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Effect of Carbon Content on Deep Drawability of TRIP-aided Dual-phase Sheet Steels

Akihiko NAGASAKA, Koh-ichi SUGIMOTO, Mitsuyuki KOBAYASHI, Yoshikazu KOBAYASHI and Shun-ichi HASHIMOTO

Synopsis : Effect of retained austenite on the deep drawing in high strength TRIP-aided dual-phase (TDP) sheet steels with different carbon content

were investigated. The deep drawability based on the limiting drawing ratio (LDR=D,/d,), where the D, and the d, are a maximum blank di-

ameter and a punch diameter respectively, was affected by the volume fraction of the retained austenite and by its stability (carbon concentra-

tion). Namely, the higher the volume fraction of the retained austenite and its stability, the larger strength—deep drawability balance, i.c., the

product of tensile strength and LDR. Furthermore, the higher blank folding force, the larger the strength—deep drawability balance of high

carbon TDP steel. The excellent deep drawability was due to large local necking resistance at the cup wall just above the punch bottom due to

“the transformation hardening” and “the stress relaxation” resulting from the strain-induced martensite transformation, as well as a low draw-

ing resistance of the shrinking flange.

Key words: deep drawability; retained austenite; transformation-induced plasticity; strain-induced transformation; dual-phase steel; high-strength steel;

blank holding force.
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Table 1. Chemical composition of steels used (mass%).

Steel | C Si___Mn P S Al
TDP1| 0.10 149 1.50 0.015 0.0012 0.038
TDP2| 020 1.51 1.51 0.015 0.0011 0.040
TDP3| 029 146 1.50 0.014 0.0012 0.043
TDP4| 040 149 1.50 0.015 0.0012 0.045
MDP| 0.14 0.21 1.74 0.013 0.0030 0.037
BDP| 0.14 021 174 0.013 0.0030 0.037
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Fig. 1. Heat treatment diagram of TDP, MDP and BDP
steels, in which “O.Q” and “A.C” represent
quenching in oil and air cooling, respectively.
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Fig. 2. Experimental apparatus for Swift cup test.
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Fig. 3. Optical and scanning electron micrographs of (a and b) TDP1 and (c and d) TDP4 steels, in which white phases represent
o,” and “y,” are ferrite matrix, bainite and retained austenite, respectively.
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Table 2. Retained austenite characteristics and tensile properties.

Steel | f |fy0 | Cqo | YS | TS | UEL | TEL |TSXTEl| RA | HVo | n r

(mass%) | (MPa) |(MPa) | (%) | (%) | (GPa%) | (%) _
TDP1 [0.199 {0.049 | 131 | 429 | 651 | 278 | 372 | 242 |492 | 208 | 0.25 | 0.89
TDP2 |0353 |0.090 | 138 | 526 | 825 | 317 | 360 | 297 |44.0 | 252 | 022 | 0.72
TDP3 |0.441 |0.132 | 141 | 562 | 895 | 286 | 322 | 288 | 418 | 275 | 0.22 | 0.97
TDP4 |0.551 |0.170 | 1.45 | 728 | 1103 | 292 | 328 | 362 | 418 | 299 | 0.21 | 0.90
MDP {0271 | — — | 503 | 783 | 83 | 131 | 103 |445 | 270 | 0.08 | 0.80
BDP 0285 | — — 1550 | 693 | 109 | 177 | 123 | 59.0 | 222 | 0.11 | 091

£ volume fraction of second phase, f,¢: volume fraction of retained austenite, C ,o: carbon concentration in retained
austenite, YS: 0.2% proof stress or yield stress, TS: tensile strength, UEL uniform elongation, TE!: total elongation,
TSXTEL strength —ductility balance, RA: reduction of area, HVj: initial Vickers hardness, n: work hardening
exponent { £ =5—15%) and r: r-value (&€ =10%).

Fig. 4. Transmission electron micrograph of TDP2 steel,
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Fig. 5. Comparison of limiting drawing ratio (LDR) of
TDP, MDP and BDP steels as a function of tensile

strength (7).
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Fig. 6. Comparison of strength—deep drawability balance
(TSXLDR) of TDP, MDP and BDP steels.
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Fig. 7. Punch force (P) vs. punch stroke (&) for deep
drawing at BHF of 50kN.
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Fig. 8. Variations in (a) thickness ratio (#f,) and (b)
Vickers hardness ratio (HV/HV,) at the cross sec-
tion of drawn cups (BHF=10kN).
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Fig. 9. Variations in (a) maximun punch force (P,,,) and
(b) volume fraction of martensite (f,,,) in fiat-bot-
tom of drawn cups with initial volume fraction of
retained austenite ( Jro)-
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Fig. 10. Variation in strength—deep drawability balance
(TSXLDR) as a function of f, and C,, in TDP
steels.
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Fig. 11. Relation between strength—deep drawability bal-
ance (TSXLDR) and equivalent critical fracture
force (P, /P.)-

max’ (g
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Fig. 12. Variation in volume fraction of second phase (/)
as a function of carbon content in TDP steels.

AREELTWEEELTLNAAS, FMIZ, Matsumura
IR E RS, BETIDREL v, BERD
MEILSTEZEEREL B, F7-, ZHEXS
BRAOE P2 S, BIRETDOPFIZE Sy FHEPIZH~NT
7 Y VBOBEBEINE L B0 | RO IAER S h - i
R, BROMELM ETEDEELILNS, Figlokh, k

DRIEL y By RO K > TERKO VDTS 5
WE-EROMNT VA ERETE I,

—RC, BRIGLED, HUT 5 U OHODOHREIZEZ, g,
DTRIPFIR (SITIZL B0 NEFOEME O FABE o,
OREL) PEELEH AR T, BROMIE, BB L
RV Y FIHEOBWHEI & BB L 5 h 5 19,
75 VMOERIEMER D 5Lk ETH
2DT, vy D TRIPRIRDOBENIHHINE L, o, D
EAERELRINER-TLEITEINTHSS, YEDT
b, KDERETIDRELy, #4635 TDPHIZH W
T, OTARBFE a, DILH Sy FIEROBEMIEET (F1%
HHEGIERIET) 2&E05Z & &, AT TV OB
(MEFHEREGS ) O EolEMERIZESREI A
52 LHREX NI,

5. &8

TDPSDHAL D VEIZ RIZ 3 IR RIRMB O 4 2413
BL2, EE/ERIILUTORERD TH S,

(1) A TDPHIIIFRE HEM /S5 ¥ X ISXTEI D K8 T
<, REFMEDZ O TDPHIE E B -5 R ¥
INT v A TSXLDR % fift8#>,

42

(2) ATDPSDIRAM D ILDRIZUHIFZ HD EHIC
KLUT, RERMEOEMZE L L VWRITFTH -7, 72,
Z O - FROMNT U X TSXLDRIZERZETDPIIE &
L7,

(3) ZhiZ, KDEBETHOLRER Yy, #H$ % TDP#
ZHWT, OF ARG o, 255 FEBOBNEL A 59
ek, WAT TV VEBENROWMD L OMEAERIZ K
D E R,

BRI, RIfREEEBO 72 E L E) HASER
= - 58 8 mISkMAF R EBIAL [b] % 5O (BF) KH
TREMTEMEIRFEM IS L, ER#HOELET S
Ll R LESFHMERFEWNEE D LILEE
K- BRI Tl 2 L9,

X [

1) VFZackay, E.R Parker, D.Fahr and R.Busch: Trans. Am. Soc. Met.,
60 (1967), 252.

2) O.Matsumura, Y.Sakuma and H.Takechi: Trans. Iron Steel Inst. Jpn.,
27 (1987), 570.

3) K.Sugimoto, M.Kobayashi and S.Hashimoto: Metall. Trans. A, 23A
(1992), 3085.

4) K.Sugimoto, N.Usui, M.Kobayashi and S.Hashimoto: ISLJ Int., 32
(1992), 1311.

5) K.Sugimoto, M.Misu, M.Kobayashi and H.Shirasawa: ISIJ Int., 33
(1993), 775.

6) O.Matsumura, Y.Sakuma, Y.Ishii and J.Zhao: ISILJ Int., 32 (1992),
1110.

7) K.Sugimoto, M.Kobayashi, A.Nagasaka and S.Hashimoto: /SIJ Int.,
35 (1995), 1407.

8) A Nagasaka, K.Sugimoto, M.Kobayashi and S.Hashimoto: Tetsu-to-
Hagané, 83 (1997), 335.

9) A Nagasaka, K.Sugimoto, M.Kobayashi and H.Shirasawa: Tetsu-to-

Hagané, 84 (1998), 218.

K.Sugimoto, A.Nagasaka, M.Kobayashi and S.Hashimoto: ISLJ Int.,

39 (1999), 56.

O.Matsumura, T.Ohue and T.Amaike: Tetsu-to-Hagané, 79 (1993),

209.

S.Hiwatashi, M.Takahashi, T.Katayama and M.Usuda: J. Jpn. Soc.

Technol. Plast., 35 (1994), 1109.

A Nagasaka, K.Sugimoto, M.Kobayashi and S.Hashimoto: Tetsu-to-

Hagané, 85 (1999), 552.

A Nagasaka, K.Sugimoto, M.Kobayashi, Y.Kobayashi and S.Hashi-

moto: Tetsu-to-Hagané, 85 (1999), 885.

10)
11)
12)
13)

14)

15) Y.Ojima, Y.Shiroi, Y.Taniguchi and K.Kato: SAE Tech. Pap. Ser.,
#980954, (1998), 39.

16) HIlEHE @ 7'V ARG/ Y R 7y 2820, BRITE5H
#h, B, (1997), 403.

17) H.Maruyama: J Jpn. Soc. Heat Treat., 17 (1977), 198.

18) WILER I v A F 44 F&ERE HAM, hFE, B3,
(1971), 13.

19) M.Usuda, Y.Ishii, S.Ujihara and T.Sakamoto: 36th Annual Meeting of

J. Jpn. Soc. Technol. Plast., (1985), 317.




