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Abstract : The computation model of shape and crown on 4-high CV C mill was established by combining the stream
surface strip element method for analyzing three-dimensional plastic deformation of strip and the influence coefficient
method for eastic deformation of rolls, and the smulation of the shape and crown control on 4-high CVC hot strip
mill was conducted. The smulated results indicate that the influence of the shifting of CVC work roll on shape and
crownis very large, and the shifting of work roll can be used to preset shape and crown. The influence of the ben-
ding force of work roll on shape and crown is smaller, and it is suitable to use the bending force of work roll for
shape and crown adjustment on line. With theincrease of strip width, the exit crown of strip increasesfirstly and de-
creases then, and the roll gap becomes smoother increasingly. Meanwhile, the transverse difference of front tenson

stress decreases firstly and increases then.
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Shape and profile are the important quality in-
dexes of rolled plate and strip , and shape control is
the key technology for plate and strip mills. The re-
search on shape control has animportant s gnificance
for presetting control of shape and crown and the de-
velopment of rolling technology. The shape control
of wide cold strip rolling on CV C mill was s mulated
in Ref. [1]. Because the influence of the lateral flow
of metal on the form of deformation zone wasn t
consdered, the three-dimensional plastic deformar
tion of strip and the shape control on CV C cold mill
couldr’ t be analyzed accurately. The shape control
model of 4-high hot strip continuous mill s was stud-
iedin Ref. [2] and Ref. [3]. The influence of the
lateral flow of metal on theform of deformation zone
wasn' t consdered ether, and the distributions of
deformation and stress along the thickness direction
of strip were thought to be even, o the three di-
mensional plastic deformation of strip couldn t be
analyzed accurately , and the accurate shape control
model of 4-high hot strip continuous mills couldn' t
be established. The shape control on 6-high HC and
6-high CV C cold rolling mill swas researched in Ref.
[4] - Ref. [6] respectively. Due to no consderation
of the change in deformation and stress along the
thickness direction, they couldn' t be used for hot
strip rolling or thick plate rolling. The FEM was
applied to smulate the process of hot plate continu-
ous rolling in Ref. [7]. Because the rolls were

thought to be rigid, the coupling between the three-
dimensonal plastic deformation of plate and the e
lastic deformation of rolls couldrf t be realized accu-
rately, and the smulation of the rolling process
couldn' t be carried out in the actual sense. In this
study , the stream surface strip element method®
was employed to accurately analyze the three-dimen-
sonal deformations of strip , and the influence coef-
ficient method™® was used to analyze the elastic de-
formations and thermal deformationsof rolls. More-
over , the two methods were combined to construct a
mathematical model of shape and crown control on
4-high CVC mill. The smulation of the shape and
crown control on 4-high CVC hot steel strip mill was
conducted.

1 Theoretical Mode

11 Threedimensional plastic deformation of plate
and drip—=stream surface dorip eement
method
The basc assumptions of stream surface strip

element method® are: The rolling process is

steady and symmetrical about the plane xoy

(Fig 1). S0, thefollowing analys s and computation

consider the upper half above the symmetrical plane

xoy only. The plate (strip) is rigid-plasticin roll
gap and elastic outsde the roll gap.
The rolling deformation zone shown in Fig 1,

according to the method in Fig 2, isdivided into n
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Fig 1 Qaphic expression of def ormation zone

stream surface (curved surface) strip elements along
metal flow direction. In Fig 1, R isflattened radius
of work roll ; lislength of deformation zone; h, h
are entry thickness and exit thickness of strip re-
spectively ; bisentry width of strip; andA bislateral
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spread of strip. The ordinates of nodal sections of
the strip elements at the entry (x=0) are expressed
by yi (i=0,1, 2, , n), and the ordinates at
other place (x >0) are unknown. For the conven-
ience of numerical analyss and computation, the
stream surface strip elements under the coordinate
system xy-z are mapped onto the plane strip ele-
ments under the coordinate system§ 1A (the sde
surfaces and the lower surfaces are planes, and the
upper surfaces are cylindrical surfaces) , as shownin
Fig 3. Inthe deformation zone, the lateral displace-
ment function Wy € ,N,A) and the altitudinal dis
placement function W, € , N, A) of meta are as
sumed to be:
Wy@ n )\) =f§) uy 0 )\)
W€ NA)=g€)u0A)
From Ref. [10] and Ref. [11] there are:

fé)—1+4 3[§‘ J4
(2)
g€) =1- |
where uy 0 ,A) , u. M ,A) arelateral and altitudinal

di splacement functions respectively at the exit of de
formation zone (x=1) .
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Fig 3 Srip eement mode in coor dinate syssem
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U nder the mapping coordinate system, the strip
element width b are:
b=Ni-Ni.i=yi-y-2 (i=1,2, ,n (3)
u(N,A) and u: N, A) are expressed as the
third-power spline functions along the lateral direc
tion, assumed to be the quadratic curves along the
altitudinal direction, as shownin Fig 3, and solved
by the interpolation method from the displacements
onthe O line, the 1st line and the 2nd line.
Therefore, there are'® :
@A) =[Uyi-1,0000) + uyi0d20) + Uyna-10 -
0s0) +Uyniodsa @) o) +[ uy-1,0010) +
Uy, 002 @) + Uyna-100s0) + Uynao0a@) ] -
Q1) +[uyi-120:00) + Ui 2020) + Uyna-12 -
az0) +dynai20a0) J92 Q) (4)
U0 ,A) = Ua-1.0000) + U,0020) + U zna-1p -

0s 1) + Unnte 0) 102 4) + 5 [N 0) -

@) 1020) (5
where
a:0) == (30 - 20, -m) )
azm):m'—zljgu)—[sb-zm-ni.l)]
_ ) (6)
asm):ﬂ—r‘)—g [b-0:i-M]
as0) = - bz [b-0O-Ni-1)]
(pOO\):]-'S[hz\_/J +2[hz\/2J
A A
‘plO‘)ZA[ho/z' ho/ZZJ (7)
A A |2

P20) = -1 12%2 b2
UyG, j) = Uy(r]i,)\J) y Uz(i, ) = Uz (r]i,7\1) y Uynap =

%?%’]ijﬂ) and Uzn(i,l) Z%liz(rli,)\l) (i=0, 1, 2,

, n; j=0,1, 2) are exit laterd and dtitudnd ds
placements and their partial derivatives ton of the nodd

_é-h)' u)’(nv

A) and u; (N ,A) satify the condition that the first
derivatives and the second derivatives of uy, and u, to
n andA are continuous. Uyna,» and Uzni. o (i =0,
1,2, ,n j=0,1,2) are determined by the re-
currence method, according to the secondary bound-
ary condition. Therefore, there are 4 (n + 1) unr
known parameters: uy, j and Ui,y (i=0,1,2,
n, j=0,1,2).

On the above bas s, the threeedimensional de
formation of plate and strip can be analyzed.

sections regectively ;Ao =0,A1 =‘2Lf h A, =

Based on the principle of constant volume and
conclusonsin Ref. [10] - Ref. [13] , the mathemati-
cal models of the front tenson stresso: (N ,A) and
the back tenson stressoo () ,)\f can be derived as:

o

_ S
0.0 ) =0y +—E5| 1- E (8)
1-V ouy ou;
SoL1+ @]J L1+ a\J

aof A) =0, +0o0 (1 M) +?E_ .

Sl o

where S, S; are area of exit cross section and entry
cross section regpectively; Sn, x» are area and longi-
tudinal coordinate of neutral plane, respectively ;01 ,
Oo are average front and back tenson stresses, re-
spectively ; Eiselastic modulusof plate (strip) ; vis
Poisson coefficient of plate (strip) ;0w is longitudi-
nal resdual stressand can be expressed intermsof a
polynomial function. When the shape of the entry
plate (strip) is good,0w 0 ,A) =0.

From the plastic flow equation of Levy-Mises,
the yield condition of Von-Mises and the principle of
constant volume, the three-dimensonal stress mod-
elsin the deformation zone are solved.

From the differential equilibrium equations,

ao-x+arxv+a-[x =0
ox Oy 0oz
FERE T TR (0
ot +8IV +50 —o
ox 0Oy 0z

The stress boundary conditions at the entry and
the exit of the deformation zone, and the stress
boundary condition'™! at the interface are:

P=-0n=- @0 +T @y +T @ )0 - [« +

OQy 4T ,0 )0y - @ 0« +T 0y +00 )0, (11)
whered,,0,,0,,T, ,T, andT . are normal stress
and shearing stressin the directions x, yand z, re
gectively ;0. is normal stress on the interface; o,
o, andd; are cosines of the exterior normal of thein-
terface at three directions. The unit rolling pressure
p in the deformation zone can be calculated usng a
finite diff erence method.

1 2 Bagtic deformation of rolls——influence coeffi-
cient method
In the range of backup roll body length, the roll
body is divided into m segments with every width of
Ay and central ordinateof yi(i=1,2,3, , m).
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The loading diagram and the segment dividing dia-
gram of rolls are shown in Fig 4 and Fig 5. In
Fig 4,0 is rightward shifting distance of the upper
work roll , andd >0 isfor concave roll gap, whiled
<0isfor convex roll gap. p:(y) is unit width roll-
ing pressure; q(y) iscontact pressure between work
roll and backup roll ; R, Fo are bending forces of
work roll and backup roll , respectively; Fs, Fs are
support-counter forces at left and right press down
support points respectively. The coordinate origin of
the whole coordinate system is just below the left
press support point , namely the altitudinal axis (z
axis) overpasses the left press down support point.

The axis digplacements of backup roll and work
roll are expressed as:

fbi :jzzlaaijA YiQi - aroi Fo (12)
fwi:jzzla/vijA yi(p - q) - amwiFw +
G +M(yi _ C) (13)

Lw

The elastic flattening between work roll and

backup roll ,dwi , is calculated using the half plane
body model , asfollows:

6wbi =A igi (14)
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- LS -
- P
7o i ’

NN B q(y)_ ) I
| H i — s
] B o [T

PL(Y) | |
F“T I TFW
it B -
L Lw
L

A
Y

|
1 R A | r
}

|
,:/ m="9
1

Fig 5 Segment dividing diagram o rolls of 4-high CVC mill

The elastic flattening of work roll between
work roll and plate (strip) ,0wi , is calculated using
the half space body model , asfollows:

6Wi :jZ:Pij P1j (15)
The deformation compatibility equation between
work roll and backup roll is:

fwi = foi +Owbi +':2L A Dwi +A Dui) (16)

The crown calculation model of work roll is:
A Dwi =A Dwoi +A Dui (a7

The thermal crown calculation model of work
roll'*? js:

. 2
A lei :A Dwt[uﬂ

18
Lw/2 (18)

The transverse distribution of rolled plate
(strip) thicknessis:

h.’li =9 + fwi + fw(m- i) +6Wi +6W(m- i) +

_]2- @ Dwi +A Dw(m- i)) + fl};bi (19)

where i, j are subsegment labelsof roll , i, j=1, 2,
3, , m; awj, an are deflection influence co€ffi-

cients of work roll and backup roll respectively , and
express the deflection at the point yi caused by the
unit force acting at the point y; ; amwi, ami areinflu-
ence coefficients of bending forces of work roll and
backup roll respectively, and express the deflection
at the point yi caused by the unit bending roll force;
C, G are axis displacements of the Ieft and right
end of work roll body respectively; Cis distance be-
tween the left press down support point and the left
end of work roll body; fw, fn are axis deflections of
work roll and backup roll respectively; A, duwp are
flattening coefficient and flattening quantity between
work roll and backup roll , respectively; B, dw are
flattening coefficient and flattening quantity of work
roll between work roll and plate (strip) , respective-
ly; A Dw,A Dy are crowns of work roll and backup
roll respectively; A Dwo , A Dw are initial crown and
thermal crown of work roll respectively; f&isrigid
ity displacement sum of upper and lower work rolls,
and depends on the elastic deformation of frame and
other loaded parts; s isinitial roll gap.
Equationsfrom Eqn (12) to Eqn (14) are sub-
stituted into Eqn (16) , and the equation group of m
equationsisformed. Meanwhile, the equilibrium e
guations of force and moment of work roll are added
again, o the sum of equationis (m+2). Inthe e
guation group , there are (m+2) unknown numbers
g(i=1, 2, 3, , m, G and G, 0 it can be
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wolved. Eqn (15) and Eqn (16) are substituted into
Egn (19) , and then the thickness of rolled plate
(strip) can be solved.

1 3 Analysis and computation model of shape and
crown for 4-high CVC mill

The analyss and computation flow of shape and
crown for 4-high CVC mill is shown in Fig 6. The
three-dimensonal plastic deformation analysis of
plate (strip) is used to determine the transverse (y
direction) distributions of unit width rolling pres
sure p: , front tenson stresso: , back tenson stress
0o and 0 on. The elastic deformation analysis of
rollsis used to determine the transverse distribution
of unit width contact pressure q between work roll
and backup roll and the loaded roll gap shape h
[ namely the transverse distribution of the exit plate
(strip) thickness]. The above two are coupled, and
the exit shape (transverse distribution of 01) and the
exit crown of plate (strip) (transverse distribution
of h) under given rolling conditions can be ob-
tained.

Geometric and physical parameters
of plate (strip) and rolls

!

Exit thickness distribution 4] ( )
of plate (strip)

I‘
v
Plastic deformation of plate (strip):
Py 6,03, 6(1)

!

Elastic deformation of rolls
q(y), ()

<>

Fig 6 How diagram o analysisand computation
o shape and crown

hy—~h]

Yes

2 Smulation Results

Based on the practice on a 4-high CV C hot strip
rolling mill , the shape control was studied. The en-
try width of strip was 1 235 mm. The thickness of
strip is 39. 214 mm at the entry and 24 477 mm at
the exit. The entry yield strength of strip is 100
MPa. Theentry crownof stripis7004 m. Thefront
tenson was 186. 50 kN, and the back tenson is O

kN. The bending force of work roll was 1 077 kN.
The work roll has a diameter of 850 mm and a roll
body length of 2 250 mm, and the backup roll has a
diameter of 1 500 mm and a roll body length of 2 050
mm. The space between the bending forces of work
roll' stwo endsis 3 150 mm, and the space between
the two end press down support pointsis3 150 mm.
The space between the maximal and minimal diame-
ter of work roll is 1 300 mm. The difference of the
maximal and minimal diameter of work roll is Q. 599
8 mm. The initial shifting distance (©0) of CVC
work roll is - 10 mm, and the shifting distance ©)
of CvCwork roll is - 95 mm. The thermal crown of
work roll is 3504 m.

2 1 Simulation of shape control by work roll shifting

Fig 7 shows the transverse distribution of exit
strip crown (A hh) and unit width rolling pressure
(p:) under the condition that Fvis1 077 kN, andd
is-75 mm, - 25 mm, 25 mm and 75 mm respec
tively. With the increase of & ,A h reduces largely.
The transverse change of p» becomes more rapidly.

FHg 8 shows the distribution of 01 under the condi-
tionthat F,is1077 kN, andd is - 75 mm, - 25 mm,
25 mm and 75 mm respectively. With the increase of
d , the transverse difference of 01 increases from 33
MPaatd = - 75 mmto 79 MPaatd =75 mm. It is
obvious that for thick plate (strip) , the larger the
change of the proportional crown, the larger the in-
fluence ono:.

2 2 Simulation of bendingroall characteristic of work
rall

Fig 9 shows the relation of A, p. and Fu.
With the increase of Fv ,A h changeslittle, and the
transverse change of p: increases, but the influence
of Fwisweaker than that of d.

Fig 10 shows the distribution of 01 at the exit
under the condition thatd is - 95 mm, and F. is 0
kN, 300 kN , 600 kN and 900 kN respectively. With
the increase of R, the transverse difference of 01 in-
creases, in particular at the edges.

2 3 Influence of plate (grip) width on shape and
crown
In order to study the influence of plate (strip)
width on shape and crown of hot rolled plate (strip)
accurately , and to eliminate the influence of other
factors, in the smulation, thed was set at 10 mm
(namelyd +00 =0) , Fv was set at 0 kN, and T: was
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(b) 7w =300 kN;
Fig 10 Influence of

changed at the same proportion as the plate (strip)
width.

Fig 11 showsthe distributionsof A hy and p: for
different B. With the increase of B, A h increases
firstly and decreasesthen, andA b  ( =274 3354 m)
at B =1 635 mm is aready dightly less than A h
(=274 388y m) at B =1 435 mm. Meanwhile, the
distribution of roll gap becomes smoother increas
ingly. Inaddition, with theincrease of B, the trans
verse difference of p: decreases firstly and increases
then. The reason can be that A h increases firstly
and decreases then, and the action width of the y-di-
rection friction stress (ty) increases with the in-
crease of B, making the transverse change of 01 in-
crease.

-100

Ah/um

-200 |

-300

0 100 300 500 700

900

(c) Fw=600 kN ; (d) Fw =900 kN

FwonO: (O = - 95 mm)

Fig 12 showsthe distribution of 01 under differ-
ent B. With theincrease of B, the transverse differ-
ence of 01 decreasesfirstly and increases then, how-
ever, the altitudina change of 0. is very small,
which may be that the strip width/ thickness ratio is
already very large, and even the strip width/ thick-
ness ratio increases continuoudly again, the altitudi-
nal changes of stresses and deformations of plate
(strip) may be not obvious.

3 Conclusions

(1) with theincrease of d ,A h reduces large-
ly, and the transverse difference of 0: increases.
With increasng Fv, A hw reduces lightly, and the
transverse diff erence of 01 increases, in particular at

155

—
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—
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>
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Distance from sirip width center/mm

o —B=1035 mm; —B =1 235 mm;

Fig 11

e —B =1435 mm; A—B=1635 mm

Influence of B onA hy and p1 (® =10 mm, Fu=0kN)
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(a) B=1035 mm;
Fig 12

(b) B=1 235 mm;

the edges. With the increase of B, A h increases
firstly and decreases then, and meanwhile, the roll
gap becomes smoother increasingly , and the trans
verse difference of 01 decreases firstly and increases
then.

(2) The influence of & on shape and crown is
very large, and it is suitable for shape and crown
preset. The influence of Fv on shape and crown is
smaller , and it is suitable for the on-line adjustment
of shape and crown.
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