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Comparison of Formability between Commercially Pure Titanium JIS Class1 Sheet and Steel Sheets

and Forming Simulation Technology
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Abstract

To understand the formability of commercially pure titanium JIS class1 sheet, we conducted
various tests with steel sheets for deep drawing having the same level of strength and SUS316. The
results of the tensile test show that the titanium has higher anisotropy than the steel sheet and SUS,
and has almost the same level of strength and ductility as the steel sheet but has lower ductility
than the SUS. Also, the titanium has the largest r value while the SUS has the smallest one. The
results of the punch stretch forming test with various blanks show that the limiting dome height
of the titanium is equal to or greater than that of the steel sheet, and depending on the blank shape,
the titanium has a larger stretching height than the SUS. At the deep drawing test, the limiting
drawing ratios (LDR) of the SUS, steel sheet, and titanium are 2.2, 2.3, and 2.6, respectively and
the titanium had a large ears formed in a direction different than that estimated based on Ar. With
Hill’s quadratic orthotropic yield function, we performed square deep drawing simulation for the
titanium, where the same plate thickness distribution was obtained. In the future, we will develop
a constitutive law that takes into account anisotropic hardening, aiming for further improvement
in accuracy.
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RO I 7 ok R R, CP-Ti O I 7 THFRIL T4
Fooum BEDFEMTHY), 703y L RNT—THEAZ
N7z O A TENITAEEDPITZE STV 72, LC-Steel B &
OV SUS316 O X 7 Tlikid 10 ~ 15um FEEE DI CTH - 720

2.2 5|REAER, HKEERE L, MABERERKY LU0V TH
R AE

BN OV TH [IRRAER,  BRIEGRI LB L OH &
TR ERZ 4T 5 720 LC-Steel (DWW TIXIE, SV ViR
biTo72, BIRABR TR (LUF, L), 45°%
M (T, D 71), HAEEEZGE (BUF, T 41H) 12 JIS13B
ARERA GRS Somm) Z/ER L, O3 AREEE 02%
it 73% T 03%/min, D%, 30%/min & L7ze F72, AFK
O A A% IR TO r 2 JI5E L72o BREHIRH LRI,
DT AE—FeZL3Eh720, 752 7R % 30Lx90T
mm, 40Lx90Tmm, 50Lx90Tmm, 60Lx90Tmm, 70Lx

£1 CP-Ti DILZEES
Chemical composition of CP-Ti

90Tmm, 90Lx90Tmm, 90Lx70Tmm, 90Lx60Tmm, 90L
x50Tmm, 90Lx40Tmm, 90Lx30Tmm & L 72 90Lx90T
mm DIEFET T v 7 TIEE 2 #OTALE, ZoMmok
FH7T T v 7 CIREMBRZSEOTAERD, HE)
WiEE, EHATO DT RIS R D9 &TNZIE 640
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(mass%) 7z, ¥B—M0" (U-EL) & &M (T-EL) (35 [5R5M & & i
Material N C 0 Fe Ti @[T T<L<D Al & %5720 r i L<D<T K DJE
cpTl | ool | o0 | 03 | 0 | Bd B, THIRT9 LEEICEECh > 20 HBHEDL,
7 2 LC-Steel, SUS316 D1tk %
Chemical composition of LC-Steel, SUS316
(mass%)
Material C Si Mn P S Ni Cr Mo Fe
LC-Steel 0.004 0.005 0.079 0.019 0.0039 - - - Bal.
SUS316 0.016 0.59 1.31 0.033 0.0086 10.57 16.91 2.01 Bal.

1 HEMOXFEMETE
Optical micrographs of samples (a) CP-Ti, (b) LC-Steel, (c) SUS316

B A& # g B W ®485 (2021)



TER ST EF &2 VEREIMRDET LB S S ORH Y I 2 L — Y 3 VHIl

D, THIAOPHEE 2 &, &MU, 5lRmS X
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Lotz

X 2 \ZAFRIE ) - AFRO T A (LT, S-S #iff) %
R$ e CP-Ti TINTALIZH R AGVEDBH Y, S-S B %

W#$ 4 & CP-Ti ® L JilAl, LC-Steel 3 XU SUS316 1348
FROS A & ARSI DS IN$ 271 TdH - 7255, CP-
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F3 BMHOFERAMEEBD 0.2%MAH (02%PS), 5l5kE@E (TS), HW—#U' (UEL), £ (T-EL), rfE, Ar
0.2% proof stress (0.2%PS), tensile stress (TS), uniform elongation (U-EL), total elongation (T-EL), r-value, Ar of materials in

three direction

. . . X 0.2%PS TS U-EL T-EL
Material Cutting direction r-value Ar
/MPa /MPa % %
L (0°) 169 296 31 45 2.0
. D (45°) 188 284 46 59 4.5 0.5
CP-Ti
T (90°) 202 310 5 31 79
Ave. 187 297 27 45 48 -
L (0°) 138 303 23 43 1.3
D (45°) 146 302 23 43 1.5 0.0
LC-Steel
T (90°) 142 303 22 43 1.7
Ave. 142 302 23 43 1.5 -
L (0°) 265 614 45 54 0.8
D (45°) 263 586 48 58 1.0 —0.1
SUS316
T (90°) 257 596 52 60 1.0
Ave. 262 598 48 57 0.9 —
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S-S curve of each material in different tensile directions
0.5 : 0.5 : 0.5 :
—o—L kD = 0= '11 : —o—L coaeD —0=T| | ) !
04 ; 04 : 04 a2 |
: ' / L@
’ : : .// : 14
g 03 o ; 203 : 203 o :
g _* A I e E -0 @ Z 7/ i
foz | _# ; 02 e : Zoa | & :
A ! : . '
01 AA ...... i 01 ! I !
® : ® : 01 —¢—L --x=D —e-T| i
0.0 t 0.0 i 0.0 . . " : .
5 N 5 D B o 5 0 5 D s '
N o \QH \‘)H ’),Q'J 1#0?) N s,,\ \Q"\ \5,_,') ’),QH’L ’L"Q,@ q’,f) 5H\Q QH\‘J H’LQ,LQH’LS H\Sg)\;
True straing%) True strain(%) True strain(%)
(@)CP-Ti (b)LC-Steel (c)SUS316
3 BMHEOFERAREBD NEICRIZETUOTADRE
Effect of strain on n-value of each material in different tension directions
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RIZBR I O3 A (5FF) OHERBIZHELOZE) & 7 - 72,
CP-Ti ® T HITIL, nflld/NEho72%% WA
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Effect of blank shape on limiting dome height of each material
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Effects of blank shape on limiting dome height and forming limit nominal strain of each material
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TIEFHOTAE R 5720 B, LC-Steel 1355 2 O A
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OHOUNT HRE— N T Urz7z0, 552 SO IR
RO AT NIV VRO W OfE % Fv 72, CP-
Ti OEIEBER O TR TZOTARFEICRELRY), LT H
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otz TL AR ETHOTAE— FORMLEELZM
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MRS AT 2L, B - SIRATRE 405 1 % P Craling festp

BROE 2 826 T DS FEOT A E 22 55T Tl Enlargement

CP-Ti=LC-Steel <SUS316 £ 2, L HMDBEDNTAERD
FEI Tl CP-Ti<LC-Steel <SUS316 & 72 -7z T A E
O ARDE R - IEMEETE TH 555 2 RIRTIE SUS316<LC-
Steel<<CP-Ti &7 1), L HMBEOTADE|E - [EAFEIE

Pa
TH D 4 HIRTIE SUS316<LC-Steel = CP-Ti & 72 > 72, ®
Pa Qa
5.3 FIRAREEER O RARYHBROBAE
8 IR 3B AR T IRV W RELR T T v o Schematic of deep drawing test?
DKL CP-Ti Tl ¢ 104mm (LDR2.6), LC-Steel T 700
¥ p92mm (LDR2.3), SUS316 T iZ¢88mm (LDR22) & ¥ i ot Pk shioulder
feo7ze B9 IZFIREIED OBRIE /R 9 HEED I g ™ : e
27 (o 252 313 - 3ISRA) O Pa AR o || T | i
77V (b A B ERET) FEASEH0ITLE ¥ — o susiie
B Pb AVNSVIZERIFE R )9, —HIC rETEIE L, i A
LDR 28E E§ 5 Z EDHHENT WSS, KbRIZBWT = 200 | Broken at Punch shoulder
BB DT 1 (25 LS LDR 25K 570 o 720 IR (DR
D TR A U B RIS o, (BF, HERRAIS ) % ™ 3 % 100 1o
ﬁ (2> —(%% Lf:o Blank diameter/mm
0y, = o @ 10 HHBOESBRABHIRET TS 7ROVE
2T Pa REE D PO AR, D3y FEE cEj;fre(():;[ Z;Cbr:ar:;tse?;?e on maximum stress at punch shoul-
I ONETH %, K10 IZBFHRKRISIKITT T F
VIOROEERIRT, BB, MO < ZEEOBMZ R L & LC-Steel DRI AISTIDHERSIZFIEETH - 7278, BER
THY, x OFERKRICIHDIEEBOMMIGT) & 7% %o CP-Ti DWWIISS71E LC-Steel 7Y 410MPa F2EE CTH 5 DIZHF L,
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DL, D, THIMOGHRR S 2> HF R RE DS AR & % 2
TUE, CP-Ti DEWER Y PEIZ IR B ORWIS T oA
RELFGLEEZBND,

R IS BT H I r fEO RS & B BR D H
D, CP-Ti TERELREDR SN HORK LI
MR Ar CEHTEL 2 LD MO TVEY, FlZiEr,
sr#r, CArAEDYE, LBXO T HINO r 43D J5
MEDEL b, TOMR, 77 VDOLBLOT AT
DR - EMEE MRS L, B2 SIS, Ar HYED
BERFEKEDOEZEZTD A EICHEPER S NS, K3
WZRTEIIZCP-Ti D Ar i 05 TIEDETH - 72785, X
11 IR T L9112 CP-Ti ®F & D A s & 7z,
F5 I E A L<DLT T, TNENDENRKEI VD,
LD Ar DFE 2T L AT R D CET A Uz L HEE
SN Do K12 ITHEM D TR EASHEWT L 72 CP-Ti ® ¢
108mm D7 7 ¥ I DRIRETRT . 7T v T OFEFRIET T >
ZIZFORLTBW2, [(12mm D7) vy FY—F 2 7 Th
%o 7))y ROEMAS, LFBENIKL, T HAIOG]H -
JEMEETEA NS W Eb D, CP-Ti D 02%0 /11 L<
D<T HFHDNEIZKE V720, T HIOZERSIH S, T
HDOER %2/ 72012, L, D HHNZIERE R HE
LrtEZONL, CORErHR LD HAITHE728, D
HOEEIHCKREL LY, 7T ¥ I TKA D F
AL LZUATRORMI 572 Z 2 5Nb. FORTE
ARG D FIANCHE AR Sz g S b,

11 CP-Ti DKV RE&F (996 mm)
Deep drawing test piece of CP-Ti (¢ 96 mm)

12 CP-TiD77> IR (p108mm ; /N> FIFERTHY
WL -5 H)
Flange shape of CP-Ti (¢108 mm; broken at punch shoulder)
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RAERDOF & 2 #13HFIZ IT (Information Technology) %5
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JEH OIS % BB Fe7 3 RTEOV ) v FERE 7z
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BLIEHERI A BA%E - MH T 5 2 L TH D,

42 FRMDY I ab— 3 hHE

FEOMIKRER clEATABERTEART E H
13D X2, FIERAIEC, 877 - ERFRATE 2 2 0 A
fLoREFFHES AL, L3RR 2EREHTRT. 7,
vav T4 KEE I E T D BITIERE SO
REBTDHIEDPUETH D%

Ky Ial—varyE X VIEIWELRNOGH 2 EETE
B EINZ3WILV ) v FER % /-5 g R R
vy, 35X (3) @ Hill OESEFED 2 RERBEETEBIL
AT 24T > 720

a(o,~ o)+a(o~0)+a (o~ O'y)2 +a 4ry22 +ar P+ aérxyz =0’

(3)

F72, ITELORFHIIERZROTBAH NI TEET S
JgCHEBLL 720

4.3 BERITIER

SN 13 OftF & oM EFERL, 070mm O/ F
WX AROTER) ATV, EREDLEZITo 72,
75 7 A RE]140mm, HEI 05mm, LbHIfiE 2
TEIE 9.8kN & L7z BVEM & vy, BEEAREL 1=0.05 55
a5 2 720 ARG RIEICOWCEA L 725155 & Bk
DORIERE L DI A B 14 1R T FNTIEEBRCRET
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Anisotropic work-hardening of pure titanium
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Calculation
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15 ARBKYICH T 2IRESH (H=30mm)
Thickness distribution of square deep drawing (H=30mm)

Experiment 3D-FEM simulation

Shock line

Canning
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Forming shape of square deep drawing
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EEHEICREREE 572,

CP-Ti O¥—NE TKLD FIITH 7258, 7
nfElZ T<D<L A& %) —H L b o70 CP-TiDn
HIZOT AR EIZBINL, D HFNEE T AR 513
EnfEDOMESNREL DO EEZ HND,

L, D, T OFHEEMEHMEICH T 2L, &fETlk
I CP-Ti=LC-Steel <SUS316 &£ 72 1), rflEix SUS316
<LC-Steel <CP-Ti & 72 o726

Fi 2 DT T > 7 % - EBRBERR I LS BR iR L
XTIE, EDTT 2 712BWTH LC-Steel <CP-Ti &7 1),
75 v 7 IR ES TlE CP-Ti Y SUS316 % & _E[Al > 72,
CP-Ti ® T HIAITlE n fEIZ/ N &S, IR DT HA
Enzd, R LESIZRIFTH -7,
JEIERR O3 AL 1 R (F13E - 515R) TiX CP-Ti=
LC-Steel<<SUS316 & 72 V), %52 KR (T Hlaglak-L A
[EEHE) Tld SUS316<<LC-Steel <CP-Ti £72 1), 4R
BR (L J55 15 - T AIEHME) Tld SUS316<LC-Steel =
CP-Ti & 72572,

CP-Ti (35 2 #EIE2 5 L HIOFH O $ HIZPTTO
WIERA T AL, OTAE— FORIEE TR
DO % A4 U5 R D 5 6

MR U8 TIL LDR £Y SUS316 T 2.2, LC-Steel T
23, CP-Ti T26 &%, CP-TiNIRB E -7z 72721,
CP-Ti TIX Ar ST SN BT EFZ Y, DGR
EREMER SN,

T HER D r HAE DS, TAE S BIEAE Ui
ook, 2FHIC o EATKE VD HIIZOT AH
ERLEDER SN LEE SN D,

Hill DEZEFEFED 2 ROGRBEILTT ¥ > OAFRY
BIEY I ab—2a r&4Tvy, FEEER L L7, s
FRARO LIS S, FEHRAIZ D W TEE T OZER)TE
DENTZH, WEDHARZE L —F L7z,

« BUETF 8 A OMEOT BRI X VIGTT - ERIR



TER ST EF &2 VEREIMRDET LB S S OB Y I 2 L — 2 3 VHEIl

WL L (R #ZRB LRI 2L TBY,
Ltp WK IMTOY I L—3a yHirERLL,
I—F—~DV) 2= a VIREZSDORE L) 720,

LR
1) s 13 B4R 67 (4), 126 (2017)
2) FAETTRER (24 HARESM S e U (A #7). 75 (752), 95

(2009)
3) KEFER 134 HAMMW ST CE (A#). 79 (801), 79
(2013)

4) FIHRY  #ra 8. (375), 22(2001)
5) HHT - 5z 5T 23, 20(2018)
6) HFFSEIE - CAMP-ISII. 20 (6), 1403 (2007)

=P RKER Ryotaro MTYOSHI fFFERE Yoshiaki ITAMI
REMBTTERT  MEME RIS y Hik7 27/ ay—(#)
FH v ATV VAR EEWER & EEFEN MR- a3 E

TR E0-1 T293.8511 ‘%. BPES H(T2)
VA

—91 — H & # gk # #t E418%5 (2021)



