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(a) Extroll-forming (E.R.F.)

. Hydraulic
Pushin h
Top idler g /cylmder
. roll Ram
Flow of pipe Original (round)
/// pipe
Side idler roll
No.1 ™ Bottom idler roll
forming
No.2 rolls
No.3 forming Forming velocity
i ] ' fomling rolls Wf =11.5mm/s
- — -<:‘:Helght rolls
B (b) Conventional roll forming (C.R.F.)
Width .
Cross-section 3:3{) driyen
of finished pipe Flow of pipe N
Original (round)
pipe
Side idler roll
No.1 ™ Bottom driven roll
forming
No.2  rolls
No.3 forming Forming velocity
forming  Tols Wr =7.0mmv/s

rolls
Fig. 2.1 Schematic illustrations of (a) extroll-forming and (b) conventional
roll forming for the experiment.

3., O—NT7+—3IVFTRIZVAIMNI =V T7+—3IVFIZHVLEREZFAL
TWwh,

Table 2.1ICAEZEOWETEB L UE L BB ELRT. =7 X to—
TA=3IVITRSEM, U-VT7+x—3I Y TREHNDEE (10/Dg=3.4%,
STK400) 1 &4 TH 5. '

Fig. 22T — VO RO ELFELHF % /RT. Table 2.2 A% (Bdn) OMET
BE(ESA)), BMB), BEu—VoELRTE, V¥273avA5Ya—VBIT
WO — NV DRER (His) ERERS (Hip) LB Z—HBLTRT. NolBIT
No 2B T — Vid O e DDMBEFEDO R % L ORBO— )V TH 5. No3(hLE) K
Fo— VIidHELEENERAORE L b DFO—VTHS. No3kEo— I (i=3)
KBTS BiE, AT (BB OHEILRMB) /& (4)) 2EKT 5.

AHED T NOREEERDOGE SEEFHITA VTV,
AEOWEBROBEIZIX, IRTEZHER (K REBFEXYZAX
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Table 2.1 Cross-sectional dimensions and mechanical
properties of tested original pipes.

Material | Symbol |Initial  [Initial |z |Yield|n
of original wall outer |, |stress| value
pipe thickness|diameter Oe
to/mm | Dg/mm |/% |/MPa
STKMI11A 0] 2.0 89.2 [2.21231.1{0.229
STKA400 é s 3.4]3622/0.221
SUS304 0 89.3 373.0]0.535
Y 3.9 4.41348.8/0.121
STK400 & 53 9.4 5.9{342.710.145
@ 74 . 8.3[392.210.036

* s¢ - Symbol for conventional roll forming (C.R.F).
Others are used for extroll-forming (E.R.F).

A

S Top idler

& L1 roll

e

Side idler

( \roll

T8 he ]

_wmSY _Hg Rip

Fig. 2.2 Notations of forming rolls.

"

I

—

T

R

\} |
_—/\l:Bottom

-

idler roll

No.i forming rolls

Table 2.2 Dimensions of forming rolls and reduction schedule.

Cross-sectional Roll | R;T R;s Ris | Rip | Hir | Hjs |Reduction | B;=|Forming
shape of finished No. |/mm | /mm | /mm |/mm |/mm |/mm |F;= H;g | method
pipe ' ) L wHirtHis| g |
eight| Width Dy
A/mm |B/mm (%
1 1150.75/150.75| 79.3 | 79.3 {39.15|39.15| 13.0~13.3
69 69 2 |348.80|348.80| 81.55 |81.55{36.55|36.55| 19.8~20.1
3 oo oo 82.3 | 82.3 134.50/34.50] 25.7~25.9
1 |150.75/150.75| 79.3 | 79.3 {40.30|40.30| 10.1~10.4 ERF
Square| 72 | 72 2 |348.80/348.80| 81.55 |81.55|37.75{37.75| 16.7~16.9 CRE.
3 oo 00 82.3 | 82.3 136.00[36.00| 21.4~216 | ; oo
1 |139.00|139.00, 74.0 | 74.0 |41.49{41.49| 7.2~75 |
75 75 2 |382.00|382.00| 79.25 |79.2538.89{38.89| 13.7~13.9
3 o0 i 80.0 | 80.0137.50({37.50| 17.3~17.6
1 |150.65{150.65|139.75 139.75|42.35|42.35 54
75% | 75% | 2 |404.75|404.75|142.75 {142.7539.475|39.475| 12.4 ERF.
3 oo o |144.5 [144.5]37.50|37.50] 17.6
1 |205.00|117.80| 101.1 | 64.0 |34.19/47.52] 8.8~9.0 |1.39
60 | 90 2 |723.90(241.20/102.15|67.75{32.52|45.47| 13.4~13.7 | 1.40
3 oo o |102.5]67.330.00/45.00{ 17.3~17.6 |1.50} E.R'F,,
1 [205.00{100.00| 101.1 | 62.0 {29.72|51.88] 8.9~9.1 |1.75|C.R.F.
50 | 100 | 2 |723.90(237.20|102.15| 64.1 [26.42/50.56| 14.7~15.0 {1.91
3 oo oo 1 102.5] 65.0 [25.00{50.00| 17.3~17.6 [2.00
1 |158.37] 60.10 | 134.0 |135.0/32.13{53.00 49 1.65
50* | 100*| 2 |386.20|145.0 |139.25|138.0{28.25/52.00 10.8 1.84
3 oo oo | 142.51140.0/25.00{50.00] 17.6 2.00
Rectan- 1 1220.00{ 52.50 | 97.5 |63.75{27.91{53.50] 9.1~9.4 |1.92
gular |42.85(107.15, 2 [628.50{127.50; 97.5 | 66.0 |22.95|54.84| 13.7~13.9 (2.39
3 oo oo 97.5 | 67.5121.43|53.57|17.3~17.6 |2.50 ERF
1 (316.00f 53.00 | 97.5 | 64.4 {25.33|55.72| 9.6~9.8 |2.20] —"™"
375 |112.5] 2 |628.50|147.80; 97.5 |66.45/21.03|56.41| 14.1~14.4 |2.68
3 oo oo 97.5 | 65.5[18.75/56.25| 17.3~17.6 |3.00
1 |205.00| 52.20 | 101.1 | 63.6 {25.26/53.00| 13.1~13.3 (2.10
40 | 100 | 2 |723.90{118.40{102.15{65.65|21.50{51.28} 20.3~20.6 |2.39
3 oo oo 1102.5 | 66.5 [20.00]{50.00| 24.2~24.5 [2.50

* Dimensions of forming rolls and reduction schedule for ¢(p/D;=8.3%. Others are used for

to/Do=2.2%~5.9%.
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Fig. 23O —VIZ X VEE IR ZEOHEER 2 X TE#MENRFO
AEERT. AUBLEVEI—F - HICEET IO -V EDEMATHY, K
B TIiiANS 2), D ERABICEREIERI XTS5, CBLUCHIRFENT—
FT-HOGEBLTEEEFNRENET.

Fig. 2418 BT —NVICL VRSN ZEOHERRZRT. L LTy
Do=3.4% £ 83%NHE%RT. Fig.24@)~C)PEFFEAE~NOBREDOSRE, %

(a) Cross-section of pipe
formed by No.1 or No.2
forming rolls

Groove of finishing rolls
Width of corner zone Cr

Xy
v
1 S
[0 i SV
(J { —
t Po [ Height of
corner zone Cg
Corner zone N\

é Yy Outer or inner
p [ tsU surface

y
(b) Cross-section of Su ?\/
finished pipe By x PO_LO, p1‘1>)?

U, V : Contact points adjacent to corner zone.
Q : Intersection of vertical and horizontal lines passing
through point U and V
tg, t7: Wall thickness at point U and V, respectively.
t, po‘l, pI‘1 : Wall thickness, outer curvature and inner
curvature at peripheral distance S, respectively.

Fig. 2.3 Notation of geometrical factors representing
cross-sectional shape of corner zone of formed pipe.
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x/ mm

>0 (a) to/Dy=3.4%,STK400,3=1.0,E.R.F >0 (b) ty/Dy=3.4%,STK400,8=1.0,E.R.F
B R Outer surface Outward 45 =-\-\\ Outer surface Outward
40 EsstAA direction 4T ~ direction
35 = U
30
E 25 g s Inner surface \\*l \\I
2 N T 20 AN
- [Round pipe E [~ [Round pipe N\
15—~ A 15 _—— B
Formed pipe ;\ ;\ Formed pipe ';\ \
0= . A |11=73% M 10— . A [F=13.1% P
| , A {r=13.8% 4 \: \ | , & [1r=20.0% 1 \ \
—— , A |n=l5% IR , A |r3=258%| | i|ii1 | |
ol 1T 1 T 11 il l ol 1T 117 i \
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
x/ mm x/ mm
50 50
(© tg/Dg=8.3%,S TK400,5=1.0,ER F (d) fy/Dy=3.4%,STKA400,5=2.0,E.R F
45 — V 45 - ——
NR—F Outer Outward | T
0L TS __surface direction O T
35 b= 3 35 \~\\\ Outer surface
....................... \\ \ \\ v Qutward
. p—= . 30 \ V direction
E 251 Inner surface U B 25 s =
BN ~
2 - 3 5 = -
0 Round pipe AN \ 20 I~ [Round PPl fnner surface \ \
15 _—— A\ \ 5L —= \
Formed pipe P ! Formed pipe
10 =——= . ® |r1=5.4% || ':\ t.\ JL0) ol fe— , A |r=9.0% U
5| ,_ 0 |[=12.4%]| i \ ; \ | [ , A rh=14.8%
—, 0 r3=176% E ' o , A r3=175% i [
oLl 1 11 1Tt iifi: ot 1 1 1ty 1 .
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 50 55
x/ mm x/ mm
50 50
(@) fo/Dy=3.4%,STKA400,5;,=2.5, ER F () 1g/Dy=8.3%,STKA00,B;=2.0,ER.F
45 e 45 T Round pipe
?-\* ~ | \\ -
40 R \ 40 - NS
35t Ro_u_r_u_izipe \\\\ Outer surface 35E ‘\\\\ N Y Outer sucr)face ;
30 NN Qutward 30T N dilrlég?cl;n
g AN direction| &
E25 N ] S —————_S
N 20 “—-““““—-““—“‘"‘”“‘\“\-X - U >‘20 -“-‘\\\
= S _/_\}:)&_ i =
15} Vo Y 15 Inner surface X
Formed pipe| nner surface \ \ A Formed pipe
10— , A [N=132% VY LR 0 - e [r=49%
L= 2 |=205% VA o [T 108%
— , & |r3=24.4% b I|I —_—, 0 r3=17,6%
ol 1 11 3 1o bl ol T T 11
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55

x/ mm

Fig. 2.4 Evolutions of cross-sectional profiles of pipes formed by each pair of forming rolls.
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r=13.1%0 2 — > —FPH R EDIMEA~DEEI 2 ) K& v, L% LFig. 2.4(b)
Dry=20.0%B &£ 'r3=25.8%7% & NICFig. 24C)PEREBEDH A TIX, ZORBE)L
DRHVAEL, BEIOMFEFPLIILTEEOAFTONTE Y, ARG
FBLELS 2B EDP DI D, $7:20%E, BRONETI—F —EOMIFTEEL
%ﬁﬁﬁthW%Ctﬁb#%.Hgl«@~®®§ﬁ% ENDBEREDS
&, FEEEINolL - TO—NIZX Y RELEVREFIL SN, No2B L UNo.3

—VIZE Y ALORESITbA. EARABEDEE LRI, Fig. 2.4(e)®
r3=20.5%38 & U'r3=24.4%D 3 — F — WP RFEDHNEEOBENI P % Y D v,
ifﬁg24ﬂ@rmﬁg@%ﬁf FIZHE~NOBBIRONE. EREED

EBLITTTIIREVWI Y723 VI WVREFPITODRLTWAEEDLE T,

EHIZREVWY I Va3 I BHEM TORTY a—F —EHPRTEIZIMEANE
LW ENDbRS

Fig. 2. 50CEROWMEBRICKRIZTHIEL (B3) DFEBEEZRT. Bl& L Tyl
Do=3.4%DEGEETT. BDERE L BIZHVOXERE (xy) IZHEML, SUDyEE
Y BT 5. BFERADB=30DEAFOHRIIKE WA HE L2 TS
D, KEZIZAFEELTVE, AHOFEEICOWVTIX2 - 3 - 6 & THN
5.

Fig. 2.6 |1Z 8 FOMHEEHIFICKIZTHEHRE (1) DEEEZRT. Hl& L TH=1.0T
r3=17.5%8 & 'r3=25.8%, B3=2.0Tr=175%DHE%*RT. WIThD) Fr 3
VOEFEBLUEFEABTDHEE bitg/DyPBAL L L HIZH A FABLT Ly 7
HMOBHMOME (AUBLUTAV)REZRZFROI—F—HMOPRFY IIEEL,
I—F—HOEEBIPRIIBLTEI ENbI L. Fig. 26 ) NEAEEEDNS
&, BViZtgDyDBP E L HBITKELL I—FT—HOPRFEVIIBETLHDITHTL,
AUDBENIAZ D /NS, T4bba—+—HOmaRITIET—ETHHDIIXTL
I—F—HOWIRELWAT 5. AFETEZa—F—HOE>IT—F-—HOFS
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pipe.
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Fig. 2.31 Examples of comparison between measured and calculated inner curvature distributions along
comner zone of finished square pipe under different value of (Cs+Cp)/(21g).
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Fig. 2.32 Effects of initial wall thickness, mechanical property
(n value) of original round pipe and forming method on
flatness (8r¢) — reduction (73) relation of finished square pipe.
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Fig. 2.33 Effects of initial wall thickness, mechanical property (n value) of original round pipe and forming
method on flatness (87¢, 8sc) - cross-sectional size ratio (3) relation of finished pipe.
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Fig. 3.1 Schematic illustration of extroll-forming.

Bottom idler roll

Table 3.1 Cross-sectional dimensions and mechanical properties of
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Original |Initial |Initial | fy | Flow stress 6/MPa | Yield | roll
round pipe | wall outer |D, = (Fih ! stress Side idl
thickness| diameter /,70 o=a(e+h) O./MPa r;ne e
to/mm |Dg/mm |’ |a/MPa| b n
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Specimen-2 1=V R :
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% 30 | 893 |34 l\i:“[’:‘
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Height | Width _ Do iT | /mmes™!| pipe
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3| o | 82.3 | 82.3/34.50{34.50 25.7 Specimen-4

LB 70t R (Case-2) DF E M % Fig. 3.513R T £ ) 2 EREGFT Tiro
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Fig. 3.7 Comparison of calculated cross-sectional profiles of pipes formed by No.1
forming rolls in Case-1 and Case-2.
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Fig. 3.13 Peripheral distribution and its transition of increasing rate of wall
thickness (In(#/ty)) of pipe being formed by No.i forming rolls.
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Fig. 3.14 Effect of n value of original round pipe on peripheral distribution of increasing
rate of wall thickness (In(¢;/1g)) of pipe formed by No.i forming rolls.
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Fig. 3.15 Peripheral distributions of peripheral strain (€y ) , thickness strain (€y) and longitudinal
strain (&) of pipe being formed by No.i forming rolls.
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Fig. 3.16 Peripheral distributions of shearing strains (Yyy, ¥y, ¥zx ) of pipe being formed by

No.i forming rolls.
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T—WMOPRIZBITLHEDeyB L VREHICBITEA - NEDey(WTHh B[R
THR)DEEInEOFA L & B ITHRL, I—F—HOBRIIBIFBHED || (E
FEOTHR)InfEDRI L & ITBAT S,

Fig. 3.18ICHE ZE DnfED Zone-3D T — VE T (*=0mmDNVE) IZBITAEED
N -SNECEETAHELOTAE)DEAFASMICRIZTTEES/RY. Specimen-1

70

Zone-3, r3=25.7%, B3=1.0, z*=0mm
65 -Calculated £,
60 - Specimen-3 .

55 - (n=0.010)
50 |- N
Specimen-1 b
45 (n=0.221)
Specimen-4
40 |- (n=0.221)
351+

30
25
20

Equivalent strain € / %

15 _— Outer surface
10§ ® Contact point
. Semi-corner zone
5L adjacent to Center of
Jcorner lzone l | cornerlzone\\

0
020 025 030 035 040 045 050
Relative distance along cross-sectional profile S /S,

Fig. 3.18 Effect of n value of original round pipe on peripheral
distribution of equivalent strain (€ ) of finished square pipes.
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220 450
(a) Specimen-1(STK400, n=0.221) (b) Specimen-2(SUS304, n=0.535)
Measured 3 Measured
210 - y 5. 7 tz- o C(i)ntact point
0 AL 400+ adjacent to Plane-B
= Plane-B coJmer zone
200 | =§
VIS
Plane-A— Finished
190 |- Plane-B—= pipe 535 0
Finished pipe »
180 - PP 3
¢ Contact point 5 ..
adjacent to =300 |- Finished
170 corner zone just pipe
B Plane-A
Plane-A
160 . 250
Original round pipe Semi-corner zon Semi-corner zone
Plane-B eimi-cormer zone Original round pipe )
150 e — Plane-B Center of
7 ~ Conter of 200 N corner zone
- enter o
Plane-A corner zone J "N Plane-A
140 ] I ] l 180 ] | 1 1 ]
020 025 030 035 040 0.45 050 020 025 030 035 040 045 050

Relative distance along cross-sectional profile S/S, Relative distance along cross-sectional profile S /S,
Fig. 3.19 Peripheral distributions of measured hardness of finished square pipes.

EnfEHE L \»Specimen-4 DA DL U3 A O fE I Specimen-1DHE D Fh & 7]
—Th5.

W N DSpecimenDIFH D, I —F —EHPFROME (5/50=0.5) DAEIZBWVTH
EOKER x| BE Py BET 5 (Fig. 3.150) T L HIE LT, ZDOMBOED
BiZd2 ) REwv, BEICHIET 2NEDNE (5/59=0.475) DD T —F —
HROMBLDDBEHICKELRELER-TBY, NEADPEDEIZZOMNE TRAES
RY. CRIECOMBIZBVTKEL | ex| BL eyt RAET 22 L CMATHEDY
K& % |yl BRET 5 (Fig. 3.16(0)BR) 0 TH B, —F, I—F—HbROM
BEONE TidexB & U ep| 552 7% D /A& v (Fig. 3.15()BB) = & I2xit L TEDfE
B Y/AEV, BEEL YRR LHEICEF o 72ALE (5/50=0.463) DL EDE DIE
X, FLLTZDOMBIEBOTh LYV KRER |yl 5ET 2 (Fig. 3.16(c)B]) =
EICE DY RELEL LY, HEOENERZZOMNETRKEEZRT. Ihb

/s

DEDTAHFREL, Fig. 3.191277F &£ 9 ITSpecimen-1(STK400) B & U’Specimen-2
(SUS304) DEFOER SN2 v A —ABEOF RS AL IZIZRAET
»H5.
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CREETARELNOERS DS ZRT. Hl& L TSpecimen-138 & USpecimen-
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Fig. 3.20 T RERNDERS D 5 b HAPEFHE HBE) ISEND D (KE i
HEH/NSV)ZRE, 02 FXG 2oy EICHEZLTRLTYA., DTTIEZ
NoDRECT (FRT0) 2 BIE LT 52 LIZT 5. Fig. 3.200 0 @HIB

(a) Zone-1 (rl 13.1%), ¢’lo, (b) Zone-2 (r=20.0%) , o’/o,
Specimen-1 | (n=0. 221) Specimen-1
Specimen-4 } goerr}]tgg ggne Specimen-4 Center of
Z* =4.0mm z*=40mrn corner zone
~ Semi-corner - Semi-corner

Outer
surface

Inner
Outer surface

surface

o’ : Two principal components of deviatoric ~ (¢) Zone-3 (r 3—25 7%), 0’lo,
stress projected on xy plane Specimen-1 } (n=0.221)
o : Yield stress Specimen-4 0.5

-
----------- Wall thickness direction z*=4.0mm
® Contact point adjacent to corner zone

Center of
corner zone

——=><——- Compression
<—> Tension

6’16,=1.0

>< Inner surface
Fig. 3.20 Distribution of principal components (") of deviatoric stress at corner zone of

pipe being formed by No.i forming rolls.
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9, BZoneDBEH LY 1 HEI—F —HOBFRIIF - 2 EICBITHREOLT
NIRBIZOWTHBRE., WTFNDZoneDHE S ZOMETIE, HED HREFMIC
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NAEFEB L UELEGOET LY (BEOHOT b Y F & idd) iceeEEEL 7
FAENICEEL TS, Thid, EZoneDREEE TRIEE T —VIZX 2 LAAT
(Fig. 3200581219 4 FO—VICX B KFEFM(xFE) D LRAARN) &LV 5T
Ya X BAFAOERENIEDET(EHEN) DHEEELSZTHOTHE. »
TNRIZLTHEZonePEH LY 1 BRI F—HOFRIZL o MNBIZBITSAE
oML, NEr»SREFEICRER THET 2HEICITTHHT S I H DR
N(REFEPSEE LY ICPPEE LAFMIERTS)ICLs 2 dbrs.

= OWEEMICHEY, Fig. 3.210% ARG T 1y (Fig. 3.11 TEE L 72 BT EEE A
CEBRLZDD)DHA/ICROND X5 ICHED S REFEIICRE THIET 5 HNHEIC

(a) Zone-1 (r1=13.1%), Txy/7, (b) Zone-2 (r5=20.0%)- Txy /7,
Specimen-1 }(n=0.221) Specimen-1 }(n=o,221)
Specimen-4 Center of Specimen-4 Center of
z2*=4.0mm comner zone  z*=4.0mm 05 & cc‘,”r’}g gone

_ Semi-

Inner surface Surface

. . (c) Zone-3 (r3=25.7%) Txy!T,
—0.68 Specimen-1},0 221) )
_0.6— Specimen-4 )

Inner surface

T, Yield shear stress
X

X : Peripheral direction
Y: 1Wall thickness direction

e Contact point adjacent to
corner zone -1.2

Fig. 3.21 Distribution of shear stress (Tyy ) at corner zone of pipe being
formed by No.i forming rolls.
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Top view _Load Flow of material

@ Height M. ccll B =m _Side idler roll
@ @ M Load cell
Wldth e e s e e e [ #

Cross-section / () @ { IZS Hy @ )

of finished pipe  No.3  No.2 No.1 cylinder
forming forming forming
rolls rolls Top_rolls Original

Side v - idler round pipe
ide view roll ‘

—+ 11 Q - 4 -

I Load cell ’

415mm | 415mm

=

Side idler roll

Forming velocity

Wr=11.5mm/s Bottom idler roll

Fig. 4.1 Schematic illustration of experimental extroll-forming mill.

Table 4.1 Cross-sectional dimensions and mechanical properties of
tested original round pipe.
Material | Symbol [Initial  [Initial g (Cross- |Yield|n

of original wall outer | p, | sectional stress| value
round pipe thickness|diameter areaAg | Oe

fo/mm | Do/mm |/% {/102mm2|/MPa

STKM11A @,0.0| 2.0 89.2 |22| 54 1231.110.229
STK41 A AN 30 34| 8o [362.210.221
SUS304 |m.m.001 ) 893 |7 ' 373.0/0.535
STK41 Y.VY.V| 39 44| 10.5 ]348.8/0.121

PO 53 89.4 159 139 [342.7/0.145

TS OFig 4. 1CRTED &R U — VISR LAL T T, E5LCHE
L7.

Table 4.1I2EH L -HEREOWETES L U 2 BB E 2R 7. Fig. 4.2
KREALZREO - VOERDOELTLSE/RY. Table d.2IKFFEDAE (i)
DWETE(EE(A), BB)), REBEOU—VOELFE, V¥ s ariyrJa—
VBIUBREO - VORER(Hy) LRES S (Hip) EDR(B) #—3E L TRT.
No 3BT — Vv (i=3) 1B 5 B313, AE (Bk) O#EMEL (IR (B) /&S (A)) 2 B
T 5.

EHED T NORFEERDFE S HEFHIIH V2 2o 72,
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} . )
3 | Top idler roll
& .//
Side idler roll
—1J &INJ |
T & :
- = R ‘l HiS Rib !

L —
—
/
>
(&N

—]

/\L‘ Bottom idler roll

No.i forming rolls
Fig. 4.2 Notations of forming rolls.

7

Table 4.2 Dimensions of forming rolls and reduction schedule.

ER &

Cross-sectional
shape of finished

pipe

Height Width
A/mm|B/mm

Roll | R;T Ris Rix | Rip | HiT | His |Reduction
No. | /mm | /mm | /mm |/mm |/mm | /mm |/;=

; LS

Bi=

Hir

69 69

150.75(150.75; 79.3 | 79.3 |39.15|39.15| 13.0~13.3
348.80|348.80| 81.55 [81.55|36.55/36.55| 19.8~20.1
82.3 | 82.3 |34.50{34.50] 25.7~25.9

Square| 72 | 72

150.75/150.75{ 79.3 | 79.3 {40.30/40.30| 10.1~10.4
348.80|348.80| 81.55 |81.55{37.75|37.75| 16.7~16.9
82.3 | 82.3 136.00/36.00| 21.4~21.6

75 75

139.00{139.00| 74.0 | 74.0 {41.49/41.49| 7.2~7.5
382.00(382.00| 79.25 |79.25|38.89{38.89| 13.7~13.9
80.0 | 80.0 137.50/37.50| 17.3~17.6

1.00

60 | 90

205.00(117.80] 101.1 | 64.0 |34.19{47.52| 8.8~9.0
723.90(241.20/102.15(67.75|32.52|45.47| 13.4~13.7
102.5 | 67.3 [30.00{45.00| 17.3~17.6

1.40
1.50

50 | 100

205.00{100.00| 101.1 | 62.0 {29.72{51.88] 8.9~9.1
723.90{237.20{102.15| 64.1 |26.42{50.56| 14.7~15.0
e | 102.5] 65.025.00{50.00{ 17.3~17.6

1.75
1.91

Rectan-
gular [42.85107.15

220.00| 52.50 | 97.5 |63.75/27.91|53.50| 9.1~9.4
628.50|127.50| 97.5 | 66.0 {22.95/54.84| 13.7~13.9
oo 97.5 | 67.5121.43|53.57| 17.3~17.6

1.92
2.39
2.50

37.5 |112.5

316.00| 53.00 | 97.5 | 64.4 |25.33(55.72| 9.6~9.8
628.50|147.80| 97.5 |66.45|21.03|56.41| 14.1~14.4
97.5 | 65.5118.75/56.25| 17.3~17.6

2.20
2.68
3.00

40 | 100

205.00| 52.20 | 101.1| 63.6 |25.26|53.00| 13.1~13.3
723.90(118.40|102.15]65.65|21.50/51.28| 20.3~20.6
ot o | 102.5] 66.5 [20.00/50.00| 24.2~24.5

W B {00 DN =100 B F={02 B k= {UI D == [ BN =L N =) DN =

2.10
2.39
2.50
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4 -3 ERERSIUVEER
431 HERERULAAWEOFMER

Fig. 43ICAMA TR ) HEREW LAAWEOERGH+RT. HEEE
ENOIRE T —VETH LAACEER 2 LTV A EE % BiERBEEEL L, s
THOHEREM L AATELFLET S, AH TR, FEAEEEONERAB LU
BERIG T 0, TR L 724808 L AR E N Fil(Ago )il & V ERERZEE L TRT L
A

T 3Fig. 4.4(a), (D)ICHERE D1 (WE)/Do(HME) DR LAARE D Fi(Ago,)
ENF 7 arrnk DBRRICRIZTERL/RT. Fig. 4.4)id, FHRAE~OH
R 7a v ADGE%ERT. —HFig. 4.40)i3, EAFRAE~NOBRE 70X D
BEERT. Fil(Apo) EBREEB L OBRIE, WTFhOABE~OBRE SO0
BELOEDNLSTHB.

to/Do& DR TIE, Fil(Ago )DL, WTNOBRIEEEDES S to/DyDEEN
EELITHEMT 5.

ri&E DR TIE, Fil(Ago)DEIX, WTFRDtyDyDHE4E b BRIBEOLERICBT
BridEME L BIIEML, Frn=—ECNBEEILBVTEL (r)~>82 ()%
3(r) EBREBEOERIEVEMT 2. 512, BREBEEOVI A, D

No.3  No.2 No.1
forming forming forming
rolls rolls rolls

= S e e D )
(| Sside idier roli

Ist reshaping stage Bottom idler roll
Original
round pipe
F
i Pushing Joad acting
2nd reshaping stage on end of original
C) round pipe

£ = ; F3
3rd reshaping stage
Fig. 4.3 Schematic illustration of pushing load (F;) at
each reshaping stage in reshaping process of original
round pipe into square or rectangular pipe.
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0.22

0.20 1 Fi=1.00 Fi _ g 142

AO O¢ S
ARV & F/Ag0e) vs. I
0.15F0,A, WV, :Fp/(Ag Oe) vs. Iy

t0 /Do =5.9%

e 0,A,0,V,O:F3/(Ag Oe) vs. 13
R é’ 0.10 FA0:Cross-sectional area

of original round pipe

0o, :Yield stress of
0.05 |- original round

to/Dp=4.4%
ag;=1.23
to/Dy=3.4%, as=1.07
to /IDO =2.2%, as =0.903 |

0 5 10 15 20 25
Reduction r;/% 26
(a) In case of reshaping process of original round pipe into square pipe.

0.00

0.22

0.20 |- Ai=139~3.00 10/Dy=5.9%, a,=1.52

to/Dy=4.4%, a,=1.31
‘,A,.,v,’:FI/(AO O-e) V8. 1
bw0-15 C0.A, B0 Fyl(Ag Oo) vs. 1y
o O,A,D,V,OZF:;/(AO O'e) Vs. 13

<<0.10} F 142 O

L’LT

0.05- to/Dy=3.4%, a,=1.14

to /Do --"2.2%, a r=?.961

0 5 10 15 20 25
Reduction r;/%
(b) In case of reshaping process of original round pipe into rectangular pipe.
Fig. 4.4 Relationship between relative pushing pressure F;/(Ag Oe) and
reduction r; at each reshaping stage shown in Fig. 3 (showing
effect of to (wall thickness)/ Dy (outer diameter) of original round pipe).

0.00

S5TrDENORKELEDAICERL Trik DE/RE R72BE, Fil(Ago)DIEIX, T
NDty/DoDHEDrDEME & D ICEAMEDOr,DEHITDLIZY, ) 2DLHPIC
BT A Lh bbb, 230, KFROBET - VREOMEEEB LTI -
BOBBINRVNEL, V¥ 72 avrDRESICBIUEKETAI LR 5.

Fig. 4.4(a)B & U'Fig. 4.4(b)I2 BT B Fif(Ag0,) &ri & DEIR % K1o/Doll DV TR A
Y BAMBTERENAELT 2L, DEDOERKPBLNS.

Fi 14 _

Aoae"asri (Bi=1.00) (4.1)
F o, e (1.39=< §;<3.00) (4.2)
Ao, =0 39 Bi=3. .
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Sl Ta B EFRAENDERE 7O 21T 5ZETHD, Fig. 4.4(a)HIC
RMASNTVBE L) ZMETHE. —FHa,3EFHAE~ODERE 7T LR34 5
RETHY, Fig. 440)FILHAINTVE LI BETH L. WTRDiyDy DL
b, a;<a,l%oTVE. LD o7, /DoB & Uri—E0L&BTTE, EFFE

ENOBRE 7Ot R8BI BF/(Ago,)DIEIE, FHEAS~OBREE O+ 2
WKBTHAZNLYDKREVZ DR S,

DEIFig. 451257 2 a vy DENE— L % 5 AE (BE) ORELE L% 3
BHREERMEIZBIT 5F3/(A00) L DBERERT. WTFNRDiyDyDBE L) ¥ 2 3 3
Yr=—EDEHT T, RIBABENODERE 70X 2B 5 F3/(Ago,) DIE
&, EARAENOBBEE 70 XICBIFsF7n L9 EMT5. Larl, KFED
1.5/ =3 00#HFTIZ, BICLIBZEERI NIV LIS,

& T, Fig. 4.4(a)B L UFig. 4.4(0)ICZNFNR L 72 e, B & Ua, DIE & 1¢/Dg
EDER%EFig. 4.61277F . a;B & Ua,DfEIZ, 1o/DoDBEME LB ICWTFRDIFIT
EREICENT 5. 22 CHRHEREyDE NDERE FREREZTENT 2 &,
DEDEREFBLNS,

t
as=15.1D—00+0.564 (Bi=1.00) (4.3)
t
a,=15.1D—00+0.632 (1.39< B;<3.00) (4.4)
: 1.6
0.13 B;=1.39~3.00
Ig
i =15.112 +0.632
0.12 t0/Dy=5.9%, rs=17.6% )
N7 AY ’ .sAy.,v” :aS
\y V2 Z
v O,A,D,V,O ar
2 0.108 to/Dp=4.4%, r3=17.5% =
|2 0 12
o - 12k
= < S8

t0/Do=3.4%, r3=17.5%

0.08 D
1.0 B;=1.00
| a;=15.1 0 +.0.564

0.06 Dy

1.0 1.5 2.0 2.5 3.0 0.8 1 1 .

B 2 3 4 5 6
. . 3 . o q,
Fig. 4.5 Variation of F3/(Aq 0e) at 3rd reshaping Do

stageshown in Fig. 4.3 with cross-sectional

size ratio 3 (width / height) of finished pipe. Fig. 4.6 Increase in value of coefficient

(as, a,) shown in Fig. 4.4 with
to/ Dy of original round pipe.
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| ANV O F
,ADRTP:F,
OAOV,O:F3

/KN
8

Py [« ()
(=] [} [a]
i | I

]
o
{

Calculated pushing load F;

| 1 1 l 1
20 40 60 80 100110
Measured pushing load F;/kN
Fig. 4.7 Comparison of calculated pushing load F; by Egs.(4.5) and (4.6)
with measured results.

=
&

(=

UEDPSKHEDEBREREICBITAHEREM L AAMEF, X H¥T 5 ER
Hik, 2EDEHTh5B.
F,-=(15.1 —t0—+0.564)A0 o, r¥? (B;=1.00) (4.5)
Dy
F,~=(15.1%)6+0.632)A0 o, ri¥ (1.39= B;=3.00) (4.6)

ZZTo,BLUFNEMIE, FREFNAMPaBLUNTH 5. 198 L D D EN
i, WFRImmTH 3. AgDEMIZ, mm2TH 5.

Fig. 4712 (4.5) BX UK (4.6) I L 2 EHH L AAWEDME L EHH LAATE
DEX DB % RT. Fig. 4.7 0 KL (1¢/Dg=2.2~5.9%, r=7.3~25.8%)T
3, WThoBRBEEEICBLTHN4.5) B LUK 4.6) DERRIZ, ER@ L2
AMEBEBOEICH LIZIRREVEDEERRL I b2 5.

4 - 32 MKEFGEOCFHERX

¥ $Fig. 48ICE/FABENOBERE 7T A CBIT 5 TO - VORBHEP;(=
YA FO—VORFTHE) ENo BT — VIC/ERT A UAARMEF-F;_ (72721
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100
Square pipe B;=1.00 /
90 P3=2.67(F3-Fy)
g0 |No.i forming rolls
| |/Formed pipe S,
7
0+ tePi

z 60F | I]Side v
< 5 idler
“0F /P

Q. roll
0 e {Pl =2.29F
30 }-roll P =2.29(F)-Fy)
20 O ARV S P vs Fy
10 |- O,A,BNP:Py vs. Fr—Fy

| O,Q,D,V,Oi& VS. F?—Fz
0
0 10 20 30 40 45

Fig. 4.8 Relationship between forming load P; and pushing load (F; —F; 1, where Fp=0)
acting on each pair of forming rolls for reshaping original round pipe into square pipe.

MZEBENEDERIBO TREVI L4 E3ENFEMBNBICEIL TV
Z &2 & % (Fig.3.6~Fig.3.9H]).

EFO—VORMMEPIL, NoiflT — L O ALK EF—F,_ OHME & b
CIZIRERICEMT 5. $F-Fio —EORBT T, P1=P,y, P<P3tio
TBY, FO—VDNo3EFE T —VTIIREHMENEIIEL 252 Ldbhr5b. P;
EF-Fi b OBBREREE 2 BIAERTERZERENT AL, D EDBERRMTES
nas.

P1=2.29F (B1=1.00) (4.7)
Py=2.29(F,—F)) (B2=1.00) (4.8)
P3=2.67(F3—F) (B3=1.00) (4.9)

DELERARAENOBEE 70 RAIIBIFA2TU—VBLIUOY S FO— VO
EMEENIBE O — VIEA T2 LAARE L OBKR%Y, EAEATNOER
B7oXr 22817 52HBREHEL TRT L, Fig.49@)~0@)N LI TH 5.

% §'Fig. 4.9()DNo. IXF T — ViC L 2 BHEE T, FTo—VORBHEP,,B &
UH A FO—VORBHEP I, HLAATEFOEME LB ICVTFRYIZIZE
WMAICEMT 5. FI=—ED&HBT T, WTFhOBELP,>P 1 >P,t 52k
Bhid, CNEIREARAENONo.IEFT - VICL2BRE T, HEZRE I
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| (c) Rectangular pipe $3=1.50~3.00 o
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7,
7

1
10

0

No.3.
- forming
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43 ERERBIUVZEE

Fig. 4.9 Relationship between forming load ( Pjp, P;s) and pushing load (F;—F;—1, where Fo=0)
acting on each pair of forming rolls for reshaping original round pipe into rectangular pipe
(Solid lines : For ( P;)max=max( Pip, P;s) and for (P;)min=min( P;p, Pis) , Dotted line : For P;

shown in Fig. 4.8).
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DEFXPB/LNS.
(P1)max=P1p=2.81F (B1=1.39~2.10) (4.10)
(P)min=P15s=1.23F; (B1=1.39~2.10) (4.11)

72750, PpéPi st  HBIL THEFKEVF 2P na/D EVH Z (P )min & B
TWwa,

D X lFig. 4.9(b)DNo.2 K T — VB & U'Fig. 4.9(c)PNo 3K I —VIZ L 2 B
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BRONDL, ZD7:0, HLAANEE DRI, Fig. 4.9()DNo. llKFET— LD
BEDX) nBELRHREIRLR D, K TIIPy, >Py, P3p>Ps k%2 BBADS
ZVN, —BBELLEDLIHET DD, Pypyp<Prptibdnid, WTFhdiy/Do®
B2=2.39Try=20.5% D355 (Table 4.28H) TH 5. P3<P3, k253D, wTh
Dty/DoD P3=2.5Tr3=24.4%8 & Ft/Dy=5.9% D f3=2.0~3.0Tr3=17.5%DHE
(Table 428 H) TH 5. INHEFVWTROEELTVAEEET—LV I 1 DLEED
BT — VLo THEREENRALEFIIHL, FTu— VoM LAAE<Y S F
D=LV LALABERBLBETHS. F2No2BFEO—VIZE WV BREENE
EBLUNoIEREOT—VICX V BRESRZAE (B 0% I — F —HOMERRK
CEBT AL, WIhIRIIBEANDLENDFE L T 5354 (5 2 EFig. 2.10(d)
ZR)THE. AMETREEHELFMT 2 HAEABICESALEE, No.ilkE
O—(i=2, 3)DPpLPik Z B L THEFKEVFEP)maxs N EVF % (Pdmin
EL, INGLEF-F 1 LDOBBREZNEFNRRDLZLIZTH. ZOBEP)nad
L PIminE Fi-Fio1 E DR ENo IO — VOB E L ABICFNEFNES LB
LPEHRTENRT 2L, 2X0BEERIBEON S,

(P2)max=2.48(F»~F1) (B2=1.40~2.68) (4.12)
(P2)min=1.98(F»—F) (Br=1.40~2.68) (4.13)
(P3)max=3.01(F3-F3) (B3=1.50~3.00) (4.14)
(P3)min=2-38(F3—F) (B5=1.50~3.00) (4.15)

EFHAE~DBREE 7O A B T AEBRE BT B L, (Py)nay >Py>
(P2)min» (P3)max>P3 >(P3)min& 2HILFDRE.
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E 100 (a) Square pipe B;=1.00 é 120 (b)Rectangular pipe 5;=1.39~3.00 %
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80 - 0,40V, Py Sl E0.4,mY.0: (P)max
-C% O,A,D,V,O :P3 Q;N OsA’Dav’o : (P3)max
Q g» N~ 80
oo 60 [ < o ve
& s .ﬂ/‘ O
R o
= = 60
- o] .
5wl 2 i
o E 401
8 S
=S 20 S
2 5 20
= =
O o L 1 | I 2 0 I 1 I I I

0 20 40 60 80 100 = 0 20 40 ) 60 80 100 120
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(c)Rectangular pipe B;=1.39~3.00
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Fig. 4.10 Comparison of calculated forming load (P;, (Pi)max, (Pi)min )
by Egs. (4.5)~(4.15) with measured results ( (a) : P; for square pipe,
(b) : (P;)max for rectangular pipe and (c) : (P;)min for rectangular pipe ).

Calculated forming load ( P; )i /KN

K TlE, EFRAE~NOBRE DL A BT AREREP,OEHICIE, K
(4.7)~K @9 DF;I24 - 3 - 15HTRDARNUS)2ERTH. —HFRABAE
DERE 7Ot X BT 5BETEP) nax®P £ FP)minPEHIZIE, X (4.10) ~FK
(4.15)DF;24 - 3 - 18§ TRDR(4.6) 2 EHT 5. Fig. 4.10(a)~(c)IZP;,
PmaxB £ PP min P EREMEICH T2 EHE L EREL OB E T ENR
. Fig. 4.10(2)~(c) & Y RFEHMETIE, LROBEHFIEICI VP, PImaxB &
U@P)min P EREMEZIIEFRTEZ 282 5.
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(a) Experimental expanding type pre-former for

corner-bending

3 §‘\/ Punch Eépﬂ‘_ii{lg Ta}gﬁﬁ?nglandrd
S = — —=
—( - —— —tT)
N | o
E;- - _"_-~-/____
Tapered Retainer” +A\ Ram — .
mandrel ==\ Retainer Hydraulic
64mm cylinder

(b) Pre-forming process
M IS °xExpanding _wRound pipe before pre-forming

_ :E}’f—forme‘r

Longitudinal length

Expanding

direction  Head

Cross-section

L

______ 1
r:" -—af=d]
o _i-ehea =
o= ]
o - - B
-0l el I tr—r
CE I';_Efz-,. =2
L-f---: \
]

______

Cross-section

Pre-formed

Tail

pipe

Fig. 5.1 Schematic illustrations of experimental expanding
type pre-former for corner-bending and pre-forming

process.

Fig. 5.2 Pre-forming conditions.

(Sp/ (Dy/2)=6.6%)

Rp =5mm, 10mm, 15mm
(Rp/ (Dy/2)=5.2%, 10.5%,
15.7%)
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Pipe before forming
. Pre-formed pipe with
Height pIp
*18 cross-sectional shape |Round pipe
shown in Fig. 5.1 (b)

Width

. Topidler roll Hydraulic
Cfr%ss;s}?cgon cylinder
Ol 11isne Pushing
Square pipe (Pushing velocity

wg=11.4mm/s)
Side idler roll
No.1 Bottom idler roll
No.2 forming
formjng rolls
rolls
Case-1 Round __ Pre-forming for __Extroll-
pipe comner-bending ~ forming
Case-2
(Conventional |Round pipe => Extroll-forming
extroll-forming)

Fig. 5.3 Schematic illustration of extroll-forming employed
for the experiment.

—-—X . Top idler
A7 roll
Table 5.1 Cross-sectional dimensions and mechanical 3 L
properties of tested round pipe. o rsgﬁe idler
Material |Initial |Initial | ¢y |Yield|n-value —

of round |wall outer D—O stress 3 )| !
pipe thickness|diameter e _ |=YHis|  R; X

to/mm | Dy/mm [/% |/MPa S R :

SUS304 3.9 190.7 [2.0{290.7| 0.685 — |
\'\Bottom idler roll

No.i forming rolls
Fig. 5.4 Notations of forming rolls.

Table 5.2 Dimensions of forming rolls and reduction schedule.

Cross-sectional |Roll| R;7 | Ris |Riz | Rip | Hit | His | Reduction
shape of finished|No. | /mm |/mm |/mm |/mm |/mm | /mm |7;=
square pipe i | lnH iT+H s
Height or width Dy
A/mm (%
150 1 (1118.5(1118.5{73.75|73.75|77.48|77.48 20.8
2 o > 176.25\76.25|75.00{75.00 24.0
152 1 {1118.5|1118.5|73.75|73.75|78.69|78.69 19.2
2 o o 176.25]76.25|76.0076.00 22.7
154 1 |1118.5|1118.5|73.75|73.75|79.78{79.78 17.8
2 o o 176.25|76.25|77.00|77.00 214
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ZRT. |
Table 5.2IC AR D EFHAE (B&) OMETE (@S 23R A)), BEe-
VOELRSE, BT VABOZORLH S DEKRKEE (Hiy) &L &KIE (H;g) B &
T ¥y arvArTa—VvE—HLTRYT.

522 EBRERSIVEER

(a) TFREFEOHEMRK

Fig. 5.5 FREZEOWEGHB 2R T. RV FOLBILLIVHmOI—F—&
ARG T B BRI AMEl (Fig. 5.5F DO KWEEIDOFE) ISR Y B3 & & b ICHITH1T

100
Outer surface

Qutward
direction
80 |-
Inner surface

60l Eﬁeé‘a%ﬁ‘/
g
E
- 40 || Pre-formed | R,/(Do/2)
pipe /%
............ 5.2%
R 10.5%
20 |- - 15.7%
Round pipe
0 ' ; '
0 20 40 60 80 100
x/ mm

Fig. 5.5 Cross-sectional profiles of pre-formed pipes.

-79 -



B5E FHRE/ULAOBALLIZEFHAMTONERKONE

bid. L7HDEICHEST

BETITHITR L Thbh,

Fe

/

~

Eogirithbis. H

EREOIREIINT 2R ¥ FRMERER (D) DEVICEL 2 HBILDEEDE

RIFEFEAELR N,
Fig. 5.6 IC PR EE

DRE T & (In(t/ty)) ,

S (pg

DB L UPHER (o) 0

fary

(a)

S5/Do/%)

9%

o

—

Rp/(Do/2)=15.7%

Outer surface
Inner surface

o
- I l”

X

r*n

10.5%

5.2%
] l

Decreasing rate of wall thickness In(t/ty) / %

-8
0.0 0.1 0.2 0.3 04\046048 0.50

Relative dlstance along
cross-sectional profile S/Sp

0.12

o111 D Rp/Po2)=32%s ©) R, /(Dy/2)=52%
““*" Y Ouyter surface 0.20- Inner surface
0.10p - -1 -

& .00k P0xl>0 (Rp+to) T 0.18 \%IP,‘BO

g E 0.16 X

-, 008 7. 0.14

Q 0.07 Q

o ) 0.12

£ 006 =

B = 0.10

> 0.05 g

5 ooa 5 0.08

8 030 Pre-formed 2 0.06

8 pipe £ joql Pre-formed 15.7%
002 oyt |2 04~ pipe \
0.01—< —Al 0.02}- /(Do/z—to) I*__ ......
000—L L 1 1l 1 | 0.09

0.00.10.2 0.3 0410.460.48 0.50
0.44

Fig. 5.6 Peripheral distributions of thickness strain (In(# /y)) , outer curvature ( Po ) and

Relative distance along
cross-sectional profile S/Sp
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inner curvature (p ; -1y of pre-formed pipes.
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EREFESAERT. Fig. 5.6 (2), ()& 1, ILEHM (Bl L45°% 23 HE) (I3
¥ % B EARKS BERES/Sp=0.5DALE TI1X, Rpy/(Do/2)H /P EVIEETHREREDHE
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L2Shh%. —HFig. 5.5(b) £ U, S/Sp=0.51281F B oM p NI RIZT R,/(Dof
D)DHEE, PEVAENIEFDRPE. WTNOR/(Do/2)DHEbpyc!<
Rp+t) e B o TWVAD, ThIZRAICLZEELEDNS.

(b) HRZOI—F—BOMEEH

Fig. ST EFHAS (B oMEERZZRTEMENRFORFERT. KU
BIUAVIR, - F-HBCBEETIRFBU -V EOEMEA(ER) XY, CsBL
UCriz, a—F—H0EEBLTEZZNEFNERT. KEDEFFRAEDLEI
X, Cs=C7TH5%. AMETIE, T—F—FHWOKEXEZCsEMHREnE DHCs/ty
WCEDVERL, ThE2E2BLAKRCEROI—F—HOMENSI EREZ LITT
5.

Fig. 5.8ICEFN I —F —HOKERRICRIZTTFREOLELRT. THER
ERER L 7Case- 1B BEFDa—F—HOW - 4LHEIZ, WThDYF 7 T3

W1dth of corner zone Cy(=C, s)

y 1V
S Center of
< V‘& cotner zone
A =t ) p5! AHeight of
TEY 2 1oy QN | comer zone Cs
1
ggﬁger S v Y Quter or inner
A2 pit [% [0 U surface
S
Cfrgss—sec(tiion v
of finishe Kz _
square pipe P5'>0, P; 1>x0
o) A2 *

U, V : Contact points adjacent to corner zone.

Q : Center point of corner zone.

ts, tc,tr: Wall thickness at point U, Q and V,
respectively.

t, Pos p,‘1 Wall thickness, outer curvature and inner
curvature at peripheral distance S, respectively.

Fig. 5.7 Notations of geometrical factors representing cross-
sectional shape of corner zone of finished square pipe.
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2; [ [Finished pipe|Case R/(D2) /%] 52 [F[Finished pipe|Case|RoAD2) /%]
i BT ,O 52 M e 20 5.2
——— 05 . ——— .4 0.5
e —= 57 SOF—=5 3.7
80 2 78 2
v Outer surface V  Outer surface

Outward
direction

Outward
direction

65 |-
(@) r,=21.4%

60 ' — 66
60 65 70 75 80 66 68 70 72 74 76 78
x/ mm x/ mm

80 leshed pipe{Case|Rp/(Dy/2) 1%

-0 5.2

=2 33

| | —-—.O .

78 S 5

Outer surface

Outward
direction

70

©)
68 | ,=24.0%
67 | |

67 68 70 72 74 76 77
x/ mm

Fig. 5.8 Effect of pre-forming on cross-sectional profiles of corner zones of
finished square pipes.

Y (R)D%Ey, AMERELMHER L2EE DCase-2034 £ 1 4MA (Fig. 5.8 DK
WRHIOFEICRY B L TWBZ &b 5. Case-1 TR FRFICBIT 2 MK
v F RS FER(Dy2)DEA/NE VT E, BREOI—F—2R (K - SLE) DED H L
BRESCLBEEDPRONL. I—-F—HOREVTA, HH#IEBIUVABENE
REZIIDWTI, 522 (c)~(d)ETH~<S.

Fig. 59128 mD I —F —HOMNE X(Csltg) £V ¥V ¥ 3 V() DBFRICRIT
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Rp/(Do/2)=15.7T%

»

o
h

g
=]

5.2%

—
W
]

Relative height of corner zone Cs/tg

Case-1
i ]

1.0
214 22 23 24
Reduction r, 1%

Fig. 5.9 Effect of pre-forming on relative height of corner
zone (Cs/to)-reduction (r,) relation of finished square

pipe.

TFREDEEERT. Case-11IBIT 5 a2 —F —HOMIE & CsltgNfEIX, VWTH
DYFr L arDFELCase-2ll BIFAEL VB LTWBE I LA DA 5. Case-
1T F RIS BT B Rpy(D/2) DIEA /N EWIE ERGDColtoDIEIZBA T 575,
57 s Y KDry=24.0% D% E ZIER/(Dy/2) DFBEIZ/NE . Case-1IZB1T 5 Cyf
WDEDY ¥ 7 a yDEME LIRS T 2ERIE, #EEDCase-2D 35 E & Rk
TH5b.

(¢) HENDI-—F-BOREVTH

Fig. 5.10IC 8GN0 I —F —HOPRB L VOBEHICBIZ2REPTH(Te, Tg) &Y
o var(ntDBRIREITFREOEELRT. & D7/ DFig. 5.104IZH
HBOREDT & (In(t/tg)) DO HEEZ M€ TRT. Case- 1B EHREVTATB
SUTDEIE, WThDUF 7Y a vy OBAbCase 2l BIFAELVEI LTS
LD bhDb. Case-1 TEFHRIZIB T BR/(Do/2)DED /N EVIZ ERmD T
LUTsDERBA L, FIZRY(Dp/2)=52%DHE I TREREDOBADTKE WL
BT T HEBARFRENI LHDD 5. Case- 11X BT BTcB L T DED
V¥ aroiEme L b ICHEMT AEEIE, BEDCase-2DGE EAKTH 5.
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N
(e}
[o—y
N

@Tc=In(tc/to) 5415, Syis, (b) Tg=In(5/t) Case-2
~ SylS 5 Tg>0 12 |- Ry/(Do/2)=15.7%
15 <. SylSo 0 E’ j?{{oo SuvlSo SviSo I;il{)lghed
% Is>0 —40() 051 102 Ts>0
— C>O " \ =
10} 0 SIS =0
g L=

Increasing rate of wall thickness Ty /%

Increasing rate of wall thickness T 1%
W

0
520 17% 7 j
Sk= “ <& Ts>0?:/
3 R,/(Dy/2)=5.2% “10.5% | o= GJ /_Ll 0 06051 _
. /\J = : C< S/SO
Pre-formed pipe = S'/'.g‘ 1
-10 | | ) | (0] |
214 22 23 24 214 22 23 24
Reduction r, /% Reduction r, /%

Fig. 5.10 Effect of pre-forming on thickness strain (7, T )-reduction ( r,) relation
of finished square pipe.

(d) HEOI-—F—ZOSehE

Fig. S.ALC RGN T —F —WOHRRE L OBFHICBT 250 F (p, 51, pysh) &V
7 0av(n) tOBRIIREBTFREOREELRT. SEDDFig. 5.114 128
an DILHIZE (pg1) DA RE % 62 TR . Case- 112 B B AL HERp -1 & Up5
DB, WThDY T 72 arDFAEbCase2IlBIFAELVEMLTVWE I L
D3oh%. Case-1TIEFRIIZBIT BR/(Do2)DED /DA EVIZERGZDp, 1B & T
Pos DB T B75°, p,clic BT 2 HMBIZLBRAS W, Zhid, FREXRE
Dot CRATT R(Do2)DHED /NS 72D TH % (Fig. 5.6 (b) BH). Case-11C
B bp,clB L Up l0fEA Y ¥ 72 3 v ofnE L bY@, BEO
Case-2DIGELFEIHETH 5.

(e) HENI—F—BWORH#E

Fig. S.12IC® D I — F —FO B RITB I 2 WHIER (p, o) B L VR FALE THBA
ELANHE(PGN LT 7Y ar(n) E0BRRCRIEZTFREOEEBZRY. £
Z O OFig. S12F ICRMmOWHEE (o) OFMHE 2 i€ TRT. Case-11BIS
BHMEp B L UplnfEid, IO ¥ Y 3> D4 b Case-20 B 218
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0.16
(a)
Ry/(Do/2)=5.2%
0.14 | 10.5% 3
'E Case-1 E
~~ (.12 |- Finished pipe =~
3 pip w2
< r <
(]
Zouof £
S [ Pos>0| 3
50.0 £ 0| o
B £ [ T{Pod>0 | &
= 'TQO o~} ‘5
3 <0031 S
0.06 |- 180
/Pre-formed pipe . 5.2%
0.04 J 10.5%  ~15.7%
214 22 23 24

Reduction r, /%
Fig. 5.11 Effect of pre-forming on outer curvature ( o5¢ , Py )-reduction (r,) relation

of finished square pipe.

1.2

@ SulSq SviSg
=150

Inner curvature P[El / mmi!

Pre-formed pipe
I

7

15.7%
|

2
214 22

23

Reduction r, /%
Fig. 5.12 Effect of pre-forming on inner curvature ( fj¢ ! Prs y—reduction (r,) relation

of finished square pipe.

Inner curvature P[El / mm*

24

40 ' f
0 (b) R,,/(D0/2)=5.2%
Finished pipe
035 pip
_SulSo SviSo
! P >0
0.30 —g +Pos>
TQO
025F<
0.20
0.15
0.10
S0
005 Case2 <« 00
YA
0. | |
214 22 23 24

Reduction r 1%

Sy/S b
"ESU/SOVPIC—1>O|E SU/SO ®)
0.35 -g ’Y‘ p!S_1>O =) SV/SO
Y T A5 >0]
030 |< Tpic'>0
051
0.25 SIS0
0.20 Case-2
/(Do/2)=15.7%
0.15 p(Do2)=15.7%
~~—Finished pipe
0.1 T.ES‘U/SO SV’;SQ .
— ic, >
g ~=y =1
005 o 0';—‘;’5 >0
& 0 0.
0.00 L SSo
214 22 23 24

Reduction r, 1%

LOVEMLTWBEZEHFDRB. Case-1TIRFHILICB T BRy/(Do/2) DED /N E

WIZERGEDp B L UplDfEIREML, #iC

Pic

DB IER,/(Do/2) D

8/
-3

z 58 <

2B DRD. Case-1I2B BB & UploENY 52 v a v OB
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EDICHEMT AMEEIE, BEDCase-2DGELRABETHA.

(f) HEODBOFEE
Fig. 5.13\C 85 00EIC BT AN ERBOBEF R T. Case-11C 51 5HHD

BEDOM ML, Case-2iIlBITFBFNLNPRYVNPELLLoTVEI ENbLRL, K
WIFEECTIIEEDER (2xy) AT ERZEERE LT, TOEERDOyEE LI
DNEDYERZEL DEIZLVAROFHEELRT LTS, BEDOH L (x=0mm)

;g (@) Case-1,7,=22.1%, R,(Do/2)=10.5%
71 Outer profile Oc, Os : Flatness
J85(<0) 85(<0)
~ 76 B p——— T
~75 | 6c(>0)
74 1 [l 1 1 1 1
-76 \-60 40\ -20 0 20 /40 60/ 76
7-194/2 Xy - ¥/ mm Al4 xy A2
78 | (b) Case-2,7,=22.7% Oc, Os : Flatness
771 Outer profile
) y 85(<0)
=75t (<0 Pc<0)
e 60 0N 20 0 20 740 60/ 76
A2 -xy -Al4 x/ mm Al4 Xy A2

Fig. 5.13 Examples of measured outer profile of side of
finished square pipe.

Rp/(Do/2)=15.7%
Case-1

9

24

21.4 22 23

Reduction 1y 1%

Fig. 5.14 Effect of pre-forming on flatness (6, d5)-
reduction (7,) relation of finished square pipe.
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BXUx=tA/4 (A BLGWTEOWE) 2B A FHEELX ENENSe, ds&T 5. x=xA/
ADRIE % BIR L 72 FHIZ, Case-1DE G Tldx=tA/4EHE TEERL DEDITKLE
hB1OTHD. cBIUSHIEAIX, LHONEHVEERL VBFWGEZE, &
EVWEE R A LT 5 (Fig. 5.1381).

Fig. S.14IZBL G DTFEE (6¢c, 8g) VT2 ¥ a v (rn) L DBRIIRIZTTFEED
B AR, Case-LIZBIT 5808 L UGN HIHEIX, WThOYF I arDigs
b Case-21 BT 2 HAE(|6cl, |81 X229 IAELHoTWE T EW DY
3. ZhidCase-1TRFHEFEEITO L ICL ) FREZEDLEHICHY T 5H51
HMIFTRANTBY, EE0ALITLRTVSE O TH S (Fig. 5.588). 2% Y
IEANY FAROI—F—MITOFHEFEZIT) T LICL D, BMOFHEHE D KiE
CHEEND ZLADA S, Case-1TIE, FHIEIZBIT BR/(Dy2) DIEDEmD o¢
BIUSHEIZRIZTEER, RBEH/NMEWV. V¥ v a v OEME LD ilCase-
HWZBITB8DEIZBA L, SN EZENT2EMPRONE. —HEED
Case-2DEAICIIY) ¥ 7 2 a v DNk & L IZ6cB X USsDAEIHEIT VI b EEM
T 5.

5.3 FEAMAREER) OHEERICRETHIEFREEOTE
531 ERSIVUHEFRE

5 - 2Hi CTHEEEN—EOFREZELHVAE—ZOEARARE MK
SUS304) DTG EERZ TV, FTHREICBIFZTE(RY F)ERFEFPIVIEILCE
FRARE (BE) DI —F—HBOR - AMERFEIES L, »OEAERRDRDLK
XVWIEERBELAICLY. FITAETE, FTRECBIZ2EERTFTHHEE
Y EFRASE (BLR) ONERR L OBBEHRICT 570, LEEFELRLTK
BEE(LPLIE(RyF)ERERI—B) 2RV ESRASEE (5 (18)
150mm, HESTK400) DEFEEER%1TH . FEICHERE (FM1£190.7mm, WIE
4.6mm) DEHEE L BEICT 5720, BEBEEHEFEMEBNTZIT.

Fig. 5.151C PR &E 2R T. Ry FREEERR, =SmmD—EHRHETH Y, X
YFA A= ES,=3.4, 58, 79mmD 3 EHTHS. FEHTRTI7 A -
T —3IVI/OHEETERED -V (Fo- V) ORBHEIORAPLHEREOIHE
t@%@ﬁ%%&kb,%m%ﬁﬁﬁy%xbn—ﬁkwgztmﬁé.%&%%
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y Outer surface

g — r Sp(Stroke)

S

& g Inner surface Pre-formed pipe

7 vt'\: Rp(Top radius) Square groove of

__g % Expanding ! finishing rolls

B e

52K Punch | S, /mm | 10.74

9 & S ) Rp /mm 5.0

Sk AN Round pipe ) 5, 7mm 13473879

45° SplS

HﬁWMkﬁmm! 2/Sr |0.32/0.54]0.74

Fig. 5.15 Pre-forming conditions.

Table 5.3 Cross-sectional dimensions and
mechanical properties of tested round pipe.

Material |Initial [Initial |zq |Yield|n
of round |wall outer |, stress| value
pipe thickness|diameter| G |-

to/mm | Do/mm |/% | /MPa
STK400 4.6 190.7 |2.4/421.6/0.163

BLIFLI7A PO —VT7 4= 77023 FhERS5 - 2EDFig. 518 L U
ngs%@kﬁ—ﬁéé.5-2%&@%K17XFD—W71—3>77Dk

I F—MITOFRERELFEH L2548 %Case-1& L, HEZE4EHAL
BE DA% Case-2L T 5.

ARHITitCase-18 & WCase-2& b KIEFFATHE (BLG) OE & (18) i$A=150mm
ThHb. O - VOELTEBITI Y2325V a—Lid5 - 260
Table 5.2 DA=150mmDHE % HEHT 5.

Table 5.3(CCase-18 £ U'Case-2/23t:8 L TR L 72 & F & (M ESTK400) D I
HTEB L TELRERNEE 2RT.

Fig. 5.16 .S FRIE 7Ot AOMEHF EMBHICHW- REERLMES T T,
&w&ﬁl@@w&®l71FD—W71—3777U%Z®ﬁ§$MBIW%ﬁ
KEOREFEE, E3EOEFBAEDL I A NI -V T+ —3I Y FIIBIT B
AEBDFEMYI2lb—3¥ 3 YIZBWTFig. 330RLFELRETSH 5.

Fig. SATICAM R THEAT 2 BETEZER (X, ¥, 2)DEH#ETT. X, YBLUZ
AN, EREREFE, ARFAB L EFHFALET.
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y Isoparametric hexahedral
=~ _eclement with 8-nodes
Model of /’ X

round pipe | )

Area-A )
v Formed pipe
. )\u ¥

lé/ /’ll' w
: % Y “Area-B X
/ X
Boundary conditions | Z

1
=—-{M (v-V
Contact\u =—7-{M (v-Vp) X, Y, Z: Local coordinates

int
points +Nw } + Up (X : Peripheral direction,
Z 45 —_ & Area-Alu=0,v=0,w =0 Y : Wall thickness direction,
Expanding Area-B|v =0 Z : Longitudinal direction) .
* Contact point Area-C|v =u Fig. 5.17 Definition of local
u, v, w : Velocity components coordinate system (X, Y, Z) .

L, M, N : Direction cosines of normal to punch surface

Up, Vp : Expanding velocity components in x and y
directions, respectively

Coefficient of friction : y=0.25

Fig. 5.16 Boundary conditions for FEM simulation of
pre-forming process.

532 BRBLIUVER
(a) FREREOMAEMK

Fig. S 18 TR REQXUMEART 2R, MR F R O —25,/55K
EVELEI-F-HIT L RROATWITHEB T HEHTOMITRELENFLVETL, A
EDEER LIV EFTTEIEFDDS.

Fig. .19 FRBRED I —F —HORRIZB T 2= (p,2), WEE (o
BLURAR(T) 0EEAEICRIZTHI RS F X ba—2 (5,/8,) DEBER
T. BEDOLOTFREREOEMA - S (p;!, ppl) B L ERBAE(T) 05
AR D B TR T |

Fig. 5.19(a) & 1 §,/S, 08 K& VIR L, FHRERED 3—F — 8P RO M,
REKRTB. —FAMEp L, WTHODS,/S,DHES R FOR LY PPKE
(, DENRRF == RV FOREE R DA, pdCRIZTS,/S,OEBED% Y
NE,

Fig. 5.19(b) £ ) S,/8, K &I Y, FREZED 3—F —HPROWEIIFED
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......... Outer surface Qutward
............... direction

- 60 |- iy
= Measured
> 40 II;irg(;formed S,/S,
----------- 0.32

———= 103
20 T =—=—T074

Round pipe

0 i | H M
0 20 40 60 80 100
x/ mm

Fig. 5.18 Cross-sectional profiles of pre-formed pipes.

0.35 : = =
L S03 T Tgona  Toiio
N ‘-.“. =In 0.
0.30 - SO Y Y Sp S/S5=0.9
T, 025 = =S \
: 5 4L
= 020]° : R
- = 6 Pre-formed
18 0.15 g s pipe
g
S 010 g 81 =
g :":; ° %D = TC o
O 0.05 — S-10 005
/‘ T g S/Sp
0.00~ N " g Ot 1 A
Round pipe —I-\0 0.5 1 12L
(a) Mea?ured : S S/ISB (b) Mealsured :
-0'050 0.2 0.4 0.6 0.74 _130 0.2 04 0.6 0.74
Relative punch stroke Sp/Sr Relative punch stroke Sp/Sr

Fig.5.19 Effect of relative punch stroke (Sp/Sr) on outer curvature (P5¢), inner
curvature (£;¢') and decreasing rate of wall thickness (7¢) of pre-formed pipes.

5. COFREREDOI—F—WPRIZBIT 5 BAEE %, Fig. 5.2012R 7 FK
HEEDI—F —FHPR(S/Sp=05)DEH VI TA(exy (AHFBMOTH), ey (AE
FEVTAR), ez (BFFMOTR)ICLVFEATZELTNL)TH 3.
TTEOTAETOEOBEBRIIOVWTERS., FREZENDI—F—HDOFRT
Z, LELLVREPREIZBTLEAFAKED T Ae,xid, BIEBVTA(g,x>0) &
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Pre-formed pipe,S/S5=0.5
25 L Calculated by rigid-plastic FEM

Strains &y, €y, &7 / %

QOuter surface

-20 [~ &,,x : Membrane strain
&x : Bending strain
] I I
0.2 04 0.6 0.74
Relative punch stroke Sp/Sr

Fig. 5.20 Effect of relative punch stroke (Sp/Sr) on peripheral strain (gy) ,
thickness strain (€y) and longitudinal strain (&z) of pre-formed pipes.

rol
(o)}
S

5. eux AAMMIT T ADOMEEepxl & O K/DEBRITex>epxI TH S Z &
o, NEDex>HEDex (>0, 5 EVTA) &R A, —FAHEB L THE DI
WFNOEHOTA(e2<0) £ 2505, TNODEIEZLEYAE L, Lo TH
B X UNEDepld E L LTHIGT 25VEB L VAR DexDEEZ X, wihd
EfFUOTAR (9<0) e, CRASDANEBRINED|ef >HED|epl & %2 5.
DERLLEBRDERVOT AT exB & Leyk §p/S, L DBERICOVTHERD. gy
(>0) B & Llepx|DWE L, Sp/S,DBEME & BITHMT 5. Ld > Teux>0,
epx>ODTENEL S I —F —HWOFNEDey (>0)13, S,/S,DHEME & b2
T5. CORODHNEDey (>0)ICL VEVEEEZIT L5 EDey (<0) DHEXHE|ey]
X, ex (>0) LEARIC, S,/S, oML & dICHMT 5.

DE»S, PREREDI—F—HPRIIBITLIREOFHSZ, £LLTE£OH
HICBIA2RAEHFEORELFEAICLLEI LD, E,. ZONEICBITL2AERH
DR E BFEHILS,/S,DEME L S ITHML, ARDOBRIIELTT 5.
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(b) HEBEDI-F-HOMEHRIS LUK - 4fH=E

Fig. 5218 D I — F —MOKAHFEHIIRITTHL RV F X ba—2 (s,/
S)DEEERT. HEBREETRMFHRFOREXS5 - 2 - 2 (b ) & DFig.
STERLIZODLRAKTH L. FREICBITAES,/S,BREVIEY, BF0a—
F =& (A - SLH) D4 (Fig. 21 DK VEREIDOFE)ADEY B LizkE < %4
D, BB (RULEVEDOH) OBEBIEESBICEL 2. COROBERADT—F—
AROEFMLTE & Cs/toDfEIZ, Fig. 5.221257T & 512, Sp/S,DEME L b ICEE
CRPT B, L2z o THEDOI—F—Ho PR L OBHICBIT 2 ERI =
(pocs Pos) BEVT—F—WOFRICBT 2 EMABE(p)) i3, Fig. 5.23107
TEIE, FREIEBTBS,/S,0HME L bIHRTS. Lo LS,/S, 55,/
S;=0.74L REWVHEITIE, Fig. S21CRONB X512, BEDI—F—HORWE
CTFBRIERICE LR FICLZEEFBRE TS, Lo TRAONEICBITS
WE&# 2 ERT 2561208, FRBICBT5S,/S,08RICEELET 5.

81

80 | Measured | Finished pipe |Case|Sp/Sy
------------ V| 11032
--—- A 1 10.54 S 14 — -
78 |- ——>R 1 [0.74 = Finished pipe
——, ) 2 % Measured
Outward g 1.2
76 L v direction ] -
AN ardremr 5
£ 1.0
=74 0\ S
Z = 038
~72 .'?P
U = 06
70 Eo<==m=o- .g '
< 04 ! | 1
68 | Lnner surface % "D 02 04 06 0.4
Case-2 Relative punch stroke Sp/Sr
66 |- Fig. 5.22 Relative height of corner zone
65 L1 | i (Cs/to) of finished square pipes versus
6566 68 70 72 74 1677 relative punch stroke (Sp/Sr).

x/ mm

Fig. 5.21 Effect of relative punch stroke
(Sp/Sr) on cross-sectional profiles of finished
square pipes.
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2.5 Finished pipe

2.0 — Measured

15 p,'c1 (8/50=0.5)

1.0 g {\"plc
0.52== _ SvSo = =
0.50 [ g SuSo o

E | 0 0
0.45 'TQ:.G
0.40

Curvature p,zl, posts pic! /mni’!

P5L(SISH=0.5)
0.08 | I 1 ] 1 ] il
“°10.01 02 03 04 05 06 07074

Case- Relative punch stroke Sp/Sr

Fig. 5.23 Effect of relative punch stroke (Sp/Sr) on outer curvature
(P58, P53 and inner curvature (P;!) of finished square pipes.

(c) BHEOI—F—WOIEAE

Fig. 5.24CHEEE (WHAE) KN TAH-EDI—F —HHPRBIUVEHDOE
MEAE (T, T) CRIZTHFRYFAPO—7(S,/S,) DEEERT. Fig. 5.247F
DTpgB & UTeold, Case20BRNOTB LUk ZhEhET. BENLOAEER
E(EARER T 2 HAOENBAR(T) OSHBES HFETRT.

BROI—F—HPRBLUVBBOBAETLB L ULDMEIR, FRELBITLM
ARV F A DO — 2 555,/5,50.54 TidFig. 5.19b)ICR L FRIEREDRADE
M & BRI, S,/S,08Mme &b icvFhd KEHERCEIT 5. —HF, S/
$,=0.74 TI3Fig. 5.190) R Lz L) U FREEREDI—F —HOBANOKE S
(T ZBERER DD, IeB L UTDMHEIXFNZFNCase-2D T B & VD & EE <
FTHICHENT 5. IhiE, Sp/5=0.T4DBEICREED I —F —HOE S (1§) 2°
ST EL B (Fig. 5.2288) 2 i ic LT, FRIEZEICHTA2E-mDa—
F — R RDOEARST, (=T +|To|, T<0: Fig. 5.19(0)SH) %, SBUCHEMT 5
mHTH5.

DEDFRBEEZER L 2Case- 1DEF DO T —F —F R RIZB T HIEREE)
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Finished pipe, Measured
24 | Te=In(tclty), Ts=In(ts/ty), T=In(t /ty)
Teo, Tsp: Tc and T in Case-2,
22 respectively

T : Negative value shown
20 7 inFig. 5.19 (b)

Increasing rate of wall thickness T, Ts /%

S N~ O

c 020.1 02 03 04 05 06 0.70.74
€2 Relative punch stroke SplSr

Fig. 5.24 Effect of relative punch stroke (Sp/Sr) on increasing rate
of wall thickness (T, Ts) of finished square pipes.

%, Fig. 525 RTHMD I — F —FH 5 (S/So=0.5) DEH 1§ & L Fig. 5.2012
RLEFRBEEOTRE L VBET 2 LUTOLS Tha.
Case-1iCBITAHMDI—F —HIPROFHAE O he,xid, BHEY 52
YavIlE ) TFEEREDTIRDT A (6,x>0) 2> 5 FEME 0T & (6,x<0) ~ & 21k
T 5. lemxl£S,/S, & DBIRIE, Fig. 5.2410% L - BART. 054 & FEORE L
% 5. —HEAFBETOTROMESElepxllE, Sp/S,DEME L bIHEMTS. 2
i, Sp/SDBMEL B IIBGDI—F—HOKREEHPRIEL LY, a—F—5
DA - SR DIEIMN T 5 72T 5 (Fig. 12, Fig. 138H). ZD|gy Dk & LT,
VINDS,/S,DFEDlemxl & DV 22 Y RE WV, L7z2do THEDEH O Aey
i, emx<0legx<OLWELRBLILICLNFHREEEDSIRITA(ex>0) 55
MEOKRELEMOT A (ex<O)NEBT B, —FNEDexld, enx<0t epyx>
OLDELRDZLIZL )V FREEEDHELABIFIRITA (x>0 &Y, FK
REEDEL ) LRHEMT 2 N EDex<HED|ex]). WED|ex|B & USNE Dey
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5.3 EARAREESR ONEBRIIRZTALTFREEOEE

Finished pipe, $/S¢=0.5
50 - Calculated by rigid-plastic FEM
Enx : Membrane strain
40 |-&vx : Bending strain

€&y, Inner surface

Strains €y, €y, €2 / %

Outer surface

40 £y, Inner surface

- L I |
>0 0 0.2 0.4 06 074

Case-2  Relative punch stroke Sp/Sr

Fig. 5.25 Effect of relative punch stroke (Sp/Sr) on peripheral strain (€x) ,
thickness strain (¢y) and longitudinal strain (&z) of finished square pipes.
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Case-2  Relative punch stroke Sp/Sr
Fig. 5.26 Effect of relative punch stroke (Sp/Sr) on
flatness (8¢, Os) of finished square pipes.
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