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ABSTRACT

Anaysis of Roll Forming Process using Rigid-Plastic

Finite Element Method

By Lee Sang Hee

Advisor : Prof. Jeong, Sang-Hwa, Ph.D.
Department of Mechanica Engineering,

Graduate School of Chosun University

Cold-roll-forming (CRF) is a well known process used to manufacture long
sheet metal products with constant cross section. This process makes it
possible to manufacture intricate sheet metal products which cannot be made
through the press process. It is a very important process in many industrial
fields to increase the application. However, the roll forming process is a
difficult process because of the time and cost needed to prevent defects in
the manufactured products. In order to solve this difficulty, computer
analysis using rigid-plastic finite element method is being studied. The
computer analysis method allows predicting final shapes and defects of the

products through simulation and efficiently manufacturing the products.

- IX -



In this thesis, a under-rail composed of upper member, center member and
lower member is designed and its roll forming process is ssimulated. Tensile
test is performed about SCP-1 to obtain material properties and curve fitting
is executed to set up the flow stress equation. The flower pattern of the
upper member in the under rall is designed as three types. TYPE A is
typical flower pattern used in design of U-channel. The cross-section of
TYPE B and TYPE C is rotated in order to reduce the moment of inertia
The lower member is designed as TYPE-1 and TYPE-2. TYPE B and
TYPE-1 are designed using the constant arc length forming method, and the
TYPE C and TYPE-2 are designed using the constant radius forming
method for excellent design. The roll forming process is simulated using
SHAPE-RF software. The longitudinal strain is estimated on the basis of
simulation results. In addition, the numerical magnitudes of camber and bow

are predicted from the results of the simulation.
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Simulation
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empiric equation

Y  J
e Buy materials and
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e Product analysis
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e Application of new design
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Fig. 1-3 Comparison between classical method and simulation method
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Fig. 1-4 Block diagram for optimization of roll forming process
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Fig. 3-2 Lankford coefficient of tension test specimen in cold rolled carbon steel
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(a) rigid, perfectly platic

(c) elastic, linear work hardening plastic

o

i)

(e) elastic, work hardening plastic
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(d) n-power work hardening plastic
Fig. 3-7 Ideal model for stress—strain diagram
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Fig. 3-9 Influence of temperature and strain rate for plastic curve
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Table 3-2 Material properties of SCP-1

Material SCP-1
Young's modulus 210 GPa || Ultimate tensile stress 480.40 MPa
Yield stress 158.12 MPa | poisson’ ratio 0.3
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Wk A @A} FAF A E Tl 2 FESHEA A Y 5% Table
3-300 YEFWA AL, 2 (322)= AAA FrIdLAPoR E ¥ ¥AS 3 w = Qg
WIHG AR R(SCP-Dol U f% S 2w A ol o
— SCP-1
4504 . Fitting curve ’,"
400-
_—
éf 350
=
1 ;a::e |§ ::LFSM
% 300— Equa'i.on:
b y= la'(hfx)"c
@ Weighting:
o y No weighting
E 250_ Chi*2/DoF =70.82273
H RA2 = 0.98797
200 B ol
- 0.39657
150 - T T T T ]
0.000 0.005 0.010 0.015 0.020 0.025 0.030
True strain(mm/mm)
Fig. 3-11 Curve fitting for SCP-1
Table 3-3 Results of the curve fitting
Flow stress equation o= K(E ot 2)"
strength coefficient(A) 1840 MPa | work hardening exponent(n) | 0.39657
Initial strain(e ) 0.00254
o; = 1840(0.00254+ )" (3.22)
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(a) Dishwasher

Steel Ball

Upper Member

ower Member

(b) under rail
Fig. 4-1 Modeling of under rail
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Longitudinal

Cracks \

—

Fig. 4-2 Cracks at the bend line
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(a) Upper member
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R2 R2

(b) Center member

0.6

7.2

53.1

e

(c) Lower member
Fig. 4-3 Cross-section of the under rail
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2. A9d LY FxA
I EEE
AZIAH7TE Aeidl o] WA dotr7] e stsol e &3 I E(stress
distribution) ¢} & A& ANSYSE ©] &3] #8434 (FEA; Finite Element
Analysis) T sttt A S 98 JH21E Table 4-13% 2ot BtaA s o] &=
A9, AE, &9 W= A 2 A(shell element)S &3t 2€ 2L oy
(bearing steel, AISI 304)& Ab&3tlal, 74 849 AX ©E 545 4F38] e
i, AA R ABeA AfE7] YA 2B = 2 A(solid element) 2 WA S WA

At 2ol ¢FuE vtwke] Taol glal o= Axe ARYL AXL FRAQ
=
bl

T EYE WolEojol dta1, & A9 F3 8] (aspect ratio) S AT £ UAEE 9 49
A5 ZA sokste AF Fol A7) witel 2 Y &Y= 84 FAY A 84

A AR EE W (bonded) 3} AL FEW WO 27h) Feko] B (sliding) S

gote A5 o2 AAstAdtt AA 232 Fig. 4-59 2ol 49 AW Fais
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Table

4-1 Imput conditions for FEA anlysis

Under Rail

Mesh type

SCP-1 : shell mesh
AISI 304 : soild mesh

Mesh Contact condition | No separation
Node 41206
Elements 25761
Elastic modulus 2.1 10" Pa
Yield strength 158 X 10° Pa
SCP-1 | Tensile strength | 418 x10° Pa
Poisson’s ratio 0.3
. Density 7872 kg/m?
Properties - 11
Elastic modulus 1.9X10"" Pa
Yield strength 206 < 10° Pa
AISI 304 | Tensile strength 517 <10° Pa
Poisson’s ratio 0.29
Density 8000 kg/m3

Boundary conditions

Fix : lower member 6DOF constraint
Force : upper member (ON, -100N,

ON)

0.02(m)

0.005

noms

Fig. 4-4 Meshing for FEA
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0 o001 0.02(m)

0.008 noms

Fig. 4-5 Boundary condition for FEA analysis
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34MPa®] Ao} T7ks = o] AL, 349 Wil of 23MPa2] &2 o] 2 It Fig.
4-6(b)oll A ek o] A9 ol A 0.16mme W3 o] EAgrt SCP-19] 532 o]
155.8MPo] 22 100N 9] 9] F-st5 o] 28 wf Ay d @A d Aol ¥ = A

Eauivalent {van-Mises) Stress
® le7 Pa

Max: 34874007
Min: 0,000 +000
2007/4/25 1407

Total Deformation
* le-3m
Mas: 1,616e-004

‘Min: 0,000e+000
2007/4/25 14:01

.4‘
0 0015 0.03(m) X

0.0075 0.022

(b) Deformation
Fig. 4-6 Static analysis of under rail
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(a) 3rd Mode (233Hz) (b) 4th Mode (284Hz)
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Fig. 4-7 Modal analysis result
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Top rolls

Bottom
rolls

(a) Traditional orientation

V2,

Top rolls
R2 R1

v Critical
Surface
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Bottom rolls
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(b) Improved orientation
Fig. 4-9 Critical, High luster surface of a product
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Original roll shape Improved roll shape

Fig. 4-11 The design of sharp tips on rolls

R
R
(a) Difficult (b) Difficult

™
AN

(c) Easier
Fig. 4-12 The forming method of large radius on roll forming process
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ul, A A o] FA(thickness)
a Aol ZAaglo] & AlolE T FHE o sl & Alo]l 9] A V] = Fig. 4-13%
gov tgs Joz uy + dn

2
rie
—r

Roll gap = max. thickness + max. tolerance + max. coating thickness + max.

embossing depth (4.1)
A Ao FARYG Ao FAE FAA e Are ES SAANAY
FHE mtEAL oot e AlFe A WA stAY dloluy ~a A 2e
AFe AS AT 5 Aok
Plus tolerance  Top coating Embossment

N/ /
/

'&')!7'7/}'/"7'77/77

i
Nominal
metal
thickness
Y

Roll gap

Bottom coating

Fig. 4-13 Maximum material thickness used for roll design

v, £ 9 3] A4 & (rpm ratio)
=9 AAE dAs7] A8 & AAAE A9 = (top rol) ¥ 34 = (bottom roll) <]
A &S golof gtk BE 9] v &2 11, 1:11.33, 111422 A 75 F9
71olnl & st AA g F F9] IAEET EAY A E B sF9] o] 1.330)
T 142v) wekol gkt o] g W2 UAld (U-channel) ¥} o] AlF <] the] - (leg)
b gt FEH e AFoE AFSAT ot b2 WErteE FEe AFels

AR gk
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Tees
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Fig. 4-14 The buckling phenomenon because of difference in roll rotation speed

D2 =D1
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D3 > D2 D2 > D1

Fig. 4-15 The increase of roll diameters to avoid buckling
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Convex

Convex
corners corners
A A A
Concave Concave
corners corners
(a) With radius (b) To tangent point

Fig. 4-16 Concave corners of the rolls are frequently cut to the tangent points

Z. A8 @ (number of passes)
g £ T B S ol Feet B At Adm, Holw 4Y wsE A
S BE 7bo) = ehel (guide line)ol ol HTh. AW BEE A= A4 Ae B

= O 4 (d2)9% 43S olgdte] 7 & Utk

it

p=V2a*=ay/2=1414a (4.2)

2
i)

the] 5ol Aol o7} 158 p=1.414x1.5=2.127} €t}

p
tana= —, c=
c tan o

(4.3)

=
12
o
ot

Zte] a=1.5° 21 39 tana =0.02627F o] A& 2R wpxq) o
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272 AF eE 2.12+0.0262 = 80.96°0] ¥ T}
wHoF 2 Abo] o] =3 A 27} 10inch 2L o o] Ao o)) (80 +-10)+1 =113
7 "ok 99 A2 tdet FEE At 2R A Al Aol 7F HAA R & A A A

of ;mEafof & W AAES nYEA G WHolth Hags HASE E e

WL el ol SaS AAEtE Aot +Ee =29 9" (flower pattern)S 1 ¥
o Zh7be] Eet9] dEo A9 SH S AAtEtE Aottt wheF & Alolo] §-Ho] &
T ol dolgtH AYE FAsoF gt o] BhHE o2 Wil v B AFE = o]
28T A 2 =R AE 5 A dd)E ol gste] dasE I
0.15
0s . 005 o || V*! . .
n=|3.16h o5 o0 || a0z | S T0-52) e+ f4bzs  (imperial) (4.4)

t=A1 8¢ F7A
a=HF g FP e FT

z=%x | (notch), 7% (hole) 18] 31 w o] AZEASF (0-2; Table 4-2)
s=% 8 <l =}(shape factor)(1-1.6; Table 4-3)

e=0] &9 T~

f=82F20 2 (0-2; Table 4-4)
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Table 4-2 Effect of holes and notches(Z) on number of passes

y=height
t=thickness
v=distance from edge

————
%(20 %)40
- Small perforation ny | [nohole 0 0
a 0 0
b 0 0
edge continuous c 0 0.07
Ny d 0.03 | 0.05
e 0.05 | 0.05
f 0.07 | 0.12
o geim 0.07 | 0.12
- Slotted limited edge continuity fy E 51 o1
i 0.12 | 0.15

j 0.12 | 0.15 (ifs =5
k 0.15 | 0.2-04 (9

1 025 | 0.3-05 ()
m

é é 0.5 0.6-0.7
mn 0
; N 0.05
- Wire ng ng 0.05
Ny 0.30

- Pre-cut D

Ny

edge not continuous

p p 0.18 0.18 (pre-cut)

Table 4-3 Effect of shape(S) on number of passes

1 1 1.05 1.0 1~1.05 1.1~1.214 15

S Shape N/ I~ D 2L VNI N WI‘I

factor
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Table 4-4 Effect of tolerance factor(#) on number of passes

Tolerance factor

Loose (construction)
Medium
Tight (automotive)

Extremely tight

0.5-1.0
1.1-1.7
1.9-(2)

2. 2239 A9 (flower pattern) 2 A

= AAA o Z29 'S Fig. 4-173 22o] npA] =8 2ol A

W AFEC gugaon i
Yehd A
% 9k e
7, oW

o}

I

3]
=

A AES

N
-

o)
e 9l

Ltk Fetbe) o)

2 277k Q@A ol BHE AP0 w4

&

——

vl

=

o] 7 74

e A gl g

%

15

yis

2 QA 2o Zeln 44

=
=

of & A& A LA
of frojsfel & A&
A sl oF e}, o] &
o]t} w3 Fig. 4-19(a)9}
= Fig. 4-19(b)9} 20|

YAG 5 el

Fig. 4-18°] A
HAAL A 9

o
Ze

Fo}

b1

i
6
5
/4

L
\

N—

I\
e
—

7
6
3 54
= L
1 = 1,2

(a) Split flower pattern

(b) Usual flower pattern
Fig. 4-17 Flower pattern
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Fig. 4-18 Big movements from pass to pass

\

i ; #OHS L,

. 43

| #2

: #1
|

(a) First flower pattern

! #6 #5

l il A #3

| #2
> #1
l

(b) Modified flower pattern
Fig. 4-19 Flower pattern slightly changed allowing the top roll to reach the bend

line

A EA A4

Fig. 4-20(a)= o dolE& YA sA AA = % (constant arc length forming)-S
Uetd 2o g 5359 Ao Aol AP HWA HJAAoz Aopxa 3] vAF%
ot zleh, whek A th&- o] A (45)0 o3 Zb g el A bE REAF(R)S Z7Eo] s 2o

Mo w A (a) o2 HgH Artd

ot
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150 X L (4.5)

714 L& wpA v s ze A T o) Aol k

A o] o},
Fig. 4-20(b)= w3@w4e dAsA AAsE ¥ (constant radius forming
method) & YEFH AT o] W& HF3uk4d e AT A A 7] wj ol o 2
=)
n

(4.6)el ofa) z}zhe] sfzol A Y 15 AitsioF gt

lo
IS
o

=51 (4.6)
«
‘ v HETFA wd 2E A g

71 L vhA g oo FHE Do, a= HI

FU4e) FAFS depdn

@ n

7.0mm ——

'

——— 7.0mm ———

(a) Constant arc length forming method

_59_



R1

R1

B oE RN T W T T
Hw o P N T H M N N
Ao o ny oo iy N o
P oo < Uy Zo
T I/ Box
T o ﬂ ﬂL \Mﬂ M_W EE ;On# \_ﬁu
= 5 W X
owE T o = W
R o N 5 o w i )
m Mo mm LT, S M Jp Hp
= o . I T
— il z
< E G ° o
@) o w‘_ © ‘a N o
S S Homp oHp e
o . oz ~X
=0 I
2 2o B X ow M j
B N X T X . -
E £ Womnwﬂa‘friﬂr%m
g = S & S = b o T s W
o S s ¢ A Ty g
— m n = 5 o
~ E . S @ eT eI g
~ - RS O AR
= Eg Foad A ETowoy g
= M%%d..uiﬁ&&%
fo SeFe P T o og
& = x oy tw e =z
O Ko o= @ e T
O A, S
2 n,/u o Mo x 1../! ™ o = W <
< My o + & N A :ﬂ =
. N
.Mu 5l T s Y = & o o N
ke L AT RS
R LU - o= W W
™ Ho > oy Hp o o ﬂ,_HOI o o oo
O
- oo e
Mo 1 Y I T oWy o T
WX - ™ R = —_
T N 9 N
7/ b E X PR R
o oW e e 4

_60_

A o] A



“raw” roll

\ 4

Lead-In Flange
added

Fig. 4-21 Comparison raw roll and lead-in flange added roll

(a) Using short flanges

82°

(b) Using long flanges
Fig. 4-22 Long lead creates lower stresses in the product

~85° R=2~3t
/N

. Roll gap

,

5~10% of t

Fig. 4-23 Design of lead-in flange

_61_




2. 99U dY AFE 24
7 9w
A wuel F AERFEE 294 A4S ol gake] thew 2.

2.1
n=,3.16 < 0.602362"% + 0.05 150} [ 22.93

0.15
x 1.
0.062992%7 © 90 40 X 69.67 } 1.05 (4.7)

[‘

ool = B FEdAl, eAAAE Aelsta A @Al ofs) el Ha Y
T 4 passO| U SHARE of £ o] A FEjIAL S5 aejste] A9 WW o A de
£ 9 passz AASHAG. & X7 FANAM Y AFFS 5o 4 (48)3 o] yEd

Fo9a, 23 2 Aol S ALt nul Zr4E w AL 2mw) A g

o
_i

it

/72 2
e= l+2'4l674h l><100 (4.8)

o714 1& B3} B Abole] £ AL, hiz wRe] wololth 2o AT 4 Y7
o 42 melete] 1 ARH 63274 B3 Al 30mme A4 sk, 79

B 99las B2 Ao Ao AFFS ZFo]7] Y 660mm= A A A
=

(outside lip) ®2] 2
o] &3ttt & X9 FAFol AEFL FEoY T Fis Tl AP E A2 vt
uf z

I TG FES AN ATE 5



or guide line)2] A& ZAA ok s}, o A 32 (edge stress)> Z9 &l oA e}
U= oA &% 4 Z(ET ; Edge TraveD st #&do] gtk Fig. 4-253 o] 4 7pol=
Ao A= AEF FFS Foh wekA F2 Thel= WE VE o 299 oA
T A E7F vt stofof gt ety SRl e 4 Jhol =W S Fig. 4-26(a)9t #ol
BAFY Tl & A5 oA +F A2 v= 11600 ET-13 ET-29 Zo] ¢
H] 7} frAFe =& Fig. 4-26(b), ()9 Zo]l 2 7lol= W] A& ntH W oA & &
2ol Ml 12 1o] "k E3 Fig. 4-27% 2ol AF 9 HPR7t AAHA F&
A aA g g3 S 7Fstd 1 d = (bending force)2] 3 W E o o) HYF

Jeh el W et Zol 5 RT3 B TGl U wd

x

=
Rl @) 9HE Fol A4 Fu] UL A FARI HolAE AL BA

e Qlth AlFe] T o] vgiAd A9 LAY v Wy W et vu A EE
2 st A7ZFe v E " (torsion)ddol AT, webA Gl wd A AT
(flexural rigidity coefficient)”} # 47} =5 @S 3] ds]of sk}, HF AFe oA

3o wE BA EWE (moment of inertia)E F3k¢] Table 4-59 WEFW T}, Fig.
4-26(a)8] TGN FAHE T AHES VT oE A HFoE dHS 1074 3

sttt Zhzbe)l B4 RHEZS $3 A3 20° 9 30° 2 AP S w AARANET 2
AAbE A}, SFA vF Fig. 4-28% o] AP =S A d9S ul L;:L,8 H&o] &S

20° 3 H A A 144 1010 =

= 4 dAHer 499 Aow dddr. wekA Fig. 4-25(b), (0)9 #2o] @S Al
WEow 307 3 sto] AAS AT W@ AARel whE AGAHES vasr] ¢l
Fig. 4-25¢] TYPE B+ 3.9 #o]&

Ce wd WAF< dAA FAst= WS ol &ske] AU
A

o= (4.9)

9714 et Hel el Ao, Fe 4F, ok FU4, 1S 57 A
24 9zte M Jumpd AL Folx, Zze FYULI v &

a) thel o) dol(e)h e iy FR2E 2A S, el e dolzk thE 7ol

e



P& 24P TYPE A9 A%, 9] @ FolA the] 79
WOl A= 15.996mmE A thE]F o] Aele v o
A& ol g8t Al w4 1574 dASA Fre A, M9 w3 5FE e 9
dol7F 06mm=E wi-§- Formw w37tS 307 = ki TYPE B¢} TYPE C+= 9
dee] s 2 F@re A gy g2ug F ey BT 33749 F1E
ZA @tk TYPE B¢t TYPE Cof vhe] i Aol T4 11.598mm, 1ol A 18.798mm,
el A 0.6mm=A 1] w5 J5F-7F 7H¢ 23 th2 [ I ot mebA] w3 zhe] F71
EIelA 157, Tell A 10, el A 30° 4 A stA 718kt &3 (roll gap)e] 27]+&
T2 9 2¥ A7), dRA A7) 55 nelste] AAE ok sHA N, & =&l A= 3709

Wl BE f9as A0l ol ARES AL 04 2] FARE nelshol

Lémm= AAsvh £3 Ao & 7% A= 247 da HAR oje T o
el A PHEAARE A o] FHEI gaE o] hAe FARI} FolAE Aol
DA A vk ek AP E] A4S 04-06mm S7hste] AA7F HojA = A4S
A st 2 =welde 3] MR BE F3a4 A AP S AR AA 6
of mpEAF 01ps AT B= vpHAAE wiAlsto] =9 AL S7HA7IA gt
= AAAN =9 SWAE Frhsto] Ao A FiEe] v sfam 838 ¢y
HEE AA s

Table 4-5 Moment of inertia according to rotation of cross—section

0° 10° 20° 30° 40 °
Lyx 1054.32mm* | 964.44mm* | 928.79mm" | 937mm" | 993.86mm’

_64_



Forming
direction

Forming
direction

(a) Center bead (b) Outside lip
Fig. 4-24 Forming order of a product

r~ !
{ >
Finished Left and Right
Section Edge Travel
£ Y

Fig. 4-25 The edge travel in the roll forming process

_65_



ET-1

\_/

| I 111

Orientation of
flower pattern

(a) TYPE A

I

p

111

Orientation of
flower pattern

(b) TYPE B
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ET-2

Orientation of
flower pattern

(c) TYPE C
Fig. 4-26 Flower pattern of upper member

F (bending force) Moment of inertia
> £
F (vertical)
F (horizontal)

Fig. 4-27 The horizontal vertical of the bending forces in the roll forming process

_67_



Orientation of
Flower pattern

(a) Rotate 20°

S /,

Bl
/ﬁ

Orientation of
Flower pattern

(b) Rotate 30°
Fig. 4-28 Shape of forming roll according to rotation of cross section
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A9 W F ARV 494 UL o gato odsl 2ol e g

2.1
n=[3.16 < 0.589488"% + 0.05 540] [ 22.93

0.15
X 1.
0.062992"%7 90 40 < 69.67 } 1.05 (4.10)

=)

1
£
Eh

21 (4.10)e] o= TRl HA AP GF= 7 passolth T AI TS o] 3=
2 Feola, TS 18ste] 11 passZ AAGFAT. 230 Agdes AAY FA
¥ 330mm= A A 39t}

o & 2 ¥ (down-hill method)& &A1Y FATAH S 7IFo® F2g}ql off 2 =
ge] HEHSs AAs e wHoez gxekde]l 1A E o] & bottom-line constant
method 2.t} &7 o] 7hgAbe] FiolA Zold WP ES FaAZ 5 A= Wyolth
e winle) ZEe) dw AAA Do Bd MFEL 2 A7 A6 et ¥
ol g3stgith. sh9l W Febe] WE L Fig. 4-287 o] AAS, 339 A4
Wale]l w2 APAS vty 98 TYPE-13 TYPE-22 A A 89l th. Fig. 4-29(a)
dolE dAsA AAst= WHE ol &stAaL, Fig. 4-29(b) 9

=
TYPE-2% w g WAS2 A AAsts ¥e ol &asith wda42 19 vy

1

d

M
[

PU

Zohatdeh o) gRnolAel Bd7e 1574 QA FohaAc o9 wee
3] Wu] o] g SF e ol Wi Wujolth Wl FEE %
AA SQov, FEre FY WAFL Aol FARY FowW LAY MR PEol

o] AR Aol gonz A FAL & 1.6mmz 3T
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I II III Orientation of
flower pattern
(a) TYPE-1
#9 #10

I II III Orientation of

flower pattern

(b) TYPE-2
Fig. 4-29 Flower pattern of lower member
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EEEIRE
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o

A7)

[

S

qas AEA=Z 7HA

dr
gl

gy

)
=
=n

2}

o)

Ho
)
o]

K

FO
“d
o

o

puze)

4

=0

7F. A w9 A 2] (governing equations)
Voli, ¥

A of

olth. o] wj ¥ Faer AHHL

ild

(5.1)
(5.2)
(5.3)

on Sy
on Sy

74 Al Z 7 (boundary conditions)

3

3 & 1A A (equilibrium equations)

N
ﬁO
Njo

e —
o

A

i
o]

%S

SR

o

}

q AL

Z]
4

o

L

v A A (strong form)

(e}

] (weak form)o =

Okd

=

5} o]

3]

%

3 ol W

Aoz oA 7hs

B
o
o

(5.4)
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e
o,
X
fo
B

=
=2
iR
o
W)

in Sy (5.5)
21 (55)9F o] ®Hu, 7 Ao AYS wFo 7] A A A E wokd
o5 A 66)F el Yepd 4 9t
14 e,
o] 7] A
(al-‘j_’jév),jz 0,00+ 0,;60; 5 (5.7)
7b ®th 4, j7F dummy index °©] B =, T3 o] upHol & £
1
=0, 00, + 5((7”‘5’%‘]'4’ 0i;00; ;) (5.8 a)
1
=0, j0v;+ E(Uijévi,j-i-ajﬁvj, ) (5.8 b)
AEEdFREc gl 0, =000, MEE £ Agaiy thao AT0AA
o] A3t}
« A3 A A (compatibility equation)
oo = Lot (5.9)
Angon 4 68 F AA Fe oy (vt 0y )= oye, ] Ho ARHow
o9 2 (5.10)0] ¥t}



0ij, j0V; = (Uz'j v;), 5= Uz'j(s‘;fij (5.10)

=

olE Wit Aelstwl v A (Gl o] Hr

14 14 %4

Ho
1>
1o
o
E
1o
PR
o%
rlo
q

(e

—f v dV— f t —t évdS (5.13)
—f t,0v,dS— f 0;;0e,;,dV— f t—t (511 s
Sp+ Sy

58dV+f tévdS 0
V

SpPRl N u=00]3, Spo) A A G gol 2AH A (.13)% 2L
A7t e,

T4 WA A (constitutive equation)
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1
71M, e= (551‘,1"5u)2y o= (%U,,ja’m‘)?
Fe ey A (G159 o] WMFL F Ut
J,,;jcséi]-:J'i]-(sz;:l-]-Jer(gékk (5.15)
* ¥ ¢ =4 (incompressibility)
£, =0 (5.16)
* T F5 9 (flow stress)
v e A 276 FAStE S gid dojo] WiEgelgta W A 4.
2 (49)EFE 7HFYE e A E olgste] vFe 4 G1NE 45 F Un
571':/ o—ija.'s,,,jdv—f t,6v,dS (5.17)
v S,
FE MPE SE.2 T
o= 20k, (5.18)

o3, 2 (518)EHFEH TS Aet)

Zaé:%gmaéu o
2 GIN A (519FE o 83td
(5.20)

57T:f55;dV—f T6v,dS=0
v s,
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(5.21)

0

o A7IE o

3L

f.'svafsv—f T,6v,dS
v Sy

cdedV+ K

< 2 (5.20)9
om = f ose
-

o))

=

1 A & A (hexahedral element)

o] 9lo]

o

=

]

A
a

3l

T

1:10]—
43

18

T
s

o

4l 4 (global) &8 &

5 A

w235t A4 33

=

)

(5.22)
(5.23)

o 2 (5.23)3% 2t
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e=|533|= Bov (5.24)
12
723
Y13
Aol MY E &% 3 A(strain-rate matrix) BE FAIFFE 9= F(global

coordinate)oll Tal] m Eao =z T

AXAREE &% o= O3 2o

ep=emenTentegp=cle (5.25)

714 ¢f=(111000)0]t}.

SEHEE &% o= goa 2
(;)2 Cp o ap o R
e) =e'De=v" B*"DBn (5.26)

t) 7} 8) 4 (diagonal matrix) D2 A& 4 WHE Lo A 2/30a, 5
A AGHYgE S disidE 1/30]

oM Awd HES A G20 o
(G27)¥ 2ol Yepd 4 ok

Astol YAz wdsW th 2ol 4

f

f i&TBTDBdVH(f &TBchTBdV—f tT N dS|sv=10 (5.27)
Ve v Sp

et
>
%9,
iu)

e P From gy e WAy AL T

- f t'NdS=0 (5.28)
Sf‘
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o Wel st WA WA (528)0 Baw AHE thon g

+Kf HBchTBdV&W—f HtTNdS]ZO (5.29)
v 5,

o] 7] A] E” AA A} FHE FASE 249 A T g &S ekl

o} 4 (5.28)& Global forme 2 YERH® oh& 3 2o

o(0)=Flo)o+ Go—h=0 (5.30)
o 7] A,
= f 2 BTDRBAV (5.31)
vV E
G:Kf BlcetBdV (5.32)
14
h= f tT Nds (5.33)
S

o.owayY TR o
21 (5.30)9] v Y WA AE 7] HliA e F A o] AA dargFel wol
2ol 9=, s & HwkE 9 (direct iterative method)o] 12, YW X = FH -9 &

(Newton-Raphson method)°] t}.

)
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@
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(6.30) =58 v Zo] wdEH
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[F(o)+ ¢lo=h (5.34)

ofo
_O|L
g
ui
oo

ol 71 A, 7+ A 3 & (stiffness matrix) A2} 315 € (load vector) L& A}

3 gol rgraiA e 4 olrh

K, v=1L (5.35)

a dir

A7 A, Ky = Flo)+ Gol 3L, Ly, = holth, Ky o) ool o3k ul g d4o]7] ol

’

o5 o] wrEsle] HAe s et
K, 'vtt=1r", (5.36)

2 (5.36)9 A A= WHE E = (iteration) & Y ERW T
A

AnkH oz o]He wH-WE wEHS e A 27| 3S FAN dfof] nf$-
A st R J ) (exact solution)E Tat=H AFESte A2 J5te Zo] =t

2 (5.36)9] RbEL ol o] FH(norm)ol Hh&o =& WHFD w7hA] AL

| gitt— g
e (5.37)

é({)ezact);@(vguess)+ ?'ﬁ A’&:O (538)
p Vguess

_79_



o =0748A0 (5.39)

PN
T
Mol At thgdt e 2AE BESE AHYS 2

-9 ¢ de v A4 ¢
Aot
I Api Ll
” {)z ” = Etolerance <54O)
1o(0) I < @ 4oreranee (5.41)

9ol =72 fractional norm?} functional norm ©] YA AF=AE v o}

_;‘—]:E}_}_‘:‘ ;—1 % /}—j— Dg 6—]—1 9‘)\ q— O] T:q @‘ X‘" _;‘l‘% C‘)?]— EL Zﬂ' _Q_i Etolerance 107 57
@ t()](ﬁ’l’(L'I!(J(i - 107 3 O] q—‘
g BAzZA 2 FAFF9 A=
T Eagel el de oes e ARs B ew gddg
(& O=x(&, Qi +yl&, O+ 2(& Ok (5.42)
A7 ¢ (& FHEUS EAsed A48 T iAol FYEA £ @
W et gol frEATh
or or aor or
=t |—=X—=|/|—=x—=
n _(65 OC)/‘% % (5.43)

Fig. 5-12 A9z A NN AAEA =] WS vebdl 23 o]t Fig. 5-1¢14,
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(x, y, z)= AgFEA L, (o, ¢, 2)E W AArzgA olth whebaA ALz A ol
A Az ARe w8 P2 oo A (544)9 2

x x’/ x’
yETW = T.7,y (5.44)
z 2" z
o 71 A,
cosf,—sinf, 0 cos, (0 sinf,
T,= |sinf, cosf, o, T,= 0 1 0 (5.45)
0 0 1 —sinf, 0 cosf,
o] tt.

webA Fig. 5-13 22 33 #AFAA fxeadd 7= 53 2o

cosf.cosfl, —sinf, cosd, sind,
T=T,T,= |sinf.cosb, cosb, sinf sinf, (5.46)
—8 iney 0 cos Hy

.

mAbEOl elM 2Ale WP FAY P Ao e o] T &
Felah mhdeo] EWL B AWH) WEel H3 s A6l AolA FH-24
Abolo] widele] mde e 4P Fad AAE AA @

f=—mk (5.47)

o714 mp#E o Wy A7|2 mT nysd the 2l

(5.48)
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171 918 Fig. 5-29F 0]
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=

A
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=2 g (e<e,) (5.52)

Fig. 5-1 Transformation from global coordinate system to skew coordinate system

o)

Original relation

s Modified relation

/

= &
€9

Fig. 5-2 Modified stress—strain rate relation by effective strain rate offset for

rigid-plastic finite element analysis
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vl A=A ¥ (contact handling)
toloh A8l EE ol d WANN T& 249 AW cholghel HHLES ol &
stol A4 AL Fig 5-3% o] AAMel Ae A9 AEAeE AFAA A

S AE® Ahe) AREAYL otk AFAA) FSERRE 2Ae] Aol

53 fek 2l o AFE F oolv] 45 4L Fig. 539k 2ol FWL
MoluA wd, olu Mold A4e el ARADAA N AHE H oo} A).
F9 BWe 4 G533} o] mAHAM, FHRAA AVAYNAE Tak7] AeNA
s onge %4 07 Aok AE @

e

= {r(&,O—r," 21 Q) (5.53)
oIl _ ol _
a—g— 0, o =0 (5.54)

o’ 9l oI

a¢’ 08¢ [ A€ ]__ o€

€A ac o
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Table 5-1 Input conditions for rigid-plastic finite element method

Upper member

Number of elements in

Number of elements in

65 3
width direction thickness direction
Number of elements in .
) o 20 Thickness(mm) 16
rolling direction
Width(mm) 35 Friction condition(u) 0.1
Sepecify  self-contact
10% Number of pass 9
penalty constant
Lower member
Number of elements in 68 Number of elements in 3
width direction thickness direction
Number of elements in )
) o 20 Thickness(mm) 16
rolling direction
Width(mm) 87.77 Friction condition(u) 0.1
Sepecify self-contact 5
10 Number of pass 11

penalty constant
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(a) Upper member

(b) Lower member
Fig. 5-4 Meshing for each members
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Table 5-2 The estimation of straight element and of curved element in upper member

L M I 11 11T

Design 11.2500mm | 11.2500mm 9 ° 90 ° 90 °
TYPE A 10.5600mm | 10.2378mm 92° 91° 9 °
TYPE B 11.2890mm | 11.2720mm 89 ° 90° 93°
TYPE C 11.5018mm | 11.1038mm 97° 83° 77°

. L

(a) TYPE A
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(b) TYPE B

P g S
=g
———

(c) TYPE C
Fig. 5-5 Estimated flower pattern of upper member after the 9-pass
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Fig. 5-6 Predicted final shape of upper member

S ===TvrEA
—=—TYPEB
—a—TYPEC

4

w
]
PR

N
1
e«
-,

@
e

Total effective strain(%)

L
b

Cumulative distance toward x-direction(mm)
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Fig. 5-8 Comparison of longitudinal strain in upper member

Table 5-3 The estimation of longitudinal strain deviation in upper member

o ) o Longitudinal  strain  deviation
Max. longitudinal strain deviation
between edge-1 and edge-2

TYPE A 0.092% 0.033%
TYPE B 0.032% 0.006%
TYPE C 0.052% 0.029%
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Fig. 5-10 Comparison of thickness strain in upper member

_94_



W E Fxo] e Ane wZFy o A HAE Lolry] 98] 2] $X g

7} 4 (post-process) < 3l AW e} B9 A7 td] o=t Fig. 5-11¢] YEU

il 7 g5 Table 5-4° YEt At A8 = Fig. 5-6014 X5 WaFo w9 f o],

BO= yZE yako 2o] FFolty, A9 B BE TYPE BolA 7} Zgton n9

o] A7)E Hu Zolwek Wy Fo] o|7t 744 AA YEREE TYPE AolA 7+ =4
HAEEH I, AW e A7) TYPE ColA 7k =7 @A gt

o] el mEE FalA 7zt TYPECIA TYPE Be Zg¢ slglez AAsHS

2

A= AE Fgol HY AFsm, MFY Adel Ao AFL YT

Table 5-4 The estimation of camber and bow in upper member

Camber Bow
TYPE A 11.905mm 54.575mm
TYPE B 11.416mm 19.828mm
TYPE C 20.713mm 22.759mm
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Fig. 5-11 Comparison of camber and bow in upper member

_96_



S EEL

> -1 i
=
=<
o
!
td
1
>
o
o,
5%
o,
i3
0%
ol
o
2
o
=
>
2
ot
o2
o
>
&
AL
>
rir
r_‘%
o2
o
i)
o
ol
oL
bach
®

Mol wol WAW W2E 2ASI] AN AAY wE Zolst M A3} =W
gabol dwolA Qolel Aol Table 5-59 JEHNAT. 714 (+)gke #1425
23 A%HA Feg vetn, (1) BEel AP L s, T TYPE
BT A a2 25E Agdel ADS O vk web ole @ JFow o

Fig. 5-12(a)9] &A1¢] tha] i AclA A 1ej3] 4ol WA = Q.

s

(a) TYPE-1

(b) TYPE-2
Fig. 5-12 Estimated flower pattern of lower member after the 11-pass

_97_



Table 5-5 Deviation of designed size and simulated size in lower member

TYPE-1 TYPE-2
1-pass 0.6705mm 0.5285mm
2-pass 2.7470mm 2.4800mm
3-pass 3.3250mm 3.4150mm
4-pass 2.5420mm 2.9375mm
5-pass -0.4460mm -0.0430mm

Total
6-pass -0.0215mm -0.0580mm
length
7-pass -0.4210mm -0.0345mm
8-pass -0.4485mm -0.0485mm
9-pass -0.6000mm -0.2025mm
10-pass -1.5115mm -0.4150mm
11-pass -2.3810mm -1.3610mm
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Fig. 5-14 Estimated flower pattern of lower

(a) TYPE-1

(b) TYPE-2

member after

the 13-pass

Table 5-6 The estimation of straight element and curved element in lower member

L M 1 11 111

Design 11.2500mm | 11.2500mm 9 ° 90 ° 90 °
TYPE-1 11.4485mm | 11.3581mm 97° 90 ° 91°
TYPE-2 11.6883mm | 11.2298mm 109° 92° 90 °
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Table 5-7 The estimation of camber and bow in lower member

Camber Bow
TYPE-1 4.391mm 5.220mm
TYPE-2 4.288mm 10.324mm
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