2Xnl + 2"4-~e q h o t0nl - Xn2 In hn2 + 2Xn2 

- 2~/'Req h o to 2 

hn2 = h o + x22 , ho + X2l 
R~--~ 'h"t = R~ 

The specific shear stress (/o/kl) in zone II can be obtained as: 

'l;l~ll lI = O1 04~--02 O6 05~ (Eq 44) 

where 

04 ~ = -41X(I - ~)x § (2k2 _ PII) 2(1 - [~)x 
Req Reqk t 

05 ~ = -4(X[~x + (2kl -P l I )  2[~x 
Req Reqkl 

It should be noted that Eq 40 to 44 are valid only for the case of  

gl  =g2" 

3. Results and Discussion 

The rolling conditions employed for the following numeri- 
cal simulation under the conditions of  different roll radii and 
speeds are summarized in Table 1. The main results will be dis- 
cussed here. 

Figure 4 shows various stress distributions at the roll gap un- 
der the conditions of  different roll radii and speeds in an asym- 
metrical rolling of  clad sheet. The upper layer is assumed to be 
softer than the lower layer. The specific rolling pressure, pl2k 1, 
and the specific horizontal stress for the whole clad sheet, 
ql2k 1, are compressive at the roll gap. It is noteworthy that the 
specific horizontal stress in the softer layer 1, qll2kl, is com- 
pressive, whereas that in the harder layer 2, q212k2, is tensile or 
partially compressive. Because the frictional stresses along the 
upper and lower roll surfaces have the opposite direction in 

T a b l e  1 C o n d i t i o n s  f o r  a s y m m e t r i c a l  c o l d  r o l l i n g  o f  c l a d  

s h e e t  

Condit ion V2/V x R~JRz k21kz P Pz ffi Pl ffi P r, % 

1 1.1 1.1 2 -0.2-0.8 O.l 30 
2 1.1 1.1 ~1-4 0.2 0.1 30 
3 1.1 l . l  2 0.8 0.1 -20 -40  
4 1.1 1.1 2 0.2 -0.1-0.2 30 
5 1.1 -0.5-1.5 2 0.2 0.1 30 
6 -1.05-1.2 1.1 2 0.2 0.2 30 

Note: R I = 100 ram; V 1 = 50 ram/s; k I = 9 8 . 1 M P a ;  ql = qo = 0;h~= 2 m m  

4 

2 

~o  

% 

Rz = 1.1,R 1 = 100mm V~ = 1.1, V 1 = 50minis 
R~ Va 
r=30%, [3 =0.2, ~2=~ta =0.1 

q2 "c~ 2kl 

-2~2 \ ~-1~ q 

: . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

__ h,=2mm,~ =2 

2kl q, =% =0,k 1 =98.1 MPa 
I I I I I 

~ 2 ; ~ 5 6 7 ~ 9 110 

C o n t a c t  L e n g t h  ( m m  ) 

Fig. 4 Various stress distributions at the roll gap 

11 
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zone II, the specific shear stress at the interface of  layers in zone 
II, xolk b has a higher value in zone II (cross-shear region), and 
the sign of'~ o is opposite to that in zone I in light of  the change 
in direction of the frictional force. 

Figure 5 illustrates various stress distributions with differ- 
ent thickness ratios I~ under different roll radii and speeds. It 
can be seen thatpl2k I and ql2k~ decrease with increasing I~, be- 
cause the fraction of  the soft layer 1 increases with the increase 
of  [~. It should be noted that q212k2 becomes tensile partially as 
~l increases. The tensile stresses are not preferable, because 
they sometimes result in instability of the lower layer. The 
value of Xolk I decreases with the increase of ~, but the sign of 

"Colk I is changed from zone I to zone II or from zone II to zone 
III as 13 is smaller than 0.5. Moreover, the magnitude ofxo/k 1 is 
smaller  than 1 which implies  that good bonding should pre- 
vent s l iding at the interface of  the clad sheet. In the case of  13 
= 0.5, where the thicknesses o f  the soft and hard layers are 
identical  to each other, Xolk~ in the exit  region (zone III) is al- 
most  zero and very small in the entrance region. However,  it 
is relat ively large in the cross-shear  region due to the oppo- 
site directions of  frictional stresses along the upper and 
lower roll  surfaces. 

Effects of  the shear yield stress ratio, k21k b on the various 
stress distributions at the roll gap are shown in Fig. 6, which in- 
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dicates thatpl2k t and ql2k] increase with increasing k2/k ~ (as k~ 
is fixed). That is because the shear yield stress of the hard layer 
2 is larger as k2tk ~ increases. It is also noted that qt/2k~ has 
larger compressive stresses, whereas q212k2 becomes tensile 
near the exit and entrance regions and changes slightly with the 
increase ofk21k p Besides, %/k t in zone II increases with the in- 
crease ofk21k |. If%/k t is large enough (e.g., xolk I > 1), sliding 
at the interface of the clad sheet may take place. 

Effects of  the reduction, r, on the various stress distributions 
at the roll gap are demonstrated in Fig. 7. Obviously, pl2k t and 
ql2k] increase with an increase in reduction; q212k2 is tensile 
throughout the contact length, and the magnitude of  q212k2 in- 

creases as reduction decreases. When reduction increases, "co/k ] 
in the exit and entrance regions change slightly. 

Figure 8 shows the effects o f  the frictional coefficient, It, on 
the various stress distributions at the roll gap. As It increases, 
the magnitude ofpl2kl,  ql2kt, and qll2kl increases, and q212k2 
has larger compressive stress. On the contrary, when g is 
smaller (e.g., It = 0.1), q212k2 is partially tensile. The magni- 
tude ofxolk l increases and the cross-shear region becomes nar- 
row as !1 increases. It is noteworthy that in the case of  ~ = 0.2, 
xolk 1 in the cross-shear region exceeds 1, which means that the 
bonding may be destroyed and that sliding at the interface of  
the clad sheet may occur. 
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Figure 9 shows the effects of roll radius ratio, R21R 1, on the 
various stress distributions at the roll gap. It is observed that 
pl2kl ,  ql2k 1 and ql /2kl ,  decrease with decreasing R2/R 1 (R 1 is 
fixed), whereas q212k2 changes the stress state to a tensile con- 
dition at the entrance and exit of  the roll gap. 

Figure 10 illustrates the effects of  roll speed ratio, V2/V 1, on 
the various stress distributions at the roll gap. The magnitude of  
pl2kl ,  ql2kl,  ql /2kl ,  q212k2, and ~o/kl decreases with increasing 
V21V l, whereas q212k2 changes the stress state to a tensile con- 
dition at the entrance and exit of the roll gap as roll speed ratio 
increases. 

Variations of  rolling forces and rolling torques with roll ra- 
dius ratio, R21R b for various thickness ratios are shown in Fig. 
1 l(a)  and (b), respectively. Rolling forces and torques are cal- 
culated by Eq 33 and 39. Evidently, both rolling force and roll- 
ing torque decrease with increasing 13 under a fixed roll radius 
ratio, and they increase with increasing RzlR l under a fixed 
thickness ratio, I~. 

The analytical  results for the specific roll ing pressure 
pl2k  b specific horizontal  stress ql2k u specific shear stress 
at the interface of  the clad sheet '~olkl , rol l ing force per unit 
width P, and so forth, are summarized in Table 2, where the 
"up" and "down" arrows indicate that the analyt ical  results 
either increase or decrease,  respectively,  with the corre- 
sponding roll ing condit ion.  

Table 2 confirms that: 
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Fig. 10 Effects of roll speed ratio, V2]VI, o n  various stress dis- 
tributions at the roll gap 

�9 The magnitude of pl2k], q /2kp "to/k ), P, and T decreases 
with increasing thickness ratio (13) and roll speed ratio 
(v2!vp. 

�9 pl2kl ,  ql2kl, 1:o/k 1, P, and T, increase with increasing reduc- 
tion (r), frictional coefficient (g), roll radius ratio (Rz/R1), 
and shear yield stress ratio (k2/kl). 

4. Conclusions 

This work proposed an efficient analytical model for a gen- 
eral asymmetrical cold rolling of  clad sheet to explore the char- 
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Fig. 11 Variations of rolling force and rolling torque with roll 
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acteristics of clad sheet bonded before rolling. Prediction of 
rolling pressure and horizontal stress distributions of the whole 
clad sheet, horizontal stress distributions in the component lay- 
ers, shear stress at the interface of the clad sheet, and rolling 
force under conditions of different roll radii and speeds could 
be achieved easily and rapidly. The computational time re- 
quired by this analytical model is about t/20 to 1/25 of that re- 
quired by the RUNGE KUTTA numerical method under the 
same roiling conditions. 
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