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Strength and Ductility of Ferrite-Bainite-Martensite Steels
Kohichi SUGIMOTO, Tsuneaki SAKAKI, Toshiya KURIHASHI and Okmi MIYAGAWA
Synopsis:

The influence of the bainite structure and the ratio of the volume fraction. of bainite fs to that of total
second phase f on the tensile properties was investigated in the ferrite-bainite-martensite steels with
£=0.11-0.33.

(1) Continuous yielding, low yield ratio of around 0.4 and the best combination of tensile strength
and total elongation were achieved in the ferrite-upper bainite-martensite steel with fs/f=0.2-0.7. This steel
will have much superior stretch formability to that of ferrite-martensite steels.

(2) Ferrite-bainitic ferrite steel excluding martensite islands (fs/f=1.0) had high yield ratio of about 0.7
and relatively good combination of tensile strength and total elongation compared with other ferrite-
bainite steels.

(3) Deformation model for the ferrite-bainite-martensite steels, which was composed of the stages of pre-
ferential yielding of the ferrite, successive yielding of the bainites and yielding of the martensite, was
proposed to explain the interesting tensile properties.
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steel Ti (°C) th (s)
FeM 750 —870 0
FeB+M | 750 — 790 1-1000
F+B 750 — 870 3600
900°C, 30min
T;,30min

525°C ( BF)
475°C (UB)

350°C(LB)

TEMPERATURE

X
-+

-196°C, 30min
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Fig. 1. Heat treatment diagram producing ferrite-
martensite (F+M), ferrite-bainite-martensite (F
+B+M) and ferrite-bainite (F+B) structures.
FC and WQ represent furnace cooling and quen-
ching into iced brine respectively. BF, UB and
LB are bainitic ferrite, upper bainite and lower
bainite respectively.
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Table 1. Volume fractions of second phase f,
martensite phase fj; and bainite phase fg in ferrite-
bainitic ferrite-martensite (F+BF+M), ferrite-
upper bainite-martensite (F+UB+M) and ferrite-
lower bainite-martensite (F+LB-+M) steels inter-
critically annealed at 750°-790°C. T; and ¢
represent intercritical annealing temperature and
holding time in salt bath respectively.

seel [Ty CO | ta @ | S | Su | S |a=suls
20 | o0.161] 0.136 | 0.028| 0.17
750 40 | 0.130 | 0.091 | 0.038 | 0.29
180 | 0.147 | 0.024 | 0.123| 0.84
*3 600 | 0.110| 0.0 | 0.110| 1.0
3 | o.18¢| 0.184| 0.0 | 0.0
10 | 0:222| 0132 0.090 | 0.41
20 | 0.21 079 | 0.137 | 0.63
F+BF+M | 770 40 | 0.213| 0.027 | 0.186 | 0.87
(525°C) 180 | 0.223] 0.001 | 0.222 | 0.99
*3 600 | 0.214| 0.0 | 0.214| 1.0
3 | 0.244| 0.244| 0.0 | 0.0
10 0.215 0.215 0.0 0.0
790 20 | 0.25¢| 0.102| 0.152 | 0.60
20 | 0.242 | 0.005| 0.237 | 0.98
180 | 0.193| 0.0 | 0.193| 1.0
*3 600 | 0.168| 0.0 | 0.168| 1.0
3 | 0.173] 0.173] 0.0 | 0.0
6 | 0.185| 0.183 | 0.002 | 0.0l
750 10 | 0.204] 0.180 | 0.024| 0.12
20 | 0.164| 0.112 | 0.051 | 0.31
40 | 0179 | 0.075 | 0.104 | 0.58
*3 600 | 0.150 | 0.0 | 0.150 | 1.0
3 | 0.250| 0.250 | 0.0 | 0.0
6 | 0233 | 0.210 | 0.023) 0.10
F+UB-+ 10 0.226 | 0.125 0.101 0.45
ey 7o 20 | 0.235| 0.065| 0.170 | 0.72
20 | 0211 | 0.012| 0.229 | 0.95
*3 600 | 0.220| 0.0 | 0.220 | 1.0
1| 0.314| 0.314| 0.0 | 0.0
3 | 0,194 0.185| 0.009| 0.05
6 | 0.200| 0.159 | 0.041| 0.21
790 10 | 0.231] 0.072| 0.159 | 0.69
20 | o.195| o0.042 | 0.153 | 0.78
20 | 0332 | 0.009 | 0.323 | 0.97
*3 600 | 0.320| 0.0 | 0.320| 1.0
3 | o.18] 0.185| 0.0 | 0.0
100 | 0.180 | 0.128 | 0.052| 0.29
750 300 | 0.195| 0.069 | 0.126 | 0.65
1000 | 0.202 | 0.020| 0.182| 0.90
*3 600 | 0.160| 0.0 | 0.160| 1.0
3| 027 0247 0.0 | 0.0
FALBAM 40 | 0.217| 0.193| 0.024 | 0.
(350°C) 770 100 | 0.227] 0.092 | 0.135| 0.59
300 | 0.241 | 0.025 | 0.216 | 0.90
*3 600 | 0.230 | 0.0 | 0.230 | 0.0
1| 0.282| 0.248| 0.034 | 0.12
3 | 0.266| 0.212 | 0.054 | 0.20
790 40 | 0.246| 0.093 | 0.153 | 0.62
100 | 0.246 | 0.020 | 0.226 | 0.92
%3600 | 0.280| 0.0 | 0.280 | 1.0

* F+BF, F+UB or F+LB steel.

— 126 —




_AFA e ECHERAABMORE LIEK 2103

(a) F+BF, 525°C,3600s

(d) F+BF+M, 525°C,20s () F+UB+M, 475°C,10s

Ao,

(fy F+LB+M, 350°C,100s

Photo. 1. Typical scanning and transmission electron micrographs in ferrite-bainite, (a) —(c), and
ferrite-bainite-martensite steels, (d) — (f), intercritically annealed at 770°C (f=0.18—0.23). F, BF,
UB, LB and M represent ferrite, bainitic ferrite, upper bainite, lower bainite and martensite respectively.
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Fig. 2. Tensile properties of ferrite-bainite (F-+
B), ferrite-bainite-martensite (F+B+M) and fer-
rite-martensite (F+M) steels as a function of
volume fraction of second phase.
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Fig. 3. Typical true stress-true plastic strain curves (S) and strain hardening rate-true plastic strain
curves (H) of ferrite~-martensite (F-+M), ferrite-bainite-martensite (F+B+M) and ferrite-bainite (F
+B) steels, f=0.18—0.25. Arrows represent points of maximum load.
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Fig. 4. Influence of a (=jg/f) on tensile pro-

perties of ferrite-bainite-martensite (F+B+M)
steels, f=0.18—0.25.
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Fig. 5. ogXe as a function of a (=fp/f) of
ferrite~bainite-martensite (F+B+M) steels inter-
critically annealed at 750°, 770° and 790°C.
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Fig. 6. Relationship between 0.1 9%, Bauschinger
stress op— |oRr| or internal stress and true pre-
strain. F means annealed single phase ferrite steel
containing 0.006 wt9;, carbon.
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Fig. 7. Schematic flow curves proposed for fer-
rite-bainite-martensite (F+B+M) steel.
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(1) BBPCEBTHILCLIB 7254 +hDR
FREOKT: 7514 OB IRME L LT A,
3EED F+B+M @omE (Whbizig HV 176)
i F+M g (HV 183) X b {Eh 7.

(2) BEEOENSAF1 rHEERIZSAF1 b
DEREE DR IR LIRK R T 5 e, EHOH
DEHIGTIH F+M S A~ TEL.

RER L AMED> D= DL B |5RH X OIE T N T 0.2%
M TIDIETHNE L2k cdTHS.

4:-2-2 FEERE-EMAS VA

3EFD F+B+M @ agE - 5 v A ikE
I e20.05 DOT RIS B 0T RELRKH 2 HHR
Pere g LBEMS DS Ih: F4AM et L TEwy
fEcfERIhics teiRET 22 L2 3-3 TliRbh
foo OFTHREERL S ML CELRBHRELT, 41
RO 3:3 TEREhBXOhLLTOZ 203 2 bh
5. :

(1) 7274 B 2HOMEXRTRERL TRET
5REMIGTINHBRAE L, 20RO THRIRCES ¥ CH
MUBET 2. 22T, BUEBLES W AT VA b
NECHRIEN 2 EmD Db EERFEXEL, <1

T4 XA F 4 PRI RT3 ISR —RBIC VT LY 4 PR
FRCHET ARG AL D /A IVCEBAEN TS, iz, B
BOPRIEAR <A F 4 MERBERRRET 5 L LIKLDOTHEMI
NBEDT, EPFICBO T2 VT ¥ 4 MBI EET 2R
A EBRIRZEL SBTVB EEZBATVS.
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T4 PRSI EED L. 2L, (A
N IRET O BB EIAD HIER MRS T 5 7cd, ~A
TA FPHEF DL oRRE OO TR b ARG IO
W ESET sz Ltk s 5.

(2) 729482 FELTC=ATVHAIL)
RETOAA FOREDN ¢>0.1 OFOF4HF it s
H, OFTHRELEDOZE UNMET LS.

EE (1), (2) WHECEEL COTRELERYS
WER, HEFRT A5, Fig. 6 b, § 2 HRERE
BE (1) oRERHEACAEL s 2 ERTFHETE
B. ZODEM, A4 PEBRECEFTLII LR X
DT7 = 74 VNOBEBRIBEIEMTHZ LY, F
+B+M SO OT LR, LW CIIBE-EE 5 v
ACHEBEEZHTHSS.

fEamE LT, F+rB+MEH (¢=0.2~0.9) TILE#
EEMES S v ARMBE bR, RIS 2 HckRT
LERIGTI OB L O TRBELROHEINANE E RS Z
VAREDO TS THSL LD,

5. &

5 2 AR 11~33voly OB EMABIMC KT,
AT VA P OEELT—IME NS T4 PICEBRL
7eZ7 254 X474 F+B) @RIV 7 =251+
_AFL = AT vH S b F+HBHM) o5 R
ROBEHEBEAS, Chicwtd s <1741 + 0BER
OH2HPEED B A F 1 MERROEE (a) ©D
WTEMRNRT ok, b, F+B+M EHEHK
MOBHEFARBELL. BoRERBERYLTIR
BT 5. '

(1) F+B SRR ABOEETS. ZOdER
ISR ORERE (# 0.7) x&EWA, F+M gl
B ES S v ARET S, LK, NAF 4L
DEEN1=F 49277254 +Ths F+BF #it

)

MROME-EE "5 v A%E L, SRRIEE © SHE
HAHMBME L TRBETHS.

(2) F+4B+M gix#EkEREAET, F+M $LFH
BEN»ILIEY 0.2% WHROERLEEETS. 4
B REMES S v AR 2 MRS B B A A b EREER
DEEGWHRL BEINSD, F+B il IbeE -l
wETE., ZoWMOERREHEOEHEEESHAGEE L
T F+M X020 EBRTVED, NA4F4 1D
BENEL <A 71 T a=0.2~0.7 DL XHEE
Elnb.

(3) 7294 r0BEERCSSE, <1531 +H
R DR E DRI DIHREERER AR T 5L\ 5
F+B+M ROEHEeFAXREL, Chic kb 3RE
MERBETILEEDBE, 7254 EE2HOMEE
AR LU TRET ARSI ESEER O 0T 28t
HELHEY RS EERLE.
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