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Table 1 Chemical composition of experimental steels %
ETRE C Mn Si Cu Cr N Al Ti
1 0.061 2.10 0.10 0.03 0.03 0.06 0.000 9 0.01 0.085
2 0.04~0.06 0.40~0.50 0.35~0.42 0.25~0.29 0.18~0.22  0.40 ~0.45  0.006 0 ~0.008 0  0.03 ~0.04(Total)  <0.10

Wl NS A2 A AR 2R T 0.09 % A A

®2 WHBEMSH

Table 2 Structural parameters of precipitates

B3] U B/ nm TS 45 Fy =X
M,C a=0.4515-0.4523, b, =0.507 9 —0.508 8, ¢ , =0.674 8 —0.674 3 s ( Feg 055 Cro.03s Mg 10 ) 3 C
Ti(C, N) a,=0.424 -0.425
Tic a(=0.430 -0.431 1T 0> 3277 ( Mo 035 Nby_ g6 Tig 972 ) € Co. 661 No.339)
Ti, CS ay=0.3210,¢,=1.1203, ¢/a =3.49 XA
#3 28 M,C R MC HETE HNHREN
Table 3 M;C and MC element mass fraction in steel in No. 2 sample
H KO0 F R R % AR5 R 0 T A %
Fe Cr Mn C >
Fes;C
0.493 7 0.016 7 0.005 1 0.037 1 0.552 6
Mo Nb Ti N
M(C,N) 0.108 3
0.003 7 0.001 0 0.081 4 0.008 3
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Table 4 Size distribution of M;C precipitates
in No. 2 sample
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Table 6 Mechanical properties
of experimental steels

BiA F(D) SR

BE

KLARE L/ nm SR 4y B % %o o /MPa o, /MPa 5/% oo,
/(% /nm) Iy E % /mm /%
1~5 3.39 13.5 13.5 1 6 0.085 648 749 16.4 0.9
5~10 2.13 10.7 24.2
10 ~ 18 2.34 18.7 43.0 2 3 0.09 630 ~ 680 680 ~ 730 21 0.88
18 ~36 0.49 8.8 51.8
36 ~ 60 0.28 6.8 58.6 o, WJE R IE  Rel;o, NPLRLHIE , Rm
0 -6 01 i .7 SR RTO J7ik 50 O A FL AU BAE A5 LI
96 ~ 140 0.24 10.5 80.2 P . N
. o . e LA 24 b AR 0 A A 40K T fh 0 1 e
200 ~ 300 0.10 10.0 100. 0 JoK LA ECTFAGE b HATIRAY RTO J5 208 40 oKk

x5 2#REER MC £ HIHRE ST
Table 5 Size distribution of MC
precipitates in No. 2 sample

B A /nm B (D) J 5 E % AR
/(% /nm) 5y B/ %
1~5 2.13 8.5 8.5
5~10 1.75 8.8 17.3
10 ~ 18 1.49 12.0 29.3
18 ~36 0.49 8.7 38.0
36 ~60 0.31 7.3 45.3
60 ~96 0.22 8.1 53.4
96 ~ 140 0.23 10.1 63.5
140 ~ 200 0.19 11.3 74.7
200 ~ 300 0.25 25.3 100.0

2HRFERY ML C BHr th ry Rk 8 T
72.2 nm; MC 2B 1 9 9 °F Y oki 42 /2 109. 1 nm,
M, C 20T M P4 R AR L MC /s
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Fig.8 Microstructures of high strength weathering steel with 4 mm

thickness and various Ti contents
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Table 7 Contribution of Fe;C and Ti( CN)
nanosized precipitates to the yield strength of
Ti microalloyed high strength weathering steel

Fe;C Ti(C,N)
jo e
- N3 By s Ak N3 Hr s Ak
JE Hl/nm
5 % 344/ MPa I % 344 /MPa

1~5 0.077 54.5 0.015 59
5~10 0.060 61.9 0.015 33

10 ~18 0.105 55 0.021 25

18 ~36 0.050 23 0.015 13
Gt 0.292 194.4 0.066 130

BB, TIC Y d, =1.5 ~6 nm,Fe;C ) d. =4.7
~10 nm XK TiC, AN [DRLEE (19 94 KR 19 By
s AR 33 # e ik ML 5. XT 400K Fe €, /N TF
10 nm AR FF VI FIPLHIHE, KT 10 nm AR 4%
SER ML TGS R S PR AT, WL 8

8 rhfml it A i T A E SCRR[ 13 ] ¢ T Z2)330
ZJ510 BRSSP UE S T K Bk B AT
YR R AE

*8 EREEMITEESEMRELR

Table 8 Comparison of calculated yield

strength values with those of actual measured

BLIINToRa - RITE
92 b
o o S Y ST VT e s s
i Ak o1 #ik /M Pa 1k /MPa ’
7J330 8 ~10 189 ~212 145 334 ~ 357 330 ~390
ZJ510 5 268 202 470 408 ~ 492
3 mm JEELA 41k R aR A 2.9~3.8 307 ~352 324 631 ~676 630 ~ 680
. 2) SRR T LR F s 2,
3 NEEBEENEES \ ,
o= P + P2
1) HSLC 48 P 72 75 4 K B BT 1 0 , 7 76 B o = 2Tm* 2.0

S8R I L FE B B 1L 0 W ST 9 o | A7 2E44 o 600 xd x> 39 b
KERBENT 8. Fes C 40K T 40 10 1R UM B0k T Atode 2.4 %10
[A)RLAE TiC MPRFRSM B, XA [ 2 B Ry 48 > L N R
KR AR 37 5 L A G e L [ = bac b
Je e i SR Tk di > d. > ds, (9)

2011 FEE 135518 37



X (9) i HYKHT Y 0, AFESER ALY
14 38 X 0 R B 10 SR 5 o, o e V) 0 AL
THAA B BTt i Ak X A e IR R A TR

THEAT 5 AL TRk TR (R Rk AR AR 8
YpRits, s A2 A AT + X B IR BRI E |

3) MR AL E X,

BB £ TR AL S < A 0 JeE R 58 B 45 T 4% bl
SR AR AL P A9 e Ml 5 BE DT R 2 RN = A TE A RN
I, — 8 SRS AR R B A T A R AL, 2
i R A6 50T H R AL 2 R0

4) %4 5m AL, Hall — Petch 23 20 7 FH 78
S5y L,

I I L ; a. BLAH 42 )8 5 b. Hall — Petch 23 2UH
R W S R R O R e JE IR E S
Am B RST 1 56 BRI SE B B | Petch HUJE expected
A RT 8 5 i R LT LR G R L R AR
AEBT A TR 248 OE , SEPR b ok Bk 40, Ji 5 Ee
S

WX Aoe = oy + K,d 7 FUE— R
X WA SAHLURR, 0, 5 K, A, 7£ Hall -
petch JFIASCHR™ , Ao, HBEMIREE , o, HERFR AT
VoS o D~ X o7 i ds Bl R BEHEERH 7, K, A DT
BRF AR RS AR fE

& IEAY Hall — petch A, Ao R JE IR 58 B
o LHEHHZEF4 RN R A X 31 375 56 1k 19 5 ) DL KT o
srAk, K, ASIE] 535 20 AU ) e Al 5 B T ok R
SRR AL ARG AR S A BB AT X S
FIFZMR A [ 5 A0 -5 40 f 5 AL 200 AL 5 T AH AR 5
A A5 AL

SYTE—E T, p <10 /m”, i 4538 4k Al LA
20

6) % F W\, 4 ik Ak 5 00 BT 5RO g n
TR PR 20 o A SR L PG A, T I
A 2% SR Y 5 A A ok IR ST T DL AR 1 PG A
Rt A v & G A Bt G R 5 AR KR T
A AR FETFLR D AR LR = A . BIVEE4N sk 1
[Fi) BN it 5 AT 8 R0 AL 48 5 Ak Y 77 A IR A TR A
THE R s RS 2% 18 O Bk 31 1A RST (I L b
AT R BTG AAR A5 2 i A R RS ) 20 A 5 AR A
A Hall — Petch ¢ & | MU 20 s ALl o] L5 4T H o
AT,

4 WESELMEBERIEZENA

8] AR B AR

33 AT KPRV (I 5T ) Ak B AT BR VT AN T
ZJ330 Bt B 4 JE B8R 58 5 100 MPa A
4.2 ETHREKBETHDEFNIFTRMIFL
4.2.1 HSLC 4R

HAE Hall - Petch 203X, BEAf Q195 1 Q235 1Y
Ji IR 58 B A% G5 T 25 1Y 200 MPa 275 %) 400 MPa,
S PR B RH R N T REY T R I AR IR 0% B
SLA A TE I B AR BB BT R 4, 3 AR LAY
F AR ATARRAT 8 0 B BT AT Sk RV S e
Bl R AR & T HSLC 4, HSLC #9432 —#h
R AE RN, AT A4 0% V N Ti, (HH T2 1
eSS 19 HSLA ANAH 2 (L 9)

HSLC 404545 0] [A] PR AE , R i IR 56 B | 7
R IEMRERZH0.96 ~1.10 ",

HSLC 4N B v, S PE 4y ikt s . FEIR S
M i) ZJ510L 9 g 2 g 5 A v s 07k DL 36 10 AN
£,

4.1

&9 400 MPa iR ZEM 5 K Z iR AL HIERERIXT LE

Table 9 Comparison of chemical composition and room temperature strength in o, 400 MPa steel grades

MR JREE/mm C/% Mn/ % Si/% P/ % S/ % AL/ % N/ % o /MPa o, /MPa /%
0195 <16 0.06 ~0.12 0.25~0.50  <0.30 <0.045 <0.050 =0.015 195 315 ~430  >33.0
B 2.0~6.0 0.05 0.3 0.06 <0.020 0.0049 0.02~0.04 <0.0050 387 433 33
0235 <16 0.14~0.22 0.30~0.65 <0.30 <0.045 <0.050 =0.015 235 375 ~500 >26
RN 6 0.06 0.61 0.17 0.017 0.006 0.015 <0.005 0 439 494 31.5
16Mn <16 <0.20 1.0~1.6 <0.30 <0.045 <0.055 =0.015 345 470 ~ 630 21
71510 6 0.17 1.21 0.28 0.023 0.04 0.024  <0.0050 492 597 27.8
6 0.16 1.22 0.3 0.03 0.037 <0.005 0 408 566 34
HSLA 6.3 0.055 1.1 Nb:0.045  0.009 456 547 32.2
[# 4h 402 486 32.7
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Table 10 Average mechanical performance of ZJ510L produced by Zhujiang steel

- T 1] N
o./MPa o,/ MPa /% 3 o /MPa ,,/MPa /% JEG R 1

4.5 445 580 34 0.77 440 575 31 0.77

6 455 602 26.5 0.76 457 605 27.5 0.76

8 437 585 26 0.75 427 572 28 0.75

10 415 565 26 0.73 435 580 26 0.75

Fz 11 ZJ510L & ZJ550L ZEARERE THMELL AEHIh Akv(])
Table 11 Charpy impact energy Akv (J) of ZJ510L and ZJ550L
U JE B /mm = it 0 C -20 C -40 C -60 C -80 C - 100 C
0345 <16 =34 =34 =34 =27
715101, 6 52 48 44 43 33.5 25.5 6
715501, 5 52 51 50 49 42.5 28.5 27
715501, 6.5 63.5 57.5 56 53 33 17 7.5
715501, 8 60 57 55 45 35 23.5 9.5
4.2.2  SFEMMAE T MA A 5 R HE R 550 MPaZ 1 Ti G5 4 1 e o i i 4 A A0 74 2 2

FE T X AN H g oK R Al AT LD ) B BRIV T
HAERHE R SRR Y - CSP 42774k |l it
bk MR RS il S s L%, = I T €<0.07 %,
Mn 0.25 % ~0.5 % ,Si 0.25 % ~0.50 % ,P 0.07 %
~0.12 % ,S<0.01 % ,N <0.005 % ,Al <0.04 % I
SPA - H SE4eHIMR, LR &R B ®/NT 1 %,
o, 7E 400 MPa DL I, BRARAR B AR 77 & 5 5
AR S R 174 DL L

J T I 450 MPa 2% DL 142254 M, % 18 2 8
TEGEKHT BT SR AE TR Jb TR R A R
L) GE, BT EMA T FE TR T
Ti fF 4 A B v S I 0

ERVLANT FF Kt T 8RR 4k s s i 50 3R 471
LTI N i Vs o = N S I N i Y O R 8

i L 400 MPa ZAEAAR AN 15 % , 413k 12 PR,
F12 FH—RBENELEFBREYR
Table 12 Results of weight reduction

of new containers

Fiegi) 20° DV 44 40" HC 4
o ANERA A E kg 1900 3 350
Tl A A T kg 2220 3 840
W T kg 320 490
W LA/ % 15.2 14.5

4.2.3  EfEFE AR

I T X A0 R g KR B AR A R o G BT R
HoRr RWBHL RSN AE T EETFE
H AN A L 13,

®13 EAEFERHEARH

Table 13  Other steel grades under developing
LG/ % C Mn Si S P N Al Ti ik
12 4 9 <0.06 <2.0 <1.0 <0.004 <0.020 <0.005 0.01 ~0.03 < 0.1 I AR 3 5 5K A7
BN 0.046 1.45 0.23 0.003 0.007 0.03 0.09 & A X70 LUk
TR <0.06 <2.0 <0.5 <0.004 <0.018 0.025 ~0.05 <0.1 Il A 700 MPa 9%

VR A R
4.3  E-TOREEAT H 95 IR e ERL
SCHR[23 T 58 T 55 T 9 KR Bt Ar H 4 ol 4
B Ak, fEms s T A, IR R BEAT [ ok 2RV fil

ZJ330 0 ) Ja Al 5 B 350 MPa B& I 3 220 ~
250 MPalA R, 25 W3 14,
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Table 14  Effect of the tempering — slow cooling near temperature of A,

on the mechanical properties of ZJ330 steel “

AT A i B/ C o, gy g /oy 3/ %
600 322 397 0.81 43
X CIm#A LRI 20 min, 700 310 370 0.83 46
R g * 760 265 335 0.79 51
800 225 310 0.72 50
700 305 400 0.76 34
800 C I #, £Rif 20 min, 600 250 360 0.69 35
PSR YO, KA EER ! 500 245 345 0.71 36
400 245 340 0.72 40
4.4 ETHREKBATHYIZSEE UHU T2 % R
EREMBE L&KW T UFC RS BEAR RYE A 4.5.3 RS @DKBEAASIRE

TF AR R GOK T P UL S VE # I UHU
T 284 Bl UFC - Holding — UFC T. 25 B& 4R %) T 9
B A EEE L, A SRR E %
HEFLRAR A s RV A, n] e (AR A A AR
JEEER K ZAF T B WAMR B GRS o)
YRRATT 0 B R R BORRLT) | DA T 0 7 5 8 A ] A
7 AR BUAS R SR BE A, UHU Al i gk 4K + 2RO
A4 Jitt IR 55 J3E 15 700 MPa, UHU T. 75 B2k 7R I
SCHk[24 ] H R AY HTR - UFC - Holding — UFC —
Coiling TRk
4.5 o0, =1500 MPa £ ERNAIF AR 7

e [ g [ S i i o BE R AR EEE H A 2 —
JEEPE oy =1 500 MPa FOZE RN RS . AR B X4 v 40
KRR AT L A A R B AN A 2R G R AL HL ) 2
FHINN FEH 4 o, =1 500 MPa =55 25 K 89 Bsf | 1 R
R R AR )i,
4.5.1 ¥ BEEZBATT

FRAE Orowan (7 FELEIE ML, 2490 KT HKEF 1)
RS > 40 nm B 58 AEAE AR /N R PRV o 2
>40 nm WALYIIEFERI B 1 . RS <40 nm ZRERHT
HE ) R A T 2R B4 B T ) T AR B Bl B R AR D O Y
P 1 N e B S R A A A, T B
Ji % B e A ) [ 375 o A DT RAR B 3

BEA 3G B A 4o R & T
A 11 T3] A TR (B L)
4.5.2 3T EALTTHK

V Nb Ti Mo %5 1% 40 K il £k 4 2> 2 i 4K A BT
sRAL DR . (R B O GRAT Hh  BBT H RAE BT
R, WF9E V ONb Ti Mo 555X 4K th 44 2K 2k i At UKL By

40 FEIERZ

o, =1 500 MPa [/ 5% 45 ¥ 89 44, 38 # >R
FTAL I, AR [ KPRV IR S5 . 600 °C BBk 1
B R, JECR FH 600 °C 26 45 4[] ¢ iR S A1 [m] 2k
JEKEMTZ,

4.5.4 BEmARALTR
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R e T AR NI T N 1 e
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B3 TR AL MU | A T 25 1 BE T 42 7 9 F) L
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T B AR R AR GO AT S TR Y SR
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1) X i M s i 4 i 5L HSLC 9 M Ak & 4k s
SeR i 50 v (R AR KR 1 B PR AT T 2R A T, &
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Ti(C,N) ,Bki A 4 fb i 3 1 o 4K P oRL 42 < 36 nm
) Fes C BRFEON R R Ti (C, N) R FL 501
4.4 % HAT R SRAAE R AN FT Z 8 . 41K Fe, C
Bk Ti(C, N e [m] ] #5090 A ke Bt 25 7 A o o
A

2) XA gE A SR AL BEIE UE AT T IR, 1R
HSLC X H A2 78 9 K Bk A t8 ), A7 78 B b 5 Ak B
B PR BRCE 4 A v s e 5 v | IS ARG K ik By
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I 5 B DT R B Y 25 R AR ATL B R A 1 A i R
B ARERNAE—E 5T R R R [R] R
AR AT R, I 53 3] AR 40 57 4 170 1) S 4 B 0k
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Sy MG a0 A ey X s
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S/ IN AR I IS ff 2, % 4K B BT 4 5 Ak BT R A Y
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o

4) NI LEA AL NI E )2 Mo T TR,

5) MEIPK Fe, C FYKBA S0 Rk A1k
YA s s AR FH RSN A 25 G s AL HLIA Rt — 20
WS AR IR AT Ak 5 LA s Ak 9 52 AR T, AR
7 Ko AH 45 K8 X AR 5 E S LB A ST E V.,
Nb . Ti Mo %5 B9/E FHHLER , 40 K a9 26 R0 | 25 4
KAt 8l 2 45 07 1A A RE i — DY

B RS BT B F IR AR EATIR b A0
83 B G T B A IFAE RIR  R AR E
PREESSR IO AR A Z R AT
HHES A S T 5 AR, — SRR,

S 3K

[1]  Petch N J. The Cleavage strength of polycrystals [ J]. Journal
of the Iron and Steel Institute,1953,174 ;25 - 28.

[2] Petch N J. The ductile — brittle transition in the fracture of a —
Iron: I [J]. The Philosophical Magazine 6 1958(3):1089 -
1097.

[3] AR PR » AN T - s8I B o Al
1ZOWTLI]. & 25 E, 2008,13(5) 144 - 49.

[4]  FREJKM M A WSS A AR IR I B T SLY 0 41 2Pk e
Pl [ M. b5 R 4 Tk AR 41,2006 :375.

[5]  BHOT,E A, VA, % W% 8% 4 5L i & & el
SRR EFE [ C]//TSCR2009 i 3C 4. B &% :2009,306 - 313.

[6] THT. WREmEHFEL NS EAEAIM] LA 064 Tl
H R AL ,2008.

[7] Liu Delu, Fu Jie, Kang Yonglin, et al. Oxide and sulfide

dispersive precipitation and effects on microstructure and

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

properties of low carbon steels [J]. J Mat Seci Tech,2002,
18(1):7 - 12.
Liu Delu, Chen Nanjing, Huo Xiangdong, et al. Nano — scaled
precipitates in low carbon steel by EAF — CSP process [C]//
Proceedings of TSCR’2002. Guangzhou:2002,323.
Kang Y L, Yu H, Fu J, et al. Morphology and precipitation
kinetics of AIN in hot strip of low carbon steel produced by
compact strip production [ J]. Mater Sci and Eng,2003,A351 .
265 - 271.
i AL XU B, RS, HSLC 89 P g ok &4k W B9 47 5 4
FLIT. P EFRE E AR ELE 2008,38(5) 797 - 806.
A RN ——HSLC W [J]. " EA 048
,2004 ,14(s. 1) :82 - 90.
T A BEACH MG S CSP T2 A R AR R A P A 4 ok
e Al ) B Hox 49 B 5 AL 7 F [0 b stk K 2% 27 42,2003,
25(4):328 - 331.
M A RAEA XA, % HSLC I HSLA #9 P (9 40 K 8k ik
it I]. P E R E 5 R B 2007,37(1) 143 - 52,
Wang Zhongbing, Wu Huajie, Fu Jie. Production and research
on container steel plates by EAF — CSP process [ C]//Proc of
TSCR’2006. Guangzhou:2006,56 — 62.
Lin Zheng, el al. Revealing

Fang Keming, Fang Kun,

microstructure of fine particles by tem [J]. China
Particuology,2003(2) :88 — 90.

D s B E R BOR — 990K bR OO S5 A 1Y 05 5T g AT oY
[Cl// mETREB AT 45 MR TR NHEEAR
218, B ¥ 12007 ,863 — 868.

Gladman T. Second phase particle distribution and secondary
recrystallization [ J]. Scripta Metallurgica et Materialia, 1992,
27(11) ;1569 - 1573.

EUL e, TG P R A S — WA R A (M.
de ot  HUBE Tl Hh R AL, 1989.

Brian F Picking, X 5% K. SR H LS ERE [ M. JL 50 Bl 2% il
AL, 1999.

GE U JE . AR R S A [ ML b A Tl A
2006.

Aok, EA IR AR B - CSP AR AR PR AR AR AT
G R E N - A & RN B R
[ C]//TSCR2009 & 4. 7 5 :2009,400 - 405.

FAMRAE e AP, U B2 CSP A 7 A A DL G AR o 58 9 R 40 41
P 8 45 fE K5k Ak ML B AF 55 [ C]//TSCR2009 i SCH. 74 3L
2009,371 - 376.

A RAEA N PR AR R 5 LR R IR + HOLik
FERU Y BR AL S E [T, o AR AR AE ,2008,10(4) 165 -
71.

i A BB ERMEE S A M. db et R 4 Tk il
Ji 4t ,2009.

2011 FEE13H5F 18 41



Comprehensive strengthening mechanism of steel
based on nano-scale cementite precipitates

Fu Jie'? |, Li Guamgqiang2 , Yu Yueguang3 ,
Mao Xinping4 , Fang Kemingl’2

(1. School of Metallurgical and Ecological Engineering, University of Science and Technology
Beijing, Beijing 100083, China; 2. Key Laboratory for Ferrous Metallurgy and Resources
Utilization of Ministry of Education, Wuhan University of Science and Technology, Wuhan 430081,
China; 3. Beijing General Research Institute of Mining and Metallurgy, Beijing 100044, China;
4. Guangzhou Zhujiang Steel Co. , Ltd. , Xiji Industrial Zone, Economic and Technical
Development Zone, Guangzhou 510730, China)

[ Abstract] This paper summarized the status of comprehensive strengthening mechanism of steel. By
using chemical phase analysis, X-ray small-angle scattering, RTO and high—esolution TEM observation, the
properties of nano-scale cementite precipitates in Ti micro-alloyed high strength weathering steels produced by
thin slab continuous casting and rolling process were analyzed. Except nano-=scale TiC, cementites precipitates
less than 36 nm and high volume fraction were also found in Ti micro-alloyed high strength weathering steels.
The volume fraction of cementite less than 36 nm is 4.4 times as much as that of TiC in the same size.
Cementite with high volume fraction has stronger precipitation strengthening effect than that of nano-scale TiC,
which can not be ignored. The precipitation strengthening contributions of nano-scale precipitates of different
types and sizes should be calculated respectively according to the mechanisms of dislocation intersection and
dislocation bypass, and then be added up with the contributions of solid solution strengthening and grain
refinement strengthening. A formula for calculate the yield strength of low carbon steel is proposed, and the
calculated yield strength considering the precipitation strengthening contributions of nano-scale precipitates
and the comprehensive strengthening mechanism of steels matches the experimental results well. The
calculated o. = 630 ~ 676 MPa, while the examined o, = 630 ~ 680 MPa. The reason for grain refinement
strengthening can not directly plus dislocation strengthening and the performance form of phase
transformation’s influence on steel strength were debated. The applications for comprehensive strengthening
theory were summarized, and several scientific questions for further study were put forward.

[Key words] yield strength; nano-scale cementite; nano-scale titanium carbide; precipitation

strengthening; comprehensive strengthening of steel
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