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Table 1. Chemical composition of TDP steeis. (mass%)

S Al

0.0013 0.041
0.0012 0.041
0.0015 0.039
0.0013 0.038
0.0013 0.037
0.0013  0.036

Steel C Si Mn P

021 151 100 0015
020 150 1.50 0.015
020 149 199 0.015
020 1.00 1.50 0.014
0.18 200 150 0015
0.19 248 149 0.014
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Fig. 1. Heat treatment diagram of TDP steels, in which "0.Q."
represents quenching in oil and T, and T4, are
austenitizing and intercritical annealing temperatures,
respectively.
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Fig. 2. Experimental apparatus for (a) warm hole-punching and
(b) warm hole-expanding. (Dp=17.4mm, Rp=3mm, Dy=22mm,
R4=1mm)
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Fig. 3. Scanning electron micrographs of B steel with second
phase morphology of (2) TYPE 1 and (b) TYPE II,in which
"a", " ayp"and " v " represent ferrite matrix, bainite phase

and retained austenite particie, respectively.
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Fig. 4. Transmission electron micrographs of B steel with
second phase morphology of (a) TYPE [ and(b) TYPE H,in
which "a" and " y»" represent ferrite matrix and retained

austenite particle, respectively.
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Fig. 5. Variations in initial volume fraction f,q and initial
carbon content C,p of relained austenite with silicon or
manganese content for (a) TYPE 1 and (b) TYPE I steels.
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Table 2 Tensile properties at 20°C and retained austenite

parameters in several TDP steels.

Steel | Morphology | YS (MPa) | TS (MPa) | UEl (%) | TEl (%)
A 470 742 27.2 | 323
B 527 831 314 35.8
C TYPE 1 516 o984 204 22.9
E 494 767 246 | 29.0
F 517 911 27.8 319
G 458 966 245 | 288
A 490 761 18.9 234
B 629 850 27.9 324
C TYPE I 623 912 262 | 318
E 571 772 17.2 221
F 565 824 321 367
G 610 855 215 | 256

YS: Yield strength, TS : Tensile strength,
UE!: Uniform elongation, TE!: Total elongation.
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Fig. 6. Forming temperature dependence of tensile properties
of B steel with TYFE I or TYPE [ merphology.
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Fig. 7. Variations in the maximum hole-expanding load P and the hole-expanding ratio 4 with punching temperature Ip

for B steel with TYPE I or TYPE I morphology.
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Fig. 8. Variations in the maximum hole-expanding load Pg and the hole-expanding ratio 4 with expanding temperature Tg
for B steel with TYPE [ or TYPE I morphology.
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Fig. 9. Relationship between optimum forming temperatures
Tops for (a) punching and (b) expanding and estimated M, of

retained austenite.

167

hTia, Litdts T, TYPEOREHTH NI EE L
BRI -FO LIEL OGN D, BEN 7 OO ATR
AT AREBIcEIT 5K A FEREZINHT S, BiRT5
FILHFIc BT, SR KRER v gl ITRIPFEIC L H B
EHEENT 5, AULITFENT £ L AR HERE &K 1
FH B ERZBOME LA LT 1587 5,

3.5 L AEEE
Fig.11}zTYPE [ & TYPEI {235} 520 C DT IHRME TS

IZ851T B( ) Hypyy &(b) A DBR ERT, HiI20CTORSE
Bp 7254 bewT ot MESHBNR. 72541
b R4 MESKRIR. XA F o FERAR OB XU
A=F4 927254 FE7R7 4 VLDSEATRIPR
4 F4 FRIDDF— & &L, TYPENDHy,, X 4755
VARTYPEl L0 BB EdbnE, Xy b7 —7#4
O 7254 b-wATFoHA MESHRRDT7 2 54

=
}[ rp: roll-over portion
a ss: shearing section
3 bs: break section

Punching direction

I SN
Fig. 10. Scanning electror micrographs in hole-surface layer
of B steel with (a) TYPE 1 or (b) TYPE I morphology.
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Fig. 11. Variations in (a) maximum stretch height (Hp,,.x) and
{b) hole-expanding ratio ( 4} of several high strength steels as
a function of tensile strength (T'%).

Qg+ & p: ferrite-martensite dual-phase steel,

a ¢+ & p: ferrite-bainite dual-phase steel,

ay: bainitic steel, @ g+ 7 g: TRIP-aided bainitic steel.
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