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Stretch-flangeability of Ultra High-strength Low Alloy TRIP-aided Sheet Steels with Mixed Structure Matrix of
Bainitic Ferrite and Martensite

Muneo MURATA, Junya KoBAYASHI and Koh-ichi SUGIMOTO

Synopsis : The microstructure, retained austenite characteristics, tensile properties and stretch-flangeability of ultra high-strength 0.2%C-1.5%Si—

1.5%Mn (mass%) TRIP-aided bainitic ferrite cold-rolled sheet steel, “TBF steel”, were investigated for automotive applications. When

isothermally held at temperatures less than martensite-start temperature for 300-3000 s after annealing or austenitizing, the TBF steel pos-

sessed mixed matrix structure of bainitic ferrite and martensite, with retained austenite of about 4 vol%. The TBF steel achieved the tensile

strength higher than 1400 MPa and hole-expanding ratio of 40%. The good combination of tensile strength and hole-expanding ratio was

mainly caused by highly carbon—enriched retained austenite and softened matrix structure composing of bainitic ferrite and martensite.

Key words : stretch-flangeability; ultra high-strength steel; TRIP-aided steel; retained austenite; microstructure; bainitic ferrite; martensite.
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Table 1. Chemical composition (mass%) of steel used.

C Si Mn P S Al N
020 150 1.50 0.015 0.0024 0.039 0.0010

k2146 H22 B3z Pk 21 4510 H 13 H3ZHE (Received on June 22, 2009; Accepted on Oct. 13, 2009)
* 5K K FBEE (Graduate Student, Shinshu University, 4-17—-1 Wakasato Nagano 380-8553)
* 2 fFMNRZ LB > 2 7 4 L2 Fl (Department of Mechanical Systems Engineering, Shinshu University)
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Fig. 1. Schematic diagram of hot and cold rolling process
and then annealing and isothermal transformation
holding process of TBF steel, in which “A.C.” and
“0.Q.” represent air cooling and quenching in oil,
respectively.
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Fig. 2. CCT curve of steel used, in which numerals denote
cooling rate. A: austenite, F: ferrite, B: bainite, P:
pearlite, M: martensite.
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Fig. 3. SEM images of TBF steels isothermally held at (a) 7,,=200°C, (b) 250°C, (c) 300°C, (d) 350°C, (e) 400°C or (f) 450°C
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o, and “a,” represent martensite, bainitic ferrite and pro-eutectoid ferrite, respectively.
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Fig. 4. Typical SEM image, phase map, image quality distribution map of bec phase and inverse pole figure map of TBF steels
isothermally held at 7,,= 300°C or 450°C for #,=300s. In (c) and (g), black region and dot represent retained austenite

phase.
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Fig. 5. Typical optical micrograph of TBF steel isother-
mally held at 300°C for 300s, in which white re-
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Fig. 7. Variations in (a) initial volume fraction (f,,), (b) initial carbon concentration (C,,) and (c) initial total carbon concentration
(f,9X C,) of retained austenite as a function of isothermal transformation holding time (#;;) in TBF steels isothermally held
at 7,;,=200°C (O), 250°C (@), 300°C (A), 350°C (A), 400°C (OJ) or 450°C (H).
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Fig. 8. Typical engineering stress (0)-strain (€) curve of TBF steels isothermally held at 7,,=200-450°C for (a) ¢t,;=300s or (b)
10000s.
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Fig. 9. Variations in (a) yield stress or 0.2% proof stress (YS), (b) tensile strength (7), (¢) yield ratio (YR=YS/TS) as a function of
isothermal transformation holding time (#,;) in TBF steels isothermally held at 7,,=200°C (O), 250°C (@), 300°C (A),
350°C (A), 400°C (CJ) or 450°C ().
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Fig. 10. Variations in (a) uniform elongation (UEI), (b) total elongation (7E/) and (c) combination of strength and elongation
(TSXTEI) as a function of isothermal transformation holding time (#,;) in TBF steels isothermally held at 7,,=200°C
(O), 250°C (@), 300°C (A), 350°C (A), 400°C () or 450°C (H).
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Fig. 11. Variations in (a) hole expanding ratio (4) and (b) combination of strength and stretch-flangeability (7SX 1) as a function
of isothermal transformation holding time (#,;) in TBF steels isothermally held at 7,,=200°C (O), 250°C (@), 300°C (A),
350°C (A), 400°C (O) or 450°C (H).
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Fig. 12. Variations in (a) punching shear stress (7,,,) and
(b) ratio of shear section length to sheet thickness
(ss/f) as a function of isothermal transformation
holding temperature (7;) in TBF steels. #,,=300s.
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Fig. 13. Scanning electron micrographs of break section of TBF steel isothermally held at (a) 7,,=250°C or (b) 300°C for
t;7=300s, in which arrows represent cracks initiated on hole-punching. rp: roll-over portion, ss: shearing section, bs:

break section.
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solid line: present process
dotted line: Q&P process (2™ step)
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Y

austenite or retained austenite,

apr. pro-eutectoid ferrite

apy: bainitic ferrite growing at stage 2 !
apf™: bainitic ferrite growing at stage 3-4 (latter)
am: martensite growing at stage 3 !
am*: martensite growing at stage 4-5

stage 3-4 (latter)
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Fig. 14. Tlustrations of (a) heat treatment diagram for TBF and Q&P steels, (b) microstructural change

19 at stages 1 through 5

and (c, d) changes in martensite—start temperature of austenite, carbon concentrations (Cy, Cc,,, Cor,,*) and volume frac-
tions (fY, fa,, fo,*, f,/*) of each phase during the present isothermally transformation holding at temperatures of
200-400°C. (c): in case of T;;>M, at stage 3—4 (latter), (d): in case of 7,<<M, at stage 3—4 (latter).
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Fig. 15. Relationships between (a) hole-expanding ratio (1) and (b) combination of strength and stretch-flangeability (7SX A1) and
initial carbon concentration of retained austenite (C,) of TBF steels isothermally held at 7,,=200°C (0), 250°C (@),

300°C (A), 350°C (A), 400°C (L) or 450°C (M).
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