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Table 1 Chemical compositions of the steels used (mass%).
Steel C Si Mn P S Al Nb B N

2Mn 0.10 0.01 2.00 0.002 0.0013 0.035 0.022 0.0015 0.0007
3Mn 0.103 0.02 3.13 0.002 0.0018 0.036 0.021 0.0015 0.0007
5Mn  0.098  0.02 4.93 0.002 0.0023 0.031 0.019 0.0014 0.0009
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rolling
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Figure 1 Schematic drawing of the process for fabricating the UFG ferrite microstructure
by cold-rolling and annealing of a duplex microstructure. Ac; and Acs mean the
transformation temperatures measured by dilatometer.



Table 2 Transformation temperatures of the prepared steels measured by dilatometer. The
data were measured at heating and cooling rates of 2 °C s1.

Steel Aa Acs An Ass
2Mn 699 832 423 618
3Mn 680 803 250 418
5Mn 648 755 173 338

Table 3 Fabricating conditions and microstructural parameters of the hot-rolled and
subsequently heat-treated sheets (before the cold-rolling) of the 2Mn, 3Mn and

5Mn steels.

Steel

Heat-treatment

temperature, 74 (°C)

Mean intersection length

of ferrite (um)

Volume fraction of

martensite (%)

2Mn
3Mn
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715

1.79
0.62
0.66

50
65
65
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Figure 2 Effect of Mn content on the transformation temperatures in 0.1 mass% C-steels.
The chemical compositions are summarized in Table 1.
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Figure 3 SEM microstructures of the hot-rolled and subsequently heat-treated sheets as
starting microstructures in (a) 2Mn steel, (b) 3Mn steel and (c) 5Mn steel.
Observed from TD.

Figure 4 SEM images of the specimens cold-rolled by 80% reduction in (a) 2Mn steel, (b)
3Mn steel and (¢) 5Mn steel. Starting microstructures are shown in Fig.3.
Observed from TD.

2Mn S SERR OFE &« DOIRFE TOREM% > SEM #i% % Fig.5 1259, BESLIEE 600°CDEA.
AL 7 = F7 A M A Z A NP DDA BIE IS, BESEED LH L &bl K
FREDET TV D, FREIOFE 7 = 7 A MRARITH%IE ERT, BESLRE 7000CTIX, 7 =71
FORIRETITRIAZER EIZ, DEOALT UV A IRBIEIND, 2O Lix, BESRE
N7 274 b+ A—RATFA b ZARICEELZZ EERLTVD,



Figure 5 SEM images of the 2Mn steel cold-rolled by 80% reduction and annealed at (a)
600 °C, (b) 620 °C, (c) 640 °C, (d) 660 °C, (e) 680 °C, (f) 700 °C, (g) 725 °C and (g)
750 °C for 120s and water cooled to room temperature. Observed from TD.
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Figure 6 SEM images of the 3Mn steel cold-rolled by 80% reduction and annealed at (a)
600 °C, (b) 620 °C, (c) 640 °C, (d) 660 °C, (e) 680 °C (f) 700 °C, (g) 725 °C and (g)
750 °C for 120s and water cooled to room temperature. Observed from TD.
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Figure 7 SEM images of the 5Mn steel cold-rolled by 80% reduction and annealed at (a)
600 °C, (b) 620 °C, (c) 640 °C, (d) 660 °C, (e) 680 °C and (f) 700 °C for 120s and
water cooled to room temperature. Observed from TD.
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Figure 8 Relationship between mean ferrite grain size and annealing temperature in the
2Mn, 3Mn and 5Mn steels.
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Figure 9 Relationship between the fraction of second phases after the annealing and
annealing temperature in the 2Mn, 3Mn and 5Mn steels.

MmEER L S iz 3FEOMICH T 2 _MoElG 4, Fig9 (rd, 22 Th 5 4]
LiX, SEM g CHLBIHEN DA T oA b XA T A b A—RATFA FEETEL
PHOTH D, H _FHOEAIE, Mn BEONIC L > TEHFICH KT 5, £72. F _HOEEIT,
BESIIRE D EH & & HITHML T2,

5Mn #iflZ 31T DA OFEMZ B ST 5702, EBSD IC LD AL - v vy B 7 %475
72, Figure 10 |, 600°C~700°C CHEHL XA17= 5Mn #iiikE i EBSD ~ v B> 72X 0 55
72 1Q (image quality) v v 7' ThHsd, Z I T, 0LV EBSD v v B 7 L 0¥l sz
F—ATFA MEIL, RETRINTWD, R 1 pm LU OEMEMH T = Z 14 MRS
B2 S5, Figure 71278 L7 SEM 4 TIFHIBI T E 2o 7273, 600°C~640°CHESIA IZ S
REDA—ATF A RBFELTHNDZ ERnNnD, b OREIRE X, Table 3 (IR L7
AaZERER LD BIEWRETH D, L L, Aa BEAITER FRICEVPIE SN HDOTHY |
AR RIZ IO LD RN EB X 5N D720, 600°CHREFHICA—AT A MRHTHT 50
REVEL® 2, EBS. KPS 5%Mn SO FHEZERESR (A) ZMEHT L7/ & LTl K 600°CA3H
HahTwaliil,



Figure 10 Image quality (IQ) maps obtained by EBSD analysis of the 5Mn steel cold-rolled
by 80% reduction and annealed at (a) 600 °C, (b) 620 °C, (c) 640 °C, (d) 660 °C,
(e) 680 °C and (f) 700 °C for 120s and water cooled to room temperature. The
regions colored in red are austenite. Observed from TD.
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Table 4 Volume fraction of retained austenite measured by X-ray diffractometry and EBSD

analysis of the steel B and C annealed at various temperatures.

Steel Annealing Austenite fraction (X-ray)  Austenite fraction (EBSD)
temperature (°C) (%) (%)
3Mn 680 4.6 —
3Mn 700 14.6 —
3Mn 725 10.9 —
5Mn 600 7.2 4.5
5Mn 620 10.7 4.8
5Mn 640 15.5 14.7
5Mn 660 21.5 20.9
5Mn 680 26.5 14
5Mn 700 4.7 1.7
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Figure 11 Vickers hardness of the 2Mn, 3Mn and 4Mn steels before the cold-rolling (CR),
after the CR, and after the salt-bath annealing at various temperatures.
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