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Effects of Volume Fraction and Stability of Retained Austenite on Ductility
in TRIP-Aided Dual-Phase Steel Sheets

Koh -ichi SuciMOTO, Noboru Usul, Mitsuyuki KOBAYASHI and Shun -ichi HASHIMOTO

Synopsis :

The effects of silicon and manganese contents on volume fraction and stability of retained austenite in
0.2C-(1.0-2.5) Si-(1.0-2.5)Mn(mass% ) TRIP-aided dual-phase steels were investigated. And, rela-
tionship between the above retained austenite parameters and ductility at room and moderate temperatures
was discussed through studies on strain-induced transformation behavior of retained austenite.

Increasing silicon and manganese contents except for 2.5 mass% manganese steel, initial volume fraction
of retained austenite increased with reducing carbon concentration in retained austenite. It was found that
ductilities of these steels became maximum at a given temperature between 23°C and 175°C, i.e., peak
temperature. The peak temperature of ductility was concluded to differ among the steels and agree well
with the temperature at which strain-induced martensite transformation of retained austenite was suppres-
sed moderétely. Moreover, the peak temperature Tp(°C) was related to estimated martensite-start
temperature Ms(°C) of the retained austenite as Tp= 3.04-Ms+ 187. Strength-ductility balance at the
peak temperature linearly increased with an increase in initial volume fraction of the retained austenite.
Key words : dual phase steel; high strength steel; retained austenite; ductility; austempering; moderate

temperature ; carbon concentration; strain-induced transformation ; transformation induced plasticity.
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FUH AL () BEONAFA NEBIIH S R,
TRIP F RSB INCEL -2 L WGERLTWA Z & 23R
HL7.
ERoSMBUORE L KREL 25EE (ETE,
C— 7 BELIER) CBWCERBMLET) 2 LITX
D, EROBEREFRPIZBVTROKELRRTH 72
BWHEESEEZELLMESEAI ENFTRTHS. BT
¥ T, BEMEATERIF% 0.2 mass%C LT @ Si-Mn i
oW T T BAEFHR O LBEHSE S HEN R S
NTVBEMMLE WFRLBRTOLDTH Y, EN
HELLEBL RAE—VREICBVT, EHECHT Z1L

FHROFE Y BRAT A LENH S, FRC, mED

ThHEHRL LT, ¥—2REOXRRFEHL,IILT
BALEFHS.

TRIP B AHAHE I BT, LR OEZEEIRE
BICdRE yBRBLUFORELE R LICHA, Ihd
HEEICH L CRHBE RIFTEEZORLAY, BfED L
AZOEI) REABPSORFIRE ST, £2
CTARMETHE, Mn BLUSig FhEFh 1.0~25
mass% O i TEAL X ¢ 7 0.2 mass%C-Si-Mn #EH#
By BEeT, £,

(1) ¥y 0¥l +2bb%RE y DEERB X
OREN (C iR, Mg, A F4 F~OFRIRE)
345 SiEBLU Mn EOEEBEHE L. 2WVWT,

(2)VEMUBLUZDOY— 7 BELERE v OHE
LB EREL, ChERYE y 0 U T ABEEREZRE
B OHETAHI L ERXAT.

2. K B F &

BRIz id, EEEMICIVERLAEZA-GDOTH
FED 0.2 mass%C-Si-Mn I ¥ ¥ MK (£ & 1.25 mm,
WIEEE 60%) *HWZ, Zh s oMoftEfk %
Table 1 1Z/79. A~D #iix Si # 1.5mass% & L, Mn
% 1.0~2.5mass% ¥ TOHF T 0.5mass% § 2%
fbegTwah, £72, E~G iz Mn &% 1.5 mass% &
L, Sig% 1.0~2.5mass% ¥ TOHP T 0.5 mass%
FTOREHE TS,

Table 1. Chemical composition of steels used
(mass % ).
Steel Si Mn P S Al (o} N

C
.21 1.51 1.00 0.015 0.0013 0.041 0.0010 0.0017
.20 1.50 1.50 0.015 0.0012 0.041 0.0010 0.0027
.20 1.49 1.99 0.015 0.0015 0.039 0.0020 0.0017
21 1.50 2.51 0.014 0.0017 0.038 0.0009 0.0027
.20 1.00 1.50 0.014 0.0013 0.038 0.0010 0.0026
.18 2.00 1.50 -0.015 0.0013 0.037 0.0012 0.0021
9 2.48 1.49 0.014 0.0013 0.036 0.0014 0.0027

[alcivlelolekd
coococooco

NSO G, EHEFENIFEITIC JISI3B 551k
ERFr % VEBL L /2%, 780°C~860°C M 2 AHBUEE T L
BRI L2 EE T 1000 s fRERE, NAFA ME
HEIREE 400°C (CfREF L 23E 0 Ic &, 1000 s fREFTR
W OBMLER (Fig. 1) 2L 7. S8 2 HBER
LIRE T, 123, R y B3R AL 25 RE L RA
L7z (Table 2).

FIESRERICIZ A >~ 2 b o o RIGRERE FlVv 7. SABRm
ik —65°C 25 350°C OiREHIF, O3 AEEIE—
E (2.8 X107 %s) & L7.

By offERE, XKEEFEICIDEE LA
X 82k Mo-Ke 2V, 5-¥— 27 2% i
$7, BYE yOBTER 0y (X107m) & X HEHR
& (Cr-K,, [E#HE (220),) #HWTEEL, ZOfEL
(1AL, BE y» CIBE ¢y (mass%) KD,

ay=3.5467 + 0.0467- ¢,
ST, Mn BLU Si BREBICHESRTHETFER~NDOF
WERO /S (Mo B X Si 1mass% H7-h i
FPRARFERLELH +0.001 X107%m, —0.0008 X
1070 m L8 B)DTC, 2ORBLEERL .

3. X B # %

3-1 PHBRR Y Of54E
3-1-1 MHREE, KEREBIU Mg A

T1=780~860°C
103s
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o
o
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Fig. 1. Heat treatment diagram.

Table 2. Intercritical annealing temperature T)
and some parameters of retained austenite.

Vil cy Ms Ty

Steel ¢C) f fro (mass%) ) )
A 800 0.176 0.058 1.53 —61 340
B 780 0.261 0.079 1.33 -19 380
C 820 0.342 0.137 1.23 —13 390
D 820 0.365 0.080 1.13 -7 395
E 780 0.264 0.076 1.36 -30 370
F 820 0.278 0.085 1.31 —12 390
G 860 0.204 0.103 1.29 —4 400

£, fro: Volume fractions of the second phase and the initial
retained austenite, respectively.
cy: Carbon concentration in the retained austenite.
Mg : Estimated martensite-start temperature.
Ty : Decomposition temperature of the retained austenite to
bainite ; tempering time=600 s.
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Photo. 1.
in which @ represents ferrite matrix.

B ymANITRRE D 2MEBEL T LIEE T, ©
ﬂmﬂtt&®%ﬂ®%2ﬁ¢ﬁ$(ﬂ.MQ%m7
& (fro), BXUHE y$0 C i (¢;) % Table 22
MY, F7, MBEEOMES (A~D #) % Photo. 1
WY, 72770, E~G SofAlkiz A, B@ﬁduﬁﬂil,f
Wb,

WEROBTYH, F2HIZIEF a HBRICH-> TERK
WCIETES 5. 8 2 MRS Si B8 kL Thi3iz—
ETHBA, Mn EOBENNIC & b 4 WEEINT 2 5588
% 515 (Table 2). Photo. 1 TEHE S h B HEL
Table 2 DEFEROFHR LY, KFOE 2 HII~1 + 4
FERERRBR yHrLE-TWAHREEZLNS. F7-, B
HrydFoxI+ 4 b HCBEES 238 hTEELT
BY, OFTAFELRELELLTVWEEYE o Tna,

MR y 81, RERHPHICBVTIX, SiEBX
O Mn 203Nz oTHEML, &KT 13.7vol% 123
ETHH, 2.5mass% Mn #i (D) TRV LIKETT 5.
=7, B¥ vy CEEIR SIEBLU Mn 208
EONTRT S 2. KMo, BB 7y ho CRER
1.13~1.53 mass% D &ipH Iz J)V), OB ERE RO
I;HI*]5:&)Z>4)~8)- »

B 7RO C MR Fig. 2 \RT L5 1S, 2 Mg

Scanning electron micrographs of (a)steel A, (b)steel B, (¢)steel C, and (d)steel D,
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Fig. 2. [Initial volume fraction fy, and carbon con-

centration c, of retained austenite as a function of
intercritical annealing temperature T;.

S I LEEICX - THERSN, HKEMO 2 HIE8E X
I LimETIHEL, SRMTEEL 25, LrL, B
7R Yy BV RKE R HBEMICRIIIEF—EMHEER
TOT, AEBRGEHETIE, 2HBREOREIIIITER
T&5ThH 9. B, SmMITEE yo CRERENS
K ofonid, BRAITIE (a+y) BBEx LT LEED 7
HEHEEFEC LD (RFBEFETL) X4 -4 PR
PEIEL L7720, CBREOEVT7 4V AKRDES
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POREIARL ZF 4 v 27 274 0T ABFIAAE
LR %. .

Speich 5'¥$ X ¥ Gilmour LODFERESEIL,
558 7 sh > Mn JRHE (mass%) % VRIME® 1.5 £ &L KGE
L7 &0 Mg 55 (°C) R L DEIH L.

A@=&m—mmx%cy%mx%Mm—mx%$)

M&mi—m~—rcmﬁ@u&5:&ﬁ%ﬁéné
(Table 2).

3-1:2 A F 4 FAOSTRIREE

Fig. 3 12, # 5 % Ui (RFFEEM - 600s T 7213
3600s) 12k b7 ) BE v BOELONKAERT. o
- C, B XFE LR 600 s &7 |BREERAT O MEAREE O
AR L, 3600s gk HHETE TIWEY 2 HH
CIEHY L CWwS, RE RIS ABERLEK
(Ty) WTTREETH B, Ty L ETREBICRY
+2. BEEBEOEE CORVIEELORELE
BB Y 2 oA F A P0G (KR ILLB L
rHER L.

Fig. 3 (2 ft> TSN EMO Ty ik % Table 2
R, E70, TpimMEr Ms ik OBR%E Fig 4 1%
T.:h6®@ib,$ﬁ®ﬁﬁyu¢&<t$3mw
BEOREERELICH LTRECHAZ L, &6 UIH
iﬁ%ﬂni&%ﬁinn%ﬁ%m¢buonf(T
bbb, BE YO Ms BB RAIEO2NT) B LS
S EABHLNA, HEAFRLENA600s OHEGD Ty
BEE (°C) & Mg 21 (°C) & OBRIEIRNTRENA.

Tpy= 395  Mgreeeerrereesemunnnneersnnnesseermeneees (3)
3.2 BIERMORBREBEEKFN

Wbz, AEICIET BT -0 A RO REK
GRS L TE <. REBL LT, FRORHIEI-
AROFAMGS L 00T AEME (O ABILE
(do/de) /BT o) - AOF » MO RBRIBE R
EgSKﬁT.%ﬁfu,@ﬁﬁﬁ@%,kéﬁUf
AL %A L, #R L LT TRIP B A HIEHNA O
B IR S B KUY 30% BREOK X LEMUEET S,
BIBENE (& D, 100°C~200°C il%bE, U H
%ﬁ%%KE@LtW%%&tV—VaVﬁﬁﬁb
3 7., ERAYO O F AR EIR I A TERY A,
e O BT IRV 255 227 0 BT 2 AR
5. RERE LT, FIIERSRERICENTOTPCET
Téﬁ,@wwu%t<ﬁé<ab,F%@%ﬁ,ﬁ
MO 47% L b F o Twh, SHICRENFECED
300°C Tit, BIEOO T AR X D ERIENE 2% DS
¢ % B, EMTRHIET 5.

0.20
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015
a
a0
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Fig. 3. Variation in volume fraction of retained

austenite f, with tempering temperature.

Ty in the figure represents critical temperature at

which retained austenite starts to decompose to

bainite.

400

TH (°C)

300L+ 1
-100

50
Ms (°C)

Fig. 4. Relationship between critical decomposi-
tion temperature of retained austenite to bainite Ty
and Mg temperature of retained austenite for un-
strained steels. Numerals in the figure represent
tempering time.

538 0 BRSO RERRERIFE % Fig. 6 1179
SMUICOVWTASE, SICL > TEMUTOKREES
FUAMUORBRERERIKRE S REBY, Wi
@ﬁuﬁwf§$@0ﬁ%ﬁuﬁ%@%ﬁ§(E—7ﬁ
) ASEEA S 200°C QRERAATEDLONS. <
OV — 2 EEE Si BLU Mn EFHEMT AL, g%
bHEE yhO CRERLV Mo iBESETI23Y
%ﬁ@u&%:tﬁ%b%n&.wi,ﬁﬁ7®%ﬁ
il LT CilfEL Mn iREQOEBE BT % Ms 1%
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WE+ 5L, Fig TIORENBEI I, BE 70 M
B(°C) L E— 7B Te (°C) & OIS AR TR S
N D BRI S 7z,

Tp=13.04 Mg+ 187 reeeverereresercuiunnnnnninnnn, (4)
g )
(a
= o,
<1000+ 300°C o¢ 50°C
B 7 200% 1500
A
& 100°C
o 500+
-
<
z
3
] ] 1 i I
z 05 10 20 30 40 50
NOMINAL STRAIN (%)
20
b)
10
o 0:
w sF
© L
5 r 50°C
- or w7 200°C
g 150°C
1 J00°C ARSI
0 01 0.2 03 04 05
TRUE STRAIN
Fig. 5. Changes in flow curve and strain-

hardenability (do/de)/ o of steel F.
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TESTING TEMPERATURE (°C)

(4)RXD X5 R EREFRE, BE v Mn BE %R
MED 12 LRELEEZIZHHKTITS. b, &
Boryo Mg SARVEIIEE Y — 7 BENERISEL 2
AHDT, BimTOEMPE Mg EAEVELD HAE L
%o TWAI ENBDLNS.

Fig. 8 C¥— 7 HESLUER (23°C) BT A5
FE-MEME NS » 2 (TS X TEL) & fI#A%%5E v = & D%
¥R, MPOEFIE A~CHIZO>WTHWTH 5.
E— 7 REECTOMEE M T ¥ 2 S EBRICHEMT 5
TEABOHLN, Mn BIMICXBEBE v BORIMASHE
BN 2 EOTWAI Ebhh, & Si
(F,G#) Tiz A~CHOoEML D BEBWEICAEL, Si
DEMIE Mn L ) HIREE-EWNT v A2 FO DD
B THD I EIRBENSE., 2DLS % Si DR
i3 Sakuma 5NZ X 5 THHE ST, KEWIZ
3 SiA7 =74 MHOERBE L B0 LRI B
EEZONDL, —F, 23°C TOME -EH /ST » 2134
WIS yBEOBMICE L L WVWET A LI fiEkE i
BAEZEAER LA Chik, ZEORYE ¥ ORE
HEHP—ETEL, HKRE rEDOSVHIZ L 23°C TD

By T AFRERIINT B2LEWAEL, TRIP
MEVAEDCHN Lo THBEEZLNS.
Fig. 8 1B\ T, D#om 23°C TOME - -EH NS v %

TS 1 MPa

YS,

H
Q
(&]

x

=
HO
o w

w
o

[
o

TSXTEL/ MPa
S
I

o

40
30
20
10

TEL (%)

0 1 1 L ! !
-100 0] 100

I | I
300
TESTING TEMPERATURE (°C)

I
200 400

Fig. 6. Testing temperature dependences of tensile strength TS, yield stress (or 0.2% proof stress) YS, total

elongation TEl, and strength-ductility balance TS X TEI.
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Fig. 7. Variations in peak temperature of total
elongation Tp and strain-induced transformation
parameters Ts, Ts ™, kmin, and k™ (which are
defined in Fig. 9) as a function of Mg temperature.

DOAEBI ST TVAHD, Thid 23°C TIEE 7
DOTHRFREBENEL LT CFIRBE 7L CIXEL
ollh, EHUPECICKELETLAEZOTHS
EEZTWVES,

B3R X OREBRIREREE MO OEE L FKICHE
BN, BIEME AR/ 2 HIRESHKICHE NS
(Fig. 6). TORERVThOE|IIBWVTH 100°C~
150°C OFEFMWICH A5, & Si#iB L0 Mn §i3 E
ERACHD Z ENTEDONS.

3:3 BB Y OUTHBETEIHE

¥ 513, TRIP RIEAHMEMORE v & f 35k
DFh e DBINC & S WAL, WEIZXK TR
SohbEEFRWVELTWSD,

logf7=—‘k'£+logfm .............................. (5)
TIT, fr BUIHIRE yETHDH. T, ERERT,
ZOEANE VI EFRY 7 0 0T AFRERE I S
NTWwahZ E*EKTA.

A CHIE S 7z kL RBRIRE L ORMR%E Fig. 9
WRE. S TC, kKEESCER 7) 1BV, BRI O —4R
TBRBOKRE yBL ZOVTa,LLRDI. ToORLE
Fig. 7 &0, LTOZENRBoOLN5. .

(1) TFhofRicBvTd, kfEiE 100°C~200°C D

x103
50

~
(@]

TSxTEL 1 MPa-%
w
=

N
o

ol v 11
005 010 015

fyo

Fig. 8. Relationship between strength-ductility
balance TS X TEl and initial volume fraction of re-
tained austenite fyo at room temperatue (23°C) and
peak temperature ( Tp), respectively.
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Fig. 9. Variations in k-value as a function of test-
ing temperature.

BEBCTR/MEZ AT S BRY 7 0V TAFELEN K
LIl E B ).

(2)k DRAME kpin 13, TR 7 D Ms AR5 (C
B, MnBELSEV) B Rb,

(3 )kpin PHRNBIRE Ts &, Ms HAMKVEHHIE LK
(e Bht, Mg< —20°C Tt Ts BIF—ELhb.

Ts BEAFHMEICX > TR THBBBUTOLS I
Ezonhnh, A (EVTHIKE) TiX, &Y y»2oN
A+ 4 F~OFR (ERE) P RET AIERE Ty ($5RE 7
D Mg HIZEEsN, Mg ArXEwv (CHEEE721X Mn
EEEAMEWV) ST EEWV S AR N7 (Fig 4). £72,
0.4 C-1.5Si-1.5Mn (mass%) TRIP El45 & H &8 % B
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WRRFEDI X, # 200°C LR BHIERE TR O
AR o TREHE LGS NBA, OFAhFRAA
FA MNERFERE LRSI EFEINTVS. 2hb
DFERELY, OTHRFENL 54 FNEEIBIET A IRE
B Mg BiDOER, $¥7bb, CEETE MniBED
BEFICLAPVWERL, ZhiZkoT Te B ERE
W7 hLzbDEEZLNS. Mg< —20°C T, M
BICESY TRENIFIET—EE % - 2BEOBANLH
SERTRZVD, BE yOOFTAFBENSF 1 PR
BREALELLZVEBRILBESTFET SO THIHLE
Zh.

4. % &
4-1 BRBY OFREBERFREICHTI I Mn & SIiD

-7

Takahashi 5812, RI{LWOW R Eb WAL F 4
P (XM =ZF 49277254 ) LRE vy RET S
MTiE, BB yHhOCBEREE T, (y L EAMKD a
DHHZANF—HPELL 2BEE) CBT5 yHO
CREIZIBIEFLVILZHELTVS., ooy
WHEZE, YT E TH A Mn OFINIE, Ae; imfE &
ELIE ToREXKTER®S, hidgh, T,EET
D yHPD CIRELIKT € 5MHE, yHOKERL
WMimses.

COEZHE, FHEDO A~DHWIZBVT, Mn BED
BICE b 0iRE vy o CIRBEMET L 2 REERER
X EHBATEY, DHTORE yBOKRTLHHHET
Ehwv, TOBHRBEUTOLIICEZD EHHETES.
Mn 8% H5RELUEICHRNTSE, T, METH yH#
O CRENFESLEDBELY, oo, N{F+4}
LRED ML IR S N 2 MR HENT 5 b 00,
By RERIKT T 5.

BE yPRLA=F 4927254 b5 ABRIE
T 554 (Fig. 2 0FiRAES 2 3 LIRE) T, (e
+ P HTO yHO CREMMEDIZL 22D ST,
Boyho CEEMND #HE 3128MT 5. Lizd 5T,
Lk @ Takahashi S0 2 713 (a+ 7) 2 HIHBE X
F LR (2 AHBER 22 2 LSO 7 RRESR) 5 % 1)
BB, ZOHDI— R F 2 — LR ICRE Y~
REDRAAH XA 54 PERBICERL, »2RE v
FIMTILCHELET AHACERTEDLL)THA.

SiiEMn DX T REIZIZEALEELLZVD
T, LBDZEIHICX - THRE yokfiEL: CiRE%
T A LIdTEL Y. —HIZ, Silk Al Cr &
FRIZRILONTIR L IHI L, %8 yB2Ns €55,

BRE DO CREICIEELLAVEZEZSRLTVSD,
Table 2 & 1), ARBfED E~G fic>nT, BH y
DL CIRE (froX ) 2818 ¥ 2%&, E, B, F, G#
TENZFN 0.103, 0.106, 0.111, 0.133 mass% & % 1),
Si BEOHEMIZE RV fro X oy BXHIMLTWS, L7
MoT, KFETOHO Si DRMIZEZEE vy CiEE
DT X, 7%RE v REEROEINC X - THENICS 72
LEaNbDEEZLND

4-2 2MUOE—-VRELRE Y OREMEDOMEE

EEOLDISEL, U= RETOEMUDE L\
MIOTAFELENFFEEICHH SN, SOTHET
TRIP $EAFHEMCEL -2 L, BLUOUTAHREE
PROIBSNDREL ZIF—HTHI L 2WE L.
KHEHTiE, 3300 FVAFELEHFEHOEELHNT,
- 7R LB y DRER L OB R T 5.

Fig. 7 # VT, &MU — 27 RELBRY YOO
TAHBEREEIRLIH S NDEE Ts LOEEY T &
DL,

(1) Ms=—20°C D#EERICBVWTRY— 278 Tp
BERE YOO TAFEELENFRLIM SN LEBE T
E3IE—BT B, —H,

(2)Ms< —20°C CHTREIIRERLS.
COBRBEEHBET LD, FFEEBCOoOVT kL L
oy BRSNS vz (Fig. 10).

Fig. 10 5, %% 7 ® Mg sis* —20°C Ll ko
&, KEDERTICE b2 vEMurimL, kErR/
ELBRETEMPEIRKREEZSTVS, LIAD5, B
Bryo Mg E5h —20°C LT (A, E) T, k
EE EMUTDBICIZEREIRI RO SN, kil KL<
ZOBED LSRN B ol BREL—

10

T TTTT

T

TTTTT

05 .
0 10

TEL (%)

Fig. 10. Relationship between k-value and total
elongation TEL
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544 +% TRIP 82Tk y QU T AFR VT 44

FEEEIE Mg e My HOBTHEBRBREO ERIZE DL
Wil s h, My UL ETIR Yy 3EECEEL LS. &
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