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Abstract: The research and development of the third generation automobile steels were summarized and analyzed in this
paper. The mechanism for enhancement of elongation at ultra-high level of strength mainly was increasing the volume fraction
of retained austenite (RA) in the current researches. However, it is very difficult to be applicable in the industries to
achieve the high product of strength and elongation only by the mechanism of RA, resulting in that the third generation auto-
mobile steels have not been practically manufactured and applied widely during the past decade. In order to increase the

elongation under the condition of ultra-high strength, it is
Wi HEH. 2017-06-04 required to combine all of possible mechanisms for plasticity
E£WH: HEAABFIETH (51305285) ; #idm A enhancement other than only by RA mechanism, in which the

R S s R & T H (2016-202) 5 ZH# development of new alloying system and new technical route is

BRI H (12010202015) necessary. Based on the theoretical analysis and primary results,
F—EE. KREM, B, 1959 4, #HI%Z, Email; a novel technical route called as “Multi-dimension Mechanism”
zhugh@ ahut. edu. cn was proposed, in which the strength and elongation would be in-

DOI: 10.7502/j. issn. 1674-3962. 2018. 10. 10 creased simultaneously by the combined effect of Precipitation,
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Refine of microstructure and Multi-phase design (PRM). The primary experimental results were analyzed by taking the

newly designed Cr-Mn microalloyed steel as an example. The results illustrated that enhancement of elongation at the ultra-

high strength level could be industrially achieved with low-cost, low energy consumption and easily popularizing for the man-

ufacturing and application in the third generation automobile steels based on present cold rolling-annealing processing through

new alloy designs and technical routes. Novel ideas have been proposed in the paper, which will be helpful to resolve the key

problem of elongation enhancement in the ultra-high strength steels including the third generation automobile steels.

Key words; the third generation automobile steels; multi-dimension mechanism; ultra-high strength; high product of

strength and elongation; second phase particles; microalloying
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Fig. 1 Relationship between elongation and ultimate tensile strength of

the advanced high strength steels
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Table 1 Chemical compositions and mechanical properties of typical super bainitic steels
Chemical composition (w/% ) Mechanical property
Authors
C Si Mn Cr Mo v Co Al Ni R, /MPa A/ % R, + A/GPa%

Caballero, et al.[* 032 145 1.97 1.26  0.26  0.10 - - - 1790 13 23
Garcia-Mateo, et al.[%)  0.80  1.59 2.0l 1.0 - - 1.51 - - 1770 30 53
Caballero, et al.l’] 0.98 146 1.89 1.26 026 0.09 - - - - - -
Avishan, et al.t™ 0.90 1.51 0.94 1.14 0.25 0.09 1.37 0.59 2.61 2182 14 30
Zhi, et al.[') 0.83 244 043 - - - - 0.73 - 1401 42.21 59

1.2 8-TRIP 0 (5-TRIP steels)

S-TRIP ( transformation induced plasticity, TRIP) 4 F
2007 4FAE Chatterjee %:m MIBFSE THEE IR¥EH . 6-TRIP
B AMA R R C-Si-Mn-AL7 Ry 3R A 8 0 B
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R, WERIMESEITE Si M AL, b AL TR M & Bk
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F2 HESTRIP WEILFER S 55 ERE
Table 2 Chemical compositions and mechanical properties of typical 5 -TRIP steels

Chemical composition (w/% )

Mechanical property

Authors
C Si Mn Cu Al P R, /MPa A/ % R, - A/GPa%
Chatterjee, et al. (19] 0.36 0.73 1.96 0.52 2.22 0.022 1200 22 26.4
0.40 0.22 1.03 - 2.95 - 740 40 29.4
Yi, et al.l?!
0.39 0.21 0.51 - 3.84 - 661 41 27.1

F 2 4R LR S-TRIP 4N AL 2 Lo 5 2
RE. AIIL, W AL(BREASTEUN 3% ~5%) 11 8-TRIP 458
SAFE R 30 GPa% , (FZILPUHias B m ik, M e
R AR AR Ty 2 vk Re i A W 250,
HE— LR R IS, HAh, BT Al 55 Fe JTR MY LI
e PERE D25, @ AL SR IE S BUN 7R N i
Tk AR e S BT Y ), 5] N SR A TE B K B R A
11 HHIC R Z B9 38 BAE AR AR L TR AR B L &
SR ) AU ML S5 T 5 W A T AT IR A ST, B R S PR
RO FF A AR A B
1.3 RN (Medium Mn Steels)

N TR E R IR IR B BRI s M, ARk
FRTHESESE 4% ~12%, REEHR0.1%~0.6% 1)
AT TR AR T R AR AR R R Y Bk
YRS KRR AR 2 T R DX IR R A5 8 A0 174 2 3R 1A R I
RARIRA AL, DSt C & 5038 nl 4 50
e PR AR A B e, R AR R
TRIP SO0 4R 8, AL RN Si S ABRRAb I o K, ol
B b IREZ5E TAE R R TS & ALK
HIBFFRARSE A, ARG AL & i SN O A SURAIE AN TR

PR R 3 25, BB —ORE AL TR, AIGUREIE b
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71, MFE3 PR, AT, HIp AR SN o R ER AR
GRS BB YIMNC, ST R 58 A B IR AR
B A= HIAE 20% ~40% , [RIF b v LLA AR
JIEPEREIE 50 T 20 RN HR AL B B2 B ARG, X A
Sk A T R I BT 1) 7 28 b B e T A A B IR AR 1Y
Frig, AR, XFF 1000 MPa 58 ¥EFUAF] 30 GPa% Ll I
PIPERAN, TR AR K AR KFIE], MRERE, R
KA &, bR Tl A 7= i AFFEBOR Rl b,
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Tz, ALJCEM TS T80 55 ) B AL R v i
TPREGE, Si VR IR 2338 B RV B TR M 45 46 A4 77 R L
(A, PRI R, e ) o R B v B B R S B T
b A R A AT A 2 Y 2208



5510 19 REESE . HET 22 B RG s M A s AR = AORE TN i S & 829
F3 ABRENPLERS BLETZR SR
Table 3 Chemical compositions, heat treatment conditions and mechanical properties of typical medium Mn steels
Authors Chemical composition (w/%) Annealing V,enite Mechanical property
C Mn Si Cr Al Conditions /% R,/MPa  A/% R, -A/GPa%
Miller, et al.'?! 0.11 5.7 - - - 1~16 h 20~40 875~1200 19~34 -
Shu, et al.!®’ 0.1 6~9 - - - - - 900~1200 20~30 -
Xu, et al.[3 0.1 5 - - - 650 °C / 1h 15.8 883 41.5 36.6
600 C / 1 week 33 876 42 36.8
Gibbs, et al.'®] 0.1 7.1 0.15 0.04 -
650 °C / 1 week 435 1198 12 14.4
0.2 5 34.1 950 44.5 42.3
Shi, et al.t3! - - - 650°C / 6 h
0.2 7 44.7 1420 31 44.0
0.12 4.6 0.55 1.1 720 °C / 2 min 1204 15.9 19.1
Suh, et al.l¥"! - -
0.12 5.8 0.47 3.1 780 °C / 2 min 994 27.5 27.3
0.20 12.4 0.90 5.2 34.2 815 38 31.0
Park, et al.'®] - 800 °C / 2 min
0.23 8.1 0.01 5.3 30.8 793 37 29.3
830 °C / 50 s 22.1 800 42 33.6
Sohn, et al.®] 0.35 3.5 - -
880 °C / 50 s 24.3 830 40 33.2

1.4 FEN-BH( Q&P steels)
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FRARFIRERR (SR R Ay B IR A, 3R 4y B RRAE TR 8
SRR AR S S AR, @) TRIP &40 3G 5 98 1
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WS AIR A & & I Q&P 89, HPrHiim i — MR 2 1500
MPa, FeRIEMHERLA R 15% ; i 1 3 w8 Bk & B s
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FEEPRAE = fE v, WORA— k7=, AT
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Table 4 Chemical compositions and mechanical properties of typical Q&P steels

Chemical composition(w/% )

Mechanical property

Authors
C Si Mn Al Nb Cr R, /MPa A/ % R, + A/GPa%

Knijf, et al.'*! 0.25 1.50 3.00 - - - 1335 13.4 17.9
0.19 1.52 1.48 0.15 - - 1120 14.3 16

Zhang, et al.'*]
0.18 1.48 1.44 0.15 0.025 - 1125 15.2 17
Arlazarov, et al.[*®) 0.29 1.4 3.00 - - - 1433 8.8 12.6
Ding, et al.'*! 0.19 1.87 1.49 - - - 1140 15.3 17.4
Bohul L5 0.43 2.03 0.59 0.008 0.03 1.33 2096 12 25.2
ohusiav, et ai. 0.43 2.60 1.17 0.008 0.03 1.33 2118 14 29.7
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T R A [ R AN A R B AT R

Prdf 2T H R I A W AT
AISI 1004, 1010, 1020, 1050, 4130, 4140, 6150, 8620
SERIRTA IR B S B B AL S o KT s e RE AN R
5T LA Y, RN A v 20 P b B B A 3R R
R i 08 B RSB YRR Y BE T B VRS, (FL 9B 4 A i 2
B = ARIA AN 0 2R MOR AT AR BOR 22 1, kL,
AL IR U TR IR L B, TESEBRAY Tl
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Table 5 Chemical compositions and mechanical properties of flash processed steels

Chemical composition (w/% )

Mechanical property

Authors
C Si Mn Cr Ni Cu Mo Co R, /MPa A/% R, - A/GPa%
Lollal %! 0.21 0.27 0.73 0.48 0.48 0.18 0.16  0.007 1619 9.9 16
Colal! 0.21 0.22 0.63 0.33 0.01 0.04 - - 1576 8.7 13.7
0.04 ( AISI1004) 750 8.6 6.5
0.10 (AISI1010) 1100 8.5 9.4
Vigilante ) 0.21 ( ATSI1020) 1600 9.5 15.2
0.31 ( AISI4130) 1900 11 20.9
0.40 ( AISI4140) 2080 10 20.8

2 FZRRERNFARRFERXE B

PLEZMT BT, HON 2007 4E42H T w2 AL A =X
HAENMBP A Hbs, HEZEEHHFE%S D, T —
BESCHERL 7 [ AN O B R R BE L IE S B, I TSR

AR IR IR KA 52 B Tl A 7= R T, 4 R
O AR N, R 2 A e R ) 4 5 — AU AT
(ERRTERT A BT BE, AR LAY Q&P A A 19
o, RSBl AR 7 R B BT A7 2B A A
B, sk 6 pim™,

®6 PEFE=ZREER QP M5 himMATF 2 iEaE]

Table 6 Mechanical properties of commercial third generation steels, Q&P and medium Mn steels, in China*!

Type Manufacturer R ,.02/ MPa R, /MPa A/ % Development status
QP980 600~ 800 =980 =15 Supply
QP1180 820~ 1100 =1180 =10 R&D
Baosteel

QP980-EL 550~ 800 =980 =20 Supply

QP1180-FL 820~ 1100 >1180 =14 R&D
TG680 =450 =650 =40% Supply
TG780 Medium manganese =500 =750 =35% Supply
TG880 steel, TISCO =600 =880 =35% R&D
TG980 =700 =980 =30% R&D

T ARG AR BB T 2R R0
Je T VR B P A S A B TR i IR R TR AR Y TRIP
RS S BEBYERR T, B 32 R R SRR A B EC MR ey 1 A L
MRETTHY o AH I TR A1 T 2R BR ], Q&P 9 Hh i 5%

RS AL, WA E e AR e 255 —A0A 2%
FHH4 30 GPa% s ¥ARER . Bk, HATRERS SCBl i ™ 1
WANA 1000 MPa 5 5 2 51 1 QP8O 4, X B i ikt J3 2%
S QP1180, MARILHTHIH RS T 1200 MPa, {HIL I
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Fig.2 Dependence of R, XA values on the volume fraction of retained austenite (a) ; Stress-strain curves of medium

Mn steel with different Mn contents (b) %)
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17 ELAE S e B v A7 78 ™ 1 (Y 3R T i 1), S BUE
VAR A A P T 9 22 4 XU 3G K

g bRk, BARHE =MRENIN G T3 TR
K, ABRZH AR NATI R AN H A Tl A= 7 A g H
MIFEA SRR, O T B IE S B = AR TG S Br Tl

AP RN, SR AT BB R AR T A4 S — L, BRI A
T AL RN RIE A AR A 2 B

3 ZUFARNFIEIERIGEBIIER N A

BRI, T Sk Ay B T A R S A A |
SE AR B R 2 0 B2 2R T 0 g s SRR, iy EL n gk
RPECAE  FEOE M 35 B BT R MM IMA R, X
SRE— RV RN )8, FLOE S ARG
A I e 2t 0 R R 5 R SRR 8 iR 4 S L
P, G OCHERL MR B SY, SERHOCHERI R . A
KL B FSCR T AT, BRER Ay BLER AR A TWIP/TRIP
RO TSI AR TE LASE A B i AR 24k A —
MR T RS A3 A5 BT LA ] Bk S B 1 5 3 4 R A
R iR, 7S AR &, sl DSk
IR LA AR R R I | IS B SRERAR
BRPRARIES 5253 R I Z2 R0 SR 0 52 G 3800 A 4 2 9
P, L, ARSCHEW, S AR F (Precipitates ) 557 #5
IS EAEH (B4 f—4E) | AWK 41K ( Refinement,
TR MIZ A H U T (Multiphase, = 4E) 1Y « £ 4E & 18
SRIGIE” (PRM) Bt LS S M Ak A B G A4 3 0 o
— B B AR, DT 7E e i BE A T S A R
R T AT A A = A R AR VR AN S A ol T 5



832 AR

I PRM Z4E RIS AN HAR, WENG &R, A8
PEPE AR G ) S B2 () L5 T, U SRR AR 28 1
3.1 F=ERBUERERNNEELIZT

R TS IA Y FE E aR G L BU B A
OB RS . B R, AN IR T K
AN, FETACRA St RE A AR ], fb R4 &
FLLC, Mn HISi T, 45T MY FZAE DL SO 5 B
WPE . BUE ., KR BERE, VALE IR O AE R
SCHR AT R A M, AR, REHA S AR
R BTG S AR, (A BORMERE K,
AT RET E R A 10T, A AR G, L, 7R
AT AV, AT B A 4T RN Z A LUE
SRR, BN T AR, A, %L
NI HHATLR G H IR,

PEZ BB, DA 2l M BE o B AREEAT & &1k
REWM MR B, A EERMITEXTEENE R
TR . SEGERR AL IE R DL B b S Ak 1 2 22 Dy T A A
Rk, DOBCAT-ZH 2N T A - - A 22 R 3R & 5 A
Hawit, T R IAR, R4E T FE Rk I 2 A
SURPE R R S BT 25 51, 42T Ce-Mn B &K R
B, Hf | 470K Cr 7B H i BERYE T AT 19 44
He O Cr WERRRIEROTE, W LR E D i kR Ak
PN SRR, AR T m s A Hbr; @ Cr
HARS R EEEGER, aT DRIEAE = f 5
FARADRAAL; G Cr RAEMMEERMLITE, AL
PERSRSE; @ Cr2 P ik Pg ot %, iR Ak fih
A FFIE A/ SRR A B R, (EAS T R,
Cr 2 UK T Si BRI R TT R, AR TR R
[RIARRIE L, MO 2 X % 45 T2V Re ™ A AN F 5
ET LS EME, EHEBKNEITHF LT 20Mn2Cr
(0.2C-1. 66Mn-1. 26Cr) & 4=, It LAUL A 4 1Ak R Ry 3 At
XoF T b R BT R TR R PRI AT

20Mn2Cr 5C 50 AN 9 5% A8 g J1 2 i Ze an &1 3 i
AR BRI, ARG R HE R 14 °C /s, 41
LUrHT AU 2RSS R, P i KA 3 58 4
LCR G, o IR R BE & 1000 MPa DA b $0H758E B ik
1500 MPa L) || ZEHIRZHN 10%, HIBFRL) 15 GPa%' ™,
& 4 XF AT T 20Mn2Cr 5256 H A9 5 878 QP 4K A Hh R
W JEERe, FTLVE L, SR AW S A
QP1180 JEASEIT , (HILHREE Ty, HUAS T BN P R
1o R BE A5 SR IR,

Ty MAME R EUE, BT & T AR
R SRR 10 o e S TR Y, (R AR SRR R F A, X
Fom T 1200 MPa DL bR SRR, TR H

ERVE S
1000 TTTIT T
e e S S0 e
| Aci=834C
800 HHHH—
Aci=712°C Bt
~ 2
o 600 F 8
o 3 3
:E'é L— -\~~&
g Ms =389°C /( \ B \ A
E 400 00y | b4, ;F—-é iR E an
= | ss\ 2 \ ZT---lS\ 13:\—
\
M \ \ \ \
200 R i
ol \ | \
s 31 bl 20 | 2
0
1 10 100 1000 10000

Time(s)

3 20Mn2Cr SEHAN Y% SE v H R il 2k 102

Fig. 3 Continuous cooling transformation curves of 20Mn2Cr steel 102

1800 35
1680MPa e ';!u
) =
1500 |- E
7777777777 Tooves W weras |f - P 1143015
g Py
E 1200 1180MPa , s
1130MPa ]
= 125 05_
B 900 g
-
600 10 8
2
5 =
¢ :
300 lis'=
=
©
0 <

e v e
Q&P steel 20Mn2Cr Medium manganese steel

P4 20Mn2Cr 5 Q&P I Rl AN T3 24 1 REAY X Ee 20
Fig. 4 Comparison of mechanical properties among 20Mn2Cr, Q&P and

medium Mn steels

R, Ve ROE SRR AT 2, 3 R4 DL S 3R Wy
B0 — Z ) [ S 2R REAT AU e, IS B N T
PR ELRE T () YA B R A e 7 e, HOMERE RO AL
HEREAERE TIREREBASCR M Z 2, 52,
BRIV A B PP BB A B 1 i 0 B2 A e i B AR 25K
UNSRANREAFRE DR BT R 2L B ST 3o e e 5 | ) P e 72 £k
(IR, AT PR DMK IR R BEMARAS L g i< 4o i i Al
A2 AR, Oy T fifp PRl g ok BE R AR BT IR A, [ b
H I B FERUB B S BT LR,
FH, AT AU MG et et ST
PRI AR A 7RI B A o s O 3 8 o e 1y G
Bl REATFE g Sl F7 308 154 A9 A P B 1 A o3
it MREESEPRAE RO, X 5RBEAR T 1200 MPa fY
AT RIS O AR T2, WX TR EE = T 1200 MPa
AP A AR b TR SO S 3 BIrRL, R Cr &
SV, EEAFIE T Cr R WP A L ERER



510

R FEIREAE . T 20 i 0 a0 I8 0 e i B AR — A I A B S T A 833

SO, WIETT AR R TG TR 2 A o R OB B, AT
HRIEWT, BETEAE RN, FELL Cr SR il o3 Bt o,
AR ZE 930 °C PR 12 min J5 AT HGP EOE , I
PUAAALPERBERR A BE I 5 08 T 1 7 [ A b S 70 R o
T 22MnBS, QniEl 5 i

|

BS b EBIE MR mMIEHIE A, (a) 22MnBS;
(b) 20Mn2Cr

Fig. 5 Morphologies of hot stamped 22MnB5 (a) and 20Mn2Cr
(b) steels

EARTAERY], WZHZMEREZOR MEA T 1 50, AR
PEIC R ST AWERE RO R R AL, BOTHIT R Y Cr-
Mn REGERER, WG T RE W MERER T ZPERE,
JRE B A Dhy g 2 g it e oo SR B4 T B BT
N BE— LRI FETT A TARBEE Tk
3.2 F=HKBUERERNNSHEEAARE

ESAREENOITE R, S R R AR R T R 2B
R BRI, T B SR A T AR A B A
SRS IR, SR ALER =AU 4 AR A b R R 21
Bt BT R LML G, A TR
SINEEE JIPETERE . BT R IR AR BOR, /R AT B4R
M ZRG 2 MIBESE SR AL A TR Bk, DL 20 4 B2 3 56 3
S0 AR AT O AL AR B 5 i, B H A el i
S A T S S SR ML ] 149 16 S S50 T 45 o oy 54 88 2%
TERIBEM R ARG B B E R T, ek E s =
VAW P vy i D o i 9 BN SR, 7 2 A 1 i 4
BIBFTE R, AR T NER DAL T R AR AL R A O
TR SR R R SCHE R A R BT ST, AR
AR BT A7 S Bk 20 BUR 25 22 18] 1 28 B A T
FRAERPRLE IR R G, IRRREAS SCBLA ML T
SE TR ISR Py FEAL A A0, T R A B A A
R NSF 5 70 A A T A 0 3 I8 2% B SRR

H1 T AR X S s S BRI AE T, AR i
HE A T A R R T St i sl V) el 1) O X o 5 — AL
T AAF AR SEHEAT , X b S8 i ol U i 5 280 i 1
INAMINE 3 )75 AR SE B, I I 5 T RRL T SRR AL
L], SR, R TORL T AR A AT AN B, 9K
ARG e, BrLL, dhR Aol s —
LT SR R A S SR — ol LA A2 9 1 A A A ) 5 AL T

Be, SR, UTAERBFIE R, MH AR R F A A
SRR R R s B R LA i, 55 AR A (E AT
T S g o A T B I A Rk B[] B i g 0 1 1
Ao HELARR R IR VT AR T & 1) NanoSteel " s TEFB B i
FERIFEER L, SR¥EAA] LA F] 50 ~ 60 GPa%, {HiE, H
X £ R 8 5 1 9 ) ) B 5 R 5 R A B
P RS B SR B YR 1) S, IR SR AR N A BT

YE& A B\IL T 55 32 2h I SEAR BRI 40 M, AR S
AR A B TE 5 55 R R 0 9 K b 2 S B AR — AR T
BRI IR I MBS, X TFAE G AR, BT AR R T
WK, AT A VR B0 B X TR AR I & A e 2
AR BRI PRI 28, A R 344k =2 [ %) 0 738 AS TR 8 2 o 32
SRR K R RO PE AR A T fHOR S HE A R R
A FE S FE IR REAR, A far 45 g (57 55 U5 i 20 H ol
SR S 18 R TP R, T R 55 AR T S W R 1Y F-
R 745U, 7ERXFPRE G0 F X TR A i 8 T B2 o6&
FERH . XA IRBE S T3l , 55 A1
BEF I IRIE ., AR LSS AR TR I EEVE N F-R 285 IR 1Y
K, MR SFRZL/ N T Sk RSH 9 173 W7l ik ] IF
SRR AE ARG SRR AR, ok
BEREE AR HAT YUK RT3 A /N [ BE %
AR SE A LN R AR R AR — A5 T AR

—JEEAN R AR R T DA R sk B LR A
FTF SRR () — B oAb 7 ik . BUARFE LA 5B AR A
A, 9ok UL EC PR R F T3 1 21 2R 20 AL 4
SEPERIAYERY 3L T AR AR A TR R
FCAAR B35 A A (ARP ) 25 15 48 41 i 4 244 ok RS 19
SR, HETTAE ST U A 5 R AL
PRI AR A . (HAS IR A, ks 20 1k 189 ik 33 o
AR ARCRASAE — 2 1) RUHSE LN, 38 20 R 52 50 B
FTAEC AU 7, Yok R 4 3 — e B s,
YL A RLANUASRE AT RUCHE R 9B M, T L2 i 9 T T
ik, Wi, AL TAER, A ULEIRA ST
IR YRR S e A, FE BT IR 1 R S L
SEA S AR5 A 2L AN Y A2 LA A SR S
PR LIANAL 1k ER X = AR T AR A A 1 e
A A A AEL R R PO AT, VRS AT A3 i X T
KW Cr-Mn RIKGEHRIEAT A & H R & 5L e
HAAGER T AR AL, E 6 FiR, Ji2ErEfe sy
LW, A Nb G MNAHTHIR EE IS 1420 MPa, A& fif
R 12. 6%, SRIBFRLY 18 GPa%, & i Ik ¥ A4 b
WAETF QP1180, HS5AMA &M AIAHLL, HARH =
JEARAF TR B T A R R, 22D Rl R 45
AR MBS TAEEAEREF T



834 AR

537 &

Kl 6 fa 4 kXt Cr-Mn AL ZUANALIUREN . (a) 20Mn2Cr; (D)
20Mn2Cr-Nb
Fig. 6 Effect of micro-alloying on the microstructural refinement of Cr-

Mn steel: (a) 20Mn2Cr; (b) 20Mn2Cr-Nb

2o AN U2 B A ol S5 R S 5 A B O
FITBe, M w3 B A5 0 T IBPE R IR B f 5 8, £
FHASURTE R A T o IR AR b 5k A% B IR & A
TEPERS B, X g AN 2 BT ST A
UG RTIA T BERR PA AL, AASEBR L e Az 7 RS A
BUFE, AR A IUIRTE N I Z AL GO, %%
JEAE T N AR AT RERERE , 2 T BUAT A2 77 B i F0 2R F
PEAT o VEEMIBANBIT S TAERW], il & SRR IT A A
B A, AT LATE A v 5LIR KRS BUAE L T K I 7
FHEI—E 5k A B AR R ok o e s 2B k. (FLR
WRTEMR G &S EMBA £ 22T, AR 2K
FERRAR IR R A BERATZOR (9 iy s S AR, A Z2 B b
il 25 S B Y PEI SR I IBA 2 o) TAR B 26 T
S R AR T BB SR A RO

4 % iF

A 2007 432 B VR 42/ AN 2R 5 B B2 o R A = ORE
FHA (GGRIB A F) 30 GPa%) LASKE, Zatif TRy,
AT RS B 4 A = AR TR, 1000 MPa 5i Ji
G LA A i A AR AR I A HUA S 5% 1
. H T 5 9 BUA R 20 GPa% ) Q&P TR R ALA
FANSLBL T QP9S8O KIAEFE, 1M 1000 MPa 38 BEZ | L I Ay
30 GPa% [958 = IR ZE P 2 4K 0 & 7= 1 AH SR GE .
X2 FH T I ) 3 T 9 14 5 1 L ) 2 AR
TR W CR Y TRIP/TWIP 45007 (47 5 Fir P

ST ELIE SERRAS = AR e e A AR A R
PR AE =R, B % AR AR 1 28 1 B — % 4 L G AR
MWIMA R, A TEEE&SANT, @l 5akik
TE TR BRI IA R, R — 4/ 45 — M
BT S50 HAE R s 90 4 A 2 A0k g sk b v
(FmAL) DL K = 4 22 M SR < 22 2 J3E 348 i 4t 9 A5 5K
SEERER SR R, DN A 0 P SR 2R e B R AN
KA AESE R Tk 2B 7= N, o ] 9 2 T i A R A b
RHIF Sz 5 1 FH 8 31 [ B 40 e 7K |

Bt . ASCATIE TAEMS R T 28 R dceem B
(12010202015) M4 9% 3 HE . ASCHIRE |, 193] T HEICHE
HIELRWNFE SR, FieXEELSRS, 5LiFX
SRR AR RS R SR R L XAk W
WEFIEA | AR TR IE B A PR 7] s [ 2% |
EECEI AR R EMER R AEIREARA
RO RN 2 B PR RN AR R - S AT T
SIS, RS RO,

S#ECHE  References

[1] Zhang Zhigin(3K:&8)) , Huang Wei (#  4E), Gao Zhenfeng (75
RU). Special Steel (RFRAR)[1], 2013, 34(1) . 16-21.

[2] Hu Feng(#i #), Zhou Lixin (JAISZH7), Zhang Zhicheng ( 3K &
i), et al. Materials China ("FEAEMIERE) (1], 2015, 34(7-8):
595-604.

[3] Shen Wenzhu( HI3C4%), Li Chunfu(ZEZ#4%), Song Kaihong (K JF
41), et al. Heat Treatment of Metals (4:JE#ALH) [J], 2012, 37
(4): 6-10.

[4] Caballero F G, Bhadeshia H K D H, Mawella K J A, et al. Materials
Science Technology [J], 2001, 17(5) : 517-522.

[5] Garcia-Mateo C, Caballero F G, Bhadeshia H K D H. Journal de Phy-
sique IV [J], 2003, 112 (1) ; 285-288.

[6] Garcia-Mateo C, Caballero F G, Bhadeshia H K D H. Materials
Science Forum [J], 2005, 500 (1) ; 495-502.

[7] Bhadeshia H K D H. Bainitic Bulk-Nanocrystalline Steel[ C]// Pro-
ceedings of the 3rd International Conference on Advanced Structural
Steels. Korea: Korean Institute for Metals, 2006; 22-24.

[8] Bhadeshia H K D H. Materials Science and Engineering A [J], 2008,
481(1) ; 36-39

[9] Caballero F G, Miller M K, Babu S S, et al. Acta Materialia [J],
2007, 55(1) : 381-390.

[10] Caballero F G, Miller M K, Garcia-Mateo C. Acta Materialia [ ],
2010, 58(7) . 2338-2343.

[11] Avishan B, Garcia-Mateo C, Morales-Rivas L, et al. Journal of Mate-
rials Science [J], 2013, 48(18) : 1-12.

[12] Zhi Chao(# #8), Zhao Aimin(BXER), He Jianguo (T ), et
al. Chinese Journal of Engineering ( TR #24R) [J], 2016, 38
(5): 691-698

[13] Garcia—Mateo C, Caballero F G. ISIJ International [J], 2005, 45
(11) : 502-506.

[14] Avishan B, Garcia-Mateo C, Yazdani S, et al. Materials Characteriza-
tion[J], 2013, 81(4) . 105-110.

[15] Sourmail T, Garciamateo C, Caballero F G, et al. Metals [J], 2017, 7
(1): 31-35.

[16] Yang H S, Bhadeshia H K D K. Materials Science and Technology
[J7], 2008, 24(3): 335-342.

[17] Zhang M, Wang T S, Wang Y H, et al. Materials Science and Engi-
neering A [J], 2013, 568(4): 123-126.



%10 M

RS T 2 AE R RIS I ) o MRS — AU s 50T &

835

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[27]
[28]

[29]

[30]

—
w
—_

[

[33]

[34]

[35

[’

[36

[l

[37]

[38]

[41]

[42]

Wang X L, Wu K M, Hu F, et al. Scripta Materialia []J], 2014, 74
(3): 56-59.

Chatterjee S, Murugananth M, Bhadeshia H K D H. Materials Science
and Technology [J], 2007, 23(7) ; 819-827.

Yi H L, Lee K Y, Bhadeshia H K D H. Proceedings of the Royal Soci-
ety A [1], 2011, 467 (2125) ; 234-243.

Yi H L, Lee K'Y, Bhadeshia H K D H. Materials Science Engineering
A [J], 2011, 528(18): 5900-5903.

Yi H L, RyuJ H, Bhadeshia H K D H, et al. Scripta Materialia [J],
2011, 65(7) : 604-607.

Yi HL, Lee K'Y H, Bhadeshia H K D H. Science and Technology of
Welding & Joining [1], 2010, 15(7) : 619-624.

Jung G S, Lee K Y, Lee J B, et al. Science and Technology of Welding
& Joining [1], 2012, 17(2) : 92-98.

Feng Weijun (#4F32), Lei Ming (7 M), Wang Li( E  #).
Baosteel Technology(EMAEA)[J], 2013, 4; 43-47.

Duan Yongqing( Bt/ M), Chen Xiaohui ( BiI#%), Wang Yuecong
(SEAM). Iron Steel Vanadium Titanium (FAEHER) [1], 2015, 36
(6): 123-126.

Miller R L. Metallurgical Transactions [J], 1972, 3(4) : %05-912.
Dong H. Science China Technological Science [17], 2012, 55(7)
1774-1790.

Dong WS, Ryu J H, Joo M S, et al. Metallurgical & Materials Trans-
actions A [J], 2013, 44(1) . 286-293.

Lee S, Estrin Y, De Cooman B C. Metallurgical & Materials Transac-
tions A [ 17, 2013, 44(7) : 3136-3146.

Grajcar A. Archives of Foundry Engineering [J]. 2012, 12(2); 123-126.
Grajear A, Kalinowska-Ozgowicz E, Opiela M, et al. Archives of
Foundry Engineering [J]. 2011, 49(1) ; 5-14.

Zhang Leifeng (3K Z5 %), Song Renbo (KA~ 1f1), Zhao Chao
(B ), et al. Materials Review ACHPEFFAR) [J], 2014, 28(10) ;
111-129.

Xu Wenhuan (#:3C%) , Song Rongmin(#MER) , Wang Cunyu( TAF
F), et al. Iron and Steel (R[], 2012, 47(11) ; 63-68.

Gibbs P J, De Moor E, Merwin M J, et al. Metallurgical and Materials
Transactions A [1], 2011 (42) ; 3691-3702.

Shi J, Sun X J, Wang M Q, et al. Seripta Materialia [ 1], 2010 (63) ;
815-818.

Suh D W, Park S J, Lee T H, et al. Metallurgical and Materials
Transactions A [J], 2010, 41(2) . 397-408.

Park S J, Hwang B, Lee K H, et al. Scripta Materialia[ J], 2013, 68
(6): 365-369.

Sohn S'S, Lee B, Lee S, et al. Acta Materialia [1], 2013, 61(13) ;
5050-5066.

Speer J G, Matlock D K, Cooman B C D, et al. Acta Materialia [J],
2003, 51(9) : 2611-2622.

Clarke A J, Speer J G, Matlock D K, et al. Scripta Materialia [J],
2009, 61 149-152.

Santofimia M J, Speer J G, Clarke A J, et al. Acta Materialia [J],

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

fo1]

2009, 57 4548-4557.

Xu Zuyao (1X1HME). Heat Treatment (HALFR) [J], 2008, 23(2):
1-5.

Xu Zuyao (#AHNE). Heat Treatment of Metals (4 JBIALFL)[T7],
2009, 34(6): 1-5.

Santofimia M J, Zhao L, Sietama J. Metallurgical and Materials Trans-
actions A [J], 2011, 42(12) ; 3620-3626.

Knijf D D, Petrov R, Fojer C, et al. Materials Science Engineering A
[J]1, 2014, 615; 107-115.

Zhang J, Ding H, Misra R D K, et al. Materials Science Engineering A
[J], 2015, 641 242-248.

Arlazarov A, Bouaziz O, Masse J P, et al. Materials Science Engineer-
ing A[J], 2015, 620 293-300.

Ding R, Tang D, Zhao A, et al. Materials Design[J], 2015, 8. 640
-649.

Bohuslav M, Hana J, Daniela H, et al. Materials Science Forum [J],
2010, 654-656: 94-97.

Cola Jr G M. Replacing Hot Stamped, Boron and DP1000 with “Room
Temperature Formable” Flash (©) Bainite 1500 Advanced High Strength
Steel [ C]//Proceeding of the 28th ASM Heat Treating Society Confer-
ence. Detroit, Michigan, USA. 2015; 21-28.

Moor E D, Gibbs P J, Speer J G, et al. Iron & Steel Technology [J],
2010, 7(11) . 133-144.

Lolla T, Cola G, Narayanan B, et al. Materials Science and Technology
[J]1, 2011, 27(5) : 863-875.

Wang Guodong ( F [E #:), Yao Shengjie ( Bk 3 7). Angang
Technology (B A) [T, 2009, 6. 1-5.

Cola Jr G M. Dual-Phase Flash Bainite Created in 3-Second Thermal
Cycle by Water Quenching [ C]// Proceeding of the Inil. Conference on
New Developments in Advanced High-Strength Sheet Steels. Orlando:
2008 105-114.

Cola Jr G. Temper-Resistant 1600 MPa/8.7% El AISI 1020 Flash
Bainite Processed Steel Made in 5 Seconds [ C]//Proceeding of Mate-
rials Science and Technology. Pittsburgh, 2009: 1337-1345.

Vigilante G, Hespos M, Bartolucci S. Evaluation of Flash Bainite in
4130 Steel [R]. New Jersey, USA: Benet Laboratories, 2011.

Wang Cunyu( FA7F), Cao Wenquan(# 3(4>), Dong Han(F# #)).
AR AR B HSEVEE[ C)// Proceedings of the 11th CSM
Congress (5 T—JEH ENERAELY) . Beijing: 2017.

Cao W, Shi J, Wang C, et al. The 3rd Generation Automobile Sheet
Steels Presenting with Ultrahigh Strength and High Duectility [ M ]//
Weng Y Q, Dong H, Gan Y. Advanced Steels: The Recent Scenario in
Steel Science and Technology. Springer Berlin Heidelberg, 2011
209-227.

Subramanian S V, Ma X, Rehman K. Austenite Grain Size Control in
Upstream Processing of Niobium Microalloyed Steels by Nano-Scale
Precipitate Engineering of TiN-NbC Composite[ M ]//Energy Mate-
rials. John Wiley & Sons, Inc, 2014 639-650.

Song R, Ponge D, Raabe D. Scripta Materials [J], 2005, 52(11):



836 Fh R R 537 %

1075-1080. [67] LiuJ, Zhu G, Mao W, et al. Materials Science Engineering A []].
[62] Zhu G H, Zhou HB, Li Q Y, et al. Journal of Iron and Steel Research 2014, 607 302-306.

International [J], 2015, 22(12) ; 1144-1148. [68] LiuJin(X #1), Zhu Guohui (REWE). Acta Metallurgica Sinica( 4
[63] Zhou HB, Zhu G H, Li Q Y, et al. Metal Science and Heat Treatment JasAR) (1], 2015, 51(7) : 777-783.

[J], 2015, 57(5-6) ; 339-343. [69] Lu K, Sui M L. Scripta Metallurgy Materials [J], 1993, 28. 1465—
[64] Karbasian H, Tekkaya A E. Journal of Materials Processing Technology 1470.

[J], 2010, 210(15) ; 2103-2118. [70] Zou Zhangxiong(4RFHE) , Xiang Jinzhong (W 4:4) , Xu Siyong (i
[65] Naderi M, Ketabchi M, Abbasi M, et al. Journal of Materials Process- S5, Physics Examination and Testing (JFEIR) [J], 2012, 30

ing Technology [J], 2011, 211(6) ; 1117-1125. (6): 13-17
[66] New Class of Steel: Targeted Mixed Microconstituent Structure in [71] Quek S S, Chooi Z H, Wu Z X, et al. Journal of the Mechanics and

Nanosteel AHSS. https: //nanosteelco. com/products/sheet-steel/ Physics of Solids [J], 2016, 88 252-266.

new-class-of-steel. (% & 3%)

O & 2 2 i i L A & i i 2 i L 2 & 2 e 2 e A £ 2R S Z s S s

F_RVBERIESERIZEILRTRED

2018 4F 10 15 H, “rE TR 277 % TRAHOS IR — A RS R TR = 2842 " A PR &bl
REd 280, e da i E TR BE A P AR T 2 2 T, dURTRH RS | A E TR AE T & S TR, T
A AE BACTR L A R Ly | AU RCRPRIE N TR RORT R BT O IR RDR I R TR B T 53 Be k. BRERIERE 1
ERBHE AR KA AN | B R B HAR & K™ Al Rl R R RS . Tl A0S B Al & Jé e o rhocs ) 4%
kL P EARE S B R BUR B BE L, 40 (LA RARSC A BE 1, 140 R Azdid N, RAROR A = AR
GUKE AL AV AL LKA | FAEAAESE 900 R EEA . TR alihig s R e+ 15, Bk
BOUGHRE, ZIELRI AR, EEERIF . BRAAERE 15 A B0

Eida, AEHBHR A BB L | BRI S B A B L PR B BT S AR . HAR RS
YT S AR S BT R — ik . R 5 TP B A s B o 1L iy, 235 7 RDREE P TR i v 40 1
[l b i S ZS AN WE TS R, SR 1 I U Y S () B Jre SR

15 HFF K 16 HBEFTRY 5 Atz el DL whkbed S 5ot . “Aoklbe s il 4 5 3RAE | “APRUIREE S
REAT IR BATENT | REE RS KRB HOAR” | BRI CAREOR BTy 0, B35 U,

AU NS HA R LRI ST X AR TR SURA N2 L e Pt T SR &, Rk — DT &I
FOBHEE N TAREROR I TR | A THESEA B AR SE 5 L i B 5 K

(APl KAHA)

A X e i 2 S S e L S S S S S S S T 2 S S S S e £ e S 2 S & S S S S 2

FHEEERMHSRESHBIZEILREF

2018 4 10 A 15 HE 18 H, P E TREBE FJ00 48 1w E PR AT RS 1080 & it 1 7 6T B PR & 00 s 2h 4
FFo IR FEINIE TE T AR BRI BR 2 R (CISRY) 5 [ 4 Ja 2 23 3 A ik 3 3 6 32 70 19 “ ICASI2018 &
CCATM2018 [E BRI 4 KA B Al AR 257 i b B A48 PP [ 500N T 28 51 25 (CNAS) EI9 5575 i E g
FEAESIE” (6" PT) , HHE TEEL T 164 5B TRR2ETRES T A58 AT X0 R B+ PAT K2 E R

16 H2$Ip ISR KA X KB+ 5, o E TR FRAGEK . T EWRH SRR AR A R sk D ER K
rRNBRE ., KRR h B Shit . BTt . BN T2 R SR FEMAE E | 0Ptk &
R, HE80E T 13 MLEPNIMNIN 4 L KL RS IR AR GRS AR LB ) AR T R L, AR Y | IR R |
SEILVEM K bR AL 55 RS T L RS S IRAWFT,

ARUSIEIA T ROE WIS L5 F8 ARG, FE 0T U AR & R | ARl 5 0
FH R B i R A P, HEE T IR AR S I B R R bR A TAER & R

(AFEHR KRAA)



