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Evaluation of press formability of pure titanium sheet
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Abstract Commercially pure titanium (CP Ti) has been actively used in plate heat exchangers due to its light weight,
high specific strength, and excellent corrosion resistance. However, compared with automotive steels and aluminum
alloys, there has not been much research on the plastic deformation characteristics and press formability of CP Ti
sheet. In this study, the mechanical properties of CP Ti sheet are clarified in relation to press formability, including
anisotropic properties and the stress-strain relation. The flow curve of the true stress-true strain relation is fitted well
by the Kim-Tuan hardening equation rather than the Voce and Swift models. The forming limit curve (FLC) of CP
Ti sheet was experimentally evaluated as a criterion for press formability by punch stretching tests. Analytical
predictions were also made via Hora's modified maximum force criterion. The predicted FLC with the Kim-Tuan
hardening model and an appropriate yield function shows good correlation with the experimental results of the punch
stretching test.

Keywords : Forming limit curve, Kim-Tuan hardening equation, Modified maximum force criterion, Pure titanium
sheet, Punch stretching test

1. M 2 WY 5 7o BE Ao A B &
4531 Utk PHEO| A4 AMEH = EEHg dEd2
dughr|et Az 227 t=2a1, aAAgEd 52 dwgt WAS Fslsta dAje Aot S Fol

o weld - A viAl(heat transfer fluid)= 7] 9ate] vheke 253 ei(ridge, corrugation)®] HEl
Atolel Gughs Frafsls g E wabm kst (washboar pattern, herringbone pattern &)= 7F4|

7b EAg o] FollA AFGust FA(plate heat FoEZY A2 7hEEte] AzPoh Fig. 1S WEA<)
exchanger, PHE)« 25%4H, 318 241, &), o ElElE PHE 8745 Uelhd Aoz adoA Ha2

o] =S 20143hd AR (ugHEIe)e] Adow FTATATEe] AYS wol FPe ATUFAUE : 2014R1IA2A2A
01005903)

*Corresponding Author : Young-Suk Kim (Kyungpook National University)

Tel: +82-10-4772-1956 email: cackim@knu.ac.kr

Received January 29, 2016 Revised February 24, 2016

Accepted March 3, 2016 Published March 31, 2016

380



< HetE BAY ZEA YA H7HA 18)

ST e 120 A B WS, R

o [<
E=Ao] §1%= Grade 1(5H EFA9l 3 JRo7 =0
AT} %

o
ElE FHA(commercially pure titanium, CP Ti)7} &
ALg L FH 2ol Huldk &9 S 93
Grade 2, 39] ElE}E(ES €49t 2 A
Lob e 43S 7H) A

7% AAEEE wEo] o

ot rlo M yo
N o
N
!
)
il
2

qu oo

9,
N
&
30
= 8
=

& ElEHs 3= 544 54 (allotropic metal) &=
o ve rdse zEsHARx
(hexagonal closed packed crystal structure, HCP)E,
880°C ol M= A YA ATFZ(body-centered
cubic structure, BCC)E ZEt) b AAdEHA
- Ak o] dE(Young's modulus) 7} Sl U]
o34 (in-plane anisotropy)©] g 40| A F
el AZA L vlaLshH e ThEo] o Aol
ok B3 Helw #AlY AdWYe FEOHYRH
(twin deformation)ol] ¢J3f dojup tedntakal 38
G o R AT SFFelA SH-HYPE FAe]
H33] th2 ZEx}o](strength differential, SD) & ¥}7}
ZAte Aow dElA AUrh2)

O:
O:

el

Shape of heat exchanger plate and
Flow principle of a plate heat exchanger

Fig. 1. Shape of titanium plate heat exchanger showing
various pattern shape

381

H7h g om e & ek wael gd Zas
AR i )z dolEE SaaA g ol
S8l 4 EEE Aol 4a8s TR o)

FE2AYEE S F8) P A (forming limit curve,

s
-y
e
o
N
N
e g
4
O%
ol
ol
4
ful

of i3t AHge =mdale  CAE(computer aided

analysis) ©]-&3%F PHE Zdl~ 23 2 AdFAA7

o 7Hg 127t e doleelt. B dATeAe &
ek #Alel 93a9ARE M F 99T 4 9

2.1 QIEAH

7 0.5mm¢®] PHE & < ElEHs dA1] 7|AA S
A8 F71sk7] 9lsl ASTM ES (KS 0801 13B 4
T4 NS AF sk KS B 0802: 2003 A
w2t Imm/min®] AFEEE AFAHE ATk
Table 19 & 32 Yehl| 23, Table 29 ¢
Ak disiA 0%, 45%, 90% Wake]
YehHATE Fig. 201& 90akoz A3 o1 gAIH
AE 2.5%, 5%, 10%, 15%, 20% 7HA QA48

JH‘U ‘;IIN 30,
Ay A
: .
oo
2

Ao
Ir o —r
o o
= 5
oo

1

..<

w1

fo

w R
tio
e
4
32
-,

A= R R T oM Ay S

-y
>
O
3

ﬁgfﬁ,m

oft

)

olo

B

I ol

o

rE

o
T

2

e e
2
ofN
N
ol
ol
=
%0
rlr
=
T,
:?l:,"
N
W
Kt

o=

o
o
o
v
&
o L

o
ol
=
o
r
Y
oz
ol
ol
oly
fatnt
flo
1 f
=
>

W
3
2
=
IS
i
i
17
ok
K
O
o
k1
o
o2t
)
X
Nl

_‘:ﬁ,‘

-3

ol
ol
oly
2
tio
e
rx,
N
e
do
‘.E
(=]
N
whn
fo,

02304



A=A 71E8 8] =2 A AlTd A3E, 2016

L1 t‘lj_lxg(lal oﬂ /\1

-[n:

Rt g1l AHEAT.

473t & FCC BAE A st5a7A F93
]J _4‘.41 5] _6_;%% ]\/]_/\1_‘:_ L-ﬂo] HH@E]_
Zlo] dubdol} B oIGte] &= ElEl s HCP A9
FFnh 90 Wl M E A sEds

tjo
ox o
ol 1

{0001} < 1120 > Z@ANA 9] B4 (twi
(1021) Wl A2 &J(slip)el 2§
HYE FEshs WAYFo] tE A 7]gt}
o|Alekn} 5319 Aol w2 0 A
Sgo] v AL o] Whael A WA ] ¥ A
Asl7] witeln o= <l 171%%7&53 s
ARAAZE A golUA Ul &
o} vhE 90k Wkl M= TH*
Ao| A7) wjel] vre 7
L}E}Lﬂﬁh Gl

v
X
—
[ew]
=
[N}
=

o oox 1 = oXx

) HU
flo rE
o n

2
re
>,
i

™
olo

&
o
=
2 U

i
P
>

n_%’

<

o

)

32

o

o
2

N

o
ok o

N

off X

ox
BN

3

)

at

w

£

=

b

i)

=

0o &
1o
EuiEN
it

fd
1%

(Kim-Tuan

o mal o
el A= YeERRRIH.
Swift :o=500.46(0.002+ )"0

@

Voce 0 =162.94+262.67{1—¢ >}

Kim— Tuan : 0 = 162.94+432.74(0.002 + ¢ 0590 {1 — ¢~ 492:69¢}

4o Bgge B A A%

Kim-Tuan

382

Oop®t A7 BAZRE o3& gt 0,9 Zol

(error)E TH 2] o= Hrlsloith
1 " OO
n 1 Texp

Swift =2, Voce 2@ 2 Kim-Tuan 22| 7ol

o Z47F 2.34%, 2.16%, 0.21%,
27 2.70%, 1.69%, 0.69%, 90%=-

ko] 9o 27t 2.00%, 0.47%, 0.18%°]t} =,
Kim-Tuan 229 7297} RE gkl A3 gk}
QAT 1% olsh 71 A7) whiel ke | 4
A BAREHEL Qe o & Sk
Table 1. Chemical composition in wt %
. Residual
Oxygen | Hydrogen | Nitrogen | Carbon Iron (max)
0.18 0.015 0.03 0.08 0.2 0.1(0.4)

Table 2. Mechanical properties of pure titanium sheet

dirction | YSOP0 | TSOMPD) | 0 | SR
0° 162.94 288.2 429 1.83
45° 185.14 2353 423 3.77
90° 211.16 258.8 342 5.69

Transverse direction

25 5 10 15 20
Strain(%)

Fig. 2. Deformed specimens after tensile tests along the
transverse direction(90-degree direction)
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Fig. 5. Deformed specimens of titanium sheet in punch
stretching test to evaluate the formability
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Fig. 6. Magnified photos for fractured area of uniaxial
tension, plane strain tension, and balanced
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Fig. 7. Forming limit curves determined from punch
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