3% H7-8M mh [ A1 13 i3 R Vol.34 No.7-8
2015 4E 8 H MATERIALS CHINA Aug. 2015

MMmEHESEENNIARTRE

¥, B, kER, kAR, 2HAH
(1. BRIURHE R PRI TE B, T AR5 1h 44 Wb a R F SO S | bk AR AR b ik B 00 T
B EAGE L, Widb B2 430081)
(2. WL ARABRA T, Wt # 435001)

WO NG R R R | RIS Ik 0 T R R ARG R,
G0 TSR L DT FC MR U T RS R T U M A P, X 9 A ) A e R 0 S R R S A, A
e, VAT 2o R 2 A AR T T B P R G PR K L R S TR 0 4 56 g A
BLLEA I PERE, WO — IR R U0 T B IR 1 2 BB REBR B L PR %, 45
S TOULAL 0 005 A0 A0 B AR 5 M 2 BRI, R R — (AR bR 0 T R 2. SRR B X IR
e JE AR M RE G UL G AR . Q&P 4, Q-P-T 4025 FLA5 (oA 4L 4R S5 (1 R T 08 BE AR, A 4 0T
HADTE T ¥ B LB 5 1 R | IS RE AR NIE 57 P B 00 0 3R 07 AT 450 AT, IR R
Tl 2 L R B A A — VR AR 5 T 0 AL
* 79 FE WK MR, DURRHR; SISHR; SRERIGHA
hESES: TG113; TG142 SEAFRIRAD : A MEHRS: 1674 -3962(2015)07 —0595 - 10

Current Status and Future Trend of Micro- and
Nano-Structured Ultra-High Strength Steels

HU Feng’, ZHOU Lixin' , ZHANG Zhicheng’, ZHANG Guohong' , WU Kaiming'

(1. The State Key Laboratory for Refractory Material and Metallurgy Jointly-Constructed by Ministry-Province,
Hubei Collaborative Innovation Center for Advanced Steels, International Research Institute for Steel Technology,
Wuhan University of Science and Technology, Wuhan 430081, China)

(2. Hubei Xinyegang Steel Co. , Ltd. , Huangshi 435001, China)

Abstract; Micro- and nano-structured steels are high-performance structural steels which have a unique combination of
ultra-high strength, high ductility and good toughness. The ultra-high strength of these steels is attributed to sub-micro or
nanosized ultra-fine martensitic and bainitic structures, while the ductility and toughness is associated with retained austen-
ite. Therefore, it has become an important scientific problem to achieve fine microstructure and excellent mechanical prop-
erties by means of adjustment of the retained austenite through controlling the chemical composition and heat treatment etc.
Based on the strengthening and toughening mechanism of iron and steel, the refinement of microstructure and reasonable
regulation of hard and soft phases are important way to develop a new generation iron and steel material. The recent devel-
opment of micro- and nano-structured super bainitic steel, Q&P and Q-P-T steels are reviewed and analyzed from the alloy
design, heat treatment process and the relationship between microstructure and mechanical properties, wear properties and
fatigue properties. Finally some issues on the micro- and nano-structured ultra high strength steels are pointed out for fur-
ther research and development.
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Fig. 1  Analytical diagram of relationship between microstructure
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Fig. 2 TTT transformation curve of super bainitic steel after

holding at 200 °C for 144 h

Rl BENRERHARBEERN (w/% )

Table 1 Typical alloy compositions of super bainitic steels(w/% )

Samples  C Si Mn Cr Mo AY Co Al

A 0.79 1.59 1.94 1.33 0.30 0.11

B 0.98 1.46 1.8 1.26 0.26 0.09
C 0.83 1.57 1.98 1.62 0.24 - 1. 54

D 0.78 1.49 1.95 0.97 0.24 - 1.60  0.99

K3  Fe-0.98C-1.46Si-1. 89Mn-1. 26Cr-0. 26Mo-0. 09V 4 7E 200 C
23R 144 h i) TEM J8 A0
Fig. 3 TEM micrograph of Fe-0.98C-1. 46Si-1. 89Mn-1. 26Cr-
0.26Mo-0. 09V super bainitic steel after holding at 200 C
for 144 h
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Table 2 Typical alloy compositions of Q&P martensitic steel
(w/%)
Authors C Si Mn Al
Speer! 0] 0.19 0.02 1.46 1.96
Edmonds!#! 0. 60 1.96 0.95
Clarke*! 0.19 1.63 1.59 0. 036
Santofimial*’ 0.19 0.35 1.61 1.10
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Fig. 6 Schematic diagram of Q&P process

17 9260 K EE 190 °C, 400 °C C 43Tiifty TEM 1)
Fig.7 TEM micrograph of 9260 steel quenched at 190 C
and partitioned at 400 °C[*

TR TR, ek (S PR H) BER, TS
ARG AR (ME) , SXFE N BA (i) C A R3]
BRI, Q8P THECARN, Wk % Ms-Mf R[], Fifi
JEAEZARIATEK IR B Ms )5 f8—Binke], C B [GiAk
MIAFAF AL, MERICIAR C ST, MimE C B
[AARES R E B, RJa P S RIS C sk Rk
41, MK ISR, Q&P I [GR HAT B 2 A5k i G4
Bk, HERER MG C it ™™
3.3.2 A FHae. BRI 5

Q&P I [T A & —Fp LA o ok B A e i e .
SEERRTNAR, LU S 00 MERE VA R T A9 h o EC A AR 2 A
B B R R SURAH U A BEBC L . mR R A T IR
P A 5 2 b AL AL G G e R I A R AL, T RGPS
PRI T 55 8 B8 IR i) & it S oA o AR 35 & 98 1
(TRIP) 92 Q&P kb3)5, Houi R — M Aab ¥ (SR X R
KORDY FAARAE AR ) B4 o 2 i, Rl EoA A S = 1
¥, Streicher™ #fF5¥ [ 0. 19C-1. 59Mn-1. 63Si 44, %4
Q&P 4b B 5 RE S TRAFAR br A SR B PE LS A, PIAHIX (o +
y) BERARAL, 25t Q&P AbHAGHL RIS A 1 088 MPa,
FEARRA]IA 18.8 % ; SEARICIARM, 23 Q&P ZhHE Y
PLhiREE T ik 1 483 MPa, JEff34 9.0 %,

3.4 Q-P-TSREKW
£ Q&P T ZZJkah b, o b v A8 K AR AL
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PRk A A SR e B T Y J-C 43 ig-Tal Kk (Q-P-T) T
2, Ak ®EMs - MRS, BRIE C ofish, fE—
E R EE T Bk — B fa), B A 2 Ak Y, DARS AT i
SRARAE . b 503 K 2 4 2 A 4 Y AR A Q&P
(Q-P-T) #i i i1H 2 000 MPa 25 i i B 4K A X AE 1R
R R Y A PR TR AT R — R A T2
341 A4, AR I L MREHN

Q-P-T T [RIKW e A & Ie R IITEE, ALY

JEROTE, 4 Nb = (Fi) Mo, fiff 5 FRRJE AR E AT AR
SERIRR AL, LLHE— 2 A9 SR, X 2 A Q&P
TEfEa et iRk 2N . it Q-P-T & [R R4
UL TR 5 G I 3 B, /IR C i ( <0.5%,
Bt sy, TR, FEEE M, Ni, Mo &5 & 4 LR
fi& Ms j5, Sy vk f i ik & IR fk fie 2. & Si, Al
e LU B AR IE . & Nb, VSR ¥ IE ot
RPN R AL B RBOR

*3 QP-TORENGAREEMRD (w/ %)
Table 3 Typical alloy compositions of Q-P-T martensitic steel (w/% )

Authors C Si Mn Al Mo Nb Ni N Cr \'
Zhone Ningl] 0.20 .5 1.50 0. 044 0.13 0.05 - 0. 003 ~ ~

ong ng 0. 485 1.2 1.180 1.15 - 0.21 0.98 0. 004
0.19 1.57 1.52 - - 0.029 - - - -

[56]

Zhang Ke 0.42 1.58 1.46 - - 0.028 - - - -
Wane Canvl>" 0.21 1.75 0.29 - 0.31 0. 049 2.86 - 1.03 0.08
ang Lumu 0.51 1.71 0.12 - 0.67 - 2.92 - 1.02 0.10
Li Homevan % 0.40 1.27 1.30 - - - 1.01 - 0.56 -
1 Hongyan 0. 485 1.185 1.195 - - 0.21 0.98 - - -

Q-P-T Th[CARMAE [ Gt Fa b, Th FOARIER A7
EIRBL & ey, 8 KGR BE (TT) AT 16 C 43 i I )i
(PT) AT, AT 7EFER R MG C 4 Fic R T AT (18
8a) " HAMOLLLSUN 5 B o7 s T IR AR 45 . IEIBOIR SR
BA R ECARAIAN/ NG Ak 4 (181 8b) ™o ST, fik C
FIeh € Q-P-T Th AN AR R R O & B — % <20 % .
3.4.2 Mg, BEARMEA AR AL

Q-P-T T4 [T A4 fr 25 518 B2 UH PR - 48 oK/ T fwoke 25 1 A
WA AN AL R & G e 2 B A TR AL, LR SR 4
ZRBRALPI RO HT SR AL s BB T2 O TR B R G AR A B
AL, BT RS AR B A R R Q-P-T I [RARN,
HA B R R B YE, & Nb, Mo B91IE C Q-P-T TH[%
{4 ( Fe-0.2C-1. 5Si-1. 5Mn-0. 053Nb-0. 13Mo% , i H# 4>
B, R, ZW5 kb B 5, BRI B AT ik 1500
MPa, FEffRKT 15% ; & Nb, Nifgrf C Q-P-T I [G.{k
i ( Fe-0.485C-1.2Si-1. 2Mn-0. 21Nb-0. 98Ni% ) , % W &
Vb B TR B B O T 2 000 MPa, i ZE il R KT
10 % o FAFF B LB, Q-P-T I [CAARH it 4 fih R
B SR FBE AR B U EC AR A B S g i, b C
2ot Q-P-T AbFR, 5% BR WL IK & 4t 21% , Hm
B 33 GPa% , 45k 5 W R & BN E] ~27% ,
HR BTN 34. 8 GPa% , 2Pt M AR o i PERR ALY B
AHFRSRALIE, 3 2 000 MPa fr) Q&P i 5 3 B4 5
I 25 4 Q&P FIMIE G 1[G IR T2, 20 T ¥ K -Mic 4345
BT XA TR VR A b R A B R -1 K -
BRI T2 MK A8 5 5 4k 22 1AM A8 - K- 2 T T2 2,
M 2T T AT e L R 4 5 R

K8 Q-P-T 43w 3% Y (a) il Fe-0. 2C-1. 5Si-
1. 5Mn-0. 053Nb-0. 13Mo H{ 2 Wi 4k 1, C 4
- [a] J L BRI TEM 18 4 (b) 1)
Fig. 8 Schematic diagram'""! of Q-P-T process (a) and
TEM micrograph!®™! of Fe-0.2C-1.5Si-1. 5Mn-
0. 053Nb-0. 13Mo steel by two-step method, par-
titioning-tempering for process (b)

Q-P-T L5 [RAASN L EL A I R Ay s 40 1 8 R 557 1 g
THFET ORI, ek R BRI L
GEE K- (Q-T) T Z2A BRI 5 (A, WFEZ Q-P-T
T AR PR B R RO, HG R 4 R T ) Rl A 2 TR
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%34 %

WA, BABIAPihEER SRR, APriAh,
B T ARSI AR o A 2RI AR s Ak RN % R SR TG AR Y A
itk EPEOT Ry RIAE T, WL Q-P-T T 24
BRI PE 57 Ma Y R BR/NT Q-T T2 A B ilkE, HA
F Q-P-T T [RARGN v & A — o B A% B R IRAR, T LI
Wb LS 55 2480 1 e . Liu 25 S 34, e
M (1.43 % C) %t Q-P-T 438, MHXTT Q-T 4b3, thE
7 T P v A R O ) SR B

4 % iE

BAERTCR . IR R T RO AL BE T 200 ol 45
F ERA L (DURARER R AR . BB IRAK) | 5k 7R B [ 41 41
A RoF. HBUME ., C oS BA TR, [F,
5 B L LA T BB R A A e e S A, LAk 58
REFIBE 57 VERE L A BRIk, i 9 42 5 B
BRIRRTREE Y, SN 299 K 540 SURR B9 RS 4 2H AR 254 119
P, A R R R 2 K 45 ) SR A IE 5 45 T e v B 2
FRAR L, TEARSUGE A LUT T2 HOR T4 )8 5 B E A
AT SR

(1) BB BT B LA foln RS X 4 25 4 32 1A 2
ZURSL B B IR M . BIFFE R C & 8 S Co A
AL G BI0R . BRI LA AoRr RO X AHAE B2 0, 0 A
B4 TC R AR QAR s RO 0 2H 21 CRe i) 2 x4k PR R G
TS AN 25 ) OWAILER Y52

(2) BB 22 20 B4 BT 2080 X G A 45 i AR L 4URN
BB BRI B2 o BF TR DL IR AR A% 7 + TR Ve b 1
IR D ML AE + C A BC i R X AHAZ B2 e, 43 Hr #uak
P 2R AR ) 2 X 5k P B PR TRt b A 5 55 ) it
WLATLEE )52 00

(3) WML nlsr . W K —FE, A
AR N ER o RS R T RE RS e i R Y E 8 TG 4 fih
Wt BB I T ROBE , O T B HES | DRI
FeRE AT, DNTTXT B KL B 20 GURMPE RE 7™ A2 RS2 . R
WITTERY, WEEX T SRR DR Bk
R RMBOC S BA H T, i, e AL
SN B AR AR P, T ELE N C ST TR A AT o)
B o WFTERRREANE T T2 2540 R oy ik 32 99 v % P L IG
PRTRAS A8 8 2 e FEXF g~ M RE B3 IR (B AR TR AT IS 5

(4) Tl 45 ey v o 12 A9 v 3 T L P MR A A S 1 )
W R AR T ZH Q&P I [LIRLL BRI A, F4
B[R DL AR (s B [ fA ) Aok B e [GIR 21 4L, Jh#r
B B A AT 2850 25 o B B L A PR R P Rl U AL )
R AT

(5) oy 5 ey g i 94 v 2 T L TR LA A o
AOBIFE o SR P AR A0 5P BB, 74 80 S [ S A 5
BT RR A0 ATk BR B IR AA TRIP R0 %) % BR B G 1
BUBAS E PEROULAIL ] 55206
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