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SUMMARY

In this study, roll forming process studied the new convergence process that combines
the pre-heating process. The forming shape of the roll forming process is V-shape and
materials of forming sheet are high tensile steel, aluminum alloy, magnesium alloy and
titanium alloy. Roll forming process applied to the pre-heating process was used to the
Taguchi’s experimental method and forming sheet was pre-heated using a butane gas
torch and a plasma gas torch.

Roll forming process experiment at room temperature used high tension steel (SPFH
590) and variables of the roll forming experiment are forming speed and roll gap.
Forming speed has a small influence to spring-back phenomenon. But the roll gap
affects a greater influence to her spring-back phenomenon more than forming speed.
Temperature characteristics experiment of pre-heating devices unit was used for a butane
gas torch and a plasma gas torch. The temperature of the flame of gas torch was
measured using an infrared thermal imaging camera. The length of the flame was
calculated by converting the temperature data from the infrared thermal imaging camera.
After identifying the characteristics of the flame, distance between the pre-heating device
and the forming sheet determined in accordance with the pre-heating device.

Roll forming process applied to the pre-heating process was evaluated for formability
by the FEM simulation and roll forming experiment. Method of FEM simulation was
thermal-structure interaction analysis applied to moving heat source that moved along the
center line of the forming sheet. And spring-back analysis was performed static analysis
using thermal-structure interaction analysis result. As a result, the spring-back value is
measured at the measuring point of the forming sheet according to the various
temperatures. Spring-back effect of the pre-heating temperature was characterized as not
significant. The roll forming experiment was calculated SN ratio obtained by using the

spring-back value. The main effect for SN ratios is derived by using the SN ratio.



According to the analysis results of the formed sheet, spring-back effect of the
pre-heating process was characterized as not significant. However, in ANOVA results,
preheated forming sheet has been reduced to the buckling phenomenon. And forming
the sheet is formed into a consistent cross-section shape, so product quality is
determined to be improved.

The material of the metal sheet experiment is a titanium alloy, magnesium alloy and
aluminum alloy. Experimental method of titanium alloys is equal to the high tension
steel experiment. Titanium alloys were lower than the high strength steel formability.
Experiment of an aluminum alloy and a magnesium alloy is applied to Taguchi
experimentation. But experimental results of the alloy sheets were generated cracks.
Because of the time for supplying thermal energy by gas torch is short.

FEM simulation of the roll forming process analyzes the close cross-section shape and
the tube shape process. Analysis of the tube shape was obtained the spring-back value
corresponding to the number of roll passes. Analysis of the close cross-section was

analyzed formability according to the roll gap.
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Fig. 1 Part of various automobile using roll forming process ;

(a) compact car (b) midsize vehicle (¢) sport utility vehicle

Fig. 2 Roll formed product in automobile part



Fig. 3 Roll forming process ;

(a) roll pass (b) installation process

27 WAL AT Agel Bol 2854 ¥tth A4E FFHE

AAAR] SHAA B IR FAHL 90% °]de] AA FFEE 80% WL &A IFE

< e ZEs 34 BHo 10% 4% w2 Amn A4 a3t fon, HAH 4¥

stol AAHOE AL Aol Jbsdtel, AT A%, A, AR

g

zs|
g ¥ FAE o83 AF AL A 1HT T HFe AFYJAY EA(Characteristic
of forming sheet), & T8It ZFA(Roll gap), & 3 2(Roll pass)Z+e] A 2l(Horizontal distance
to the previous roll stand), & X" <% (Roll forming velocity), 2~3%% ™ (Spring-back)s ] %

& WrE nHdcl At 99 B WM4E L@ SRAA BHoE AYnAe] WA



& BAS] AA 4yo] JMsdith 1YEE § 29 4L 5 AF AN A we

stARE = o2 FaIPdAE e & =9 A Hgd g AAERJ] JEF3Ho
Q= of, o] 2] HIHT+= A PZA W (Heuristic method) T+ A3 22 (Trial and error)Z
AF AEsts A7 8o o3 olf= FaTIdAAE A AA, 7 FEFE, Y
AHlEF F AR AFSE FE A4S o, ¥ #AY du 9@ AF N
713kl ol AHlEHo] IRII7EA] AFAEL B AR AAG FAE Kol Aok 3 =
E B FAVNGES AL AF T2 wE 10~200] o) AxeIS AX7E Ho
o, dto]Z(Seam pipe) H H(Tube)s WHF Aito] 7Madk AEFES At Aok AHA|

ZleEs A3 d=xvle =Y T2 Tot AAAA A A" el B2 ATl

it
t
ol
o
ol
filo
=
i
ftlo
e
e
M
R}
Lo
r2
-
el
odh
flo
S
S
L
b
2
i
h
ol
=
)
it
gk
o
e
Jo
&

@)
3>
9
e
o

3
=
7
=
&
o,
w)
2
Z.
B
N
i
ftlo
lic]
oo
e
ftht
&=
og,
ofd
o
il
)
N
>
o
b
iR
il
% 39
v
fo
o
N

5% EAHEES d=S st9Y. FEM  AlEdolA  3A(FEM simulation analysis)”] & 53}

o & 29 AlF F4 FE R AFe] ARES AfErIRte] @5 5 A=Al AAdEH
. FEM AlEdolAd sid S ntgos G 5 & FFaLHe o83 & £ FANA
°of HEH A4S stlen, HEd @4 theto] A 4 sfo} e vnE T+
TA A o] AEAHES AFEHAT 8] APFT 5 = & TN AL AT E vATFxE=
712 A5 FYsA, & 2 o U, V S Ze WEFEREY SHHNN MY
E s ZEal W (Tool force)oll thato] sf4stitt a5 dAv=2= & 58 24 2 A=
I EAFV NEE T E A AN2"E F5E st 7124de FHEATY 9]

20059 % AFoe & 29 FAEAE vRoE, AF e g B2 A7 19 H
Eul

ATh o1FF 5 U wholt A YxPshPwe] BEs B ATE HPow, o
=



& = TAIA dehbe AN 2 BSAE S Aol e 5 A3

goldol #3 ATE FHsA
E

Ol
o 2

2 8
.
AC)
R
b
o
rli
rO
-4
rr
2
n)
o)
C
lo
e
ol
o
o
>

oszi o

il

U F3(TYPE A)F A8 =
gdHS 3 H3E GAFHAHTYPE B)ol thate] A& zk3 FEM &) A4 2 712

)
B>
2
o
N
0
=)
£:

oflt
L]
He
i
el
R}
fly
o,
)
oy
tlo
x
El
th
2
u
=

= A(Side-sill) FF 2 HHY Y Bumperrai)S & X7 FTAHS 53 AF AL Je A
< T3 stReH, AF A WA= 22y W A S Tt AF A5 AEUEE

AdstAd T =3 A i e daad Al2de A8t ddgAy A EEe 22y Y

Fig. 49} #Zo] Z2}9 3" (Flower pattern) Al S &&3 FEM Al E#H oA 34ES F3h31%
oodE 2 29 FA el A4E AFI FEM AlEdE o)A a4
ol #84e LF3AT [16]. AsF T 2= <Thol= AL dHolHY FEHY
of #ated, etol=dld e gHolHl Zej2rt FolA He Al thste Rt 1
g Egol=dd e gEloly] aEx 2AS AAsIA &8 dso] A 2 LEE A
|5+ ZA gEolv fEA A §2A7F ke JheAdd detd oS st [17].
T AFE 1930d o] 2@ tfste] Gerge Winter 47 & XX F4HS &8
TZESE AF Ao B3 AFE AFe =R, 16W@ 2 E X FA st AAZA <A

< H|a3Ete], FEM A

olﬂ

e

T2 FASA 99 AFARE MO o deteld 9 AT HolHE B, B
= FAo| Bite] BA R AT/ AU

|

Jimma®}l Onaw BIOIA AF FA diste & X7 FA A FAH(Camber) ¥ X --(Bow)
3 A& HAE e W dEiA AdS AT oY AlF AdE W

o

s

rlo



24

22.78 _|_ 0.61

19.95
- -

Fig. 4 (a) Spring back in section, (b) comparison of section shapes, (c) manufactured

products

(a) TYPEA (b) TYPE B

Fig. 5 Flower pattern of upper member ; (a) type A, (b) type B
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Formig sheet

Forming direction

Fig. 9 Measuring point on the forming sheet

Fig. 10 Digital protractor(Cemred, GR82302R)
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CAMBER BOW TWIST

Fig. 11 Deviations from straightness

T Forming Sheet of V-Shape T
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Fig. 12 Definition of longitudinal bow value
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Fig. 13 Specimen for tensile test
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Table 2 Mechanical properties of forming sheets

High tensile steel

Forming Ti Mg Al
Room
Sheet 50 °C 150 °C 250 °C alloy alloy alloy
Temp.
Ti-0.8%
Grade SPFH 590 Ni-0.3% | AZ31B | AA6061
Mo
Density
3 7860 4480 1770 2710
[kg/m’]
Ultimate
tensile strength 671 662 590 655 470 249 340
[MPa]
Yield strength
448 389 361 391 406 136 271
[MPa]
Modulus of
elasticity 250 203 202 164 103 45 68.6
[GPa]
Poisson's ratio
0.29 0.34 0.35 0.33
[ -]
Elongation
25 22.2 16.8 15.6 40 22 19
[ % ]
Thickness
0.78 1.48 2.31 2.00
[mm]
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Fig. 14 True stress-true strain curve - HTS
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Fig. 15 True stress-true strain curve - Ti alloy

_22_

04



True Stress [MPa]

True Stress [MPa]

500

400

300

200

100

0.00

400

300

200

100

0.05 0.10 0.15 0.20

True Strain

Fig. 16 True stress-true strain curve - Al alloy
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Fig. 17 True stress-true strain curve - Mg alloy
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Fig. 18 Stress-strain curve at 50°C - HTS
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Fig. 19 Stress-strain curve at 150°C - HTS
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Fig. 20 Stress-strain curve at 250°C - HTS
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Butane gas k Plasma gas
torch e torch

Fig. 22 Temperature measurement system for torch flame
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Fig. 23 Temperature measurement system for forming sheet
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Fig. 24 Design drawing of roll forming machine - side view

Fig. 25 Design drawing of roll forming machine - top view

_30_



80

A0

eo

20

10

30

30

10

~ANOS

 RSBO*ZONT

Fig. 26 Design drawing of roll forming machine -
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Fig. 27 Velocity test of roll forming machine
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Fig. 28 Roll forming machine (3-Pass)

Table 3 Part names of roll forming machine

Z
e

Part name

velocity controller

forming sheet input guide

hydraulic motor

gap adjusting apparatus(include roll die stand)

top roll die

CHCACHENSNS

bottom roll die
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Fig. 29 Design drawing of roll dies about
3-Pass
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Top roll die
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Fig. 30 Definition of the roll gap
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APAE ES 3] HE 7F2EX|(Torch apparatus for portable butane gas chamber)®} =
2}=u} EX](Plasma torch, plasmatron)E A}83}% T},

HE7F2EXE £33 7PEEoE 2ols W] JhREX oW, Fig 32°] KOVEAALS
KT-2904R &S ARESIATE o] FEVI2EXE 39S 3AANA BFsdo] HAA &1,
TREHEA 1o g dgdo] Jpedttt F& VPAEXE ThawFo] 2Ho] JhEdh, Ttz
A AA7F AgetA] 4o a8 EE B Ao RVt EXE ARRE wos fEFS F

Ofgoz APttt F& 7f2EXY JFAARFEE 120ghE OE FE Jt2EA BHo
=
3T

=2 JtaAv S Boln, AvlE e e 1,440 keal7} HTh
Zopzul BN w84 JAE 2L A7UAE Fol, 1 oA JAAE Sghzu)
5 AyAIY. o33 12 ZgtEvkthermal plasma)v E-2 olUXAE 7IA L 9lo], HuLx

7F °F 10,000~20,000 Kol &3tk & AFolA ALEE F2h2u BEXs &4 ddgow 2
o, F& ALEHE HI&AY Jtzdde o2 (An7tart F2 AMEHET Fig 332 FehAw
EXoln, gl 97]& A9 ASS'Y-1 Edo|t}h [44]. & AFoA AMSH Eg=vl EXE F
Waloln, Exo HMAdFFde] 4719 AHEE wet ALHA Lol Jhssith EE=
np Ex9 AUQA &FH7)E TIG &% (Tungsten Inert Gas Welding)oll AF&%+&= PERFECT

-

DAIDAI A+ PT200 =& &3 7]olth 9 §H7+= AAZHAF 200 AolH, E7|7t2~7F =
Hol] 7hsstth. Eetznt EX| 9 8379 AME+ Fig 367 2t
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Fig. 31 Apparatus for pre-heating in roll forming machine

_36_



Fig. 32 Torch apparatus for portable butane gas chamber

Fig. 33 Plasma gas torch
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Fig. 34 Constitution of plasma torch
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Fig. 35 Inverter TIG arc welder
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Fig. 36 Pre-heating system for plasma torch
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3-3. FEM A|Za|o|M
2 AFA ABAQUS 13.1 AZESo|E Ar&ste] 2™ A& FEM simulations <333}

Atk & 29 AYrle EUS R o & golE 2EIPSAT. 7 & 2 T4 % A
=& A (assembly)3} S T}

T8 A¥te B¢ FFo] diste] Wye] Yloerng FA(rigid body)E HAAE AL
o, WE A4S 93] Shell EFYC R RAY 3tHTh JIAEE solid EFYOE AA HF
77 5L A7|E AN E Zdo|, £ FA7} 24z 600mm, 60mm, 0.79mmE %

A S 3tk BHAEZ APHFoR ol Fety] wito] & tholoh &gt whE-g vk
Folatdth 48 AE
o 3 Aeoz A AR I YFAFL BAFY] 93 3layer2 AAS Ao,
Zgo] FJFHoF dojus FEQ WebFiol Feg ~=dy ¥ s Fakr] s w4

Mesh)E 5 Bt AHANEANE F 540072 24 (hexahedral element, C3DSR)E &
=

m[o

I 7ML, AR BFeR olsd F IEF MEC AA=A

H
o

T8 7,212701¢] 8.4(R3D4, quadrilateral element)Z EE = AT FHA A
ol 314E& #el Dynamic-explicit 71"& ANEE A3, X4 Ax3E &8st ot
N4e shof 2z W ke THAT

HTS sheet ~

Fig. 37 Roll forming process in FEM simulation
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Table 4 Range of experiment variable

Experiment variable

Range of parameters

Roll gap [mm]

0,1, 2

Velocity controller value

20, 40, 60, 80, 100
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Fig. 38 Spring-back value according to reference point(Gap : Omm)

_42_

1
0

3



105

100

98

ae

oy

GN)

00

88

8e

8¢

83

103

100

o8

ae

oyt

a3

00

88

8e

8¢

83

3
10
8
- o
L.
K]
- Q.
o
L =2
o
.
Y
R
e
T T T T T '8
N ¢ e 8 {0 3
weiglelice hounira o1 211e6ar
Fig. 39 Spring-back value according to reference point(Gap : 1mm)
3
10
8
- o'
e
K]
- Q.
o
L =2
=3
e
A-S0 -V
I\_‘iO -
. N\€o
- A-80 "o
A-100
T T T T T '8
3 | e 8 {0 3

ueielaliecse houira o 21eear

Fig. 40 Spring-back value according to reference point(Gap : 2mm)
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Fig. 43 Spring-back value according to reference point(Forming velocity : 60)
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Fig. 46 Distribution of flame temperature[unit: C];

(a) butane gas torch (b) plasma gas torch
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47 Flame temperature Distribution of butane torch according to flame length

Fig. 48 3D-IR image of flame of butane torch
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Fig. 49 Flame temperature Distribution of plasma torch according to flame length
(Ar : 10 1/min, Power : 125A)
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Fig. 50 3D-IR image of flame of plasma torch (Ar : 10 1/min, Power : 125A)
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Fig 51 Flame temperature Distribution of plasma torch according to flame length
(Ar : 15 1/min, Power : 100A)
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Fig. 52 3D-IR image of flame of plasma torch (Ar : 15 1/min, Power : 100A)
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Table

5 Experiment condition of butane and plasma gas torch

Gas torch

Exp. parameter

Parameter range

Butan gas torch

Flow rate
) 0.83
[1/min]
Sheet/Torch distance
30, 50, 70, 90

[mm]

Forming speed

[ -]

20, 40, 60, 80, 100

Plasma gas torch

Flow rate
[/min]

10

Sheet/Torch distance

[mm]

5, 10, 15, 20, 25, 30

Forming speed

[-]

20, 40, 60, 80, 100
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Fig. 53 Temperature distribution on forming sheet using butane gas torch
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Fig. 54 Temperature distribution on forming sheet using butane gas torch

(pre-heating distance : 50mm)
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Fig. 55 Temperature distribution on forming sheet using butane gas torch

(pre-heating distance : 70mm)
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Fig. 56 Temperature distribution on forming sheet using butane gas torch

(pre-heating distance : 90mm)
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Fig. 57 Temperature distribution on forming sheet using plasma gas torch
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Fig. 58 Temperature distribution on forming sheet using plasma gas torch

(pre-heating distance : 10mm)
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Fig. 59 Temperature distribution on forming sheet using plasma gas torch

(pre-heating distance : 15mm)
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Fig. 60 Temperature distribution on forming sheet using plasma gas torch

(pre-heating distance : 20mm)
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Fig. 62 Temperature distribution on forming sheet using plasma gas torch

(pre-heating distance : 30mm)
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Fig. 63 Thermo-graphic image temperature distribution of forming sheet
using butane gas torch(Distance : 3mm, Velocity : 20), (a) FLIR (T400),
(b) FLUKE (Ti32)

Fig. 64 3D-IR image of flame of forming sheet(butane torch)
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Fig. 65 Thermo-graphic image temperature distribution of forming sheet
using plasma gas torch(Distance : 0.5mm, Velocity : 20), (a) FLIR
(T400), (b) FLUKE (Ti32)

Fig. 66 3D-IR image of flame of forming sheet(plasma gas torch)
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AgH dIdLEE A2, 100, 200, 300, 400 LT3 500714 F 67FA] LEE A &3FATH

X7 FAA dLAAE Fig. 6404 FAIE W3 Holw, FFAAI FIHo] A&
A, 19 2s FREo o do] "=t A FFFe A FAA olFse ol ddoly, &
Az 43 A vt gEET. od T A A3} LEEEE BHE] A% dEATE
028 W/m’-Ko|H, £7|25& 2550t 4 WEo 2 A3 AP 4 v
AGAFE= 047 W/mm- C o]t}

48 NEE &glerdolr, 483 43 A5E A8 #A AR vAE JASAHG
E thole AAeld, mE A4S s A BYe®E mdd Stk A¥E 22y W AL
WHE fJolA A5 Fig. 8% 2omw, A X (static) NS Fol] HFAQJ 2y 9 F&

T3 SAT

Table 6 Mechanical properties of POSTEN 60 at room

temperature
Young's modulus [GPa] 215
Yield strength [MPa] 532
Ultimate tensile strength [MPa] 625
Ductility [%] 20
Poisson's ratio [-] 0.3

3 Pass
2 Pass \ \

re-heation point

Fig. 67 The 3-Pass roll forming process
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Fig. 68 Shape and size of pre-heating sources
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Fig. 70 Layer definition of forming sheet
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Fig. 71 Temperature distribution of forming sheet(500°C)
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Fig. 72 Cumulative distance of forming sheet according to pre-heating(l, 4 layer,
Point 2)
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von-Mises stress [MPa] von-Mises stress [MPa]

von-Mises stress [MPa]
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o 4 2 3

Roll Pass
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Fig. 73 von-Mises stress according to 1, 4 layer;

(a) Point 1, (b) Point 2, (¢) Point 3

_68_



Thermal stress [MPa]

Thermal stress [MPa]
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Fig. 74 Thermal stress according to measurement point;

(a) 1 layer, (b) 4 layer

_69_



Thermal stress [MPa]
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Fig. 75 von-Mises stress of 2 layer according to measurement point
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Fig. 76 Thermal stress according to sheet layer at 2 point; (a) 1 layer, (b) 4 layer
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Fig. 77 Equipvalent strain according to 1, 4 layer;
(a) Point 1, (b) Point 2, (c) Point 3
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Thermal strain
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Fig. 78 Equivalent strain of 2 layer according to measurement point
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Fig. 79 Thermal strain at 2 point; (a) 1 layer, (b) 4 layer
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Thermal strain
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Fig. 80 Thermal strain according to measurement point;

(a) 1 layer, (b) 4 layer
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Fig. 81 Spring-back value according to measurement point
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Table

7 Three factors and three levels (butane gas torch)

Control factors Des. Lev. 1 Lev. 2 Lev. 3
Forming speed A 20 40 100
[ -] (10.3 mm/s) (24.9 mm/s) (66.6 mm/s)
Distance of
pre-heating B 30 60 90
[mm]
Pre-heating type
&P C Pass-1 Pass-2 Pass-3

[ -]

Table 8 Orthogonal arrays and SN ratio of spring back results (butane gas torch)

Exp. Forming angle at reference point SN
No. AlBLC P 4 -8 1-11 ratios
1 1 1 1 - 91.8 91.3 48.6
2 1 2 | 2 - 89.7 90.2 49.2
3 1 3 3 - 88.7 89.1 50.2
4 2 1 2 - 90.1 91.2 41.4
5 212 3 - 89.9 90.2 54.1
6 2 3 1 - 88.4 89.5 41.3
7 3 1 3 - 90.8 90.8 82.2
8 3 1 - 90.5 90.6 70.1
9 3 3 2 - 90.4 91 45.5
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Table 9 Factors effecting the spring back (butane gas torch)

) Distance of .
Forming speed ) Pre-heating type
Level pre-heating
[ -] [ -]
[mm]
1 49.34 57.40 53.35
2 45.63 57.82 45.38
3 65.93 45.67 62.16
Delta 20.30 12.16 16.78
Rank 1 3 2

Main Effects Plot for SN ratios
Data Means

Forming speed 7 ‘ Distance of pre-heating
65

60+
554
504

45+

w
=
9]

2
Pre-heating type

= -

651

Mean of SN ratios

60 -
554
504

45 . :
1 2 3
Signal-to-noise: Normal is better (10xLoglOfYbar/2/542))

Fig. 82 SN ratio for experimental (butane gas torch)
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Fig. 83 Forming sheet according to orthogonal arrays (butane gas torch)

Fig. 84 Compare optimal condition with best and worst condition in

orthogonal arrays (plasma gas torch)

_79_



B JAEH o

e
o

N
filo
2
ofo
e
i
e
ol
o
N
2
X
o
-1
>
2
QL
O
L,
o
(2
)
tlo

2k T
Harh Yo Aoz Je AE sxn = g2 HFAHL FgEr] 9, AES 9
o] WEFor J= T B @S SASNAY. AJAMNEY B %2 BF A ASFH
FTo @olBE, oA AW BAEAS H &3t SNHIE ALtEATh

71& AEHE ANEE 71A

Rl

=
S ZS Table 1037} 2om, 2HE B F 7|EOE SNHE EESTh
SNHIo] FaFAE T ZQ Fig 855 FIEH, F8 7tAEX gdFAe) o] A¥&E
s Be gol YL ol Foke AL % Atk SNl FaAR o
of WA Hol gleom, Ao v AR B AApe] EIbo thste] yEhA.
SNH| FEAAEE 2AR HEE Ao T F e HHxHoR

= st

Table 10 Orthogonal arrays and SN ratio of bow results
(butane gas torch)

Exp. SN
No. A | B D Bow value atios
1 Ll || - 107 -40.59
2 1 2 2 - 142 -43.05
2 L O - I I 108 -40.67
4 2 1 2 - 86 -38.69
5 2 2 3 - 62 -35.85
6 2 3 1 - 73 -37.27
7 3 1 3 - 51 -34.15
8 3 2 1 - 62 -35.85
9 3 3 2 - 58 -35.27
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Main Effects Plot for SN ratios

Data Means
Forming speed B Distance of pre-heating

-36.0+
0
o 290
-
© -40.5-
L
% 42.0- ’ ' : : T
i 1 2 3 ) 1 2 3
2 Pre-heating type
= 19 Yp
g -36.0 4
=

-39.04

-40.54

42.0- . _. .

1 2 3

Signal-to-noise: Smaller is better

Fig. 85 SN ratio of bow value (butane gas torch)

Table 11 Factors effecting the bow (butane gas torch)

. Distance of )
Forming speed ) Pre-heating type
Level pre-heating
[ -] [-1]
[mm]
1 -41.43 -37.81 -37.90
2 -37.27 -38.25 -39.00
3 -35.09 -37.73 -36.89
Delta 6.34 0.51 2.11
Rank 1 3 2
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Table 12 Four factors and three levels (plasma gas torch)

Control factors Des. Lev. 1 Lev. 2 Lev. 3
Forming speed A 20 40 100
[ -] (10.3 mm/s) (24.9 mm/s) (66.6 mm/s)
Distance of
pre-heating B 30 60 90
[mm]
Pre-heating type
[ ]g P C Pass-1 Pass-2 Pass-3
Power
D 50 75 100
[ A]

Table 13 Orthogonal arrays and SN ratio of spring back results (plasma gas torch)

Exp. Forming angle at reference point SN
No. AR ¢ P 4 -8 1-11 ratios
1 1 1 1 1 90.60 90.35 54.2
2 1 2 2 2 91.13 91.06 65.3
3 1 3 3 3 89.95 90.14 56.5
4 2 1 2 3 91.30 90.93 50.8
5 2 2 3 1 89.86 90.16 52.6
6 2 3 1 2 88.62 88.64 75.9
7 3 1 3 2 90.55 90.88 51.8
8 3 2 1 3 90.84 91.18 51.6
9 3 3 2 1 90.78 90.65 59.9
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Fig. 86 Forming sheet according to orthogonal arrays (plasma gas torch)

Fig. 87 Compare optimal condition with best and worst

condition in orthogonal arrays (plasma gas torch)
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Table 14 Factors effecting the spring back (plasma gas torch)

) Distance of )
Forming speed . Pre-heating type Power
Level pre-heating
[-] [ -] [ A]
[mm]
1 58.67 52.27 60.56 55.54
2 59.78 56.47 58.67 64.34
3 54.41 64.12 53.62 52.97
Delta 5.36 11.85 6.94 11.37
Rank 4 1 3 2

Main Effects Plot for SN ratios

Data Means

Forming speed

Distance of pre-heating

65

Pre-heating type

65~

Mean of SN ratios

1 2

T

A

Signal-to-noise: Normal is better (10xLogl0(Ybar2/s42))

Fig. 88 SN ratio for experimental (plasma gas torch)
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Fig. 89 SN ratio of bow value (plasma gas torch)
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Table 15 Orthogonal arrays and SN ratio of bow results (plasma gas
torch)

Exp. .
No. A B C D Bow value SN ratios
1 1 1 1 1 180 -45.11
2 1 2 2 2 170 -44.61
3 1 3 3 3 63 -35.99
4 2 1 2 3 240 -47.60
5 2 2 3 1 63 -35.99
6 2 3 1 2 93 -39.37
7 3 1 3 2 37 -31.36
8 3 2 1 3 107 -40.59
9 3 3 2 1 66 -36.39

Table 16 Factors effecting the bow (plasma gas torch)

Forming speed

Distance of

Pre-heating type

Power

Level pre-heating
[ -] [ -] [ A]
[mm]
1 -41.90 -41.36 -41.69 -39.16
2 -40.99 -40.39 -42.87 -38.45
3 -36.11 -37.25 -34.45 -41.39
Delta 5.79 4.11 8.42 2.95
Rank 2 3 1 4
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Table 17 Three factors and three levels (Ti alloy)

Control factors Des. Lev. 1 Lev. 2 Lev. 3
Forming speed A 20 40 100
[ -] (10.3 mm/s) (24.9 mm/s) (66.6 mm/s)
Roll ga
&P B 30 60 90
[mm]
Pre-heating type Butane Plasma
C Non
[ -] gas torch gas torch
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Table 19 Orthogonal arrays and SN ratio of spring back results (Ti alloy)
Exp. Forming angle at reference point SN
A| B | C| D .
No. 4 -8 1-11 ratios
1 1 1 1 - 91.8 91.3 48.6
2 1 2 2 - 89.7 90.2 49.2
3 1 3 3 - 88.7 89.1 50.2
4 2 1 2 - 90.1 91.2 41.4
5 2 2 3 - 89.9 90.2 54.1
6 2 3 1 - 88.4 89.5 41.3
7 3 1 3 - 90.8 90.8 82.2
8 3 2 1 - 90.5 90.6 70.1
9 3 3 2 - 90.4 91 45.5
Main Effects Plot for SN ratios
Data Means
six)| Forming speed [ Roll Gap
55 \
"
i2
'
o 50
B ] 2 3 1 2 3
i — ;
E w0 Pre-heating type
@
@
=
35 /‘._\a
50~

1

2 3

Signal-to-noise:. Normal is better (10xLoglOfYbar2/542))

Fig. 90 SN ratio for experimental (Ti alloy)
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Fig. 91 Forming sheet according to orthogonal arrays (Ti alloy)

Fig. 92 Compare optimal condition with best and worst condition in orthogonal

arrays (Ti alloy)
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Fig. 93 SN ratio of bow value (Ti alloy)

Table 21 Factors effecting the bow (Ti alloy)

Forming speed Roll gap Pre-heating type
Level
[ -] [mm] [ -]
1 -56.85 -53.36 -53.99
2 -55.74 -56.33 -57.64
3 -55.17 -58.07 -56.13
Delta 1.68 4.72 3.65
Rank 3 1 2
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Fig. 94 Fractured forming sheet(left : Al alloy,

rignt : Mg alloy)

Fig. 95 Crack growth in Al alloy sheet

Fig. 96 Crack growth in Mg alloy sheet
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Fig. 97 Roll forming process of 12-Pass

T

Fig. 98 Definition of gap distance in tube forming
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Fig. 99 Final cross-section in Pass-12
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Fig. 100 von-Mises stress distribution in the tube
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Fig. 102 von-Mises stress in the tube
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Fig. 103 Compare with 12 Pass and 15 Pass - final cross-section
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Fig. 104 Roll forming process of 30 Pass
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Fig. 105 Deformation shape and von-Mises stress distribution according to step time - roll

gap : 0.2mm
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Fig. 106 Deformation shape and von-Misess stress distribution according to step time - roll gap

1.0 mm
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Fig. 107 Deformation shape and von-Mises stress distribution according to step time - roll gap :

2.0 mm
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Gap — 0.2 mm

Gap — 1.0 mm

Gap 2.0 mm

Fig. 108 Final forming cross-section according to rolll gap
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