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Abstract In this study, the plastic flow curve of commercially pure titanium sheet (CP Ti) actively used in the plate
heat exchanger etc., was evaluated. The plastic flow curve known as hardening curve is a key factor needed in
conducting finite element analyses (FEA) for the forming process of a sheet material. A hydraulic bulge test was
performed on the CP Ti sheet and the strain in this test was measured using the DIC method and ARAMIS system.
The measured true stress-true strain curve from the hydraulic bulge test (HBT) was compared with that from the
tensile test. The measured true stress-true strain curve from the hydraulic bulge test showed stable plastic flow curve
over the strain range of 0.7 which cannot be obtained in the case of the uniaxial tensile test. The measured true
stress-true strain curve from the hydraulic bulge test can be fitted well by the hardening equation known as the
Kim-Tuan model.

Keywords : ARAMIS, Digital Image Correction (DIC), Hydraulic bulge test, Kim-Tuan hardening equation, Uniaxial
tensile test

1. A & TN B e Aok, S8k A4, ook A4,
z2 Foll A8 BE Aok S8t AP E
34y dudrle 188 - s QiR Y - a3k A (plate heat exchanger, PHE)ol A-8-5]31 Q=

of wEE 20143h] AN(WEIHEI &) ALoz FRATAT] ALE wol FYH A7
(FFAIM S 2014R1A2A2A01005903).

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

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

Received March 16, 2016 Revised March 29, 2016

Accepted April 7, 2016 Published April 30, 2016

718



FHEAAE S o83 & Eghy A9 2875 F HIHA2R)
Hehy dg89-S dugt Was Sdistetar 349 4e 58 Bole AA7FEEAS M) M e 249
of AL wolyl fste] thke F3HE|(ridge, CAD B, AARA(TFERA, vhEE1 5), FEA 9
corrugation)®] ¥&¥l(washboar pattern,  herringbone 4] SW 2 A 89| 7}EAHEA S YeEhlE 7-88-A
pattern )& MM FHZH2E ThEete] Azxd WEE AR(fEadolziil FE)el gt HRIF a9
th1] ot
A A5 oS B rAstE Al A
................... - 1 Wiel oA el sl Feixith 29 91
: AR Fole A stes AvA AlAd] o] WAate
pehs] 7] wiel] 247 o Jde o] fH e AR
%/// ) Agol Ao T2 4 ol Al 2ANEES
°F 40% 52 At
' //////// ¢ G HZol Aol FH-2Q 59 7S 7late]
o — Sl . s g HAAE AP A 7= R 3A)4d E(incremental sheet
Fig. 1. ShaPe of titanium plate heat exchanger showing forming, ISF) oL} a2 7}aojd 52% 14wye
various pattern shape and gasket [1] )
= ols Ame 2P E] 100%E W 5

Fig 1& Zg~ 7429 Eels PHE d<%hear = /1 Wl el ol
transfer plate)] B4 LEhdl Zlolth. %y Qmgy]  (postnecking)e] BPAE 7w 7k 5 2l A9y
o P Fig 17 2 Adsel el wage el HE A7k A glE o]

H3g B Aolol fr27k FASR o f2g o) kg TR O] WAl AL FH Wel] AACES H
a9l WA GA N gz S dusho] o) AEA)E AR st dd3 gES Thste] A7
A =), = WX 2% (bulge test)o]t}. [10-16]

T Elels 3AE 544 55 (allotropic metal) o= 2 Ay M eEAd P(hydraulic bulge  test,
AQeHon We Lol zuguwAxgz  HBDE El EERE A9 525918 A sl A9
(hexagonal closed packed crystal structure, HCP)E, A frE S Bk 1 ARkE 1A Aatet v
880°C' oldolxE  ANYEZART-Z(body-centered st
cubic structure, BCC)E 2H=th ¢HA A& A7} v
% AlgHAolw Q& (Young's modulus) 7} S A o]

"3(in-plane anisotropy)©] e 57do] oA F4e] 2.3 &

A e vk Z| 2 ThEo] ofHE AAjelth [2, 91 914413

3] w3 Eeh el 2w T2 WP (twin 1 0.5mme] PHE S <= Elelis 2412 1445
deformation)®ll o3 Lojvbm Akt gk w3k 9—;7}*8}'7] o) ASTM E; e MD}—M;
oo Qg3 Yol A SHME HAo] BH o o O j (KS 0801 13B 57%) 17"
£ 7E4ol(strength differential, SD)E I} EAaH= o] A HE AF3le] KS B 0802: 2003 A gHgel whe}
Aow A YT, 5] Imm/min®] PFEEE AFHFS F333ich Table

B AT PHE 2 7428l & geby gl ) 1o SOPAEE VERRaL [17], Table 29] %1
W el 4R W) FRARE BER AAE 7 0 o) DT O, 455, 905 S SIESAE vk
ol 3t {82234 (finite element analysis, FEA) HIST: Fig. 201 90 o= AA ?‘]%}\]%% 4
o] ANEE tmols] 98] EEks WAlo] tS AEE A B 2.5%, 5%, 10%, 15%, 20% 7H 13 er $-9 Al
95 7 M plastic flow curve) SHaHE AS Ao A AL, Fig 3ole WP 3h38-33igE A
= Fhs, 7, 8] w8 HENT

o BaharaNY|Ss o) aste] HAE A Table 29} Fig. 302528 & 4= 9l%o] <= Elehy 2

719



52 Tt ok W . . B2
= L~ =
t 5 5 By BT e LE R £ o
w = T o= N LR 2y 32 =
= WW o ‘WE LC B bl TR RN
£ G- = I % X i = o &
E g By T g & 3 -
8 o < 1) - o
£ ¢ £% S - c =3
=~ 0 sl 1o < : \ , o n D
£ ER 5E gh B R 8 BX
58 * o Mk L m GRS
g5 o Lok Y 2 gs
=8 o = = ‘H_Oiﬂﬁ ﬂm_v ET.c‘_IryV \i = mo
g8 6 2 X = o i TE E o
2258, By o B _ T X | “E 7s
o8 of .2 T 5 g.8
g @B E O e e R i Ea3
o 8 o ‘UXI_]&.L w T EEEP S~ | . R,
g g T B ) oo ol e g g™
5 g ! = ) s} &8 4
O =5 o oy o= o AE‘N;QH —~ & Z,# \ ZR-
IR <P S = \ 0 .5
T x T =@k = \ 2 8=
_ 2E3 X = 2 Nog o \ E58
- | = = oo ST T s 8 2 &
< o3 WO ®E 2 §EEEEEEES <
. i om 3 o= .
[edA] ssens SuLRaUISUT ) N = o W o m _ (ed) "o ‘ssons [erxemun) o0
i T ®m T ET i
P ™ gy weT ®Y T = _| = ERERE
== . KO 750 T — —_ < ‘a =
R w R E yEPE x 2E|1S| B|EE|wl|w|~
%sﬂ%meyouﬂoo.%me 5 ZE|3 g 8g| ||
Stz S8 BEgwTEn B 2|58
o ETEzpiTEsELELC o :
= T oo B o O = BT o § | 8 = B
Lz T s o | 2 -3
o [ _L j— J . xX — S Q =N e N e
2 oo ) = - o 3 © S )

! R A e R B T e o > 2l =949z -
d ¢ L ERpgSSTgew TR B 2
= Eﬁ MWL oo Hﬂqu.ﬂ_ 7~|‘U,|;oom =] m ) o
63 AT LC | —_ o Lf NB m,u.o = ) S o w

™ L O = = N % my a 5 3 ” .
o Jﬂedl;om]a»a oﬂaxvjlﬂrﬂ.wUr g ) S| B ol el
e XU AW 2 ony X 0y g £l S |2 2|2 2
= N R RR %%%%@MW9% g | ¢ 2| 7 |88 |4
S I I DI - ST I S T C A - - - .
L TR _ o h T e By ST 5| £ 3 = -
(S - .
D RPN T T AR e S TR k- ER - | )
= o N = e = o = Q o i m S| 5 | . El g 222 ——
e o o N L T g = g R = S el =z UONOAJIP ASIAASUBI],
%ﬂm ‘WMJI‘WMA ‘Wjﬂﬁo zﬂo o amﬁo _OLC Mu g ..m, M o >~
s FEAd haped TAUAT TN = 5| = =
.vL.o_u ;oL =0 AT Sl H;.E NN LC K <H < " . =) 3 ) m
< By .W = B H o — A o BT oo — % % N ZE| o o S
i A (g Moo T g o | 2|z o285 3|8
= T S T B sl - B S B 5| & S|F3
= of m B KA T oo 0 X KT o & &=

Q)

720

Strain(%)

Fig. 2. Deformed specimens after tensile tests along the
transverse direction (90-degree direction)
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Fig. 5. Scheme of the hydraulic bulge test and surface
biaxial strain calculation via DIC method.
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