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360° Cold Bending of Ti-6Al-4V Large-Diameter
Seamless Tube
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ABSTRACT

360° bending of Ti-6Al-4V large-diameter seamless tube(62.37 mm OD x 4.40mm wall thickness)
has been achieved at room temperature without heating. The bending process comprised two steps
: the first step is 360° bending by an uniquely designed rotary bender allowing spring back, which
is subsequently eliminated by the second or finishing step which comprised repeated bending
processes by powered three roll bender. In oder to prevent collapse of tube during bending, Cerro
Tru ™(Trade name of a non-ferrous low melting point alloy)has been employed as a filler metal.
The resultant ovality(out of roundness) obtained was 1.28%, as compared with 6~8% without
applying Cerro Tru"™

F87]&80] : Cold Bending(\7} £3), Seamless Tube(¢] 24 §1= FH), Rotary Bender(3]d 415 71), Spring Back(
=2 ), Powered Three Roll Bender(584] 482 F37)), Cerro Tru™(M2 £2), Ovality(JUE)

1.M B 2 & Bojebg 4% 27 63.5mm 09| Z7]|
HaiMe 7tEsiort 53e Agt e d4e 2

Ti-6AI4V(Ti-64) 32<] o) 2uf Q& BEvo A =tk i A7 o|F4 gle Ti-64 FE 8o thsfiAl
2 3% o]0l ML} o] FTL 19704 o7 £ MA@ PHAEY7} A YA gt 2y
2 EZ golgty S8 Bz Alexe & S00T oY Lx: 2 ¢u mnke) 44w
Ti-3A125Ve v} ZAwmetd ¥ 252 2% o o ol A¥F #d B3 EAE dosH 1

]x H)-g-0] 20~30% o =th A o B3y 7la AT 5 Fojy 2y
64 27 B 298 T? = sus e MY AFo] Fasin:
Ao o AL ol oeinel o g ] o) SIS A1 ) el Tish AR o

&0l gl Fuel Qo FYAoIk @PARTY = 9T FROImm 97 x 440mm S5
o5 Tiednoh BH o dio] 2o )\1?3;513 360% F3lol 7led Aotk

* i—tﬂ-;,].a;]-oq.?/\ 7]/\0:]_7.% 53?_ 230104 63'%1 o| T g0ﬂ/\1 /\E]é;'q?_] ‘IFT:‘—I:—]- :151_?;5:]‘04 ﬂ%-‘;—m
* Igagd s A AN LR 13 d°‘°q?%1 [N Boid AL, %=100XDraxDrin)Drcrs, Dron=

176 | BEFATER &t A3 A1 52000 79)



(Drnax*Drin)f2,3 71 A Dppax D 242t FHY] H
o € H2A%EE Jehdth o 3 3 Tied I
o] Ao o) Faks weth e 207} Tioh
o] s Ads A FAE AE 4 Ak

Ree & 3% FAs 2ade Tieh FEA
$ole 28 BHoze nlaHAgle] Wizt
Ay $E 3)L 40Ty = $A7 11.34gem’
o HIFE 203 glo] O] &2 APt A7 o
#eo] 875 ok

Cerro Tru™(¥ 3, A €3 vIEA &2 4E9)
7t §8 =F FBY olalAg wA] A 3
WA JFHE AMEE Hol 9lem, 1 FHo
g o] Zol|A 13 g Aol

I F3 34e, F 9AR UHolA slenl o
A HAE 173 }71] AAE 3 5714 23 360
T g3oF 2xg wo] A7, o] Axy wle of
ojx] B2 A 7] Ejo] 93t Alojd AL ¥F &
_0- a_g_ O%Ei 31_04 H]—HL —TJ--EQ sv_xqog o]:?—_.o];(]l:
F A v e $uAA AAEE b, o] F
Aol 71ed Roldth. ®3 ufEA AR FH4
360 3A 73 AT ERIAl 7iE € Heolch

N

—

FORMING BLOCK

BRACKET FOR FIXING ROLLER
/ {4 PLACES:
- GEARRATIO! 10

3 HYDRAULIC CYLINDER
: CES)

= 7|74[°l EA}E

2. S84 360% =M =8 VA

28 12 ) 373 2 $AL ¥EAY 13% ¢
F Fugl 0= 2 02 14 448 §9

4 BA7AlY BAEE vehl glc of -&@7]5

O RS 8 74 FOE o)ffA Aok 1) @
M A8 £F, 2) frHoR gaE A_gaé
24 7bs T oA Ay WA E4, 3) shue g

% 4 7% 58 % 7|olE 2deke s -?%Al
28, 5) 6}491 Aol AlEE, 4Y 25 By
g8 FHL dvl & AgAe] Ao
Fa %J Wgo] 21 W sfgse 49
9 34/ FHE FURE 8 FeHe
3 £58 IA ERAPIA Bn o A7)
285 E9AY A7).& FHY 5 WY
oA FaA=ALR UdHS HIL 27
WHo) ojs) HYEA Bk 2H &
= 7HH HEf59

}11
el 03: e

oi’ﬁ
A
=
L

%H A%

S SR 28
Hloz ol Rus| Axa ug Hofd &
#22 & NPl 98 AN F3 I

FATARE e 2] A3E Al1EE000d 74) / 177



o7 A4¥ B20] 360% A, FHY 30T F3Y
19417} o]Zolx|A "tk 3605 T3] 19A =
H 94 2z we 1 oe B4%) 594 4
N E2 18 71A 2L J1AAM e 58 F
Ao g FAHE 29 e dAGA o3 AA
HA Eoh 29 2= Y4 A ) B FYVIE R
of F390h.

3. Ti-64 Cf =& 0I30 %= *E

# 1& AE olen) giE FHo SR
Ti3AL25VE] 4E3) vimstel EASGT & 28
Ti-64 o]0 Qe Fr 249 2719} 71AH 42
< Ti-3A1-:2.5Ve) 71A1A A3} v|wsle] EA)SHTH

o

4. Ti-64 O = 0|304 8l=
2t =3

§FH9| 360 =

%% A E Ti-64 FHo AZ EHCT™, & 3)
9 ge Y A9
T1 649 1A F3o] 7+ glo] oA 58 3
21360 &= 5% 71741°ﬂ*1 g

3 % 249 ¥4 CASTROL HYSPIN
VG46 o|gth A¥7] 73 dd &&= 005~03
pm, A Z 0.1 pmEch Ti-64 of 27 o5 gl
FHY 3605 Y7 584 £85e 75 BB 7%
A o] Hrgte 65keffem’o] Gk

(E 1) 0lg0l gis Fio| sisty ME(%) Ll 34 e
= 1 | Ti-4 o5} 2= FE(Annealed)
B Ti-6Al-4V Ti-3Al-2.5V ) 3% B2 ute EHo] CERRO TRU™ME £3)
C 0.026~0.036 05 FH(150T)
Al 6.43~6.58 25~35 5 |360= WP Y 22y
v 4.17~4.30 2~3 (194 59 334 'E‘i%l 7N
Fe 020~021 03 4 Zarey Zﬂ?ﬂ HYE Ao
0 0.18~0.20 0.12 QU e ST ]; ALgA 287
N 0.024~0.028 0.02 5 | wl78AA % CERRO TRU™ it
H 0.0033 0015 BEEEEELEE
Ti U A Uz 7 WA AR
Other Total 0.09 04 § | FASANEY 7D A2
W @ Y00010 00 o |05 2T Te6s ol gle FREH A7
AMS4943D 992) EH7D

(& 2) o304 fl= RE 7[AH HE

A 4| UIS | 02%YS(| E RA
& (MPa) | MPa) | (%) | (%)
Ti-64%, A 1O0I8S | 936.6 164 | 420
Ti-3Al-2.5V 620.0 515.0 15.0
AMS4943D,A

* 2] 4=62.3Tmm, %] FAl=4.4mm( +10%)

178 | A8t r1ess| Al A3 A|15(2000d 74)

(33 3) Ti-64 of & ol30f 8= FE 360% &z
o 3% 58k



Al o= 45SmmSoH, HE ojojM o= Al A &
g 53 7IACEE D 24 S HdET ¥9g 2 =

=

o8 27} A7 ol WA e Fue) 2

=

& 23 4 Fo7EA MY BE 59 Ay
AF el A AA"S.

4a-3

4a-4

(38 4a) 22 x2/E Ti-64 oIS0) 8i= FE9 ZE 3 olFL

i & 3 olMel T ol ZX, oIM da-12 BS AFUY
OF tivle] 4% 4a-32 3% 4a-2 oIF da-4t UfFe] 242k 90 2o AxloIMe) TN 2zt
L{efct

oAb ee3)A) A3 A)1E000d 79) /179



7

(27 4b) 8 H2IE Ti-64 0[S0 gi= FEol T B ojF el ool oM X5 OPIA 4b-12 F2 2F
cipigl b2 =

AR 432 3% 4b-2= 9T A4 WSe] 22} 90T 2ol SixlofMe] £

—

=}
o

2t

4]

180 | AR sl71eEkE 4] A3 A1E2000d 7Y)



S0

(F 3) Mz FR(CT™)el 4.0 )kl 2k gl ¢
Alg LiEpict

R 58%Bi,42%Sn
7] = (glem) 8.7(11.34)
£ A0 138(340)
%G 7%= (MPa) 56

4.2 Mz 5% Hgs Sot TaTe| 7

Fuo) AY="(RLAA Hohd BD)E 7 F3
A A5 54 HA AZ 7R H8E B3
Az M AIAE F 40 FA] STk Ti-ed {FH
3 39 MYE 27 24L& Fa wrt o,
2 493 4 Eoleha(CP T) 4% 23& 3%7
oltt. TLe4FHY AAre HAE FF5 FE3A
ol &t 360% HHE W 7.16% <ld) wis), A=
5 A48 F g9 A9E 128%A0 3L A=
F79} Ti-64 FHIe ofF ¥ dojupa] o
SRk Az 55 AA - FH 29 2 24 &
Ao A AHFAE 283 FH YAS YAEES
B3 SRS AT iAo g 3 7
Hol 7 AARE 93l AFAAPE AAEAC

(& 4) REo| DT XY
=
Ad= =) al
(%)

5 z0 3, &Ti | Ti64 713 WA
ct™ [ AZA| 0 | ogu gle fu
23 ) 0.96

” ™ =
Ti-64 2o 198 CT™ v Z214]
=R 7.16%

Ti-6dol57 gl FEO
YERATh Ti-64 01% U %i%
)

Aoz wold A §9 ¥ F 719 A9 74

QAAE QIE EFHH W3
FHo 8% wsle} ny
EAsd 8 FA)7F golA
o

ot
S
=
o,
i,
\:IS'i Y
S
uf
)
b
>

rlr FN
m

lo] o]gi% o

FFHE o A7} ofF Aok Ak FEMOR
o2 o) F7 oj5d e FHY ¥ F9E A%
HA9] x1& AT F& Sk

=

= E_

Fe ) ol B 979 MAS Holud ¥
A

4

3

O3 55 A&oA 360 = #33 d A Ti-64

olg" §l= FEE B Fot

(3% b) 7i¥ ROo| &2 360k =@ 3% B2 ¥

5.

Ti-B6AI-4V ol3oh Bl RE

4 B

1. Ti-6AI4V o 274 o}guf = E8(97 62.37mm,
Y27 440mm)] 3605 W7F Z8lo] ARl A
7+8 glo] 7Fssith

2. 78 7 Fuof o]ads wAs| $8) Cero

™7} 33 A2 Hx2 44952 0 3
72 olgvl ¢lv FEEFE 623Mmm¥TA

FaTAtHE7 &R A3 1520008 79) / 181



4.40mm)9] 360% W7 23 A E AYEE,
Cerro Tu™E AM3HA] & A 7.16% Hl
&, 1.28% Qrko] AFEZ BA Cero T e
I 3% Egoleky $EY Ade HAS Y8l
$43 22 A= otk

3. 2830 A8 59 584 39 AAE o
47 2 2 959 3 AT FFY 0 3
3L A8 424 o)dk

azd

1. Meredith,S. and P. Finden, ‘Production of Seamless
Ti-6Al-4V Tubing’, Titanium 95: Science and Tech-
nology, Proceedings of the 8th World Conference
on Titanium, Edited by P.A.Blenkinship, W.J.Evans
and HMFlower, The Institute of Materials, 1996,
P. 755~762

2. KochM., H.Sibum, H.Jelenak and E. Planker,
‘Seamless Thin-walled TiAl6V4 Tubes Manufactured
by Flow-Forming Process’, Titanium92: Science
and Technology Ed. by FH.Froes and I.Caplan,
The Minerals, Metals & Materials Society, 1993, P.
1429~1436

182 ) BEEAFIE 88 A3 AL5E00E 79)

3. Kollmorgen,L.L., ‘Titanium Tube Bending (Technical
Paper NO.616)’, American Society of Tool and
Manufacturing Engineers, Collected Papers, Metal
Forming, Book4, Library Ed., The Boeing Com-
pany, Seattle, 1964, Vol. 64

4. Metals Handbook, 9th Ed. Vol. 14, April 1988, ASM
International.

5. Materials Properties Handbook : Titanium Alloys,
Ed. By R. Boyer, G.Welsch & E.W.Collings, ASM
International, 1994, P. 605

6. ‘MIL-STD-1627C(SH), Bending of Pipe or Tube for
Ship Piping Systems’, 30. September, 1994 Com-
mander, Naval Sea Systems Command, SEA 03R42,
2531 Jefferson Davis Hwy, Arlington, VA 22242-
5160 USA.

7. MS 33611, “Tube Bend Radii’, April. 1983 ,Commander,
Naval Air Systems Command, Hwy 547, Lakehurst,
NJ 08733-5100 USA.

8. Avitzur,Betzalel, "Handbook of Metal-Forming Pro-
cesses’, P475, 1983, John Wiley & Sons, Inc..

9. Hosford, W.F.,, ‘Metal Forming : Mechanics and
Metallurgy’, P282, 1983, by Prentice-Hall Inc..

10. Tanaka,S., ‘Numerical Simulation of Tube Forming’,
1. of ISTP Vol.39 no.453(1998-10) P. 1029~1033



