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Effects of Warm Forming on Deep Drawability of a TRIP-aided Dual-phase Sheet Steel

Akihiko NAGASAKA, Koh-ichi SUGIMOTO, Mitsuvuki KOBAYASHI and Shun-ichi HASHIMOTO

Synopsis

: To improve the deep drawing of high-strength TRIP-aided dual-phase (TDP) sheet steel, Swift cup test of a 0.19C~1.54Si-1.52Mn (mass%)

TDP steel was investigated at temperatures between 20°C and 250°C. The steel exhibited a larger limiting drawing ratio (LDR) than those of

the conventional ferrite—bainite and ferrite—martensite dual-phase steels without retained austenite. Furthermore, the LDR was enhanced by

warm drawing at about 150°C, at which the strain-induced transformation of the retained austenite particles is suppressed most. Such excel-

lent deep drawability was caused by large local necking resistance due to “‘the transformation hardening™ and “‘the stress relaxation” resulting

from the strain-induced martensite transformation at the cup wall just above the punch bottom, as well as low drawing resistance of the

Key words : deep drawability; warm forming: retained austenite; stability; transformation-induced plasticity; strain-induced transformation; high-strength

shrinking flange.
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Fig. 1. Heat treatment diagrams 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 flat-bottom cup

test.

Fig. 3. Scanning electron and transimission electron micrographs of TDP steel, in which “
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. “a,” and “y,” represent ferrite ma-

trix, bainite island and retained austenite particle, respectively.

Table 1. Tensile properties at 20°C and metallurgical characteristics.

Ys N UEI TEl  TSXTEI C
Steel | (Mpa) (MPa) (%) (%) (GPaw) YR | m o r HV S S madsts)
TDP 434 904 256 278 25.1 048 | 023 083 260 | 0261 O0.113 1.30
MDP | 593 783 83 13.1 10.3 0.76 | 0.08 0.80 270 | 0271 — —
BDP 550 693 109  17.7 123 0.79 | 0.11 091 222 0285 — —

YS: 0.2% offset proof stress or yield stress, 7S: tensile strength, UEI: uniform elongation, 7E!: total elongation, TSXTEL strength—ductility balance, YR:
yield ratio (=YS/TS), n: work hardening exponent, r: mean r-value, //V,: initial Vickers hardness (load=9.81N), /' volume fraction of second phase, fi,:
initial volume fraction of retained austenite and C,,: initial carbon concentration in retained austenite.
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Variations in 0.2% offset proof stress or yield stress

(YS), tensile strength (7S), uniform elongation
(UEI), total elongation (7E!), n-value and logarith-
mic k-value in uniaxial tension with testing temper-
ature (7'), in which “SIMT” and “SIBT” represent
strain-induced martensite and bainite transforma-
tions, respectively.
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Variations in true stress (o) and instantaneous n-
value (n*) with true strain (€).
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Fig. 6. Appearance of some deep drawn cups.

(a) T=20°C, LDR=2.08 (D,=43 mm), (b) 7=150°C, LDR=2.28 (D,=47 mm), (c) T=150°C (D,=48 mm).
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Fig. 7. Variations in (a) limiting drawing ratio (LDR) and
(b) maximum punch force (P_,) with forming
temperature (7), in which “DR” denotes drawing
ratio.
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Fig. 8. Punch force (P) vs. punch stroke (8) for deep
drawing.

24

22f _
T=150°C

208 Lo .

1.8F 4 .

1.6f
il
MDP

12 TDP BDP

TSX LDR (GPa)

Fig. 9. Comparison of strength—deep drawability balance
(TSXLDR) of TDP, MDP and BDP steels.
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Fig. 10. Variations in (a) thickness strain (£,) and (b) Vick-
ers hardness (HV') at 20°C or 150°C at the cross
section of drawn cups of TDP steel.
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Fig. 11. Scanning electron micrographs of cup wall just
above radius of punch in TDP steel.
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Fig. 12. Variation in volume fraction of martensite ( f,,) in
flat-bottom of drawn cups with forming tempera-
ture (7) of TDP steel, in which “DR” denotes
drawing ratio.
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ical fracture force (P,,) with forming temperature
(T') of TDP steel, in which “SIMT” and “SIBT”
represent strain-induced martensite and bainite
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