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Fig. 1.1 Drawing
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Fig. 1.2 Variation of pipe drawing
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(c) With floating plug (d) With mandrel
Fig. 1.3 Variation of pipe drawing
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Fig. 2.1.1 Example of FEM mesh for tube drawing with plug in 2D analysis
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I . 72, BN TS A Fig. 22212, 2 RTET /U DiTEt%
Table 222 (7" T~ FRMISRIEIE, PESE EOIMT IR L RIEDOSA:L 725 K 5 IZEDT-.

Table 2.2.1 Mechanical property of material

Material A1070
0.2% proof stress 89.9 MPa
Young's modulus 68.3 GPa

Hardening exponent n 0.0348

Strength coefficient F/ MPa 110

Offset of yield strain & 9.93x10°8

150

100 (’,

True stress o/MPa

O 1 1 1 1
0 1 2 3 4 5

True strain ¢

Fig. 2.2.1 True stress - true strain diagram
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Fig. 2.2.2 Drawing
Table 2.2.2 2D Analysis condition
Type Rigid
Die hole diameter da /mm 30
Die
Die half angle 6 /°. 15
Bearing length b /mm 4
Condition Rigid
Plug
Plug diameter dp /mm 24
Type Plastic
Material of tube A1070
Tube outer diameter dt /mm 315
Tube Tube thickness fo /mm 3.2
Length of tube |k /mm 50
Initial thickness variation 0
Afo = tomax- fomin /mm
(Initial thickness variation rate ¢o) 0)
Coefficient of friction u 0.07
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(a) FRIIET A X, ESNEREAN < ENERE R T2
(b) A A RENETNIES <\ CEHOITHIN < 55

Fig.232 13 ERED (@) & (b) DFNTHRERCTH S, ITHESNE, (@) & (b) DENZENDS)
FIHEIZRBT, &b BAFRRERME DN AFIGORR TH LS. (a) D%, Fig.2.3.1
28T D N=7 , EHRSEIOSME i LT, REREWTIE) T2, LT (b) D
A, N=7, ZRRENEIORMTHOTMNMIRAEL TOER BN 720, S BIE-IGT
DAAD—REEL 72D, K OKEOREVRITRE R A1 Z LN TE 2. LLEND, AR
HrSHZ BT HDARET VONERHFINCIE, BRI N=T, SRR 725 K 5 1T
THERREI At Atin =1:093 12725 X 9 I25EILT-.
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Axial residual stress g, / MPa
65

Mesh division number in thickness
(HN;=4

-130
() N,=5

| Measurement area |

t

Fig. 2.3.1 Influence of radial mesh division number on axial residual stress
distribution (element size in axial direction is 2 mm per division)
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Axial residual stress g, / MPa

65
Mesh division number in thickness N;=7
(a) Specific
Ator: Atgr: Ato5: Atg.a: Atos: Atog: Atg7=3:3:3:4:4:4:4
-130

(b) Progressive

AtO—i: Ato_(i+l) =1:0.93
[ Measurement area |

I

Fig. 2.3.2 Influence of radial element-size allocation on axial residual stress
distribution (radial mesh division number Nt =7, element size in axial direction is 2
mm per division)
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SRS 06Tmmidiv. O, ERESSETE D0, MOMITERERE <R 5
Gifi Lo TnA. 0.5Tmmvdiv. DA BIRIFRICESRR SV 20, BT s Rk
FRRRICIIARDMG HIRip-oTz. E72, 040mm/div. DFAF CIEENEIFITIC T HAVE

U, — Rl RIS A S e o7z, 0.50mm/div. , 0.44mmy/div. 2 HH S %
L 044mm/div. | I XENIEER I Z TN ST TWAT=D, L0 —FEeiE R 24
STV 0.50mnydiv. 7SR L LTV

Axial residual stress o, / MPa

Length of element in axial direction
AL /div. = 0.67 mm/div.
-130

AL /div. = 0.57 mm/div.

__
Measurement area |
AL /div. = 0.50 mm/div.

AL /div. = 0.44 mm/div.

|

AL /div. = 0.40 mm/div.

Fig. 2.3.3 Difference of residual stress distribution in axial
by number of axial mesh
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VY, BIEEE TO 2 WITET W L AHITEEI ) DRSS & i35 Z & C, @ol7e
FEHTRERDMG DAV TCNDONEMAE LT, 3 IRICET /VOFHIIZOVWTIE, 53 BT TR
5. 2RITET LOFMTEIET Table 222 LREETH Y, 3 IRITET L OfNTEED
FIUTHET D50 L, Table24.1 (RT3 RITET/VCIIEIMZESE A 15°%div. & L
C, Fig 241\ R & 9 ICHEMEIORMEZRIEREFTE Lz, ENEno0ETT /ML
%, TS OSSR A, Fig. 242 /857, 3 RoTET/VOMITIZIBWTD, 2K
TCET IVORNTHER & RIEORERENME DI, LTz - T, AR S 3 IRoCET /L
DEHEHT Table 24.1 IR L= b D% HND.

Table 2.4.1 Analysis condition of 3D model

Type Rigid

Die hole diameter da /mm 30
Die

Die half angle 8 /° 15
Bearing length b /mm 4

Type Rigid

Plug

Plug diameter dp /mm 24

Type Plastic

Material of tube A1070

Tube outer diameter dt /mm 31.5
Tube thickness to /mm 3.2
Length of tube k/mm 50
Tube Initial thickness variation 0
Ato= fomax- fomin /mm
(Initial thickness variation rate ¢o) 0)
Axial 0.5 mm/div.
Division Radial 7 div. (progressive)
Hoop 15 °  /div.

Coefficient of friction u 0.07
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Axial residual stress o, /MPa

Measurement position

Fig. 2.4.1 Measurement position on 3D model

70
0 | | i
70 | —~-3D
-140
12 13 14 15

Distance from axis r /mm

Fig. 2.4.2 Compare 3D and 2D in axial residual stress
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TIVTHDH. Fig 312 1 TRT L 91T, MEHIT y BichIcoIiRAEZ 5-2, (RAZAt &
WIEDRAKAE & i/ MEDZEE L TCEFR L. £, AR EIZLITO 3.1) KXok HicE
LT

E = At _ tma\x — tmin
- tave - (tr'rax + tmn)/2 (31)

VIR 263 2 &M BRI T3 2854, MEDSESICBET 52 & ¢, L
A% CIRAENZ LT 5. L LN G, B O % TH ERPEFCE Ua%lz1T 5 &,
Fig 3.1.3 @I~ d L D IZEAERO AR LN EHRH Z & T, FEAROEIE T b TLE
IAHEMERH D, ZDT-OARET /UL Fig 3.1300)D L 512, TEEMEOSEINE 22 F
L, MEIOE RSP TEOZAIROE OIS L 8fld 2 X 512 LT, IIMOEF RO
FE 2 e T L L.

il Die ‘

Tube P Plu

Y  [Supporting Rodl
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Fig. 3.1.1 Example of FEM mesh for tube drawing with plug in 3D analysis
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(b) Another hoop division
Fig. 3.1.3 Hoop division in 3D analysis
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PELLTLED. Liedo T, Fig 315 TR LS ICHEDT— SH & A TR
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2. TNENOBITIZRNT, il L7k 2 Table 4.2.1 19 FEOYIHRN R
(21, EBROEFET A L CHUBSICAE U DRAEY ZHVy, At=02mm & LT, & T
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Fig. 3.1.4 Constrains of Plug in 3D analysis

Drawn tube Chucking
Die J/
I | | | | Drawing
W T direction
/<\ \ | j:@
a
%

Fig. 3.1.5 Definition of position from boundary between taper and pallarel parts
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Table 3.1.1 Analysis condition in 3D model

Type Rigid
Die Die hole diameter da /mm 30
Bearing length i /mm 4
Type Elastic
Plug
Plug diameter dp /mm 244
Type Plastic
Material of tube A1070
Length of tube k /mm 170
Tube Initial thickness variation 0.2
Ato=tomax-tomin /mm
Axial 0.5 mm/div.
Division Radial 7 div. (progressive)
Hoop 15 °/div.
Coefficient of friction u 0.07
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ERRSITND B, 258X BAREB L, 7T 7 & TN TS 545
HEINE— L 72D EFEL, A IT). 2T, AHTIIZES| & Lves | ohlfifhn
LN 5. THENOMTIZB W TOZIPEIZRAE L, TO LTEA A EADIE
AR RIS A LT

32.1.1 7T 7 &AWL

285 | Z 2RV DIRMTSRIE % Table 3.2.1 127K L, Fig. 3.2.1 lZIBOERIHIOETHHA
JE5 A%, Fig. 322 \RRRORFHRIE A 2 2 EHoRd. Bo L%, Fig 3.1.5
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UL, ILBHARIER &R TRECILAZEE L TN 2o Th 5. X LT, 50mm</,
<130mm TIXAEOE(UT NS L, —ELR> TS, ZOREZELO/NS VTN
THAEFIRIETI TN TS, EFikE Lz, BIRLOREITE RO ILIETH D,
90mm < /< 100mm DXENZIIT B, ?EU@%%@%@%H%% Table 3.2.2 (ZPYE ORI ERS
J, Table 32.3, Fig. 323, Fig 324 [ZRAORIEREREZRT. XA ZEAIIb LT,
2258|5479 & TORA, RERITNS S Ieote, i, A4 REANRKRELRDIEE, R
IO 5.

Table 3.2.1 Analysis condition drawing without plug
Die Die half angle 6 /° 6 ~ 15

Tube outer diameter dt /mm 315

Tube thickness on average foave /mm 3.2

Tube Initial thickness variation
Ato=tomax-tomin /mm
(Initial thickness variation rate Eo) | (0.0625)

0.2
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Fig. 3.2.1 Thickness distribution of drawn tube without plug on thinnest side

3.40

3 336 .
D . Die half angle
7 £332 | or
x < ——6
22328 | -7
c§324 —=—8
0 O —o=9
25 3.20 } w—tyem] 0
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Fig. 3.2.2 Thickness distribution of drawn tube without plug on thickest side
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Table 3.2.2 Thickness of drawn tube without plug

. Thickness on thinnest side | Thickness on thickest side
Die half angle
o t min /mm t max /mm
of Initial After drawing Initial After drawing
6 3.1503 3.3406
7 3.1434 3.3336
8 3.1356 3.3254
9 3.1 3.1272 3.3 3.3154
10 3.1165 3.3026
12 3.0895 3.2707
15 3.0449 3.2195

Table 3.2.3 Eccentricity of drawn tube without plug

) Thickness variation Thickness on thickest side
Die half angle
0 At- t max = £ min /mm E

Initial After drawing Initial After drawing

6 0.1903 0.0586

7 0.1902 0.0587

8 0.1899 0.0588

9 0.2 0.1883 0.0625 0.0585

10 0.1862 0.0580

12 0.1811 0.0570

15 0.1746 0.0557
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|--- Initial thicksness variation|
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Fig. 3.2.3 Thickness of drawn tube without plug (foave=3.2mm)
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Fig. 3.2.4 Eccentricity of drawn tube without plug (foave=3.2mm)
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3212 IS5 ERVSHHEINLT

B AN 5 IS LT3 B O % Table 324 1L, BB OEERIAIOETFI51A)
WIE A% Fig. 32.5 (R L, BRAIORFHRIRIE A% Fig. 3.2.6 (T, @R & =2
PRI T C, ORI TRE S AENZLL TWD. L L7 HZe8| & Dia &
(3720, WEZ b/ NSWEFIBIIEN . 2L, TR TER L TWA TS
Ty WG TN R SV TUNRW DI 7T 7 ONED—EIZEE 72, 6 LT
MEMNENZ & CEFI COM LA E DRI LD > TND 20 THDH. £ZTF
T 7 O CIRE ORIEBIT 230 5 DO TIER L, EFHm a6 b TE
TEIRDOFELE LTz, Fig. 3.2.7 IZBIESLOMRA, Fig 3.2.8 IURAFRORFH MmNz~
T 7 =0=S10°OFMTIIBIEMORE LRA, WRZENZEAEEFELL, RICHERE
RLTWA. LinL, 0 =6 OE, XA AANET HI1F EEREIDER, ERH
ML, WA, RARNED LD, 20707 7% AV AHdin iz i,
ZER|Z LR, FA REAPNIWNE O D, FIGROIRARZEIVINE < 72 HEHADE B
o, F727° = 0 =100 OFTIE, BIEMORASITEINT 2H8mER~L, 0 =6
DEAETIE, RARINBD T A 2R LIz b D00, WHIRRSRZ FEIDXKEITIEE ALY
o, DLEDZ En, THRSERRE CIIBgBMORAZSIIENT 5728, THEERO®E
EIITFEEDVETH 5.

Table 3.2.4 Analysis condition drawing with plug

Die Die halfangle 6 /° 45 ~ 10
Tube outer diameter dt /mm 315
Tube thickness on average fo /mm 3.2
Tube

Initial thickness variation
Ato=tomax-tomin /mm

(Initial thickness variation rate Eo) | (0.0625)

0.2
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Fig. 3.2.5 Thickness distribution of drawn tube with plug on thinnest side
(dk =31.5mm, foave=3.2mm)
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Fig. 3.2.6 Thickness distribution of drawn tube with plug on thickest side
(ck =31.5mm, toave=3.2mm)
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28
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Fig. 3.2.7 Thickness variation of drawn tube with plug
(dk =31.5mm, foave=3.2mm)
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Fig. 3.2.8 Thickness variation rate of drawn tube with plug

(dk =31.5mm, foave=3.2mm)
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322 HESMERDORE

MAEIME d 2 31.5mm 2>5 33mm (Z2 L S22V T, XA A EAMNMERIC K
(ET LA Uiz, fRbTAE % Table 322 1R L, Fig. 3.2.9 I ORI R F 7
MAES A%, Fig 3.2.10 \IZERIOEFHIMAE DG % ZAVETURT. XA A EADOH
Pz E B0, ERHIDEA, JERRIANRA L, 3.2.1.2 THOIME d=31.5mm DA LA
RO 2R LT2DS, RIROZALENIKE < 72> T4, Fig 3211 ICIEMORA, Fig.
3212 \RAROEFHI AT, 0 =5, 6 OFSETIE, yHloFaIcHmR ST
RNTT T ONEN—BIZE E > TORWEDIS, RARNEDEE & ~7-1%1C, BNl
TS, WTIDZ A ZEAITBNO TS, MEOENES 0mm =L= 50mm |[ZIZRA, 17
WD DM AR L, d=31.5mm OFERFEREZ, 2 A AFAORNTE H72V MR
W, RAER LV TS, WTROSIRZBWT BITLAEE - 712 IR
L, FHMRARL Y B35, Fig 32.13 1I2d=31.5, 33 THENOSMHEBT HIRA
Fhord. PHPMERRKE WL, BIEHORRRILL 0T 5.

Table 3.2.4 Analysis condition drawing with plug
Die Die half angle 6 /° 5~ 10

Tube outer diameter dt /mm 33

Tube thickness on average fo /mm 3.2

Tube Initial thickness variation

Ato=tomax-tomin /mm
(Initial thickness variation rate Eo) | (0.0625)

0.2

29
[<H)
©
e Die half angle
o 5 28 ¢ or
c o ——35
< = ——6
0T 27 r ——9
02 ——10
MR
E ‘ Tube tail Tube head
|_ 2.6 | | |

200 150 100 50 0

Position from boundary
between taper and pallarel parts |, /mm

Fig. 3.2.9 Thickness distribution of drawn tube with plug on thinnest side
(dk =33mm, toave=3.2mm)
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Fig. 3.2.10 Thickness distribution of drawn tube with plug on thickest side
(dk =33mm, toave=3.2mm)
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Fig. 3.2.11 Thickness variation of drawn tube with plug (dt =33mm, toave=3.2mm)



%3 5 LTHIZIRP IR a OIR A R A~5- 2 2% 3078
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Fig. 3.2.12 Thickness variation rate of drawn tube with plug
(dk =33mm, toave=3.2mm)
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Fig. 3.2.13 Thickness variation rate of drawn tube with plug
(dk =31.5, 33mm, toave=3.2mm)
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3.2.3 FHINEDRE

T2 2 N RMRNRIC G- 2 DB R LT, WEBDRIITZ 7
7% d, HL< ciqzi@%ﬂ/ﬂ\;qg\ﬂg foave ZIHIEET D Z LI Ko TERTE 5. AWML TIIAIES
TEIRDFE—TH Y, FYTEROLERNES) Th 5 72D WML tave 72737 A—4 &
L CHV=. 5% Table 3.2.5 (/R T. F72 Table 3.2.6 (T3 L 918, AHTHWS
MEMENE, TIIAEZZ LS, RAEZ —EL LT, FIHRRER R > T
5. Fig. 3214 IZTESMOERRIOAIE, Fig. 3.2.15 [ZERHIORIE, Fig 3.2.16 (ZJF
mmDRA, Fig 3217 IARRRORFI0 M 2. PIPEARENEINT 213 L, &
PRI, JEPRHIOIRA K E <720, RPAZEMNED 3 DM 5 5.

Table 3.2.5 Analysis condition drawing with plug

Die Die half angle 8 /° 5
Tube outer diameter dt /mm 31.5
Tube thickness on average foave /mm 29 ~ 32
Tube

Initial thickness variation

0.2
Ato=tomax-tomin /mm

(Initial thickness variation rate Eo) | (0.0625 ~ 0.690)

Table 3.2.6 Initial thickness variation rate of tube

Tube thickness on average | Initial thickness variation Initial thickness
foave /mm Ato=tomax-tomin /mm variation rate Eo
29 0.0690
3 0.0667
0.2
31 0.0645
3.2 0.0625
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Fig. 3.2.14 Thickness distribution of drawn tube with plug on thinnest side
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Fig. 3.2.15 Thickness distribution of drawn tube with plug on thickest side

(ck =31.5mm, 9 =5°)
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Fig. 3.2.16 Thickness variation of drawn tube with plug (dt =31.5mm, 6 =5°)
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Fig. 3.2.17 Thickness variation rate of drawn tube with plug (dt =31.5mm, @ =5°)
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LFERMEHER. ZZTRETH, FRT A—ZIIBITDA D= A LEHENCTHZ L
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AEL7-.

ARETIE, Fig 411 (RTEROIGI L y BlUFEEAE(RIE R 2 AVC, BT
[BNCE SRS DI 1%, ISOFHEEE L CTLAFD 41 XKEHWTORLEZ. 72, EFS
B AR 701, 42 RITTHTRELSICIT B ETFHAEBE 2, O 2 2 V-,
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7= Zi=1{ Vier — 1) } (1)
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Fig. 4.1.1 Nodes in radial direction
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42.1.1 77 7% FAv Ny T

32.1.1 THORMTHFERIND, 77 7% ORI CIE & A A AI2B8 D SRR
DI LRHE TR T 5. A TIXZ OB A BET 5. BiEO Fig.3.1.5 TEXR LIZETH
[EEEE 123507 %, L=99mm 23 [,=0mm & 72 DALEOITHIZHIT S, ITHORE 4 &
TRAIAL, RAIEE Eq %, Fig 421 \ORTH A AT — e T ) o 7 OBER NS ORTI7
[nEEHE [, 2 VT, Fig. 4.22~Fig. 425 19, WTHUD X A AT T H IR,
JERIAIE BT, 15Smm =4= 3mm ORI CREIZHENL, Zhucs b2V MRR, RS
WWbd 5. £77, 3mm == 0mm OXETH A 2 AR EIWIEEICRREITRE b
L, WASCRAR G FRRB 9%, 0= 6" OFMTIE, 3mm =,= 0mm OXETO
RIEPRA, RPROZBLITIEFIT NS, LIRS T, #A ZEANNSWESITIE
15mm =h= 3mm OXFIZET 2 RIEDHEINORZED AT, RRZEEN O T NI 5.
XLT, 6= 12, 15 OFHTIE, 15mm == 3mm ORI DA L AHAEE
DO &, 3mm =L= 0mm OXEZEIT 5 REO /LU L DIRAZEORL O 2 5
WER LT 5.

ZZT, 0= 6, 155 OFMHZEITD, h=99mm A [,=0mm & 72 HAHEOINTHIZIT
% &N THOME OFE TR S 10O 4)fE% Fig. 4.2.6 (a), Fig.4.2.7 @R JEHHHRE
ISP ADEDEE, FHTNEEEENEC TS Z AR LTWA. 15mm ==
3mm OFIPHTIE, A AFEAOENT L 52TV, HAROEMSINAETDHZ LT
FEAA & JEPYRIO T ORIET, IIEAETIZ O CRIESEINL, WA T 5.
F72, Fig.42.6(b), Fig.4.2.7 OWIRTEGURZIS S IOIERKZ WA &, EPMRIoJE 7R
TRZSSTIDNEPRMAIZ D TR E L, ERRIDERIIL Y HHEAT 5720, RABIE
R 5.
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Fig. 4.2.2 Thickness distribution on thinnest side during drawing without plug
(ck =31.5mm, toave=3.2mm)
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Fig. 4.2.5 Distribution of thickness variation rate during drawing without plug
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Fig. 4.2.6 Distribution of deviaoric hoop stress during drawing without plug
(6=6°, dt =31.5mm, toave=3.2mm)
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Fig. 4.2.7 Distribution of deviaoric hoop stress during drawing without plug
(6=15°, dt =31.5mm, toave=3.2mm)
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3.2.1.2 HOFMTHERDN S, 77 72 HWDHINT ClE, ¥ A AYAz/hs<<T5Z &
T, WHROBIONPREL 2%, AATIIZOHGEEET 5. L=110mm 7’ [,=0mm &
IRAOMEOMLRNCIT D, FA REA[EED LI O LR ORNE  OZ bE, EF
JFTaIEEE I, & FHV T Fig. 4.2.8, Fig. 429 (<. WA E ERAIOAIE CTHaE L C, 15mm
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Z 2T, Fig 4211 OIRAZEDZE(E (@) ~(c)D 3 KT, FALEDXR & iTH
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FE7z, RIUEIZIT 5 Fig.4.2.13 (b) OERIO RS RIRAIE, 0 1ThMEZ R L
TEY, REOHEMMEE A TN LERL TNV, ZOYRFIIRZADSINIREL T
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B. D72, JEIFROERE IO TN T, Mz TLELEhL7-Z & TRED
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Fig. 4.2.15~Fig.42.17 {20=5,6,10" DOFLEZIT HINTH OJE SRS T OFEE &
PRI OHRZD S ONHEDOET I 0 A am . WO Z A ZEfHIzB T, Bl
D3 XKEPMEET D, LLAanh, 0=10" OFMTIEXRE ), XEb)OEFHIENT
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Table 4.3.1 Analysis condition with fixed long plug (1)

Type Rigid
Die Die hole diameter da /mm 30
Bearing length b /mm 4
Type Elastic
Plug Plug diameter dp /mm 244
Supporting rod length / /mm 10000
Type Plastic
Material of tube A1070
Length of tube | /mm 170
Tube Initial thickness variation 0.2
Ato=tomax-tomin /mm
Axial 0.5 mm/div.
Division Radial 7 div. (progressive)
Hoop 15 °/div.

Coefficient of friction u 0.07
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Table 4.3.2 Analysis condition with fixed long plug (2)

Drawing condition (A) (B)
Die Die half angle 6/° 10 5
Tube outer diameter at /mm 31.5 33
Tube | Tube thickness on average foave /mm 29 3.2
(Initial thickness variation rate Eo) (0.0690) | (0.0625)

Table 4.3.3 Analysis time
Drawing conditon Use long and fixed plug Use not fixed plug
(A) (B) (9:4.50, at=31.5mm, thve=3.2mm)

Analysis time ta/ h 103.5 127.5 60.0
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Fig. 4.3.1 Thickness variation rate of drawn tube with fixed plug
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