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Simulation of Vertical-Horizontal Rolling Process 
during Width Reduction by Full Three-Dimensional 

Rigid-Plastic Finite Element Method 
S. Xiong, X. Liu, G. Wang, and W. Zhang 

Vertical-horizontal (V-H) rolling is an important process during width reduction in the roughing stand 
of hot strip mill. A simulation of steady-state V-H rolling was carried out by the full three-dimensional 
rigid-plastic finite element method (3D RPFEM). To consider the shear work rate and cope with a singu- 
lar point, an extremely thin array of elements was attached before the entry of the roll. The slab shape, 
the spread, the separating force, and the rolling torque calculated were in good agreement with the ex- 
perimental values. 

I Keywords extremely thin element, finite element method, [ 
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1. Introduction 

In order to expand a synchronized operation between the 
continuous slab casting and hot rolling processes, heavy width 
reduction is widely obtained by either rolling or pressing in 
roughing trains of  hot strip mill. The V-H rolling process is still 
important (Ref 1, 2). Some simulations by FEM have been 
done by K. Mort (Ref 3), Huisman and Huetink (Ref 4), and C. 
David et ai. (Ref 5) on slab edging with flat roll, and by Nikado 
et al. (Ref 6) on the whole V-H rolling process. But there have 
been problems with precision due to an overly simplified 3D 
model and other assumptions. 

In this study, an analysis of the V-H rolling process was carried 
out by full 3D RPFEM, considering the effect of width reduction, 
initial slab width, and edger diameter. The influence of the veloc- 
ity of the fiat edger roll on the slab shapes edged, the diameter of 
the horizontal roll on additional bar width spread due to bulging, 
and the velocity of the horizontal roll on the bar width spread after 
subsequent horizontal rolling are studied. 

2. Theoretical Analysis 

2.1 Bas ic  E q u a t i o n s  

According to RP FEM, if no tractions are applied to the en- 
try and exit surfaces of  the workpiece, the function r to be 
minimized is given by (Ref 7): 

XsAvjdS + ~ xfAvfdS (Eq 1) * : I I I  o  dV+Is s 

V j i 

where ~ is the equivalent stress, e is the equivalent strain rate, 
Avj is the velocity discontinuity across the velocity discontinu- 
ity surface Sj within the volume V, and Avf is the relative slip- 
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ping velocity on the interface of roll and workpiece where fric- 
tion If  is applied. S. Kobayashi friction (Ref 8) is assumed: 

If  = mkXs/2 tan-tlAVf~] (Eq2) 

t: {v:j j  
o 

where m k is the f r ic t ion factor, I s is the shear y ie ld stress, x s - ~/~, 

and V a is a small  posi t ive constant. In this paper, In k = 0.65. 

The relative velocity Avf of  the slab-roll is approximated by: 

Avf = N/(u sec ~ - VR)2 + V 2 + e 2 (Eq 3) 

where u and v are the velocity components in directions x and 
y, respectively, 13 is the angular position of  the node, V R is the 
roll velocity, and e I is a small positive constant to prevent dis- 
tortion during calculation (Ref 9). 

When the function ~ is minimized according to the Newton- 
Rophson method (Ref 9), the stress tensor can be found (Ref 9): 

�9 2 ~ 
(Eq 4) 

where el" is the strain rate tensor, 5 i. is the Kronecker delta, g is 7 . t/ . . 
a small positive constant, and e v = e, x + Ey + gz" 

2.2 F E M  M e s h  

The isoparametric hexahedron element with eight Gauss 
points was used throughout in the slab, even for the comer at 
the entrance. To cope with this singular point, only an ex- 
tremely thin array of  elements was attached before the comer 
of  the roll entry (thickness of  these elements dXl << dl) (Ref 7), 
as shown in Fig. 1. Moreover, there was a noncontact region 
during subsequent horizontal rolling, FE mesh as given in Fig. 
2. A simple linear interpolation was carded out to determine 
the true point of roll-slab surface. Interpolation function N i and 
partial differential etc. in the elements containing these points 
were changed as a result, so the area of friction region and the 
friction energy were obtained precisely. 
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2 .3  Velocity Boundary Conditions 

Because  the  de fo r m a t i on  was  symmet r i ca l  abou t  bo th  the  y- 
x and  z-x planes,  we took  its 1/4 par t  as the  s tudy object ,  as 
s h o w n  in Fig. 1. For  s lab edging,  there  were 2 to 3 rows of  ele- 
men t s  in the  th ickness  d i rec t ion  y, 12 rows  in the  wid th  direc-  
t ion  z, and  9 to 12 arrays  in  the ro l l ing  d i rec t ion  x, in wh ich  
th ree  ar rays  were  for  the ent ry  reg ion  ( inc lud ing  one  array of  
ex t r eme ly  th in  e l ement )  and  one  array was for  the exi t  region.  
The  ve loc i ty  bounda ry  cond i t ions  were:  

�9 A A 1 B 1 B :  u = u 0 (unknown) ,  v = w = 0 
�9 EFF1El:u=ut(unknown),v=w=O 
�9 C D D 1 C I :  wlu =-tgl3 
�9 B C C 1 B I :  w = 0 
�9 F F 1 A 1 A :  w =  0 

�9 EFAB:  v = 0 

where  u, v, and  w are the  ve loc i ty  c o m p o n e n t s  in d i rec t ions  x, y, 
and  z, respect ively .  

Fo r  subsequen t  hor izon ta l  rol l ing,  the  veloci ty  bounda ry  
cond i t ions  were:  
�9 A A 1 B  1 B: u = u o (unknown) ,  v = w = 0 
�9 EFF  1 E l :  u = u 1 (unknown) ,  v = w = 0 

�9 Con tac t  region:  w/u = -tgl3 

�9 B C C t B I :  w = 0  

�9 F F 1 A 1 A :  w =  0 

�9 E F A B :  v = 0 

whe re  u, v, and  w are the veloci ty  c o m p o n e n t s  in  d i rec t ions  x, y, 
and  z, respect ive ly .  

3. Results 

3.1  Experimental and Calculating Conditions 

A mode l  mater ia l ,  lead, wi th  a scale o f  1:10 was used to 
s imula te  the  wid th  reduc t ion  process  of  Benx i  Hot  Strip Mil l  in 
Sta te  Key Labora to ry  of  Rol l ing  Techno logy  and  A u t o m a t i o n  
o f  T a n d e m  Rol l ing ,  P.R. China.  

T w o  cond i t ions  were  studied: 

�9 The  effect  of  edger  diameter ,  D e. S l a b :  H 0 = 15.4 mm,  B 0 = 
108 mm.  D e = 62 to 105 mm. Wid th  reduct ion:  AE = 2 to 
6.5 mm.  
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Fig. 4 Velocities in three cross sections of the slab during edging (H 0 = 15.4 mm, B 0 = 108 mm, AE = 6.1 mm). (a) At entrance. (b) Half- 
way across the contact zone. (c) At the roll-gap exit 
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The other working condi t ions  were: velocity of  edger, 19 
rpm; horizontal roll diameter,  D H, 130 mm;  velocity of hori- 
zontal roll, 27.5 rpm; and thickness reduction, AH, 0 to 3 mm. 

I0 

The roll, made of common carbon steel, was supposed to be a 
rigid model. The flow stress of work-hardening lead was (Ref 10): 

( 370 ~-" o= 13.24 exp |27--~S-~+ t ie  ~176176 (MPa) (Eq5)  
\ / 

where t is temperature in degrees Celsius, taken as 25 ~ here. 
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3.2 Calculated Results 

3.2.1 Slab Edging  

The velocity field in the rolling direction (x), the thickness 
direction (y), and the width direction (z) in the edge transverse- 
section of the slab (shown in Fig. la)  are drawn in Fig. 3. The 
velocity components v and w show the maximum values near 
the slab edge in the roll entry, and they decrease from the slab 
edge toward the slab center, while u shows the opposite results. 

The distribution of the velocities in the y and z directions, in 
three typical cross sections of the slab, are shown in Fig. 4. 
From Fig. 4(a) and (b), it is obvious that the slab material near 
the center does not move significantly in either of  the two di- 
rections, at entrance or halfway along the contact arc. There- 
fore, a "dogbone" shape is formed near the slab edge. 

Figures 5(a) and (b) are examples of the sectional shape of 
slab calculated after edging. They show that as the width reduc- 
tion increases, the thickness increases in the vicinity of the con- 

v 

3.5 

3.4 

3.3-- 

3.2 

3.1 

3.0 
0 

H 0 = 15.4• m ,B 0 = 108m [] ,AP. = 6.1m m 
�9 De=90m[] 
O De =105mm 

C- ~ .<>____~ r..___.X>....... ~ 

60 120 180 240 

vR(mm/s) 

1 .8  

, " , 1 . 7  

-u 
, 'v-  

1.5 
300 

Fig. 7 Influence of rolling velocity on calculated An d (= H d - H 0) (15.4 x 108 mm) 

o- ---o....o._...o__..o.....o 

H0=lS:4mm,B0=108mm,AF=2.1mm 
O D e = 62ram 
�9 D e =90ram 

60 120 180 240 300 

v~(mm/s) 

12 

10 

6 

" ~  4 

2 
2 

H o = 1"5.4• m ,Bo = I08m m 

0 De =62ram 
O De=90mm ~ ~-.-D 
�9 D e = I05• m 

/ 
/ 

1 2 5 6 3 4 

AE (m m ) 

20 t t 

H o--20•m ,De =I05m m 
�9 B o = 100m m / 

- -  o B o = i g m ) ~  
15 

lO 

0 2 8 10 4 6 
AE (mm ) 

250 t t i 
H 0 -- 15.4m [] ,B 0 = 108m [] 

.-.200-- 0 D.=62mm 
0 De =90ram 

I~ @ De = 105ram 

~ ' 1 5 0  

g lO0 

1 2 3 4 

Z~ (mm) 

Fig, 8 

I, 

/ .  
600 I 

500 

400 

~o I00 

5 6 7 0 2 

Comparison of calculated separation force and rolling torque with experimental values 

I i 
H o--20mm ,De =105ram 

�9 Bo = lOOm�9 
0 Bo = 7from ~O~ 

I 

f 
4 6 8 

AE (mm) 

10 

Journal of Materials Engineering and Performance Volume 6(6) December 1997--761 



cerLter edge 
Y 

0 

c e n t e r  

S J 2"- t 
t _,+ 

-1 -2 -3  18 22 

ecl~ 
Y 

x 

t 
eente~ ed~ 

y 

(a) 

(b) 

(c) 

Fig. 9 Velocity component v (in width direction y) in three horizontal sections during rolling. (a) At surface. (b) Quarter thickness 
(halfway in Fig. lb). (c) Middle in thickness direction z. Slab: H 0 = 15.4 mm, B 0 = 108 mm, AE = 6.1 mm, AH = 2 mm 

tact, while the thickness in the center of the width hardly 
changes. 

Dogbone thickness H d and the peak position Lp are usually 
used as important shape parameters to characterize the shape of 
slab edge (Ref 1, 2). The calculations are given in Fig. 6. It 
shows that H d and Lp increase with width reduction AE and in- 
itial slab width B 0, and Lp increases with edger diameter D e 

while H d decreases. The results are in good agreement with the 
experimental values. 

The FE results show that there are only small effects of the 
velocity of  the roll V R on the shape parameters. Figure 7 is an 
example o f H  d versus V R. This explains why V R is neglected in 
empirical models of  shape parameters (Ref 1, 2). 

The influence of  AE on the rolling force P and torque M is 
shown in Fig. 8, which shows that P and M increase with AE 
and D e . The contact length and the velocity of  the roll increase 
as D e, and the velocity of  rotation is a constant. Moreover, P 
and M increase with B 0. 

3.2.2 Horizontal Rolling 

As an example, the distribution of velocity component v (in 
the width direction y) in three horizontal sections is presented 
in Fig. 9. It shows that material in the left of  the dogbone 
shrinks toward the width center slightly, while material in the 

dogbone tends to spread, which differs from common horizon- 
tal rolling. Moreover, there is no obvious difference among 
these sections, only a greater gradient of  v in the width direc- 
tion y in Fig. 9(b) and (c) than in (a). The maximum of v occurs 
near the slab edge. 

When edging is followed by a reduction in thickness, the bar 
width spread after thickness reduction AB will consist of  two 
parts (Ref 2): 

AB = AB b + AB s (Eq 6) 

where AB b is bar width spread due to bulging after reduction in 
thickness and AB s is bar width spread after reduction in thick- 
ness, excluding the width increase caused by spread of  bulges. 

Figure  10 compares  the calculated values for bar  width 
spread with exper imental  values. Bar width spread increases 
with increases  in width reduction and thickness reduction,  
and it decreases  with edger  roll diameter.  Moreover ,  FE 
s imulat ions  show that there is little influence of  the work 
roll  d iameter  used in thickness reduction on AB b, which is 
s imilar  to the experimental  results obtained by Kokado et al. 
(Ref 11). The influence of  veloci ty of  horizontal  roll on AB 
is shown in Fig. 1 1. 
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The horizontal rolling force PH and rolling torque M H in- 
crease with initial slab width B 0 and width reduction AE, and 
they decrease with the edging roll diameter. The comparison 
with experimental results shows a good agreement, as shown in 
Fig. 12and 13. 

4. Conclusions 

Full 3D RPFEM has been applied to solve the V-H rolling 
process for lead. To consider the shear energy and cope with a 
singular point, an extremely thin array of element was attached 
before the entry of the roll. Comparisons with experimental re- 
suits show that this method can be used to simulate the process 
accurately. 

FE simulations show several important results: 
�9 There are relatively great influences of width reduction, in- 

itial slab width, and edger diameter on the slab edged, 
whereas the effect of the edging velocity need not be taken 
into account. 

�9 There are obvious effects of width reduction, initial slab 
width, and edger diameter on the bar width spread after 
subsequent thickness reduction. However, the effect of the 
diameter of the work roll on additional bar width spread 
due to bulging, and the effect of the rolling velocity on the 
bar width spread, can be neglected. 
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