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Evaluation of press formability for Ti-6Al-4V sheet at elevated
temperature

M. K. Bae, J. G. Park, J. H. Kim, N. K. Park, Y. S. Kim

Abstract
Titanium alloy sheets have excellent specific strength and corrosion resistance as well as good performance at high

temperature. Recently, titanium alloys are widely employed not only aerospace parts but also bio prothesis and

motorcycle. But the database is insufficient of the titanium alloy for press forming process. In this study, the effect of

temperature on the forming limit diagram was investigated for Ti-6Al-4V titanium alloy sheet through the Hecker’s punch

stretching test at elevated temperature. Experimental results obtained in this study can provide a database for development

of press forming process at elevated temperature of Ti-6A1-4V titanium alloy sheet. From the experimental studies it can
be concluded that the formability of Ti-6Al-4V titanium alloy sheet is governed by the ductile failure for the testing
temperature below and vice versa neck-induced failure above the recrystalization temperature 0.5T,,. The formability of
Ti-6Al-4V titanium alloy sheet at 750C increases about 7 times compared with that at room temperature.
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Fig. 1 Formability testing machine at elevated
temperature

2.2 N A3t
Fig2: FLD &3
o dido] WY AF
Ebd Zolth Fig 2(a)~(c)E 1}74 500C, 600C
7ooc A BFol g diolrt agoz R
7} 1H7324 L= 700C olstoll A=
1 Ao} vheko] 1A vt
2= ojt}. &ty ;\pqq

700C oA G&
7/}%“?% do] )3 stgho]

o)

%

o
=
g}

i

datd 7t ex¥ Aovg
Fig.3ol YeEhJ Ao & 5-
A% TEQ A Al H), F1g3°ﬂ
7} 500C, 600TColM = =
oA Ao dEAQA Fel

B

Q2
1__1__1_.

o]
=2



(Dimple)&2do]l Uelgth 3HAT 700THA = o

23 9Z dAo] ©EA REg A4E FA

3 Fol 23 dedH, olF FFo Xol 5007T,

600Col = AAlwta]o} o5t witho] AAA £
c

=Rl 700CAM T SF ol ek vpeol (c) A SEM of the fracture surface at 700°C
HERFL gles @ 4 aloh Fig. 3 SEM images of the fractured surfaces for

different temperature and different deformation

modes.
=y 4387 AL A At
29%  mF  ATHAA ALR ASIAS

(Automated Surface Information Analysis System)[7]
7} AF-EQith Fig. 4= ASIASE ©]&3ted AlH
e IR 257t 600C 91 A$-ol Fo] 50mm¢l Aol I}
(®) 6007T and 10mms o ZxolM WYBS =AY dF vl Rl
O S . TeAME AIGAR £4EA et SR
9 2ANN A WYL 24T F A9

(@) 500C and 10mm/s

(¢) 700C and 10mm/s
Fig. 2 FLD tested specimens

Fig. 4 Strain measurement using AISAS [7] for the
fractured specimen of 1200 50 at 500TC.

1.2
Temperature = 500°C ®  Safe
Punch speed = 10mm/Ai X Fail
1~ —prn
= 0.8 p~ —p—
g
Al
~ eel
5
E 04
02~
1 i 1 1

0.6 -4 -0.2 0 02 o4 B.6
Minor Strain

(a) 500°C and 10mm/s

- 154 -



1.2

Temperature = 660°C ®  Safe 12
Puuch speed = 10mm/s % Fail
1P - i~
£ 08 g 0.5~
2 Z
% #
2 06 = 0.6
2 =
k) 3
- 4 ~ 0.4b
02 b -t 0.2
0 i L { ] o |
06 04 02 0 02 04 06 06 04 02 0 02 04 06
Minor Strain Minor Strain
Ly (D) 600C and 10mms Fig. 6 Experimental results of FLD of the Ti-6Al-4V
®  Sale » alloy sheets at elevated temperatures.
X Fail
1 =
= 08 3. 43 ¢ 3
-3
; X
C 06 » = 52 B
5 < A. S. Korhonen 3131 & 3% 4% ¥ oF
EN had . 5
Z oak b A S H W(multiple localized neck)e] FFE 2] F o
. vepde ezt 35 Yol obd A4 sae] o
o2t T @ a2 Ageed FHsAc
Temtperature = 00°C
Punch speed = 10mm/bs
0 ] i | ]

-0.6 -0.4 -8.2 0 0.2 0.4 0.6
Minor Strain

(¢) 7007C and 10mm/s
Fig. 5 FLDs at each temperature

i ~(C)= R ~6Al-4VEFZ o] L ;
%F],géﬁ;é% _(‘,:ig z}}}jﬂ 23 E}Al ;?;im jo 0:(": o] (a) Ti-6A1-4V specxmfo:n (b) Ti-6Al-4V specin:en
AS APAHe ZEL gyste] utlokst WAE (200X100mm) at 600 C  (200X100mm) at 700C
REE fT8y g o, gRE A"HeA Iu Fig. 7 Multiple localized neck in case of plane strain
T 2o ¥HEgEe] HoEsy nog Jehin mode in Ti-6A[-4V sheet at 600°C and 700 C
AL & & 3o ol 2438 gey
A WA Apolo] Al nlEEAD Qs E3 = B Ago XX Fig. 79149 Zo] 600TolA =
2% QAo WMPRTE Agsty] oz Y7 ttF FE do] dHHo] AATTe o S
WEOR FoETh W 700Te FPol= B 7bag 53 3lEE AR FRsta 9
o 5 HE APIAS wsw Feiel @ qge]  WebH Ti6AMV FTBAY o] ARALE
% HYEANS ARE JED Aok Tieeal BT $E LEddeae I4 w99 5
ags B ANEol FLolA o 10% U9 93 dd9dgE BAE sk ddFIHx
Vg AL o Fig 6ol et Zo] 500ColM = oF DFLD(Ductile Fracture Limit Diagram)& 2% &35}
5E) . 600TCollA= <k 6ul, 700TolA = <F 78] AE 7o) el dolgt FerE ) [10]
A@Aol 7MEE € 5 AU

- 165 -



1.2 -
N\
1 “\
N
08 \
.; RN \T' -~
‘-‘.'.' N N NN
u - \
o D6 bk §
& “y ~
C3 ~.
-
S W1 hat
______ Experimental duta at 600°C
0.2 — = = = | Cakulsted data at 600°C
— = w | Esperimentul dain at 70rC
wos on « wm | Calculsted data st 700°C
i i
[

-0.6 -0.4 -0.2 0 0.2 0.4 0.0
Minor Strain

Fig. 8 Comparison experimental data to calculated
data with Cockroft & Latham model

Fig. 8 Ti-6Al-4V FEHAE 600T ojA9 A
A7 dEAHA AAFAAQA  Cockroft &
Latham[12]¢] 4]

C= f"aldg 0

- n+l
k(e Ry EFE)T
n+1

g °]

op

gt} &3k DFLDE uYeEld gt o714
0= 3¢9, 0= 5715800, Ti6A4VARY]
ol FEIHL Logan ¥} Hosford[14]9] &E
£ w2e oz 9 =82 Fr}[15]
600C2 700CoAA GFAF HAHFL Fysle 7
g dAZ Cc= 27 431Kgf/mm?, 527 Kgf/mm?® ©]
et

A SEMANA T tF = 98 2= @
g AT Fo] 600C M e AATFI o3
907 AYFFAS dFsl= Aol dHolz
gt shAg AlHe &X7F 700TCo] ol=2w
Ao HE ¢ o] tF ZH 9L ZHold £
o, d4 T g HdudE TR o
& ddolztn @ebdAc) o] Fig 39 SEM AR
oz PAE Axtel dA g}

x> g

- 156 -

4. 4 E

B dFdE 5 2 H4¥L HAIYsd Ti-
6Al-AVEE TA9] T HHEAFS A3
7tetgich AxE QoFstd
(1) 22olA o ) APA

FIEZ A9} FHZH 28 &g 1 F F
= A o ALl
(2) 2o A9 Ti-6Al-4VIZRAL] HPA H7}
Al 23 500CoA A= oF 58], 6007C o
AME o 6ull, 700CAAE & 78 Hx Y
ol F713HE ¢ 4 ddTh
(3) 2olA 9 Ti-6Al4VEEHAY st &S
A A, 600CAA s AT 9
ddbo], AAA % HEIZYU 700°ColAol A

5 odo] ojg stoko] XujHQd RS ¢

At

O.M_ﬁ'

il

i

-y rlr

F 7

B d7e 2008d AARAE FFLFRE
SNSAIATTFETRAY A H7F € HAY
FA7le M3 FAEdign BK2IAMYEY A4
o wg=on AAA YA A= =
3 AgaA ZHE 23 ASIAS S/WE A T34
FA Zddga A¥EF oA A =€ oh

—_—

2 ox

Eogs

[1] M.Vanderhasten, L. Rabet, and B.Verlinden, 2008,
Ti-6Al-4V: deformation map and modelisation of
tensile behavior, Materials and Design, Vol.29,
pp-1090-1098.

[2] A.S.Khan, R.Kazmi, and B.Farrokh, 2007, Multiaxial
and non-proporional loading responses, anisotropy
and modeling of Ti-6Al-4V titanium alloy over wide
ranges of strain rates and temperatures, Int. J.
plasticity, Vol.23, pp.931-950

(3] S.B.Leen, M.A.Krohn, and T.H.Hyde, 2008, Failure
prediction for titanium alloys using a superplastic
forming limit diagram approach, 2008, Mat-wiss. U.
werkstofftech, Vol.38, No.4-5, pp.327-331.

{4] R. Hill, The mathematical theory of plasticity, Oxford



University Press, new York, 1983.

[5] Y.S. Kim, Plasticity, 2003, Sigma Press.

[6] Z. Marciniak and K. Kuczynski, 1967, Limit strains
in the process of stretch-forming sheet metal, Int. J.
Mech. Sci., Vol. 9, pp. 609

[7]1 H.Y. Kim, S.C. Choi, H.S. Lee, H.J. Kim, and K.T.
Lee, 2007, Experiment for forming limit diagram
and springback characteristics of AZ31B magnesium
alloy sheet at elevated temperature, Trans. Mat.
Processing, 16-5, pp. 364

[8] H.S. Son, S.H. Jung, and Y.S. Kim, 2007, Prediction
of forming limit for anisotropic sheet metals with
considering the effect of strain-path changes,
Proceeding 2007 Autumn Conf. Trans. Mat.
Processing, pp. 109

[9] S.S.Hecker, 1972, A simple forming limit curve
technique and results on aluminum alloys, Proc. 7th
Biennial Congress Int. Deep Drawing Research
Group, Amsterdam, pp.5.1-5.8

[10] L.Zhang, Y.-J.Yin, Y-Q.Chen, and M.-D. Xue, 2003,

- 157 -

Damage and forming limit analysis in porous ductile
metals at room or elevated temperature, Mater. Sci.
Technol., Vol.19, pp.1355-1360.

{11] JR.Mayeur and D.L.McDowell, 2007, A three-
dimensional crystal plasticity model for duplex Ti-
6Al-4V, Int. L. Plasticity, Vol.23, pp.1457-1485

[12] M. G Cockroft, and D. I. Latham, 1968, Ductility
and the workability of metals. J. Inst. Met., 96,
pp.33-39

[13] A.S. Korhonen, T. Manninen, 2008, Forming and
fracture limits of austenitic stainless steel sheets,
Mater. Sci. Eng. A, 488, pp. 157-166

[14] R. W. Logan, and W. F. Hosford, 1980, Upper-
bound anisotropic yield locus calculations
assuming<l11> pencil glide, Int. J. Mech. Sci., Vol.
22-7, pp. 419~430

[15] J.G Park, JH. Kim, N.K. Park, and Y.S. Kim,
Plastic deformation characteristic of titanium alloy
sheet(Ti-6Al-4V) at warm temperature, Proceeding
2009 Spring Conf. Trans. Mat. Processing, in print.



