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Fig. 1. Schematic drawing of the heat treatment process for producing
TRIP steel and microstructural change at each stage of the process.
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Fig. 2. Strength-elongation balance of the various high
strength  steel sheets depending on their hardening

mechanism.
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Table 1. Chemical compositions(wt.%) and estimated transformation
temperatures( ) using Andrews's equation of the cold-rolled steel sheets
used in this study.

Steel C Si Mn Cu Ad AG Ms
ECO-1 0.16 142 1.47 - 737 935 430
ECO-A 0.10 0.94 151 0.49 734 887 449
ECO-B 0.10 148 1.52 0.51 750 912 450
ECO-C 0.15 149 151 0.51 750 900 432
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(ACHAGY/2
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Fig. 6. Optical micrographs of the (a) ECO-1A and (b) ECO-1B steel
sheets etched by 10% sodium metabisulfite solution.



Table 2. Mechanical properties of ECO- 1A and ECO- 1B steel sheets.

Steel Arr:)%li?\ gto YS | T.S | TEL | UEL n m
SO T (MPa) | (MPa) | (%) | (%) |5-20%| 15%
0° 4551 | 7163 | 3374 | 2873 | 0264 | 088
45° 4639 | 7194 | 3238 | 2688 | 0268 | 086
ECO- 1A
90° 4639 | 7265 | 3349 | 2755 | 0261 | 1.06
Mean | 4617 | 7204 | 3300 | 2751 | 0265 | 001
0° 4553 | 7331 | 3514 | 2956 | 0247 | 107
45° 4716 | 7232 | 2761 | 2312 | 0266 | 086
ECO- 1B
90° 4766 | 7289 | 2649 | 2352 | 0278 | 104
Mean | 4688 @ 7271 | 2021 | 2483 | 0264 | 096

*Mean value, X = ( X0 +2X4%5 +XD)/4

Table 3. Chemical compositions and mechanical properties of the steel sheets
for the purpose of comparison with ECO- 1A and ECO- 1B steel sheets.

Compositions (wt. %) Mechanical Properties

el Tl s | p s |5 1% | 15% | T.s. | Vs |TEL|UEL
(MPa) | (MPa) | (%) | (%)
P | 013 | 1.35| 0.25 |0.018/0.002| 0.172 | 0.88| 564 431 | 2751 16.9
D | 0.09 | 207 | 0.03 |0.025/0.006| 0.185 | 0.70| 653 346 |270] 184
S | 009|019 | 099 |0.016/0.006| 0.188 | 0.87| 434 323 | 357|220
2 3 , ECO-1A B 500 600M Pa

P D , S
(7) rm 091 096

P ,D
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Fig. 7. Work hardening index, n as a function of true strain of
the ECO- 1 steel sheets compared with other steel sheets.
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Fig. 10. Volume fraction of retained austenite as a function of
true strain for the ECO- 1A and ECO- 1B steel sheets.
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Fig. 11. Relationships between log[In{fd(fsf)}] and loge for the
ECO- 1A and ECO- 1B steel sheets.
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Fig. 12. Schematic diagram of the heat treatment
processes of the ECO-B cold-rolled steel sheet.
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Fig. 13. Optical micrographs of the (a) Al, (b) B1, (c¢) C1, and (d) B2
steel sheets etched by 10% sodium metabisulfite solution.
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Table 4. Mechanical properties of the A1, B1, C1, and B2 steel sheets.

Angle to T otal Uniform
Shea dlrfz'c'ﬂgn (MPa) (n; iDSa) Eéoo/g‘)g- Eéoo/g‘)g- n r
o) 421.6 728.3 33.75 25.57 0.268 0.82
45° 452.1 735.1 32.40 24.32 0.246 1.05
Al 90’ 433.1 740.3 33.02 25.09 0.276  0.70
mean 439.7 734.7 32.89 24.83 0.259 0.91
o) 451.1 726.3 35.27 26.25 0.268 0.87
45° 464.3 737.1 33.22 24.71 0.242 110
o1 90’ 461.3 748.2 29.44 23.32 0.238 0.75
mean 460.3 737.2 32.79 24.75 0.248 0.96
o) 438.9 714.3 34.04 26.27 0.254 0.79
45° 472.0 741.0 32.50 23.38 0.236 113
¢l 90’ 457.2 738.9 25.99 21.95 0238 073
mean 460.0 733.8 31.26 23.75 0.241 0.95
o) 426.2 740.7 32.47 24.14 0.265 0.87
45° 440.8 749.2 30.16 21.88 0.267 1.07
52 90’ 436.1 752.2 30.25 21.36 0.247 0.71
mean 436.0 747.8 30.76 22.32 0.262 0.93
*Mean value, X = (X0 +2X5b +XD/4
4.2.2
14
(ACHA QY2 Al
B1 10%
(ACHAG3/2 Cc1 ,
B1 M s+20
B2
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Fig. 14. Volume fractions of retained austenite as a function of
true strain for the A1, B1, C1, and B2 steel sheets.

- 45 -



n=1.00

0.8 —— A1 (2=18.41)
EEEEEE B1 (¢=16.20)
—-=-=C1 (a=17.75)

04 —--m-- B2 (2=20.99)

0.0

log[In{f /(f_-f}]

0.4 -

-2.0 1.6 -2 0.8 0.4
log (=)

Fig. 15. Relationships between log[In{fd(fsf)}] and loge for the
Al, B1, C1, and B2 steel sheets.
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FLC , (-01 €2 02

, FLCo
2 9. 16 , Bl FLCo

) , LDHo
B1

( 9 , *€ 2

33.13%
FLC

FLCo

Table 5. LDHo values from the Al, B1, C1, and B2 steel sheets.

Test conditions

Steel . LDHo
sheet pur(lrcnhr;q?g)eed blf%r;léeh(otlgrllr)]g lubrication (mng) (mm)
Al 0.4 34.38 Dry(Acetone) 129 24.74
B 1 0.4 35.01 Dry(Acetone) 129 26.12
C1 0.4 34.30 Dry(Acetone) 129 23.91
B 2 04 34.96 Dry(Acetone) 129 23.39
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Fig. 16. Forming limit curves of the Al, B1, Cl, and B2 steel
sheets measured by OGA.
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Table 6. Heat-treatment conditions of ECO-1, ECO-A, ECO-B and ECO-C
cold- rolled steel sheets.

Intercritical Intercritical Isothermal Isothermal
Steel annealing annealing treatment treatment
temperature () | time (min.) | temperature ( ) | time (min.)
ECO-1 800 400
ECO- A 780 450
ECO-B 810 ° 450 ’
ECO-C 790 430
4.3.1
17 50 : 50
, MS ECO-1, A, B
C , sodium metabisulfite
B,
, (lath boundary)
(film)
ECO-C )
ECO-B
ECO-C
2 . ECO-B Si
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Fig. 17. Optical micrographs of cold-rolled steel sheets; (a) ECO-1,
(b) ECO-A, (c) ECO-B, and (d) ECO-C.(etching by nital solution +
10% sodium metabisulfite solution)



Table 7. Mechanical properties of the cold-rolled steel sheets used in this
study.

Sted Arr:)%li?] gto YS | TS | TEL. | UEL n rm
SO | (MPa) | (MPa) | (%) | (%) |(5 20%)| 15%
0° 4551 7163 3374 2873 0264 088
45° 4639 7194 3238 2688 0268 086
ECO-1
90° 4639 7265 3349 2755 0261 1.06
Mean 4617 7204 3300 2751 0265 001
0 4354 6610 3472 2428 0241 0.86
45° 4393 6720 3416 2420 0239 112
ECO- A
90’ 4504 6786 3068 2278 0238 074
mean 4411 6709 3343 2386  0.239 0.96
0 4511 7263 3527 2625 0268 087
45° 4643 7371 3322 2471 0242 110
ECO-B
o0 4613 7482 2944 2332 0238 075
mean 4603 7372 3279 2475 0248 096
0 4952 8155 3613 2890 0282 0.79
45 5100 8191 3690 2810 0272 1.04
ECO-C
90’ 5054 8150 3546 2826 0277 0.86
mean 5052 8172 3635 2839 0276 093

*Mean value, X=( X0 +2X% +X9D )/4

18 1 - log
-log
, N -
0 =Ke n , (do Ide =0)
€ =€ UFN . ECO-1, A, B
C
(necking) 6223
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Fig. 18. Schematic diagram showing true stress and work
hardening rate as a function of true strain in the ECO-1, ECO- A,
ECO- B, and ECO- C steel.
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Fig. 19. Limiting dome heights and uniform elongations of the
ECO-1, ECO- A, ECO-B, and ECO- C steel sheets.
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Fig. 20. Forming limit curves of the ECO-1, ECO-A, ECO-B, and
ECO- C steel sheets measured by OGA.
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Fig. 21. Volume fractions of retained austenite as a function of
true strain for the ECO-1, ECO-A, ECO-B, and ECO-C steel
sheets.
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Fig. 22. The plots of log[In{fd(fsf)}] vs. loge for the ECO- 1,
ECO-A, ECO-B, and ECO-C steel sheets showing deformation
mode parameter n=1.0.
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Formability of Low Carbon Multi- Phase Cold- Rolled
Steel Sheets Utilizing TRIP Effect

by
Byoung- Hwan Song

Department of Materials Engineering
Graduate School
Korea Maritime University

Abstract The main emphasis of the present study has been placed on
investigating and understanding the effects of retained austenite on the
formability of TRIP-aided cold-rolled steel sheets. The steel sheets were
intercritically annealed and followed by isothermal treatment at bainitic region.
Microstructural observation, tensile tests, and limiting dome height(LDH) tests
were conducted, and the change of retained austenite volume fractions as a
function of tensile strain was measured. The results are summarized as
follows:

(1) The tensile property and the formability of the TRIP-aided steel was
superior to the conventional low carbon cold-rolled steel sheets, due to
maintaining high strain hardening rate in the high strain region by the strain
induced transformation of retained austenite to martensite. The formability of
the TRIP-aided steel was dependent on the stability of retained austenite. If
the stability of retained austenite was high, the strain induced transformation
of retained austenite to martensite can be stably progressed, resulting in the
delay of necking to high strain region and the improvement of formability.

(2) The effects of retained austenite on the formability of a
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0.1C- 1.5Si- 1.5Mn- 0.5Cu TRIP-aided cold rolled steel sheet were investigated
after various heat treatments. The results showed plausible relationships
between the formability and retained austenite parameters such as stability
and initial volume fraction of retained austenite. The formability was
improved with the increase of initial volume fraction and stability of retained
austenite. Thus, the conditions of intercritical annealing and isothermal
treatment in TRIP-aided cold rolled steel sheets should be established in
consideration of volume fraction and stability of retained austenite.

(3) Relationships between retained austenite parameters(volume fraction
and stability) and amounts of alloying elements on the formability of
C- Si- 1.5Mn- (0.5Cu) TRIP-aided cold-rolled steel sheets were investigated.
When the carbon and silicon contents were increased, the volume fraction of
retained austenite was markedly increased. In particular, C increased the
stability of retained austenite with increasing the carbon concentration of
retained austenite, but the stability of retained austenite seemed to be less
sensitive to the silicon contents of 1.0 15%. In the case of the 0.1C
TRIP-aided steels containing Cu, formabilities were excellent than the
0.15C- 1.5Si- 1.5Mn TRIP-aided steel by decreasing strength difference between
second phase and ferrite matrix due to Cu solid solution strengthening effect

It is reached a conclusion that the stability of retained austenite must be
suitably minimized with maintaining the largest volume fraction of retained

austenite for using merits of TRIP-aided cold-rolled steel sheets.
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